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Abstract- Blood banking is important for the healthcare system and blood products are vital needed for medical treatment,

surgeries, and organ transplants. Delivery time becomes vital when a hospital needs a blood product emergently. Therefore,

delivering blood products in the safest and fastest way is the main responsibility of blood banks. In this study, we aim to

minimize total delivery times between depots and demand points over a time period. We propose a two-stage mathematical

model to determine both location and vehicle delivery routes. This problem is defined as Location and Routing problem for

blood bank operations. This study also investigates the effect of distributing blood products among multi-compartment along

with routing decisions. The proposed models are tested on a real-world case data in order to demonstrate their effectiveness in

producing optimal solutions. By the results the approach can minimize both delivery time and total cost. Furthermore, a

computer program with a graphical user interface is developed to implement the proposed approach for different data sets.

Keywords Blood banks, location-routing problems, mathematical model.

1. Introduction

Public and private sector organizations face a continual
increase in logistics costs and therefore, then need to improve
the efficiency of logistics operations. The performance of
these organizations depends on the location and distribution
decisions based on their logistic network [4]. The location-
routing problems have been critical for logistics experts [9].

These problems include both location and routing decisions.

People can die by inadequate blood needs nowadays [27].
Turkey’s blood needs are provided by the Turkish Red
Crescent. In 2008, Ministry of Health designated the Turkish

Red Crescent Society as an only organization to collect and

distribute blood and blood products.

In Turkey, the blood banking logistics system consists of
three types of centers: blood donation centers, regional blood
centers and transfusion centers. The blood is collected in
blood donation centers, regional blood center tests the blood,
and blood transfusion centers are distributed. Blood donation
centers use fixed and mobile blood donation centers. The
blood is brought to blood centers; the whole blood is
separated into three products: erythrocytes, platelets and
plasma. The requested products are transported to hospitals

with vehicles.
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In the literature, location routing problems are mostly
solved together. However, in this study, the problem is

divided into two stages. The reasons for this are as follows:

» Modeling of location routing problem is complex and
requires expertise. The type and size of the problem

can receive too much computer time.

» Location is strategic decision, routing is an
operational decision, so these two decisions are

difficult to think together.

Although this approach minimizes the total cost of the
problems, in some cases, especially at health sector, cost
minimization would not be the primary aim of the problem.
Therefore, we propose a two stage approach to overcome the
limitations. Locations of depots are selected according to
minimizing direct service time of depots to each costumer.
Number and location of the depots are decided with regard to
keep installation and general expenses cost relatively low. In
the second model routing cost which is not the primary aim of

the problem is minimized according to located depots.

The main contributions of this study are two-folds: (i)

proposed two-stage mathematical programming model
considers distributing blood products to multi-compartments
along with location of distribution centers and delivery
routing, (ii) this study provides the proposed model is applied

for a regional blood banking using a computer program.

We give literature work in Section 2. We present the

problem description in Section 3. We provide the

mathematical formulations in Section 4. In Section 5, an
interface is proposed. We give a case study to illustrate the
benefit of the models in Section 6. Discussion is presented in
Section 7. A summary of the study and future directions are

provided in Section 8.

2. Literature Review

2.1. Literature Review on Location and Routing Problem
(LRP)

Many studies about location routing problem are
conducted by many researchers. They use exact formulations

or/and heuristic algorithms.

Some papers propose exact solutions for the problem.
The problem is considered with capacity constraints, solved
this problem with a branch and price algorithm [2]. A model
for locating and routing dangerous waste with two objectives
is presented. They present a mixed integer approach and apply
this model with 92 nodes [3]. A branch-and-cut algorithm for
at most 50 customers is developed [5]. A location routing
industrial hazardous waste with two objectives including total
cost minimization and transportation risk minimization is
developed. In the study, a mathematical model is developed

and application is tested in Markazi province in Iran [6].

A mathematical model for designing an internet access is
[15].

including prices, strengthening cuts, a heuristic for a

proposed A branch-and-price-and-cut  algorithm
generalized location and distribution problem is presented [7].
A locating routing problem with risks is considered. A mixed-
integer programming formulation is formulated and a three-

phase heuristic is designed to solve the problem [1]. Branch

and cut algorithms are used to solve the problem [8].

A comprehensive framework for the LRP is proposed.
Exact algorithms are intended to solve medium-scale
instances. Therefore, some of the studies are focused on
heuristic approaches [17]. A two-phase Tabu search for the
LRP with capacitated routes and incapacitated depots for up
to 200 customers is proposed [25]. Multi depot location
routing problem with a clustering based heuristic is dealt [14].
A hybrid metaheuristic algorithm including Tabu search and
neighborhood search heuristics for LRP is studied [16]. A
two phase heuristic based on a Tabu search and ant colony
algorithm for the location routing problem is developed [26].
Aa framework for depot location, fleet assignment and
routing decisions using a Greedy Randomized Adaptive
Search Procedure combined with an Evolutionary Local
Search is proposed [11]. A mixed integer programming
formulation for a multi depot location problem and also
proposed a new algorithm and a heuristic within a simulated

annealing method is developed [10]. A metaheuristic
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algorithm for location and routing is developed [24]. A
heuristic for a combined maximal covering location problem
is formulated [20]. The problem of locating and routing of
unmanned aerial vehicles to maximize of the total score
collected at points by flight routes of those vehicles is
addressed. He formulates this problem as an integer linear
program and develops a metaheuristic [28]. A metaheuristic
approach for location and routing for the cross docks is
provided [12].

2.2. Literature Review on LRP for the Blood Banking System

Location - routing on blood centers have been interested
by some of the authors. The optimal number and locations of
blood centers in Chicago is studied and thus system is
intended to ensure adequacy to meet hospital demand Due to
general structure of the problem is a complex, the problem is
required to divide into two sub-problems [18]. Blood banking
to minimize the biggest blood problems is studied. A linear
programming model is developed about transfusion of blood
units from the center to hospitals taking into account the
characteristics of hospitals in order to ensure delivery [22].
Blood donation location problems in Quebec are examined
[19]. Virginia blood products’ collection, testing and
distribution system is studied and established two models in
order to improve. In the first model, the distance between
collecting place of blood products and blood bank is tried to
minimize. In the second model, the distance between hospital
and the blood bank was tried to minimize. A p-median model
is used to find a solution to the problem [13]. A blood bank
system is introduced. They approach the problem in three
stages. A median problem, set covering models are given in
the problems [23]. Central Anatolia Region’s problems by
establishing distribution centers at various points are solved.
In this system distribution centers are closer to the hospital,
the time to reach the demand and the rate of elimination
reduces. Hospitals that are assigned to distribution centers
receive blood products once every day with their own vehicles
in an emergency case to meet the needs [21]. Blood supply
chain is designed for a disaster relief. The model is formulated

by a fuzzy-stochastic mixed integer programming model.

Total costs are tried to minimize for a real case [29]. A

solution is proposed for a robust and flexible approach for red
blood cells to prevent the shortage. Supply and demand of
blood are considered as uncertain. Sensitivity analysis is
conducted on four scenarios [30]. An other recent study is
about fresh food location routing problem. The study
considers environmental conditions such as carbon emissions.
A heuristic algorithm is developed for this model. Carbon tax
conditions are added to this model and this situation could
reduce the carbon emissions for a clean environment [31]. A
blood supply chain is investigated based on location,
inventory, routing problems and uncertain data is considered.
A meta-heuristic algorithm called Simulated Annealing and

Harmony is proposed for larger cases [32].

The recent blood chain works generally uses metaheuristic
approaches for larger problems and consider uncertain

conditions, environmental policies.

3. Problem Definition

In this study, a new system is proposed to solve problems
caused by the central structure. Some hospitals in the region
are assigned as Distribution Center (DC) as an additional
layer between Regional Blood Center (RBC) and hospitals to
distribute blood products. The proposed model solves the
optimum number and location of distribution centers, and
routes from RBC to DC and from DC to hospitals. Delivery
time of blood products at emergency cases is markedly

decreased by new DCs. The system is shown on Figure 1.
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Fig. 1. Framework of the proposed system

In the problem, we have only one RCB which has no
opening cost since the center is already available in the
current system. All hospitals and the RBC can be authorized
as DC. We assume that the system’s costs are assumed for 10
years and net present value of the costs is found. The system
is assumed to be installed at the start of the year. In the first
model, the problem is considered as a two level problem:
RBC to DC and DC to hospitals. The second model is
considered as one level problem: DC to the hospitals. Blood
demands of the hospitals are deterministic. Furthermore, we
assume that there is no restriction on the number of DCs to be
installed. The distribution vehicles have limited compartment
capacities for each type of blood product, which are 180 unit
products for erythrocytes, 30 unit products for platelets and 90
unit products for plasma. The total demand for each blood
product type is partitioned between hospitals according to

their patient capacities. Each DC is served one time in a week

from RBC. Each hospital is served three times in a week from

DC.

4. Mathematical Models

The model is a complex structure, thus problem is
converted into two problems. The first problem is
minimization of average distances between the regional blood
bank - the distribution centers, the distribution centers - the
hospitals, distribution center setup and general expenses. The
second sub-problem aims to minimize periodic transportation

costs between hospitals and distribution centers.

The notation used for mathematical modeling of the problem

is as follows;

ILJ,T represent the set of hospitals, candidate distribution

centers and the time periods, respectively. d; is the distance

between the distribution centers and the hospitals. 0 is the
percentage of emergency cases required by the hospitals. M is
the maximum travelled distance of the vehicles. C is the
transportation cost per km. B is the maximum budget to open
distribution center. k is the interest rate. K; is the setup cost at
distribution center j and f is the yearly general expenses of the
distribution centers. The decision variable is y; 1 if a
distribution center is at point j, 0 otherwise. The decision
variable x; will be 1 if the i. hospital at is assigned to the

distribution center at point j.

The objective function (1) minimizes the total costs including
the initial investment cost of building a distribution center,
annual operating costs for ten years and the delivery cost
based on demand-weighted distances between the regional
blood bank- the distribution centers and the distribution
centers-the hospitals. The constraint (2) ensures that each

hospital is assigned to only one distribution center.
Minimize:
J T

J J I J
ZILVJKJ +ZZ/% (1+k)_ +lew01yj +ZZaCdy’% )
J= J=

j= =1 =l j=l
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Z vy =1 iel 2

jeJ

Xij S ¥ ie L, jel A3)
Z.\'ﬁ-fﬂﬁ @
xjrdi; =M ieljel (5)
y; =(0,1) jel (6)
x7=(0,1) iel,jel (7

The constraint (3) ensures that each hospital is assigned to
itself if the hospital is opened as a distribution center. The
constraint (4) allows to open the distribution center within the
scope of a given budget criteria. The constraint (5) ensures the
distance between distribution centers and hospitals, should be
within the scope of a given maximum distance constraints.
Constraints (6) and (7) are binary. (Dg) is taken as the
distances between the regional blood center and the
distribution centers, (Dj) is taken as the distances between the
distribution centers and hospitals, and (M) is taken as the
maximum distance that limits the distance between opened
distribution center and hospital. The second sub-problem is
formulated as a classical vehicle routing problem. I, J, K, P
represent the set of hospitals, distribution centers, vehicles

and blood products, respectively. dj is the distance between
0

weekly referrals. Qp is compartment capacity of blood

the distribution centers and the hospitals. is the number of
product p by vehicle k. C is the transportation cost per km. Dy,
is the demand of the blood product p by hospital i. F is the
annual operating cost of the vehicles. H is the number of
hospitals. The decision variable Zj; will be 1 if the vehicle k
travels from point i to point j directly, O otherwise. The
decision variable v, will be 1 if the vehicle k is used. The

decision variable T, will be 1 if the hospital at point i is

distributed the blood product p by the vehicle k, 0 otherwise.

Wik is the auxiliary variable for the sub-tour elimination

constraint. Min:

ZF * v(k) +‘ZZZ‘{.E wdyjx Zijex @)

keK el jelU keK

Constraints:

ZQ"P #Tipk = Qi *1 VkeK VpeP

ZZ"‘J""“_ZZ-""‘ =0 VjeUVkekK

Wie— Wy +H *
ZjikE H-l
Tipse = (0,1)

Zise = (0,1),

vy = (0,1)

VjeU VkekK

VjeU VkekK

VpeP Yiel
VkeK

Viel VpeP

VjeU,

Ve,iel ,VheK

Vpe P VkeK
Vi,jeU

(®)

)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)



INTERNATIONAL JOURNAL of ENGINEERING TECHNOLOGIES-IJET

Elifcan Gogmen et al., Vol.4, No.1, 2018

The objective function (8) minimizes the annual operating
cost of the vehicle and the cost of demand-weighted distances
between the distribution centers and the hospitals. The
constraint (9) ensures total product demand of hospitals in the
route of the vehicle, must not be more than the capacity of the
vehicle compartment. The constraint (10) ensures that the
vehicle returns to start point. The constraints (11) and (12)
show the start and end of the route. The constraint (13)
ensures p product is delivered to the hospital by the vehicle if
the hospital is on the route from the distribution center to the
hospital. The constraint (14) allows that a product is carried
by only one vehicle and to only one hospital. The constraint
(15) shows that each blood product ordered by a hospital is
delivered by one vehicle. The constraint (16) is sub tour
elimination constraint. The last constraint (17) is binary

constraint.
5. Blood Location Allocation and Routing Planner GUI

The location routing problem discussed as a two stage
should be solved again according to the problem structure.
This structure should be able to run again for the next
planning period by the end of the planning period. In order to
respond quickly to the end user and ensure the ease of
provision in practice, an interface called Blood Location

Allocation and Routing has been proposed.

In Figure 2, a login screen of Blood Location and Routing
planner is shown. In this screen, the number of blood centers,
the number of distribution centers and hospitals and periods
are determined and receiving the data from the Excel file is

available.

In Figure 3, location assignment model which is the first
stage of the location routing problem is solved. By the output
of this model, hospitals (red circle) are assigned to the blood
centers (black square) and the distribution centers (red
square). According to the distribution center data obtained,

the routing problem is solved.

Blood Location Allocation and Routing Planner - 0o X
N# main blood center 0=
N# candidate distribution centers /=
N# hospitals =
N periotls 0

Select Excel File for All Parameters

Exit

SelectDatafor Analysis  Solve AssignmentModel | Solve Routing Model

Fig. 2. Login screen of Blood Location and Routing planner

Blood Location Allocation and Routing Planner - 0 X

9 r
0
800
0t
600 0 0
2 0
H Y 0
P
st O
> 0
J00F
0r
0
00 D

0
100 200 300 400 500 600 700 800 800 1000
X coordinate

Solve Assignment Modg| The found minimum cost value equals to123964.497.

Select Data for Analysis ~ Solve Assignment Model  Solve Routing Model

Fig. 3. Location assignment model
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Blood Location Allocation and Routing Planner - 0 X

900p

00} o
0} /

6001

inate

500F

0

Y coord

[
=
=

0

D L L 1 L 1 1 L L J
100 200 300 400 500 600 700 800 900 1000
X coordinate

Selecttruck for viewing route | 1th route ¥

Solve Routing Model The found minimum cost value equals to21108.6725.

Select Datafor Analysis ~ Solve Assignment Model  Salve Routing Madel

Fig. 4. Routing model

In Figure 4, routing model which is the second stage of the
location routing problem is solved. By this model, the routes
for carrying the products from the distribution centers to the
demand points (hospitals) are determined. Each route is

showed graphically.
6. Case study and numerical analysis

In this part the results for the models are revealed. Central
Mediterranean Regional Blood Center (CMRBC) established
in Adana in 2010 has fed the hospitals from a single center.
Hospitals which are located in Adana, Mersin, Hatay and
Osmaniye cities (Figure 5) demand blood products
(erythrocytes, platelets and plasma) from this center. There

are 77 hospitals and 8 vehicles in the system.
6.1. Output of the first model

As a result of the first model, distance constraint shows
that at 25- 50- 75 km restrictions, total cost are significantly
increased due to the initial investment of DCs. At 100- 125-

150 km restrictions, the total cost shows little differences, the

results are presented in table 1.

Fig. 5. Locations of Adana, Mersin, Hatay and Osmaniye

In Osmaniye and Hatay, only one DC is enough to cover
all hospitals within 100 km since the area is not large and
opening the second DC is costly. As Mersin has large area,
two hospitals are assigned as DC. Adana has a different
situation than other ones. The reason of that is, CMRBC
already exists within the city, so it needs any installation cost.
This causes the CMRBC is selected as one of the DCs in
Adana. A hospital, which is too far from all other hospitals, is

also opened as a DC and assigned only to itself.
6.2. Output of the second model

Second model answers the vehicle routes and vehicle

numbers by the outputs of the first model.

Osmaniye and Hatay have small geographic areas, thus,
only one route is able to give optimum results (Figure 6). In
Mersin, there are two routes starts from each DC (Figure
7(a)). As it can be seen in Figure 7(a), two vehicles should be
used for meeting the total blood products, which are
demanded from CMRBC. On the other hand, other DC in
Adana (Figure 7(b)) is not assigned to any hospital, thus there
is no route starting from the hospital. But a vehicle is assigned

to the DC in case of emergent blood product demand.
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Furthermore, in the proposed model, 7 vehicles are
enough for delivery of blood products, whereas the number is
8 in the current system. Except CMRBC, only one vehicle is
assigned to each DC. Total demands of hospitals that are
assigned to CMRBC are more than the capacity of a
distribution vehicle so; two vehicles have to be assigned to the

center.
7. Discussion

A comparison of the current system and the proposed

system may be summarized as follows.

AAAAAA

8

With newly opened DCs, the service time is significantly
decreased for periodic distribution and emergent blood
products demand. The results show that the proposed model
compensates the initial investment in 10 years. The routing
and emergency service times of current and propose models’
results are shown in Table 2. And cost comparison of the
current and proposed systems for 10 years are presented in

Table 3.

* <% indicates the location of DC, “4” indicates the location of hospitals

Fig. 6. The result of the routing (a) for Osmaniye (b) for Hatay *

* “¥ indicates the location of DC at first route ,

? «m> indicates the location of DC at second route s

|||||

“4” indicates the location of hospitals at first route

“®” indicates the location of hospitals at second route

Fig. 7. The result of the routing for Mersin (a) for Adana (b)
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Table 1. The number of opened distribution center, number of vehicle and total cost of the system versus distance

Name of the city | Distance Constraint | Number of opened distribution center | Number of vehicle | Costs (TL)
25 3 3 4.736.456,7
50 1 1 1.663.285,3
75 1 1 1.663.285,3
Osmaniye
100 1 1 1.663.285,3
125 1 1 1.663.285,3
150 1 1 1.663.285,3
25 5 5 8.108.274,3
50 2 2 3.361.227,9
75 2 2 3.361.227,9
Hatay
100 1 1 1.839.690,4
125 1 1 1.839.690,4
150 1 1 1.839.690,4
25 9 9 14.397.446,6
50 5 5 8.133.824,6
75 3 3 5.150.581,8
Mersin
100 2 2 3.566.485,9
125 2 2 3.566.485,9
150 2 2 3.559.108,2
25 6 6 7.982.666
50 4 4 4.956.703
75 4 4 4.949.876
Adana
100 2 2 2.025.530
125 2 2 2.005.964
150 2 2 1.997.884
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As noted in Table 1, number of opened distribution
center and number of vehicles decreases by increasing the
distance constraint and also the total costs. Number of
tours decreases by increasing the distance constraint. The
significant cost differences are in Hatay by 77 % , in
Mersin 75%, in Adana 74% and in Osmaniye 65%,
consecutively. In the context of the costs, for the all
provinces, the significant cost reduction occurs by
increasing the distance constraint from twenty five to fifty.
As a result, the distance constraints affect the results

directly.

Table 2. Results for the routing and emergency service

times of all cities

Total Emergency
Total Routing Times
Service Time
Curren
Proposed Current Proposed
t
System System System
System ) ) .
) (min) (min) (min)
(min)
Osmaniye | 253 128 695 119
Hatay 432 296 2933 545
Mersin 573 518 2614 617
Adana 572 364 728 558

Delivery time becomes vital when a hospital requires a
blood product. As seen in Figure 8 and Table 2, total
routing times and total emergency service times decrease
comparing to the previous system, but especially total
emergency service times are reduced as required for the

demands in the proposed system.

As it can be compared from table 3, at the proposed
system, there is not a significant difference about the total
costs; the difference is at routing costs. The current system
has a route that starts at Regional Blood Center and

finishes the tour after visiting all hospitals in need. The

proposed system’s advantage is that the route starts at
every distribution centers, visits the near hospitals and

finishes the tour at the same distribution center.

T

T

Total Routing Times

&
10 1 L
Osmaniye Naty Mersin Adana

3000 |

Emergency Routing Times

—6—Current Systom 7
—6—ProposedSystem

Osmaniye Hatay Messin Adana

Fig. 8. Comparisons of delivery times between the current

system and the proposed system

Table 3. Comparison of the current and proposed

systems

Current System | Proposed System

Routing 1.862.091 TL 1.278.987,1 TL

Vehicle cost 480.000 TL 420.000 TL

Fixed costs 31.840.974,4 TL | 32.003.111,7 TL

Installation 0 480.000 TL

Total costs for ten years | 34.183.065,4 TL | 34.182.098,8 TL

However, to meet the needs in time improvements are
observed in Osmaniye, Hatay and Mersin. This case shows
effectiveness of the new system. Regional Blood Center
continues to serve as the distribution center for hospitals in
Adana, and so the times to meet the urgent for blood

products remains unchanged.

10
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8. Conclusion

Blood products management is one of the important
problems with the complex structure in the field of health
logistics. Blood products are vital for surgery, accidents,
and chronic diseases. Therefore, the desired products must
be available at the demand point. The problem is
approached in two steps. We give a p-median type model
that the locations of the distribution centers, the allocation
of the hospitals to the distribution centers are determined
in step I. According to the first model’s outputs, in stage II
a classical vehicle routing problem model is formulated
with adding new constraints including vehicle
compartment capacities. These location-allocation-routing
models are formulated not only to find a solution to the
current structure of the RBC, but also to use these models

at different systems.

Case study shows that, by opening new DCs, total
routing and emergency service time are significantly
decreased with compensating initial investment of the

proposed system.

There may be limitations in this study. The proposed
model can be used different systems (private, government,

clinics, etc.).
8.1. Recommendations and future direction

There are some future suggestions that may be
considered as follows. Larger case study such as whole
country’s blood management can be conducted for
investigating the effects of the proposed methods.

Heuristic methods can be applied for large case problems.
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Abstract- A damage detection study is presented on steel plane truss structures via harmony search algorithm which is one of
the basic metaheuristic methods. This algorithm method mimics better musical harmony procedures. Optimum solutions are
carried out by a harmony memory matrix consisting of a predetermined number of solution vectors. Scenario damages are
considered on truss models. The locations of the damages are tried to determine by using the dynamic parameters. To obtain
damage locations, a program based on the finite element method is coded in MATLAB programming. The dynamic parameters
of damaged models are obtained by SAP2000 software. By using MATLAB programming, the scenario damage locations
considered in SAP2000 programs are tried to determine by approaching the dynamic values of the damaged model as a result
of a series of iterations. The results are presented by tables and figures. The results show that scenario damages on truss models
are successfully detected by using dynamic parameters in MATLAB programming.

Keywords Optimum design, harmony search algorithm, damage detection, steel truss.

1. Introduction

Metaheuristic algorithm methods are commonly selected
for solutions of various optimization problems. Some of
them are listed as genetic algorithm method, particle swarm
optimization method, ant colony algorithm method, artificial
bee algorithm method, harmony search method, bat inspired
algorithm method, and teaching learning based optimization
method and the other methods.

Harmony search (HS) algorithm method is selected in
this study to obtain optimum solutions. HS mimics musical
harmony procedures, and has been used for various structural
problems in last years by many researchers. Lee and Geem
[1] developed harmony search algorithm on structural
optimization in 2004. Saka [2] researched optimum design of
steel sway frames to BS5950 using harmony search
algorithm in 2009. Degertekin et al. [3] used harmony search
algorithm method for optimum design of geometrically non-
linear steel frames with semi-rigid connections in 2009.

Degertekin and Hayalioglu [4] studied harmony search
algorithm for minimum cost design of steel frames with
semi-rigid connections and column bases in 2010.
Degertekin et al. [5] focused on optimum design of
geometrically nonlinear steel frames with semi-rigid
connections using improved harmony search method in
2011. Togan et al. [6] studied optimization of trusses under
uncertainties with harmony search in 2011. Artar [7] used
harmony search algorithm method for comparative study on
optimum design of multi-element truss structures in 2016.
Daloglu et al. [8] studied optimum design of steel space
frames including soil-structure interaction using harmony
search algorithm method in 2016. Artar and Daloglu [9]
researched optimum weight design of steel space frames with
semi-rigid connections using harmony search and genetic
algorithms in 2016. Artar [10] applied harmony search
algorithm on optimum design of steel space frames under
earthquake effect in 2016.
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In this study, scenario damages on steel plane truss
structures are investigated by using Harmony Search
Algorithm method. To detect damages, a program based on
finite element method was coded in MATLAB
programming. Harmony search algorithm method applied the
procedures for better musical harmony. The locations of the
damages are tried to determine by using the dynamic
parameters. The presence of damages in structural elements
is identified by stiffness reduction as a reduction in modulus
of elasticity. In this study, two different examples having
various damage scenarios are modeled in SAP2000 software
to obtain the experimental dynamic parameters. The scenario
damage locations considered in SAP2000 programs are tried
to detect by approaching the dynamic values of the damaged
model as a result of a series of iterations by using the
program developed in MATLAB programming. Thus, the
locations of simulated damages are determined by updated
numerical model. The results obtained from solutions prove
that scenario damages on plane truss structures are
successfully determined by using dynamic parameters.
Moreover, solutions show that robustness and acceptability
of harmony search algorithm method.

2. Harmony Search Algorithm

Harmony Search (HS) Algorithm, a basic metaheuristic
algorithm method, is developed in 2004 by Lee and Geem
[1]. This algorithm method includes some procedures which
mimics better musical harmony processes. Analyses in HS
are conducted by harmony memory matrix (HM). Each row

in the matrix represents a structural model. Harmony
memory matrix is determined as
r 1 1 1 1]
X X, v Xy X:
2 2 2 2
Xl X2 - Xn 1 Xn
H=
HMS-1 HMS-1 HMS-1 HMS -1
Xl X2 Xn—l Xn
HMS HMS HMS HMS
X X . X X
1 2 n-1 n
- -

Harmony Memory Size (HMS) shows a specified
number of solution vectors. Values in harmony matrix are
updated by harmony memory consideration rate (HMCR)
and pitch adjustment ratio (PAR). The operators (HMCR and
PAR) provides a stronger harmony memory matrix for better
optimum solution vectors. HMCR and PAR are calculated as
below,

x™" e{xil,xf,...,xiHMs}with probability of HMCR @
x™" e X, with probability of (1—- HMCR)

Yes, with probability of PAR @)

No, with probability of 1— PAR

3. Theoretical Background

Detection of scenario damages is researched by using
reduction factor for modulus of elasticity of each member in
structural model. In this study, four different reduction
factors such as 1.00, 0.75, 0.50 and 0.25 are applied in the
analyses. While the reduction factors equal to 1.00, the

element has not damaged. On the other hand, if the reduction
factor of member is 0.75, the member in the structure model
has 25% of damage. Natural frequencies of simulated
damaged model are predefined by using SAP2000 and
entered as input data. The program developed in MATLAB
programming tries to determine the locations of damages
using Harmony search algorithm. Local stiffness (k), mass
(m) and transformation (T) matrices of each element are
calculated. Thus, global stiffness (K) and mass (M) of
structural system are calculated and natural frequencies of
numerical model are determined as below,

(K-=AM)g =0 i=l........ n 4)

S =w, f =t ®)

where K and M are the global stiffness and mass
matrices, respectively. w; is angular vibration frequency of
structure (rad/s), ¢i is eigenvector (mode shape), 7 is
eigenvalue and n is total number of mode shapes. fi is
vibration per second (Hz). Then, the objective function value
of each row in HS for each mode is determined as below
[ll]v
f.E _ f4N

F — | f'E 1

frequencies,i

i=7..... m (6)

l:t,i = Z Ffrequnecies,i (7)

f® and f" stand for experimental and numerical
natural frequencies, respectively. Fp. enes;and F; show

objective function value for i mode and total objective
function value of all modes, respectively. When the total
objective function value is equal to zero, the difference
between updated numerical model and simulated damaged
model is same.

A flowchart of Harmony Search Algorithms is shown in
Fig.1.

4. Numerical Examples
4.1. 20-Element steel plane truss model

A 20-element steel plane truss example is presented in
Fig. 2. All members are pipe section of 10x1 as seen Fig.2.
The modulus of elasticity is E=2.00 x108 kN /m2 and
material density is p = 7.85 ton/m3. The same example is
studied for two different damage scenarios. In case 1,
member no. 15 has 50% of damage and in case 2, member
no. 11 has 75% of damage. Table 1 presents the values of the
first three natural frequencies obtained from MATLAB and
SAP2000 software for undamaged and damaged cases. While
Fig 3 presents results for case 1, Fig 4 shows results of case
2. Fig. 5 shows first three mode shape of undamaged model.

As presented in Table 1, the results of natural
frequencies in MATLAB and SAP2000 programs are very
close for first three modes in undamaged and damaged cases.
In case 1, member no.15 has 50 % damage and the program
using MATLAB is carried out around the 30th iterations as
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seen in Fig.3a. Fig. 3b proves that member 15 has 50%
reduction in modulus of elasticity. Similarly, in case 2,

member no.11 has 75% damage and the program coded in  75% reduction in modulus of elasticity.

Enter dynamic data of damaged model and Input data of structural system and
create harmony matrix (HS) in MATLAB

v

Tteration =
Tteration +1

» [teration= |

| Decode each row (HS) |

!

Assign corresponding reduction factors to modulus
of elastisity for each member in structure

v

Analyze each model and determine dynamic
parameters (periods or frekans)

y

Compare the calculated dynamic parameters with
experimental dynamic parameters (the data in SAP2000)

!

Determine objective function values
of cach row in HS

'

Is the converge criteria provided?
No Yes

¢ \ Write results

Create the next harmony memory
matrix with HAMCR and PAR

!

Fig. 1. Flowchart for the optimum solution procedures for damage detection in HS algorithm.

O All members: Pipe 10x 1

6 7 8

3.0m

3.0m 30m 3.0m

Fig. 2. 20-element steel plane truss.

MATLAB is carried out at about the 30th iterations as shown
in Fig.4b. Also, Fig. 4b presents that the member no.11 has

15



INTERNATIONAL JOURNAL of ENGINEERING TECHNOLOGIES-IJET

Musa Artar et al., Vol.4, No.1, 2018

Table 1. Natural frequencies (Hz)

Case 1 Case 2
Mode Undamaged Case (Hz) member no.15: 50% damaged member no.11: 75% damaged
SAP2000 MATLAB SAP2000 MATLAB SAP2000 MATLAB
1 10.96797 10.9679 10.89275 10.8927 10.96797 10.9679
2 50.95267 50.9525 50.13671 50.1365 50.95267 50.9525
3 77.89691 77.8966 76.73378 76.7335 77.18673 77.1864
1
E 0.8
§ 0.6
4 % 0.4
35| E
g 1 ] 0.2
P
g 25| 0
g 0
2 ol
E 15+
- D5F ey . Element Number
oﬁ 1|0 20 30 4ID 50 60 70 BID a0 100

lterations

a) Solution with iteration steps

Fig. 3. Results for case 1

° o o
Z 2 =

Total objective function x 1000

=
io

0 i i i

Elastisite Modulus

0 10 20 30 40 50 60 70
Tterations

a) Solution with iteration steps

80

90

Fig. 4. Results for case 2

20

b) damaged member

b) damaged member

As presented in Table 1, the results of natural
frequencies in MATLAB and SAP2000 programs are very
close for first three modes in undamaged and damaged
cases. In case 1, member no.15 has 50 % damage and the
program using MATLAB is carried out around the 30th
iterations as seen in Fig.3a. Fig. 3b proves that member 15
has 50% reduction in modulus of elasticity. Similarly, in
case 2, member no.11 has 75% damage and the program
coded in MATLAB is carried out at about the 30th
iterations as shown in Fig.4b. Also, Fig. 4b presents that
the member no.11 has 75% reduction in modulus of

elasticity.

4.2. 33-Element steel plane truss bridge

Fig. 6 presents a 33-element steel plane truss bridge
along with all the distances and sizes. The modulus of
elasticity E=2.00 x108 kN/m2 and material density p =
7.85 ton/m3. Two different damage scenarios with one and
two damages are carried out. In case 1, member no.3 has
50% damage. In case 2, member no.3 has 50% and
member no.14 has 25% damages. Table 2 presents the
values of the first three natural frequencies obtained from
MATLAB and SAP2000 software for undamaged and
damaged cases. Fig 7 and 8 show solution figures for case
1 and case 2, respectively. Fig. 9 presents first three mode
shape of undamaged model.
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% Deformed Shape (MODAL) - Mode 2; T = 0,01963; f = 50,95267

E Deformed Shape (MODAL) - Mode 1; T = 0,09117; f = 10,96797

l}j‘\ Deformed Shape (MODAL) - Mode 3; T = 0,01284; f = 77,89691

Fig. 5. First three mode shape of undamaged model
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> v
3.0m

1

n Tube 15x15x1.5

D Tube 10x10x1

~J

1am
5m
Fig. 6. 33-element steel plane truss bridge
Table 12. Natural frequencies (Hz)
Case 2:
Case 1:0ne damaged member Two damaged Case element
Mode Undamaged Case (Hz) no.3 : 50% damaged no.3 : 50% and element no.14:
25% damaged

SAP2000 MATLAB SAP2000 MATLAB SAP2000 MATLAB

1 16.14925 16.1492 16.12883 16.1288 16.12673 16.1267

20.75732 20.7572 20.68065 20.6806 20.67982 20.6797

3 25.76528 25.7652 25.54086 25.5408 25.52803 25.5279
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Fig. 7. Results for case

Total objective function x 1000
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Fig. 8. Results for case 2

i Deformed Shape (MODAL) - Mode 1; T = 0,06192; f = 16,14925
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Jii| Deformed Shape (MODAL) - Mode 2; T = 0,04818; f = 20,75732

[ J Deformed Shape (MODAL) - Mode 3; T = 0,03881; f = 2576528

Fig. 9. First three mode shape of undamaged model

As it is observed from Table 2, the results of natural
frequencies in MATLAB and SAP2000 programs are very
similar for first three modes in undamaged and damaged
cases. In casel, only member no 3 has 50% damage. Fig.
Ta presents that solution of case 1 is carried out after 100
iterations and Fig. 7b proves that member no 3 has 50%
reduction in modulus of elasticity in case 1. On the other
hand, in case 2, member no.3 has 50% damage and
member no.14 has 25% damage. Fig. 8a shows that
solution of case 1 is obtained at about 85th Iterations.
Also, Fig. 8b presents that member no.3 and member no.
14 has 50% and 25% reduction in their modulus of
elasticity.

5. Conclusions

This paper presents a damage detection study on steel
plane truss structures using harmony search algorithm.
Two different examples having various damage scenarios
are studied in SAP2000 software to obtain the
experimental dynamic parameters. To determine the
location and severity of damages, a program based on
finite element method was coded in MATLAB
programming. The scenario damages are tried to determine
by approaching the dynamic values of the damaged model
as a result of a series of iterations by using the program
developed in MATLAB programming. Thus, the locations
of simulated damages are determined by updated
numerical model. In this study, a 20-element steel plane
truss and a 33-element steel plane truss bridge are
investigated for different damage cases. The results
obtained from solutions prove that scenario damages on
simulated plane truss structures are successfully

determined by using dynamic parameters. Also, the
solutions indicate the robustness and applicability of
harmony search algorithm method.
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Abstract- In this study, optimum design of braced steel space frames is obtained via a novel metaheuristic method, teaching
learning based optimization. This algorithm method consists of the two basic phases. The first phase is called as teaching; In
this phase, the knowledge interaction occurs between students and teacher. In the second phase, learning phase, the knowledge
interaction occurs among students in the class. Optimum profiles are selected among 128 W taken from American Institute of
Steel Construction (AISC). The constraints imposed on the frame example are stress constraints as stated in AISC-ASD
specifications, geometric constraints and displacement constraints. To obtain optimum solutions, a program is coded in
MATLAB programming to incorporate with SAP2000 - Open Application Programming Interface (OAPI). The results are
compared through tables and figures. The results indicate that teaching learning based optimization method and MATLAB

SAP2000 OAPI technique are applicable even for complex problems and present practical solutions.

Keywords Optimum design, teaching learning based optimization, braced steel space

1. Introduction

In this study, optimum design of a five story braced steel
space frame is carried out. The cross sections for the
structural members are selected from a list of 128 W profiles
taken from AISC (American Institute of Steel Construction).
A novel metaheuristic algorithm method, teaching learning
based optimization method, is applied on analyses. A
program was developed in MATLAB programming to
interact  with  SAP2000-OAPI  (Open  Application
Programming Interface) to get optimum solutions for X
braced and unbraced cases of space frames. The stress
constraints  according to  AISC-ASD  specifications
(American Institute of Steel Construction- Allowable stress
design), geometric size (column-column and column-beam)
constraints, top displacement and inter story drift constraints
are applied to both solutions. The results are compared
through tables and figures. The results obtained from the
analysis show that teaching learning based optimization
method and MATLAB SAP2000 OAPI technique are very
applicable and robust for structural optimization of complex
structures. Moreover, X braces provide a decrease in the
minimum steel weight of space frames.

Teaching learning based optimum design is applied for
the optimum design of structural systems as can be found in
the literature. Rao et al. [1] studied teaching-learning-based
optimization for constrained mechanical design optimization
problems. Togan [2] focused on optimum design of planar
steel frames via this novel method. Rao and Patel [3] used
this algorithm method for solving unconstrained optimization
problems. Dede and Ayvaz [4] studied structural
optimization by using teaching-learning-based optimization
algorithm. Artar [5] studied optimum design of braced steel
frames by using this algorithm method.

In this study, teaching learning based optimization is
used for the optimum design of braced steel space frame. A
program is developed in MATLAB [6] programming to
interacted with SAP2000 [7] OAPI. The results evaluated are
presented with the help of tables and figures. The results
show that teaching learning based optimization method and
MATLAB - SAP2000 OAPI technique is applicable and
robust for even very complex structural optimization
problems.
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2. The Formulation of Optimum Design

The discrete optimum design for minimum weight of
plane steel frames is calculated as below,

minW =§:A<ik:piLi 1)

where W is the weight of the frame, A, is cross-
sectional area of group k, p, and L, are density and length

of member i, ng is total number of groups, nk is the total
number of members in group k.

o(x)= W(x)[1+ chi) (2)

where P is a penalty constant, ¢ (x) is objective function,
c. is constraint violations. The constraint violations are

calculated as follows;
g (x)>0—>c =g;(x) 3)
g,(x)<0—>c =0 (4)

The stress constraints according to AISC-ASD [8]
specifications (American Institute of Steel Construction-
Allowable stress design) are applied.

Geometric size (column-column and column-beam)
constraints, are determined as below,

bk

t BL

o
b 21w

P

T~

Fig. 1. Beam to column connection geometric constraints

Column-to-column geometric constraints are calculated
as below,

—-1<0 n=2,...,ns (5)

Dun
|

gn(x): D

n

where D, is the depth of upper floor column, D, is the
depth of lower floor column.

The beam-to-column geometric constraints are
calculated as below,

(s .
gbb,i(x):ﬂ—lﬁo i=1..,n; (6)

fek,i

where nbf is number of joints where beams are
connected to the flange of column and are flange widths of
the beam and column, respectively.

Displacement constraints are calculated as below,

oy ji=1...m
9; (x)=5-~1=0 I=1,..nl ®)

ju
where 5, is the displacement of jth degree of freedom

under load case |, &, is the upper bound, m is the number of

restricted displacements, nl is the total number of loading
cases.

Inter-storey drift constraints are calculated as below,

j=1,...,ns
A :
gjil(x):f_lgo i=1..,nsc (10)
Ju I=1..,nl

where A, is the inter-storey drift of i column in the j"
storey under load case I, A. is the limit value, ns is the

Ju

number of storey, nsc is the number of columns in a storey.
3. Teaching Learning Based Optimization

Teaching learning based optimization is a novel
metaheuristic algorithm method which is developed by Rao
et al. in 2011.This algorithm method has two basic phases. In
the first phase which is called teaching, the knowledge
interaction occurs between students and teacher. In the
second phase, learning phase, the knowledge interaction
occurs among students in the class. The sharing of
information provides a better solution. The first class as
solution vectors is randomly prepared in matrix form as
below,

Xll X, X;—l Xi - f(x)
X Xf er—l an - f(x*)
class(population) =| .. .. T (11)
PR S S Sl 3 ¥ 'S
X X Xy X = f(x%)

In here, each row in matrix indicates a student and it
gives a solution vector. S is the number of students in class, n

shows the number of design variables, f(x'), f(x?)...f(x%)

are objective function value of each row in matrix form. In
the class, the minimum objective function value represents
the best information level. Thus, the student having the best
objective value is assigned as the teacher of the class. The
teacher shares his or her information with the other students
as below,

new,i

X" = X (Xagper — Te X)) (12)

teacher F “*mean

new,i

In here X is the updated (new) student, X' is the
current (old) student, r is a random number in the range [0,1],
TF, a teaching factor, is either 1 or 2. Xx is the mean of

mean

the class is defined as x

mean

= (mean(x,)...mean(x,)) . If the
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new student has better information ( f(x™"')), the new if f(x)<f(x)) = x™ =x"+r(x'—x))

student is replaced with the old student. . . . o S
if f(x)>f(x)) = x™ =x"+r(x-x') (13)

In the second step, learning step, the sharing of
information occurs among students. Mentioned as below, if
the new student has better information, it is replaced with the

old student.

The flowchart of processes in MATLAB-SAP2000
OAPI developed to get optimum solutions are shown as
below,

Read input data and create classroom randomly in MATLAB sections from
available list

'
gmion: 1

Decode each row and transfer the data from MATLAB to SAP2000

'

Select corresponding sections from available list in
SAP2000

v

Analyze each model and determine
displacement and stress in SAP2000

v

Transfer the results from SAP2000 to MATLAB

v

Determine objective function values
of each row

'

Is the converge criteria provided?
No Yes

J S

Create the next class with teaching
and learning phases

v

Iteration =
Iteration +1

Write results

Fig. 2. Flowchart for the optimum design procedure of steel space frames

4.75 cm (H/400) and 0.95 cm (h/400), respectively.
Optimum cross sections are selected from a specified list

4. Design Example

A 5-storey braced and unbraced steel space frame is
shown Fig.3. Moreover, in this figure the plan view, braced
space frame and unbraced frame views are presented.

All members are collected in 19 groups as given in Table
1. According to ASCE7-05 [9], dead load (2.80 kN/m2) and
live load (2.39 kN/m2 ) are applied. Wind load is exposed in
X direction according to TS498 [10] as wind speed 30m/s.
The top displacement and inter story drifts are restricted to

including 128 W taken from AISC. The material properties
are E=200 GPa, fy=250 MPa and p=7.85 ton/m3. Optimum
solutions for both cases are also given Table 2. Fig 4 presents
the both optimum solutions with iteration steps.

As it is observed from Table 2 that the minimum weight
of unbraced steel space frame is 504.79 kN. On the other
hand, the minimum weight of X braced steel space frame is
377.18 kN. It is nearly %25 lighter. Also, significant
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reduction is observed in cross sections. Moreover, in the
solution of unbraced frame, the maximum lateral (top)
displacement and inter storey drift values are 2.03 cm and

0.62 cm, respectively. These values are more than the values
in X braced steel frame.

oc oC

e T e T A

I IIB I 0B

I | 1c 1B | pC
lT} iTI- ¥ | 3x6lim

I I ! X I =180m

I | I
A i i

I | I

I I I

| | I
P ————— T HH

< 2x6.0m 2

=120m
a). Plan view b) braced fraame

c) unbraced frame

Fig. 3. A 5-storey braced and unbraced steel space frame

Table 1. Group member numbers

Floors Outer Inner Outer beam Inner beam X
column column . X. . Y. . X. . Y. Braced
direction direction direction direction
1 1 2 7 8 9 10 19
2,3 3 4 11 12 13 14 19
4,5 5 6 15 16 17 18 19
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Table 2. Optimum solutions of both cases

Group no X braced unbraced
1 W8X35 W30X148
2 W18X55 W44X285
3 W8X31 W18X65
4 W12X40 W18X55
5 W8X24 W12X65
6 W8X24 W16X45
7 W3X26 W8X24
8 W3X26 W6X20
9 W12X35 W8X31
10 W14X34 W8X31
11 W8X24 W12X30
12 W8X24 W8X24
13 W10X33 W16X45
14 W14X34 W14X34
15 W8X24 W12X26
16 W12X26 W6X20
17 W18X40 W21X50
18 W14X34 W8X31
19 W12X14 -
Weight (kN) 377.18 504.79
Max.lateral disp. cm 1.63 2.03
Max.inter storey drift cm 0.38 0.62
3000 T T T
2500 — unbraced 7
— X braced
Z 2000 7
<
5
5 1500 7
=

0 50

|
100

| | |
150 200 250
Iterations

|
300

1 | 1
350 400 450

Fig. 4. Optimum solutions with iteration steps

500
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5. Conclusions

This study presents optimum structural design of a
five story steel space frame for X-braced and unbraced
cases. The cross sections of structural members are
selected from 128 W profiles taken from AISC (American
Institute of Steel Construction). A new metaheuristic
algorithm method, teaching learning based optimization
method is used in the analyses. To obtain optimum
solution, a program was coded in MATLAB programming
to incorporate with SAP2000 OAPI (Open Application
Programming Interface) simultaneously. The stress
constraints according to AISC-ASD (American Institute of
Steel Construction- Allowable stress design), geometric
size (column-column and column-beam) constraints, top
displacement and inter story drift constraints are applied to
both solutions. According to optimum solutions, the
minimum weight of X-braced steel frame is nearly %25
lighter than the minimum weight of unbraced frame. The
results also show that teaching learning based optimization
method and MATLAB SAP2000 OAPI technique are
applicable and robust on structural optimization.
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Abstract- In a dye sensitized solar cell (DSSC), the dye sensitizer plays important role in absorbing sunlight and transporting
electrons into the conduction band of the semiconductor thus converting the solar energy into electric energy by photovoltaic
effect. This study focus on the investigation made on the leaves and stem of Mucuna Pruriens extract as photosensitizers for
dye sensitizer solar cell (DSSC). The DSSC was based on titanium dioxide nanopowder as the photoanode semiconductor
material and potassium iodide solution as electrolyte. The pigment was extracted from dry leaves and stem of Mucuna
Pruriens in water, ethanol and acetone. The photo absorption spectral of Mucuna Pruriens was investigated in cold and hot
extraction media. Dye sensitized solar cell was fabricated using Michael Gratzel method. The cell was connected to a variable
external load and exposed to illumination at 100mW/m2. As the load is varied, the short circuit current ls and the
corresponding open circuit voltage Voc were observed. An IV characteristics was plotted and the fill factor and efficiency were
computed as 0.8 and 0.37% for Mucuna pruriens extracted in water, 0.88 and 1.16% for Mucuna pruriens extracted in ethanol,
0.93 and 2.08% for Mucuna pruriens extracted in acetone respectively. The pigment extracted in cold acetone has the best light
absorption and efficiency. This study shows that Mucuna Pruriens has prospect as sensitizer in DSSC.

Keywords Photosensitizer, Photoanode, Nanopowder, Mucuna Pruriens, Titanium dioxide.

1. Introduction A very good feature of dye sensitized solar cell is the

fact that every stage and process is carried out by different

A Dye sensitized solar cell (DSSC) is a low cost solar
cell which belongs to the thin film solar cell group [1]. Itis a
photo-electrochemical system which is based on a
semiconductor formed between a photo sensitized anode and
an electrolyte. The low cost material components, simple
method of fabrication and availability of major materials
have made DSSC receive much attention from researchers in
resent time. DSSC also has the unique feature of having
photon absorption and electrons transport carried out by
different components of the cell [2]. This feature also allows
each components of DSSC to be improved upon and possibly
substituted for better performance of the cell without
necessarily affecting the system structure. The main
components of DSSCs are; the working electrode which is
made of semiconductor oxide (TiO;) on transparent
conductive surface), the organic dye sensitizer, the
electrolyte and the counter electrolyte.

component. On exposure to sunlight, the incident photons
travel the transparent glass substrate (which is conductive on
one side) of the working electrode to the dye. Depending on
the colour of the pigment, light photons of certain
wavelengths are absorbed. That is, not all incident photons
are absorbed. The photo absorption capacity of a particular
colourant is its light harvesting efficiency (LHE) [3]. The dye
molecules therefore gain energy resulting in the liberation of
electrons and the dye becomes oxidized. The liberated
electrons travels through the TiO, to the conducting surface
of the glass substrate of the working electrode. There is an
external load connected across the working electrode and the
counter electrode. These mobile electrons travel through the
external load to the counter electrode and back to the system.
The dye regains its lost electrons through the electrolyte and
the electrolyte from the graphite coated surface of the
counter electrode and the cycle continues.
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Although, the supply of the raw material which is
sunlight is unlimited, the dye plays two major roles of photon
absorption and release of electrons which are transported
through the electrode to the conductor to produce
electricity[4] & [5]. This process is represented in the
equations (1) to (5):

If C.E = Counter Electrode
TiO, = Electrode
S=Dye

S”" = Excited Dye

S +light — S* (1)
S"+ TiO,— e (TiOy) + S (2)
e (TiOz) + C.E — TiO, +

e (C.E) + electrical energy 3)
S 43,1 =S+ 15 (4)
Y15 +e (CE)— 31"+ CE (5)

In producing a DSSC, the choice of the organic dye
sensitizer is very crucial to obtain good light harvesting
efficiency (LHE) which is a determinant of photo conversion
efficiency[6]. Because of the importance of the role of dye in
DSSC, efforts have been directed towards developing
different organic dyes and metal complexes. Although most
of these complexes have good absorbance, yet they suffer
from the disadvantages of high cost and sophisticated
method of preparation [6]. Hence, studies have been carried
out on alternative organic pigments that will foster a good
DSSC performance with cheap and easier method of
preparation. The main features of a good sensitizer is good
photo absorption, low cost, availability and environmental
friendliness [7]. In this study, the photo absorption spectral
of Mucuna Pruriens extract was observed and the extract
also used to sensitize a titanium dioxide based DSSC.

Mucuna Pruriens (Velvet beans) is a tropical legume of
West Africa origin. It is found in abundance in the Southern
Nigeria. It belong plant family of Fabaceae. This climbing
plant is notorious for the extreme itchiness it causes on
contact especially with its young foliage and seed pods. Its
seeds are used as soup thickeners while the leaves and stem
of Mucuna pruriens are used for various medicinal purposes
such as curing diseases like diabetes, arthritis, dysentery, and
cardiovascular diseases[8]. Its extract is a very strong
pigment which is used in the local African dye but has never
been considered for any photovoltaic purpose. As shown in
Table 1, previous research findings revealed that
phytochemical compositions of Velvet beans (Mucuna
pruriens) extracts posesses Saponins (a compound
responsible for bitter taste), likewise Terpenoids (a phenolic
compound that gives flavor and yellowish red dye). The

Table 1. Phytochemical composition of water and ethanol
extracts of Mucuna pruriens.

Phytochemical WMP EMP
Alkaloids - -
Saponins * *
Phlobatanins kK .
Terpenoids * *
Tannins Fhk .
Anthraquinones ok wkk
Flavonoids *k ok
Cardiac glycosides | * *

*** Detected in abundant concentration
**  Detected in moderate concentration
*  Detected in slight concentration

- Not detected

extract is very rich in Tannins (a deep brown dye, also gives
flavor), Anthraquinones (a strong dye with colours ranging
from yellow to gray-green), Flavonoids (a plant dye with red,
purple and blue colouration. It is also a phenolic compound),
and Phlobatanins (a greenish black dye) [8].

2. Method
2.1. Extraction and Characterization of Dyes

The plant, Mucuna Prurien was collected Akure, a city
in the south western Nigeria. The extraction of dye was done
by Soxhlet extraction method.The plant part — leaves and
stem were washed with distil water and dried at room
temperature for about two weeks. After drying, the
collections were crushed in a wooden mortal to smaller
pieces which were further grounded in a ceramic mortal to
almost powdery form. After grinding, about 25g of the
sample was weighed into the chamber of the Soxhlet
extractor. Before the extraction was carried out, the plant
sample was defatted with N-Hexane in the extractor for
about two hours to remove the plant fat and oil [9]. After
these, the sample was dried and loaded into the extractor
with 250ml of ethanol as the extracting solvent.

During extraction the solvent is heated to reflux and the
solvent vapour travels up a distillation arm and floods into
the chamber housing the thimble of solid. The condenser
ensures that any solvent vapour cools, and drips back down
into the thimble housing the solid material. The chamber
containing the solid material slowly fills with warm solvent.
Some of the desired compound dissolves in the hot solvent.
When the Soxhlet chamber is almost full, the chamber is
emptied by the siphon. The solvent is returned to the
distillation flask. The thimble ensures that the rapid motion
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of the solvent does not transport any solid material to the still
pot. This cycle was repeated many times for six hours. The
soxhlet extraction method was also modified for cold
extraction. The cold extraction was carried out by weighing
25¢g of the semi-powder sample and soaked in 250ml of n-
Hexane for about 6 hours at room temperature. After that the
mixture was stirred vigorously then separated by sheaving.
Clean n-Hexane was further added and stirred and then
sheaved out to remove the fat. The sample was allowed to
dry at room temperature for about 3 hours. The defatted
sample was soaked in 250ml of ethanol for 24 hours. After
24 hours, the mixture was stirred vigorously and the solid
sheaved out. The remaining solution was filtered and dried at
a room temperature in a dark room. Three extracting solvents
namely; water, ethanol and acetone were used in this study.
The pH of the extracted sample was analyzed using pH meter
manufactured by Jenway Instrument Inc. Japan, model 3510.
The spectrophotometric study was also carried out by
scanning the pigment across visible and ultra violet region
using computerized UV-Vis-Nir Spectrophotometer double
beam model Schimadzu UV 1800 manufactured by
Schimadzu.

2.2. Fabrication of Dye Sensitised Solar Cell

A self-assembled dye sensitized solar cell (DSSC) was
fabricated using titanium dioxide as the semiconductor
deposited on a transparent conductive glass substrate and the
Mucuna Prurien extract under study as the sensitizer. About
2g of nanoparticle Titanium dioxide was mixed with 8ml of
Acetic Acid in a mortar while grinding with pestle to break
the aggregates and to produce a uniform and lump-free
suspension. A drop of surfactant, like colourless detergents
in 1ml of distill water was then added. The conductive side
of the electrode substrate tested with a continuity tester then
cleansed with ethanol and two third coated with the Titanium
dioxide paste using Doctor Blade technique [10]. This
technique consists of a flat sharp object like a razor blade or
a round thin object like a glass stirrer, which is used to lay a
layer of slurry with a thickness determined by the spacer.
The spacer is an adhesive tape normally with a thickness of
8-10 nm. It is placed opposite sides of the area where the
film is to be laid and the doctor blade dragged across. After
deposition, it was sintered at 450°C for 30 minutes. The
electrode was then placed faced down in a filtered dye
solution and allowed to soak the Titanium dioxide surface for
about five minutes and then allowed to dry in a dark at room
temperature. The conductive side of the counter-electrode
was tested with continuity tester. The conductive surface was
cleansed with ethanol, coated with graphite and gently placed
face down on the Titanium IV Oxide coated part of the
electrode so as to offset leaving one third uncoated
conductive surface exposed on both the electrode and the
counter electrode. They were then held firmly together with
two alligator clips. Two drops of the electrolyte were
introduced at one edge of the slides and allowed to spread by

capillary action.The assemblage was then tested with the
electrode faced up for light photons collection as the positive
terminal while the counter electrode will be the negative
terminal connected to a digital multimeter. A highly sensitive
and versatile digital multimeter from Fluke Instruments
England was utilized to measure the open-circuit voltage
(Voc) and short-circuit photocurrent (ls) of the DSSC. A light
intensity of 100 mW/m? was used to illuminate the solar cell.
The conversion efficiency of the solar cell was computed by
equation (6)

_ Vacwlecxff

n= —r' ® 1009 (6)

Pi
3. Results and Discussion

At equal concentration, the UV-visible absorption
spectral of Mucuna pruriens extracted in cold ethanol shows
a stronger light absorption than the one extracted in a hot
ethanol. The photo absorption occurred at wavelength range
of 595 — 600 nm which is in the visible region of the
electromagnetic spectrum ems [11] & [12]. The wavelength
of maximum absorption (Amax) is 535 nm. Cold extraction of
Mucuna pruriens gave a stronger photo absorption than hot
extraction as shown in Figures 1 and 2.

4.800 T T T

4.000 — -

3.000 — —

Abs.

2.000 [— —

1.000 = —

0.000 H 1 1 1
480.00 700.00
nm.

Fig 1. UV-vis absorption spectra of Mucuna Prurien
extracted in hot ethanol

900.00C
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Fig 2. UV-vis absorption spectra of Mucuna Prurien
extracted in cold ethanol.
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The results of the extracts obtained in three cold media —
cold water, cold ethanol and cold acetone (Figures 2, 3 and
4). The absorption in water was very weak with no
recorgnised peak. The UV-visible absorption spectral of
Mucuna pruriens extracted in cold ethanol show a fairly
strong peak of absorption at a wavelength range of 595 — 600
nm as shown in Figure 2. In Figure 4, the sample extracted in
cold acetone shows very strong light absorption with three
distinct absorption peaks. The photo-absorption covers a
wavelength range of 590 — 690 nm which is in the visible
region of the electromagnetic spectrum ems.

4.800 T T T

4.000 — —

3.000 — -

Abs.

2.000 —

1.000 — -

0.000 I I I
480.00 700.00
nm.

Fig 3. UV-vis absorption spectra of Mucuna Prurien
extracted in cold water.

900.00

The wavelengths of maximum absorption (Amax) are 505,
535, and 640 nm. The light absorption fell in the green end
of the electromagnetic spectrum while magenta is
transmitted. The implication of this that Mucuna pruriens
extracted in cold acetone was able to absorb light in a wider
range of wavelenght in the electromagnetic spectrum than

those of ethanol and water. Stronger absorption in cold
acetone also shows that the Mucuna pruriens are highly non
polar substances that dissolve better in strong non polar
solvent like acetone. That is, Mucuna pruriens has a high
photon harvesting efficiency which is a major determinant of
the conversion efficiency of dye sensitsed solsr cell when it
is extracted in cold acetone[7].
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Fig 4. UV-vis absorption spectra of Mucuna Prurien
extracted in cold Acetone.

Mucuna Pruriens whose physco-chemical parameters
were shown in Table 2, recorded better performance in term
photon harvesting when extracted in acetone. The electrical
measurement recorded from the solar cells fabricated using
Mucuna Pruriens pigment extracted in cold water, cold
ethanol and cold acetone are as shown in Table 3. An
efficiency of 0.8% was recorded from the DSSC sensitized
with cold water extracted Mucuna Pruriens, 1.16% from the
DSSC sensitized with cold ethanol extracted Mucuna
Pruriens and 2.08% efficiency from the DSSC sensitized
with cold acetone extracted Mucuna Pruriens.

Table 2: The Physco-chemical properties of Mucuna pruriens.

Botani-cal | Engli-sh Local Plant Place of Pigment's | Extraction | pH | Wavele-ngth
Name Name Name Part collect-ion | colour medium of maxim-um
(Yoruba) Utilized (Nigeria) absorption
().max) nm

Mucuna Velvet ljokun Leaves & | Akure Blueish- Water/ 6.5 663
Pruriens beans stem black

Ethanol/

Acetone
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Table 2: The Physco-chemical properties of Mucuna pruriens.

Botani- | Engli- Local Plant Place of Pigment's | Extraction | pH | Wavele-ngth
cal sh Name Part collect-ion | colour medium of maxim-um
Name Name (Yoruba) Utilized | (Nigeria) absorption
(Amax) NM
Mucuna | Velvet ljokun Leaves & | Akure Blueish- Water/ 6.5 | 663
Prurien | beans stem black
S Ethanol/
Acetone
Table 3: Electrical measurement from the DSSCs sensitized by the three extracts
Dye Voc(max) lsc(max) FF EfﬁCienCy
(mV) (mA) (m
Mucuna Pruriens extracted in Water 361.00 0.30 0.86 0.80
Mucuna Pruriens extracted in ethanol 385.00 0.30 0.88 1.16
Mucuna Pruriens extracted in Acetone 546.00 0.38 0.93 2.08

4. Conclusion

The conclusion The UV-visble absorption spectra of
Mucuna Pruriens pigment extracted in different media
consistently show its prospect as sensitizer in dye sensitized
solar cell. However, cold extraction yielded stronger light
absorption than hot extraction. The UV-visible absorption
spectral and the efficiencies measured from the fabricated
solar cells have consistently shown the potential of Mucuna
Pruriens as dye sensitizer in dye sensitized solar cell. They
also reveal that Mucuna Pruriens extracted in acetone is
stronger in term of light absorption and consequently photon
harvesting.
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Abstract- In this study, steel fiber reinforced self - compacting concrete (SFR-SCC) specimens were examined by considering

the effects of different parameters on the material performance and to promote the use of fiber materials in building industry.

Use of steel fibers in SCC is still limited due to lack of required codes and standards in this field. More research is required to

understand the effects of steel fibers on mechanical properties of the concrete. For this purpose, 5 mixes; control and reinforced

with 2 different fiber volumes and two different fiber types; were produced. Compressive strength, splitting tensile strength

and 3-point notched bending tests were carried out on these specimens for thoroughly evaluating mechanical performance of

steel fiber reinforced self-compacting concretes.

Keywords Steel fiber reinforced self-compacting concrete, flexural toughness, ductility, three point notched bending, flexural

strength.

1. Introduction

Self-compacting concrete (SCC) is widely used for
construction of civil engineering structures, especially in pre-
cast industries, high rise buildings and structures that need
congested reinforcement. SCC technology achieved a
significant breakthrough in construction industry with the
three main advantages which are workability, flowability and
passing ability. Thanks to these properties, concrete can be
placed to complex shape moulds under its own weight
without segregation and/or bleeding. During casting, energy
consumption, labour works and construction time are
reduced since external vibration is not required. SCC can
flow between narrower openings easily; thus, reducing
structural element sizes, formwork and material costs.

Plain concrete is a brittle heterogeneous material
that is strong in compression conversely weak in tension and
flexure. From the light of the structural steel reinforcement
contribution to the tensile strength of concrete, steel fiber
usage in concrete industry has also been developed recently.
Steel fiber reinforced concrete has superior tensile and
flexural performance with respect to plain concrete
depending on the type and amount of the steel fibers. In
addition to this, the role of crack bridging ability and crack

width control increases interest in using steel fibers in
concrete, especially in the post-cracking phase. Most
important contributions of the steel fibers into the concrete
are increased toughness (area under the load-deflection
curve) especially under flexural loading, increased tensile
and shear strength capacity and modified crack formation
mechanism. These important properties made fiber
reinforced concrete popular in the research.

Steel fiber reinforced concrete (SFRC) has been used in
both columns and beams where shear stresses are of critical
and steel fibers have been partially used instead of stirrups as
shear reinforcement. In high seismic zones, design codes
impose the use of transverse reinforcements in order to
obtain ductile behaviour and large amounts of transverse
reinforcements are required especially in heavier structural
elements. However, such congested reinforcements may
cause concrete placement problem in narrower structural
elements. The use of steel fiber can reduce the amount of
transverse reinforcements and can be a solution for the
concrete placement. In most situations, high amount of steel
fiber reinforcement (> 1%) is required to obtain better
structural performance. However, such amount of steel fiber
may also cause workability problem in concrete. A
combination of steel fiber reinforced concrete with a self-
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compacting concrete is used and defined as steel fiber
reinforced self-compacting concrete (SFR-SCC) in order to
obtain high flowability to solve workability and concrete
placement problem [1].

SFR-SCC usage has many advantages in concrete
industry. SFR-SCC has contributed to noise pollution,
construction time and labour cost due to lack of external
vibration. In nowadays, electric energy and labour costs
become a significant part in the overall cost of the structure.
However, SFR-SCC has not been used alone due to lack of
structural design codes. It has been used with structural rebar
(primary reinforcement) and steel fibers take place as
secondary reinforcement in design phase. Structural
applications of the SFR-SCC are; slabs and pavements, water
tanks, channels, pipes, precast piles, precast walls, and blast
resistance structures. SFR-SCC will be used more when steel
fibers totally take place of the conventional steel
reinforcement with further investigation [2]. In order to
promote use of steel fiber, its effects on the mechanical
properties of concrete should be further investigated.

1.1. Factors Influencing Mechanical Properties of SFR-SCC

Mechanical properties of SFR-SCC are influenced by
concrete material components (cement, cementitious material
and water amounts) and steel fiber characteristics (steel fiber
type, amount and aspect ratio). The effects of the concrete
material components to mechanical strength of SRF-SCC has
already known in the concrete industry. However, the effect
of steel fibers on the mechanical strength of concrete is
required further investigation.

1.1.1. Influence of steel fiber type

There is a wide range of fiber types, steel fiber,
synthetic fiber, glass fiber, natural organic and inorganic
fibers; however, steel fibers are the most used fiber types in
construction industry. Steel fiber performance is influenced
by 3 different properties: (1) the aspect ratio (L/d) of the steel
fiber; (2) steel fiber shape (straight, hook-end) and surface
deformation; (3) surface treatment. Surface deformation is
generally conducted in order to increase the anchorage
between matrix and fiber. The used steel fibers have a
circular cross section with a diameter changing from 0.2 mm
to 1 mm, with a length varying from 10 mm to 60 mm and
with an aspect ratio less than 100. For better bond between
steel fiber and concrete matrix, steel fibers may be modified
by surface and mechanical deformations [3].

For structural applications, straight and hooked-end
type steel fibers have been widely used. Plain concrete goes
into failure under tensile or flexural loading by formation of
a single crack. However, steel fiber reinforced concrete
resists additional crack openings and multiple cracks
observed before the failure. This is due to two separate
mechanisms: (1) when tensile stress on the concrete exceeds
its tensile strength, micro-cracks start to emerge. The steel
fiber has a capability of arrest the micro cracks and hence
prevent the formation of macro-cracks (Micro-crack arrest
mechanism); (2) for further stresses, micro-cracks widen and
turn into macro cracks. After macro-crack formation, steel

fibers bridge the cracks and prevent further widening of the
cracks (Crack bridging mechanism) [4].

1.1.2. Influence of steel fiber amount

SFR-SCC properties mainly depend on the steel
fiber amount or fractions in the mixture. As the amount of
steel fibers increases in the mix, flexural strength, shear
strength and flexural toughness values are improved due to
the enhancement in the ductility of the mix. In addition,
tensile strength and crack opening displacement capacity of
the concretes improve with an increasing steel fiber fractions
(Vy). Inclusion of the high amount steel fibers especially
improved the post crack residual tensile strength and
ductility of the concretes [5].

Steel fiber content in a mixture generally ranges
from 0.3 to 2%. For lower fiber amounts, impact of the fibers
on the SCC concrete remains limited. For higher volume
fractions than 2%, workability of the SCC reduces and
passing ability problems emerge especially in the structures
that high percentage structural reinforcement. In addition,
steel fibers are expensive materials, usage of higher
percentages may become costly. For economic
considerations, optimum usage of the steel fibers is
considered as 1% for the majority of structures [6].

1.1.3. Influence of steel fiber aspect ratio (1/d)

Fiber aspect ratio is the ratio of steel fiber length to
diameter. In structural applications, 1/d ranges from 50 to
100. Large fiber aspect ratio, representing a higher fiber
matrix bond area that better bond is available between fiber
and matrix and so high energy absorption capacity is
obtained in the concretes. The fiber length is also another
important factor for structural behavior of the SFR-SCC.
Under same fiber aspect ratio, shorter fibers include larger
number of fibers than longer fibers; which result in better
crack bridging and stress transfer across the cracks [7].

From the light of the literature, two types of steel fibers
(hook-end long and straight short), two different fiber
volumes (0.5 % and 1 %) were selected considering
economic aspects and different fibrous mixes were produced
and mechanically tested to evaluate the mechanical
performance of the SFR-SCC specimens.

2. Materials
2.1 SCC Materials and Mix Design

Ordinary Portland cement (CEM I 42.5R) and fly
ash (F-Type) were used as binder materials with densities of
3.14 and 2.13 kg/dm3, respectively. A polycarboxylic ether
based superplasticizer was used to obtain high flowability.
As aggregates, natural sand, crushed sand and coarse
aggregate with a maximum grain size (dmax) of 10 mm were
used in the concrete mixture and aggregate densities were
2.60, 2.68 and 2.74 kg/dm3, respectively. Two types of steel
fibers; hooked-end long fibers with fractions of 0.5% and
1%, straight short fibers with a fraction of 0.5% and hybrid
fibers (combination of short and long fibers) with a fraction
of 1% (0.5% short fiber + 0.5% long fiber) were used in the
study. Straight short fibers have a length of 13 mm and
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aspect ratio of 81 and hooked-end long fibers have a length
of 35 mm and aspect ratio of 64. Preliminary experiments
were conducted in order to obtain required flowability and
stability. After reaching required control mix design with a
water-to-cementitious ratio of 0.37, all other ingredients were
kept constant while superplasticizer amount was changed
with inclusions of different steel fiber types and fractions in

the other mixes. As a total, five different types of self-
compacting concretes including steel hooked-end and
straight fibers were produced as control mix, 0.5% long FRC
mix, 1% long FRC mix, 0.5% short FRC mix and 1% hybrid
(0.5% short + 0.5% long) FRC mix as can be seen in Table 1.

Table 1. Mix ingredients and SCC Mixes

Batches for SCC (water to binder ratio: 0.37)
Ingredients, (1m’) SCC 1 SCC2 SCC 3 SCC4 SCQ 5
Control 0.5 % Long 1 % Long 0.5 % Short | 1% Hybrid FRC

mix FRC Mix FRC Mix FRC Mix Mix

Water (kg) 220 220 220 220 220
Cement (kg) 420 420 420 420 420
Fly Ash (kg) 180 180 180 180 180
Gravel<10 mm (kg) 636 636 636 636 636
Crush Sand (kg) 353 353 353 353 353
Sand (kg) 424 424 424 424 424
Steel Fiber (kg) 0 39 78 39 78
Superplasticizer (kg) 3.4 3.6 4.2 4.2 4.5

Mixing procedure was as follows; in the first stage,
cementitious material (cement + fly ash) and aggregates
added to the mixer and all dry ingredients without fibers
were mixed for 2 minutes. After that water and
superplasticizer added to the mixer in 1 minute duration and
mixed for 1 more minute. Finally, steel fibers were added
(for fiber-reinforced mixes) to the mixer in 1 minute and
further mixed for 1 minute for homogeneity. For non-fibrous
mixes, dry + wet ingredients were mixed for another 2
minute for equal mixing procedure with mixes including
steel fibers. The overall mixing procedure was terminated in
6 minutes. After mixing, fresh state performances of the SCC
mixes were evaluated and all of the mixes showed superior
flowability = characteristics, ~which  was  thoroughly
investigated in the previous study [8].

2.2 Casting and Curing of Specimens

Prepared concrete mixes were cast to the moulds
from one end of the specimen and left to flow to the other
end. During casting, vibration and/or shaking was not
applied to the specimens since concrete was flowing under
its self-weight. Concrete surplus was taken by a trowel and

surface levelling was applied to all specimens. The
specimens were demoulded after 24 hours and kept in a
water tank at a temperature of 20 + 2 °C for 28 day curing
period time to obtain required strength for tests.

3. Experimental Program
3.1 Compressive Strength Tests

Force controlled compressive strength tests were
carried out on 150x150x150 mm cube specimens according
to TS EN 12390-3 [9] standard at the ages of 1, 7 and 28
days to measure material properties under compression.
Specimens were axially loaded at a rate of 13.5 kN/s (0.6
MPa/s), Figure 1. The compressive strength of the cube
specimen is calculated by dividing the maximum load
reached during the compressive strength test by the cross-
sectional area of the specimens. For all of the 5 different
series, three cube specimens were tested for average values.
Specimens were tested under force-controlled test.
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Fig. 1. Compressive strength test

3.2 Splitting Tensile Strength Test

Splitting tensile strength tests were carried out on
cylinder specimens with a diameter of 100 mm and a length
of 200 mm at the 28-day in accordance with ASTM C496 /

C496 M-11 standard [10]. Specimens were transversely
loaded at a rate of 0.5 kN/s (1 MPa / min) as is seen in Figure
2. Three cylinder specimens were cast for all of the 5 series
of concretes for splitting tensile strength tests.

Fig. 2. Splitting tensile strength test

3.3 Three Point Bending Test on Notched Specimens

Three-point bending tests were employed on
notched specimens to in order to evaluate bending behaviour
of different SFR-SCC specimens. Two specimens were
poured for each group, and as a total 10 specimens were
produced in accordance with EN 14651 standard [11].

All specimens having widths and depths of 150 mm and
lengths of 600 mm and notches were composed on the
bottom of the specimens with a 4 mm width and 25 mm
height as is seen in Figure 3. Specimens had a 125 mm
effective height after notch and were tested under three point
bending using MTS testing machine.
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Fig. 3. Three point loading scheme

Based on the standard, three point flexural loading
was applied in crack mouth opening displacement (CMOD)
control at two different rates; CMOD rate was of 0.05
mm/min from zero to 0.1 mm CMOD, and was increased to
0.2 mm/min from 0.1 mm CMOD to 4 mm CMOD, Figure 4.

Experimental procedure was terminated when a CMOD
value of 4 mm was reached. As a result of the tests, force
versus CMOD curves of the SCC specimens was obtained
and results were evaluated accordingly.

Fig. 4. CMOD controlled flexural loading

4. Results and Discussions
4.1 Compressive Strength Test Results

Compressive strength test results of the cube SCC
specimens were determined at the ages of 1, 7 and 28 days as
is given in Table 2. Results indicated the average of the three
specimens for each mix. Compressive strength values ranged
from 19 MPa to 24.5 MPa, 44.5 MPa to 50 MPa and 57.5
MPa to 62 MPa at the ages of 1,7, and 28 days, respectively.
Increase in compressive strength values was found when
fibers were added. The extent of increase was around 2-3 %
when 0.5 % short and long fibers were added, while 6-7 %

increase was observed for 1.0 % long and hybrid fiber added
specimens.

4.2 Splitting Tensile Strength Results

Splitting tensile strength results showed that steel
fibers have a significant influence on splitting tensile
strength of concrete especially for high steel fiber fractions
(>1%). For 0.5 % long and short fiber reinforced SCC
specimens, splitting tensile strengths increased up to 5 % and
13 %, respectively, whereas for 1 % long and hybrid fiber
reinforced SCC specimens, splitting tensile strength
increased up to 83 % and 55 %, respectively as is seen in
Table 3.
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Table 2. Compressive strength values of concretes

Compressive Strength (MPa)

SCC specimens day | 7"day | 28" day
Control (Non-Fibrous) | 20.72 44.47 57.75
0,5 % Long FRC 19.01 48.06 59.23
0,5 % Short FRC 20.44 | 47.79 58.92
1 % Long FRC 23.46 | 47.53 61.98
(100’/ gﬁ;}ysbfocf;}:f) 2453 | 5005 | 61.18

4.3 Three Point Bending Test Results

Three-point bending tests results on notched
specimens indicated that SFR-SCC specimens showed higher
load bearing and displacement capacity when compared to
plain concretes as can be seen in Figures 5 to 8. The reason

of the sharp decrease in the load was resulted from the
CMOD controlled loading. In Figures 5 and 6, maximum
flexural load was around 20 kN for control specimens;
whereas maximum flexural load ranged from 23 kN to 32
kN, 26 kN to 33 kN for 0.5 % long and short FRC
specimens, respectively. In Figures 7 and 8, maximum
flexural load ranged from 44 kN to 48 kN, 45 kN to 47 kN
for 1 % long and hybrid FRC specimens. Area under the load
— CMOD curve (toughness) was highest for 1% fiber
reinforced mixes and lowest for the control specimens.

Table 3. Splitting tensile strength results of concretes

Specimens Splitting Tensile Strength
p (28 day) (MPa)

Control (Non-fibrous) 4.14

0.5 % Long FRC 4.35

0.5 % Short FRC 4.67

1 % Long FRC 7.57

1% Hybrid FRC 6.39
(0.5%S+0.5%L) '
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Fig. 5. Experimental results of 0.5% long FRC specimens (L5) and control (C) specimen
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Fig. 6. Experimental results of 0.5% short FRC specimens (S5) and control (C) specimens
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Fig. 7. Experimental results of 1% long FRC specimens (L10) and control (C) specimens
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Fig. 8. Experimental results of 1% hybrid FRC specimens (H10) and control (C) specimens

5. Conclusion

Compressive strength, splitting tensile strength and 3-point
notched bending tests were carried out on different SFR-SCC
specimens and following conclusions were drawn:

Steel fiber addition to the SCC mixes slightly increased the
compressive strength compared to plain mix. The extent of
the increase was higher for 1% fiber — reinforced mixes.

Steel fibers were found to have a significant influence on
splitting tensile strength of concrete, especially for high steel
fiber fractions (>1%). Low amount of steel fibers (0.5%) had
no or little contribution to splitting tensile strength results.

Maximum flexural load increased with an increase in steel
fiber volumes of SCC specimens. Long and hybrid fibrous
specimens with a fiber volume of 1% were found to show the
best performance by means of flexural strength and
toughness. However, lower amounts of steel fiber addition
into SCC improved ductility of SCC specimens significantly
as compared to plain SCC specimens. It can be also
concluded that steel fiber volume improved flexural strength
and toughness more than steel fiber type and aspect ratio.
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Abstract- In this study, Al-4043/Ni-coated SiC composite was developed via stir casting process and the mechanical
properties of the composites investigated. The composites were produced with varying SiC reinforcement fraction between 5-
25 wt%. The microstructure of the composites was characterized using optical microscope and tensile properties of the
composite with the monolithic Al-4043 alloy were assessed using a universal testing machine. The composite hardness was
assessed using a Brinell hardness testing machine, energy required to break the composite was assessed using Charpy impact
testing machine and the wear rate of the composites were evaluated using a Rubin Disc machine. The composites were
characterized to possess Al-SiC eutectic microstructure with SiC solid solution precipitates and SiC particles uniformly
distributed in the Al matrix. The density of the composites was found to linearly increase with increasing SiC reinforcement
fractions. The tensile strength, yield strength and elastic modulus were found to increase with increasing SiC reinforcement
fraction and highest values obtained for composite with 25 wt% SiC were 350 MPa, 254 MPa and 13.4 GPa respectively.
However, the elongation of the composite with the highest reinforcement was lowest at a value of 10%. The hardness,
compressive strength and impact energy of the composites increased significantly as composite with 25 wt% SiC possessed 76
HB, 184 MPa and 48 J respectively. The wear resistance of the Al-4043/SiC composites with highest SiC reinforcement was
found to be eleven times that of the monolithic Al-4043 alloy.

Keywords Metal Matrix Composite, Aluminum, Silicon carbide, Nickel coating, Mechanical properties, Wear, Hardness,
Impact.

1. Introduction

Advances in technology has placed a demand on the
development of novel engineering materials which would
possess high strength to weight ratio, excellent toughness,
high wear- and corrosion-resistant properties such that these
materials can easily replace heavy ferrous alloys in
automobile, aerospace, turbomachinery, nuclear, defence and
other industrial applications. For example, in automobile
industries, the reduction of fuel consumption as well as
greenhouse gas emissions is of great concern and can be

achieved through the use of light metal alloys or composites
for the development of some vehicle parts such as engine
block, piston, connecting rod, brake disc, and car bodies
amongst others. In light of this, Natarajan et al. [1] proposed
the use of Aluminum metal matrix composites as brake disc
material to replace the conventional grey cast iron. Metal-
Matrix composites, especially the particulate reinforced ones,
have been reported as a suitable material for various
engineering applications where high stiffness-to-weight ratio,
significant weight reduction, improved wear resistance and
high thermal stability are desired when compared to
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unreinforced monolithic alloy [2,3]. Aluminum-silicon
carbide (Al-SiC) composites have been found promising as
engineering structural materials owing to its excellent
properties and are produced via either solid phase (powder
metallurgy, hot isostatic pressing etc) or liquid phase
(squeeze casting, stir casting etc) processing routes. These
Al/SiC composites are being developed using different Al
alloys as matrix and are subjected to both microstructural
examination and mechanical tests.

In a recent study, Moses et al. [4] developed Al-
6061/SiC composites with varied SiC content from 5-15
wt.% using stir casting approach and examined the
microstructure and mechanical properties of the composites.
It was reported that the presence of the SiC reinforcement in
the composites improved the microhardness to 105 HV and
tensile strength to 220 MPa as recorded for composite with
15 wt.% SiC. In another similar study, Balasubramanian and
Maheswaran [5] investigated the mechanical resistance
behavior of AA6063/SiC composites with reinforcement
fraction ranging 5-15 wt.% SiC produced via stir casting, and
observed an increased resistance against indentation with 860
N/mm? as highest hardness value and tensile load with 175
MPa as highest tensile strength for the highest reinforcement
fraction. The examination of the composites under SEM
revealed that the addition of SiC initiated cleavage facets and
led to brittle fracture when subjected to tensile forces with
minimal elongation, and low material removal under sliding
load. Rahman and Rashed [6] investigated the
microstructure,  mechanical ~ properties and  wear
characteristics of as-cast Al/SiC composites with varied SiC
composition ranging 5-20 wt.%. It was reported that
maximum hardness of 45 HV and tensile strength of 77.6
MPa were obtained from composite possessing 20 wt.% SiC
reinforcement and also had the lowest cumulative mass loss
during wear experiment. Selvam et al. [7] fabricated Al
MMC reinforced with varying fractions of SiC and Fly ash
with addition of magnesium during a modified stir casting
technique and the wetting of the SiC and Fly ash particles
was enhanced by the presence of the magnesium. The
addition of the Fly ash was reported to have prevent the
dissolution of the SiC, and formation of AlCs;, and the
hardness and tensile strength of the Al matrix were
significantly improved with increase in reinforcement
fraction employed. In another study, Anand and Gowda [8]
disclosed, upon fabrication of Al MMCs with varying SiC
reinforcement fractions, that the composite hardness, tensile
strength and compressive strength improved with increasing
SiC wt.% reinforcement fraction with highest values of
tensile strength 136 MPa, compressive strength 656 MPa and
hardness 68 HB reported for Al MMC with 8 wt.% SiC
reinforcement. Hassan ef al. [9] developed Al-6063/SiC
MMCs via stir casting and evaluated their mechanical
properties. It was reported that the tensile, compressive and
impact strengths improved by 48%, 43% and 79%
respectively when compared to that of the monolithic alloy.

Previous work on the development and characterization
of AlSiC composites have acknowledged that the
mechanical properties of the composites are enhanced by the
inclusion of reinforcement in the Al matrix. Moreover, the
degree of enhancement of the mechanical and wear resistant

properties is dependent on the SiC reinforcement fraction
employed for the production of the Al metal matrix
composites. The formation of Al4C; phase has been noted to
be undesirable, as it limits the composite mechanical
performance, and was found to be prevented by using Fly ash
and particle wetting with the matrix enhanced with the
addition of magnesium to the Al melt during casting.
However, it has been noted that previous researches have
concentrated on the use of Al-6000 series alloy and uncoated
SiC particle as reinforcement, hence in this study, Al-4043
alloy was reinforced with nickel coated SiC particles to
produce Al MMCs via stir casting technique and the
mechanical and wear resistant properties characterized. Al-
4043 alloy is majorly used as filler material and was
considered as it contains high silicon content thus, a good
wetting of the embedded SiC reinforcement particles is
anticipated and better mechanical and tribological properties
achieved.

2. Materials and Methods
2.1. Materials

The materials used for the fabrication of the Al-SiC
composites were aluminum (Al-4043) alloy ingots, as shown
in Figure 1, obtained from System Metal Industries Ltd. Aba,
Nigeria and silicon carbide powder with angular
morphology, typical of water atomization and having a
particle size range of 10 — 60 pm, was supplied by Logitech
Materials Company, UK.

Fig. 1. Aluminum Al-4043 alloy ingots used in the study.
2.2. Nickel-Coating of Silicon Carbide Particles

In order to prevent interfacial reaction which could result
in the formation of Al,C; phase, the SiC powder particles
were coated with nickel using a model-12A4D vacuum
coating machine, made by Hind High Vacuum Company
Limited, Bangalore. The SiC particles were cleansed using
acetone and a 10g/l H,SO, acidic solution for 10mins and
7mins respectively. Thereafter, the SiC particles were
immersed in a solution of 0.5g/1 PdCl, and 3ml/l HCI for 15
mins to activate their surfaces. The cleansed and dried SiC
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particles were gently dispersed in the vacuum chamber of the
machine. The nickel coating was carried out in the vacuum at
temperature range of 80-86°C. The coating took place for
75mins to achieve an approximately 15 pm Ni-coating
thickness on SiC particles in the vacuum chamber which is
anticipated to be sufficient to prevent rapid dissolution and
formation of the deleterious Al,C; phase around the particles
in the Al matrix.

2.3. Stir casting of Al- Ni-Coated SiC Composites

Aluminum alloy (Al-4043) was used as matrix
reinforced with Ni-coated SiC particles. The MMCs were
fabricated by melting the aluminum (AI-4043) alloy in an
improvised furnace (black smith hearth furnace) then the
reinforced Nickel coated SiC particles were added and stirred
slowly. Thermocouple was utilized during the melting
process to measure temperature. Aluminum (Al-4043) alloy
was first preheated to 450°C for 45 mins before melting and
Ni-coated SiC powder were preheated to  900°C for 30
mins to remove moisture in the powder for better
wettablility. The furnace temperature was first raised above
the melting point of aluminum to 720°C in order to melt the
matrix completely and then it was allowed to decrease to
temperature below the melting temperature (540°C) to keep
the slurry in a semi-solid state. At this stage, the preheated
SiC particles were added into the aluminum slurry and
mechanically agitated. The composite slurry was then
reheated to a fully liquid state and stirred for 8 mins to ensure
the formation of a homogenous mixture. The furnace
temperature was controlled within 720+10°C. After melting,
slurry mix was poured into a prepared mould, as shown in
Figure 2, with pouring temperature maintained at 630°C.

Fig. 2. Cast preparation by pouring the Al/SiC slurry from
the crucible into the mould.

Cast composites with varying SiC reinforcement fractions
were produced ranging from 5 — 25 wt.% SiC and a cast
sample of Al-4043 alloy only was also produced as a control
sample during the casting process.

2.4. Mechanical characterisation

The cast samples were characterised using a Model
0524011 Maker Optical microscope to examine the
composite microstructure and to be able to establish a
microstructure-composition-property relationship for the Al-

4043/Ni-coated SiC composites. Prior to microstructural
examination, samples of the composites were mounted in a
conductive resin and polished to a 1 pm Ra finish. The
samples were prepared from the cast composite for
mechanical characterisation. Tensile test specimens were
prepared according to BS:EN 10002 and the tensile
properties of the composite specimens were investigated
using a M-500 25 kN Gunt, Tensiometer (Hamburg)
equipped with a Model 3542 Epsilon Technology
Extensometer for elongation measurement. The density of
the composites was assessed using eureka can and water. The
composite hardness was established using a model LM
2481T Wilson hardness tester (USA) with an applied load of
981 N (100 kgf) over a spherical indenter with a diameter of
1.59 mm. Circular wear specimens with a height of 30 mm
and 40 mm diameter were prepared and a model K93500
Rubin Disc machine was employed for the wear test. Each
specimen was subjected to sliding abrasion wear test for
10mins at 200 rpm using a coarse SiC paper with grit size P-
220 and weight differentials after the test were used to
establish the wear rate of each sample. The compressive
strength of the composites was established using a
compression testing machine and the Charpy impact strength
and toughness of the composites was assessed using a Model
9050 Avery Impact testing machine with maximum impact
energy of 300 J and a hammer velocity of 5.24 ms™. Three
repetitions of each test conducted were made for each sample
with same reinforcement composition to assess standard
error that may be associated with the experimentation.

3. Results and Discussion
3.1. Composite microstructure

Figure 3 shows the optical micrograph of the cast Al-
4043/15 wt.% SiC composite and the SiC particles were
observed to be uniformly distributed in the composite. The
microstructure of the composite matrix is characterized by
Al-SiC eutectics. The SiC solid solution precipitates were
seen as the filament-like or whisker structures which are
randomly oriented to reinforce the Al solid solution matrix.
The formation of Al,C; phase was not observed and this
suggested that the Ni coating prepared on the SiC particles
before casting had prevented the formation of this deleterious
phase. However, it has been presumed that if SiC particle
dissolution had occurred during casting, the presence of Ni in
the Al melt would have promoted the formation of the Al-
SiC eutectic microstructure while the carbon could act as
interstitial solid solutions in the Al matrix and the SiC
precipitates [10]. It was also observed that the area density of
the whiskers and the particle reinforcements increases with
increasing wt.% SiC employed to produce the cast Al-
4043/SiC composites. Few pores were also observed which
is presumably due to gas entrapment during casting and few
agglomerations of SiC particles was observed which may be
absolutely inevitable but can be ameliorated by optimising
the stirring operation during casting.
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Fig. 3. Optical micrograph of cast Al-4043/15 wt% SiC
composite.

3.2. Tensile properties

Having assessed the microstructure of the Al-4043/SiC
composites formed, the mechanical properties of the
composites can be discussed. Figure 4 shows the stress-strain
curves for the Al-4043/SiC composites with varying SiC
reinforcement fraction and Al-4043 alloy. The tensile
strength of the cast Al-4043 alloy was obtained as 100 MPa
which is lower than that of wrought AI-4043 alloy (145
MPa) [11] and strength of 140 MPa obtained for AlSi7 alloy
produced via squeeze casting [12]. This may be directly
attributed to the presence of pores in the cast which led to
partial densification of the cast. Upon the subjection of the
cast to tensile forces, the pores act as stress concentrators in
the cast to accelerate the failure of the alloy. Moreover, the
tensile strength of the cast Al-4043 alloy was found to
improve with increasing SiC reinforcement fraction with the
tensile strength ranging between 110 — 130 MPa for
composite with reinforcement fraction ranging between 5 —
15 wt.% SiC. However, the tensile strengths of Al-4043/SiC
composites with reinforcement fraction of 20 wt.% and 25
wt.% were significantly higher with tensile strength of 220
MPa and 350 MPa respectively. It is worthy to note that the
composites with higher SiC reinforcement fraction such as
25 wt.% could not withstand high level of strain before
breaking when compared to composite with 5 wt% SiC
reinforcement. The yield strength and elastic modulus of the
composites were found to increase with increasing SiC
reinforcement fraction as shown in Figure 5. The yield
strength and elastic modulus of the cast Al-4043 alloy was
found to be 74 MPa and 5596 MPa respectively and these
were found to increase quadratically to yield strength 254
MPa and elastic modulus 13,399 MPa for Al-4043/25 wt.%
SiC composite.
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Fig. 4. The stress-strain curves for the Al-4043/SiC
composites with variation in wt.% reinforcement.
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Fig. 5. Increase in yield strength and elastic modulus with
increasing wt.% SiC reinforcement.

The elastic modulus result which is a measure of
material stiffness was corroborated by the stress-strain curves
in Figure 5, as the SiC reinforcement fraction increases, the
strength of the composite increases too due to increasing SiC
solid solution precipitates and uniformly distributed SiC
particles which are responsible for effective load bearing
capability. Figure 6 shows the elongation recorded for the
tensile samples and the corresponding densities of their Al-
4043/SiC composites. Whilst, density of composite increases
linearly, the elongation was found to decrease exponentially
with increasing SiC reinforcement fraction employed during
casting. The cast Al-4043 alloy was found to possess 29.5%
elongation when subjected to tensile load, however, the
composite with the highest SiC fraction in this study (25
wt.% SiC) possessed 10% elongation due to the resistance
provided by the reinforcing elements (SiC whiskers and SiC
particles in the matrix) against deformation. The elongation
values obtained in this study were greater than those
recorded for Al-6061/SiC MMCs [13], this was attributed to
the different elongation values of the matrices used with
monolithic Al-4043 alloy having 22% [11] and AI-6061,
17% [14].
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Fig. 6. An increase in density and decrease in elongation of
the composites with increasing wt.% SiC reinforcement.

3.3. Composite hardness and wear rate

Figure 7 shows the variation in the Brinell hardness and
wear rate of the Al-4043/SiC composites with increasing SiC
reinforcement fraction. Whilst the composite hardness was
found to increase with increasing reinforcement fraction, the
wear rate was found to decrease exponentially. The hardness
of the cast Al-4043 alloy was 30 HB which is less than that
of the wrought alloy (39 HB) [11] and was raised to 76 HB
when 25 wt.% SiC was added to the Al matrix which is more
than 100% hardness improvement. However, the hardness
value of squeeze-cast AI-MMC with 15 wt.% SiC was
reported as 97 HB [12], which is higher than those observed
in this study. This is due to near improved densification of
cast AI-MMC produced via squeeze casting than stir casting
employed in this study. The wear rate of the cast Al-4043
alloy was measured to be 33 x 10" m’/s which was
drastically reduced to 3 x 10" m’/s with a 25 wt.% SiC
reinforcement fraction in Al matrix. This indicated that the
composite with 25 wt.% SiC reinforcement fraction is eleven
(11) times wear resistant when compared to the monolithic
Al-4043 alloy.
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Fig. 7. A decrease in wear rate and an increase in hardness of
Al-4043/SiC composites with increasing wt.% SiC
reinforcement.

The improvement in wear resistance can be anchored on the
increase in composite hardness and elastic modulus as the

SiC reinforcement fraction employed increases. Increased
resistance to indentation and improved material stiffness are
central to abrasion resistance of the Al-4043/SiC composites.

3.4. Compressive and impact properties

Figure 8 shows the compressive strength and the impact
energy requirement of the Al-4043/SiC composites. In both
case, the compressive strength and the impact energy vary
linearly with the SiC reinforcement fraction in the
composites. The amount of energy absorbed by the cast Al-
4043 alloy to yield was 40 J and was raised to 48 J for
composite with a 25 wt.% SiC reinforcement fraction. This is
indicative of increased toughness of the composites with
increasing reinforcement fraction as the composites absorb
more energy to deform plastically without fracture. The
compressive strength of the Al-4043 alloy was found to be
144 MPa, which increased to 184 MPa with a 25 wt.% SiC
reinforcement fraction. This indicated that the composites
have improved resistance to deformation under compressive
load when compared to the unreinforced monolithic Al-4043
alloy.
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Fig. 8. An increase in compressive strength and impact
energy of composite with increasing wt.% SiC
reinforcement.

4. Conclusion

In this study, the mechanical properties of Al-4043/SiC
composites with varying Ni-coated SiC reinforcement
fraction have been successfully investigated. The composites
were characterized to possess Al-SiC eutectic microstructure
with SiC solid solution precipitates and SiC particles
uniformly distributed in the Al matrix. The density of the
composites was found to linearly increase with increasing
SiC reinforcement fractions. The tensile strength, yield
strength and elastic modulus were found to increase with
increasing SiC reinforcement fraction and highest values
obtained for composite with 25 wt.% SiC were 350 MPa,
254 MPa and 134 GPa respectively. However, the
elongation of the composite with the highest reinforcement
was lowest at a value of 10%. The hardness, compressive
strength and impact energy of the composites increase
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significantly as composite with 25 wt'.% SiC possessed 76
HB, 184 MPa and 48 J respectively. The wear resistance of
the Al-4043/SiC composites with highest SiC reinforcement
was found to be eleven times that of the monolithic Al-4043
alloy.
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Abstract- In traffic signal operations, the saturation flow rate is one of the key parameter for the calculation of signal timing.
The saturation flow rate for different type of roads is simply calculated by multiplying the basic saturation flow rate, which is
determined for predefined road and flow conditions with site factors. The aim of this study is to calculate the basic saturation
flow rate in Istanbul with the help of field data. This calculation is based on the evaluation of vehicles’ headways at signalized

intersection.

The field study is conducted at 23 signalized intersections having basic conditions and 18,311 vehicle headways are analyzed.
The initial calculations in this study are the determination of the saturation flow regions, in other word from which vehicle in
the queue does the saturation flow start. It is found that the saturated headway starts from 2" to 8" vehicle while the saturated
headway is determined as 1.9 seconds, which is equivalent to 1,894 passenger cars unit per hour per lane as basic saturation

flow rate.

Keywords Signalized intersection, Saturated headway, Saturation flow rate, Basic saturation flow rate.

1. Introduction

The increase of population and car ownership causes
dramatic traffic jam especially in the cities of developing
countries due to the lack of sufficient transportation
infrastructure. The intersections, where traffic flows from
different directions join, are the most affected areas from this
traffic jam. These areas are not only the bottlenecks of the
road network, but also critical road sections with high risk of
traffic accident.

As the intersections are crucial areas in the road network,
many studies have been focused on those areas since the
mid-20" Century [1-10].

When the traffic volumes of intersected roads reach to a
threshold value, the design of the signalization system offers
more efficient and safer solution. The green and red intervals
at a signalized intersection depend on traffic volume,
saturation flow rate (SFR), lost time and delay. SFR is
defined as the max number of vehicles per hour per lane that

could pass through a signalized intersection if the green
signal was displayed for the full hour continuously. Several
researchers [2, 11-15] studied the SFR, which is mainly
affected by the characteristics of drivers and environment
conditions. SFR can be calculated by multiplying all the
factors of variables that affect it by basic saturation flow rate
(BSFR). BSFR is determined for default road and operation
conditions.

The aim of this study is to determine the basic saturation
flow rate (BSFR) in Istanbul, which has 15 million residents
and more than 2,000 signalized intersections, making it, one
of the mega cities of developing countries.
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2. Saturation Flow Rate and Saturated Headway

SFR, which is a fundamental parameter to determine
signalized intersection capacity, can be calculated by the
average saturated headway (SH), which can directly be
measured with field study. The mathematical relation
between SFR (S) and SH (hy) is as follows:

S = 3600/h, 1)

When a vehicle in the queue starts crossing the stop line
(or any other reference line) at a signalized intersection after
the signal turns green, the departure headway (discharge
headway) is the time that elapses between consecutive
vehicles. The departure headways quickly decrease for the
first few vehicles, and then a constant average departure
headway is reached. This constant average departure
headway is defined as SH.

First vehicle departure headway in the queue is the time
until the first vehicle’s rear wheels cross the stop line. The
second vehicle departure headway is the elapsed time
between the crossings of the first vehicle’s rear wheels and
the second vehicle’s rear wheels over the stop line. The
driver of the vehicle needs to react to the signal change and
accelerate. The second vehicle moves faster than the first one
by crossing the stop line, because of the greater distance to
accelerate. The third and fourth vehicles perform a similar
procedure, each achieving a slightly lower departure
headway than the preceding vehicle. The decrease of
departure headway terminates after few vehicles and the
departure headway spreads around a constant value which is
named as SH.

SFR, which can be calculated with the help of SH, has
attracted attention of several researchers all over the world
since 1947 [16], as given in Table 1.

Table 1. Overview of SFR studies.

From Table 1, it is seen that the range of SFR for
through movement changes between 2,222 vehicles per hour
per lane (vehphpl) [27] and 1,232 vehphpl [22]. Moreover,
the effects of driver behaviours are modelled in Turkey, by
determining the SFR between 1,110 and 1,829 vehphpl [32].

As the SFR is affected by geometrical and operating
conditions, its base value, BSFR, is determined for default
conditions such as:

— Lane width of 3.60 m.
— A flat grade (between + 2 %).
— No heavy vehicles, only passenger cars.

— No parking on the approach within 75 m upstream
from the stop lane.

— No bus stop on the approach within 75 m upstream
and downstream from the stop lane.

— No pedestrians and bicycles crossing during vehicle
green.

— Located outside of central business district.

One of the initial studies conducted on BSFR was
published in 1950 [1] that suggested 1,500 passenger cars
unit per hour per lane (pcuphpl) for BSFR which was later
revised as 1,800 pcuphpl in 1965 [33] and as 1,900 pcuphpl
in 1997 which is not changed until today [10, 34]. Several
researches determined that local conditions can change
BSFR, which is calculated as 2246 pcuphpl in South Africa
[15], 1773 and 1535 pcuphpl in China [35,36].

Study Country Published year SH (sec) SFR (vehphpl)
Greenshields et al [16] USA 1947 2.10 1,714
Webster and Cobbe [2] England 1966 2.05 1,756
Gerlough and Wagner [17] USA 1967 2.30 1,565
Miller [18] Australia 1968 2.11 1,710
Branston and Van Zilen [3] England 1978 2.06 1,750
Branston [19] England 1979 2.05 1,757
Akova [20] Turkey 1979 2.50 1,440
Kimber and Semmens [21] England 1982 1.86 1,935
Bhattacharya et al. [22] India 1982 2.92 1,232
Lee and Chen [11] USA 1986 1.90 1,895
Shoukry and Huzayyin [23] Egypt 1986 2.23 1,617
Coeymans and Meely [24] Chile 1988 2.25 1,603
De Andrade [25] Brazil 1988 2.17 1,660
Hussain [5] Malaysia 1990 1.85 1,945
Stanié [26] Serbia 1991 1.98 1,818
Al-Ghamdi [27] Saudi Arabia 1999 1.62 2,222
German Highway Capacity Manual [28] | Germany 2001 1.80 2,000
Lee and Do [14] South Korea 2002 1.82 1,978
Celar [29] Serbia 2007 1.86 1,935
Caliskanelli [30] Turkey 2010 2.43 1,480
Polat et al. [31] Turkey 2015 2.13 1,687
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3. Field Study

As the aim of this study is to determine the BSFR, the
intersections approaches with default conditions, as given in
the previous section, are selected for data collection.
However, the default values of the lane width is determined
as 3.5 m instead of 3.6 m due to its common usage in
Istanbul.

3.1. Determination of Intersections and Data Collections

Twenty-seven different signalized approaches across
Istanbul were selected for our study by taking into account
the presence of long queues, which are needed for the
calculation of the SH. Sixteen of these approaches have two
lanes, seven have three lanes and four have four lanes. From
forty-nine lanes located on these intersections, the departure
headway data were collected during weekday peak periods
(07:00 to 09:00 and 17:00 to 19:00) where there were no jam
conditions on the downstream flow direction. The traffic data
were collected manually with the help of a stopwatch in all
these approaches. The twenty-three different signalized
intersections with default conditions are determined in all of
the selected intersections.

The lane positions at each approach are defined
according to the total number of lanes in the lane groups as
shown in Table 2.

Table 2. Lane positions and symbols of analyzed lanes.

Nltl}rll; b;;p(;f);irklleess in Lane position (LP) | Lane symbol (LS)

Left Ly

2 lanes Right Ry
Left Lin

3 lanes Middle M
Right R
Left Liv
Left Middle LMy

4 lanes Right Middle RMy
Right Ry

The intersection numbers (given by Istanbul
Metropolitan Municipality), types of studied signalized
intersection, selected approach directions, number of lanes
and LS of observed lanes are given in Table 3. The headway
analysis includes 20,250 wvehicles, and 18,311 quality
headway data. For each vehicle position in the queu, if the
headway is observed more than 20 times, it is named as
quality headway and included to the study. All quality data
were collected during 1,579 cycles. Data were collected from
all through lanes excluding shared lane (lanes having
“through and right turns” and “through and left turns”) at the
movement groups for each approach.

3.2. Determination of the Saturated Headway

In order to calculate the SH, the first step is to determine
the rank of queued vehicles from which the SH started. The
ANOVA test is applied to determine this rank at 5% level of
significance. The data groups are determined according to
vehicle ranks in the queue. The headways of first vehicles in
the queue formed first group, the headway of second vehicles
in the queue formed second group and so on. ANOVA test is
performed initially with all groups. If Fg, is found greater
than F;, the first groups is excluded from data set and the
ANOVA test is performed for a second time, this elimination
of groups is performed from first to last queued vehicles and
stopped when Fg, is smaller than F ;. The statistical basis for
the ANOVA test is the hypothesis Hy that the vehicle rank
does not have any statistical impact on the departure
headways.

Previous studies commonly indicated that the departure
headway would converge to SH from 3™ to 6™ queued
vehicle [10, 16]. Initially, the SH region was individually
determined to be based on lanes in our study. The queue
headway rank of the first vehicle at SH area is determined for
all approaches separately. The percentage of the rank of first
SH are shown in Table 4 for two lanes, three lanes and four
lanes.

The SH region varies from 2" to 7™ vehicle for 2-lane,
from 2™ to 8™ for 3-lane and from 2™ to 5™ vehicle for 4-
lane approaches as given in Table 4. It can be said that the
starting position of the SH varied from approach to approach
and even by the position of the lane.

In order to calculate the BSFR for an approach, it is
necessary to determine if the SHs of each lane on this
approach are statically similar. ANOVA test is applied to
determine the statistical similarity of SH of each lane on an
approach as seen in Table 5. If the SHs of each lane are
statistically the same for an approach, the null hypothesis
will be accepted, while p-value will be greater than 5%.

As shown in Table 5, the SHs are statistically same
when the number of lanes of an approach is two. However,
for the approaches with three lanes, the SHs of three lanes
are statistically equal to each other on the 67% of the
approaches.

For the approaches with four lanes, the SH of the right
lane is always higher than the three others due to the
frequently stops of taxi and minibuses to pick-up and drop-
off passengers. On the other hand, when three lanes of these
approaches are analysed, the SHs of these three lanes are
equal to each other on the 67% of the approaches.

The average SHs for the lane position at two, three and
four lanes approaches are given in Table 6, where it is seen
that all the lanes average SHs are extremely close to each
other and the lane position does not affect the SHs
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Table 3. Data collection at signalized intersections for basic saturation flow rate.

Intersect(lﬁzl) number Type of intersection Dg:zzr;:d ap pr(;a(‘):?lanes Observed lanes
1119 3-leg Northwest 2 Ly
1119 3-leg Southeast 2 Ly and Ry
1121 3-leg Northwest 2 Ly
1155 Only pedestrian Northwest 4 Liv, MLy and MRy
1157 Only pedestrian Northwest 4 Liv, MLy and MRy
1192 3-leg Southeast 4 Liv and MLy
1211 3-leg South 2 Ly and Ry
1320 3-leg South 2 Lyand Ry
1380 3-leg Southeast 4 L, ML,y and MRy
1832 3-leg Southeast 2 Ly and Ry
1837 Only pedestrian North 2 Ly
1850 3-leg Southeast 3 L
1951 3-leg North 2 Ly and Ry
2204 3-leg Southwest 3 Lipand My
2242 3-leg East 3 L Mpand Ry
2262 3-leg North 3 Ly Mypand Ry
2271 3-leg Northeast 2 Ly
2278 3-leg Northeast 3 Lipand My
2278 3-leg Southwest 3 Ly, Mypand Ry
2280 3-leg Northeast 2 Ly
2280 3-leg Southwest 2 Ly and Ry
3589 Only pedestrian Southwest 3 Ly and Ry
3662 4-leg Southwest 2 Ly
3662 4-leg Northeast 2 Ly
3671 3-leg South 2 Ly
3673 Only pedestrian Northeast 2 Ly
3974 4-leg Southwest 2 L

Table 4. Lane positions and symbols of analyzed lanes. Table 5. ANOVA tests results for the similarity of the SHs of

Number of lanes 1™ saturated veh. % lanes.
2" 9
31 50 Number of IN Direction SH P-
i 36 lanes value
2 lanes 5T 0 1119 SE 1.93 0.16
il 5 s 1% | 00
T;Jf 1 11090 2lanes g3y SE 1.86 | 0.07
3 30 1951 N 1.77 0.22
40 3 2280 SW 1.92 0.53
3 lanes 5T 3 2242 E 1.95 0.94
i 5 3 lanes 2262 N 1.88 0.16
Total 100 2278 SW 1.86 0.01
o 13 1155 NW 1.96 0.37
3 46 4 lanes* 1157 NW 1.85 0.04
i 13 1380 SE 1.88 0.80
4 lanes 5 13 * 4™ lane (Ry) data is not available, due to the
5h 0 frequently stops of taxis and minibuses.
Total 100
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Table 6. Results of average headways.

=
3 Ty |5 |B.|%%
= = wn
28| £5 |2:8| 95| BE
g < == E o < oo o &
5 | 83 | 287 | 2A| 2L
Z [ z ° < < g
Ly 16 1.87
1.
2 lanes Ry 5 192 88
L 7 1.90
3 lanes My 6 1.91 1.91
R 3 1.95
L 4 1.88
4 lanes LMy 4 1.91 1.89
RM 3 1.90

3.3. Determination of BSFR

The BSFR is the reciprocal of average of the SH vehicles.
The BSFRs for through lanes are calculated between 1,800
pcuphpl and 2,045 pcuphpl, with the average is 1,894
pcuphpl, which is exceptionally close to the estimation of
Highway Capacity Manual [10]. The frequency histogram of
BSFRs is given in Figure 1.

0,300 14/49 14/49
0250 ‘ 11/49
0,200
3 ‘
o
e
S 0,150
g 6/49
frs
0,100
0,050 2/49 2/49
0,000 . .
<1800 1800-1850 1850-1900 1900-1950 1950-2000 >2000
Class spacing

Figure 1. Histogram of BSFRs of observed lanes.

4. Conclusion

Using the survey of forty-nine lanes of signalized
intersections in Istanbul, this study focuses on the
determination of the basic saturation flow rate for through
movements. The basic saturation flow rates are calculated
with the help of SHs, which are obtained by field study.

The initial study for the calculation of SH is the
identification of its interval. ANOVA test is performed to
determine from which vehicle of the queue, the SH is started.
It is calculated that the rank of queued vehicle from which
the SH started, changes from 2 to 8 for different lanes.

When the SHs for each lane are calculated, their changes
with respect to the number of lanes of an approach are
studied. It is determined that when the number of lanes of an

approach increases, the similarity of SH of each lane
decreases.

Finally, the average basic saturation flow rate is
calculated as 1,894 pcuphpl, which is extremely similar to the
assumption of Highway Capacity Manual [10] 1900 pcuphpl.
Moreover, the standard deviation of basic saturation flow rate
is found extremely small among lanes. (61 pcuphpl).
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Abstract- Nowadays, with the increasing demand of comfort on passenger cars, many car manufacturer companies focus on
manual transmission and external control system. There are many gearshift control mechanisms available such as rod
mechanism, hydraulics mechanism and cable mechanism in the current technics that need to be designed resplendently. In the
meantime, base manual transmission has a lot of components such as synchronizer, gear cones, friction plates, poppet balls,
hubs and rods which affect gear shift comfort. All these main components should be designed and optimized for customer
satisfaction. In order to measure gear shift efforts and comfort, Gear Shift Quality Analysis (GSQA) device is developed by
Ricardo Company. Using this GSQA device, gear shift force, gear shift integral, free plays, cross gate positions, fore-aft
positions, shifter angles are able to be measured objectively. To collect all these attributes data, engineers should spend
minimum one day on a selected vehicle. This means loss of work and money for the car manufacturers. The gear shift effort
software (GSEA) for a manual transmission and external control mechanism are developed to evaluate/calculate shift and
select mechanical ratio, cable strokes, length lever and shift force to provide desirable shifting quality. In addition to software
calculation, the vehicle is tested using gear shift quality device. At the end of this study input parameters are discussed in terms
of outputs of vehicle shift quality attributes. The results of simulation software are plotted to present easy understanding for the
last user.

Keywords Synchronizer, shift quality, shift effort, external control.

1. Introduction The efforts of gear shift force can be typified by using
different calculation methods. There are three main systems
Vehicle manual transmission systems are main parts of  to understand the whole shifting process:
the automotive powertrain pack. To reach the aim to achieve
gear shift, synchronizers should move through the target
gears. External control components allow fore-aft and cross
gate movement to the driver thanks to the fact that shifter
knob is one of the main components that interface with
customers. Its key properties are to change the work of gear
at certain vehicle speeds. Many car manufacturer companies
use cable shift system for their manual transmission system
because of smooth installation, transformable routing and
flexibility.

External Control System
» Handball Mechanism (Shifter)
»  Shifter Cables
»  Shift Turret Mass

Internal Control System
»  Selector Springs and Poppet Balls
» Push Rods and Levers
»  Gear Shift Sleeve Forks
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Synchronizer System

Clutch gear with cone

Gear Wheel

Synchronizer Ring
Synchronizer Rotational Hub
Sliding Sleeve

Strut Detent

Output Shaft
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Shifter

Manual Transmission

= Transmission Case

= Internal Controls & Shift Mass
\ = Differential
Gears & Shafts

Shifter Cables

Fig. 1. Complete manual transmission system.
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Fig. 2. Synchronizer detail view [4].

The gear shift comfort for a manual transmission is
directly connected to operator’s feeling of the gear force
transferred. Reduced shifting force and increased uniformity
should be considered for developing manual transmission
[2]. Within this scope, driver effects on gear shift force are
broken down using different trained operator. Thus, the
results were correlated and transferred to theoretical function

(3]

The Synchronizer sleeve is manually triggered using
fork and internal shift control system connected to the
external control in the vehicle system. Although synchronizer
system is the most critical component for shift quality, there
are other systems that stimulate customer complaints. In
order to simulate other attributes effects such as gear knob,
forks, levers and poppet ball, a dynamic shift quality model
was created using Matlab Simulink Software [5].

As it is a mere function of synchronizer a manual
transmission’s dynamic gearshift quality is a very vital
parameter. The behavior of dynamic gearshift parameter
during gearshift is eminently nonlinear and random, therefore

it is challenging to obtain acceptable gearshift. The most
complex circumstance in manual transmission is to design
the synchronizer and its dynamic behavior. The prediction of
the behavior of most dynamic and static parameters such as
pull out force, synchronization force, detent force and end
stop force is managed via calculation and they are dependent
on the design of the synchronizer and gearbox layout [10].

Ana Pastor Bedmar [4] simplified linear synchronizer
model and presented that if synchronizer parameters are
selected correspondingly, that may help reduce the gearbox
shift effort. Synchro parameters are very key elements to
reduce handball effort issue.

In order to establish optimum cone parameter, a
mathematical optimization model can be developed. Between
the cone angle and sleeve champers angle, synchronizer size,
coefficient of friction, cone torque and index torque, a model
of relationship can be set up. To find a global minimum
value of cone angle to satisfy a pack of assigned and known
constraints, a model was framed in the Matlab optimization
toolbox pattern-search solver. The mentioned model can be
applied for selecting the first cut synchro parameter within
moderate accuracy. These values can be finer tuned
afterwards with the help of customized and specialized
software systems [6].

In this paper, a mathematical calculation was utilized
based on perfect conditions by using parameters of
compression shift and select mechanical ratio, cone angle,
friction coefficient, shifting time in order to understand the
driver’s felling of a manual transmission. Theoretical
calculations in this study are compared to real vehicle
measurements. Simulation results are presented with guide
interface to the engineers. Gear Shift Calculation Tool is
developed using Microsoft NET Framework 4.5 backend
platform.

2. Mathematical model of gear shift calculation

A detailed knowledge of the process of gear-change is
required to study the synchronizer behavior. Successive
phases are able to be distinguishable with the help of both
different relative positions of the synchronizer parts and the
characteristic points of synchronized angular velocity and the
axial force variation [8].

Force Gear Shift Shift Shift Synchro Synchro
speed | Knob Cable Mass Fork Sleeve Cone

Start Movement Force Transfer Speed Switch Speed Switch Moment Transfer Engagement

Fig. 3. Shift control system force and velocity transfer.

Figure 3 shows handball forces and velocity
transformation between key elements. All these sub
components create concurrent execution together. The gear
knob transfers force transmission via shifter cable and shift
mass. In this system, there are two speed cycles between
components.
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»  Shift mass converts linear movement to angular
movement

»  Shift fork converts angular movement to linear
movement.

Synchro sleeve pushes the gear cones to target gear with the
movement of the fork.

There are 4 main sections of gear shifting process. The
following Fig. 5 shows the generic simulation process that
affects the driver hand lever ball.

Neutral: Neutral position is the center of gear knob, fore-aft
and gross gate movements start from this position.

1 1|3 5
——
2 4 R

Fig. 4. 5 Speed gear hand ball pattern.

Start of Synchronization: The gear shift sleeve moves to
fore-aft direction from the N position. Driver passes this
phase without remarkable force effect, only with internal
frictions.

Synchronization: At this phase synchronization hub moves
axial to target gear and gear cones work in parallel with
synchro sleeve. The cones complete physical connection.
Blocking Release: The dog teeth fully engage into each
other and synchronizer sleeve completes shape connection.

80
70 Force (N
60
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0

100 300 500 700 900 1100 1300

Synchronization time (m

Fig. 5. Synchronization handball force-time chart.

The synchronization integral (Is) can be defined as hand
ball gear shift force that depends on the time period of
shifting.

¢
Iy = ftol Franavau(t). dt (1)

Where I is the synchronization integral force, ty is the
time of synchronization start, t; is the time of
synchronization finish, Fpauapan 18 the force which applied on
shifter gear knob. If we consider non-variable values in
Frandval, We can convert it to Eq. (2).

K.F,
F — cone 2

handball Yh¥mYi ( )

Where K is the shift mechanical ratio which is

proportional with shifter lengths, yj, is gear shift/select cable
efficiency which is provided by cable suppliers, yy, is shifter

efficiency, y; is internal control system efficiency, Fgpne 1S
cone force at the mean point.

_ (t1 K.Fcone
Is = fto Yh-ym-Yi.dt )
The following equations are derived from Eq. (3).
K t
IS = Yh¥Ym¥i . ftol Fcone- dt (4)

Frnormal

Fcone

dcane

Fig. 6. Forces on gear cones.

Applied friction force on synchronizer sleeve at cone
diameter creates cone torque. The equation of forces in the
following form .

Feone = Frormar-Sina .
Trriction = Frormat- Tm- U Mg o
Tm = dcone/2 ¢
Trriction = W .

This friction torque corresponds to the angular speed of the
synchronizer.

Aw

Tfriction = ] T (9)
_ JAw2sina
Fcone - deone it (10)

Where J is total inertia of the system which can be
divided as drag and rotational inertia, A is speed difference
of the target gear and current gear, o is cone angle of
synchronizer, d.q. is cone diameter, 1, is cone radius, p is
friction coefficient of cone, n is friction coefficient of cone,
ng is the number of cone and ¢ is the synchronization period
of gear shift process. The handball force is the driver’s
feeling of force which is defined as following

K JAw.2.sina
Yh¥m¥i dconednit

an

Frandpban =

Manual transmission synchronizers use friction cones to
equalize current gear and target gear speed. Working
principle of manual transmission cones is similar to the dry
clutch mechanism [9]. In Table 1, synchronizer cone angles
are given corresponding to cone number.

Table 1. Cone numbers and angles [9]

Single Cone Multi Cone
n=I n>1
0=0.5-8° a=7-12°
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Fig. 7. Shift movement mechanical dimensions.

According to Fig.7 shift mechanical ratio is as follows,

K (Shift Mechanical Ratio) = % X %

(In
Where |AB| is hand lever length of shift knob, [BC| is shift
radius on shifter, |DE] is shift radius on transmission and |EF|
is finger radius on transmission shift shaft. To protect
synchronizers, shift mechanical ratio is limited by the car
manufacturer companies. According to research and
experimental results, mechanical ratio proposals are defined
as follows

* Heavy Commercial Transmissions ( <7,5)
* Passenger Car Transmissions ( < 6)

Here, the force on shift forks can be defined below,

Ffingershift
K

(12)

Frana =
shift

Where Fpneersnit 15 @ force that is activated by shifter and
lever mass.

3. Guide interface development studies
Gear shift effort analyzer (GSEA) software is developed

using Devexpress Winforms tool. As programing language,
.Net platform was selected.

GEARSHIFT EFFORT ANALYZER
. Istanbul, 2017

Show Semsaton Sceen

Report Generaton

Seme Stats Info Some Info

Fig. 8. Opening page of the GSEA.

To classify calculation, vehicle input parameter page is
created, the user can select project id, vehicle segment,
model year, engine type and transmission information in this
section. When the user selects transmission and drive
configuration, software brings external control inputs,
synchronizer inputs and inertia values from the database. The
database is created using Microsoft Access 2012. After all
inputs selected, we need to save these configurations.

“HBuE -

smHE L @

Fig. 9. New project page.

External control parameters can be determined and
selected in Fig.10. There are two main sections as select and
shift calculation in this page. In addition to main calculation
like mechanical ratio and travels, cable adjustment
comparison is added in the select tab. Shift cable and select
cable efficiencies were also added in tool and the user can
arrange these values easily.

B -

LMK =@

8 s
[ -

Sedsnyon Bran

Fig. 10. External control input page.

Figure 11 shows synchronizer input parameters screen, the
user needs to enter cone angle (degree), cone number, cone
friction and mean cone radius in this tab.
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o Seaton Sreen
Report Generaton

Fig. 11. Synchronizers input page.

In parameter setup section, the user sets clutch inertia,
drag inertia and speed difference in both upshift and
downshift gear change. The speed differences between gears
come from the gear ratios. Gear shift speed was selected as
nominal 3000 rpm.

Gear Shet tflort Anabyzer

a
s Eo
g
L% Girg Parameteien
T
-
[ s
@ " o S hsetme.

‘Seclasyon Ban

Fig. 12. Inertia and speed input page.

After above parameters set-up, the user needs to run
simulation. During simulation process, solver prepares charts
and summary pages. There are three tabs in the result page as
external control summary, external control chart and shift
force tabs.

Gear Shit ffort Analyzer

Cable Damper Force Displacement -Force Chart

nnnnn

Cross-Gate In Gear Positions

Some Statis nfo Some Info

Fig. 13. Results Page.

Using GSEA software, we can evaluate and calculate as
follows,

Upshift Force (N)

Downshift Force (N)

Fore-Aft Positions (mm)

Cross-Gate Positions (mm)

Shifter Mechanical Ratio

Gear Positions in Coordinate System (mm)

YVVVYVYYVY

4. Gear shift quality device (GSQA) and test setup

Transmission gear shift quality can be evaluated using
Ricardo’s GSQA device. The advantages of the device to
show us objective results, also this device can be used in
back to back comparison between vehicle lines and
transmissions.

Fig. 14. Ricardo GSQA device.

The GSQA measures shift and select travels, free plays,
shift and select forces on the system using many sensor
setups and acquisition devices. The acquisition device
collects all measured data and analyses, after processing the
data, test driver is shown the results on the main screen. For

the setup process, light commercial vehicle 6 speed
transmission was selected.
Table 2. Gear Ratios
1st 2nd 3rd 4th 5th 6th
3,62 2,05 1,19 0,810 0,902 0,71
Table 3. Synchronizers Parameters
Gears Cone Cone Cone Cone
Angele | Numbers | Friction | Radius
1st 7,3° 3 0,1 73
2nd 7,3° 3 0,1 73
3rd 7,1° 3 0,1 65
4th 7,1° 3 0,1 65
5th 6,8° 2 0,1 68
6th 6,8° 2 0,1 68

In this study, dry clutch disk inertia is selected as 0,
0091 kgm®.
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5. Simulation and Experimental Test Results

Figure 15 shows simulation results for cross-gate
positions. Travel response of the forks and levers are plotted.
There are two motion cables for manual transmission system
which are shift and select cable. The select cable works for
gross-gate positions such as 1-2, 5-6 and reverse lines. At the
same time manual transmission system has adjustment
system on the select cable. The adjustment part assures
handball positions for 1-2 and 5-6 lines.

Scatterplot of Cross Gate Displacement

—e— Simulation
— w - Bxperimental

S
(=1

w
=1

20

Handball Displacement (mm)

Gears

Fig. 15. Simulation & experimental cross-gate positions.

Car manufacturer companies check select cable
adjustment for each car with a camera system. The camera
measures gear knob positions and informs the operator
whether is it a pass or fail. This is because it is important to
know select cable adjustment effects on shift quality before
production phase. Another point to evaluate is the symmetry
of the gear knob lever in the vehicle console. If the symmetry
of the knob is not achieved, we can say that cable adjustment
is not correct.

Figure 16 shows simulation and experimental results for
fore-aft positions. Travel response of the sleeve is plotted.
The simulation results give 50 mm for fore-aft simulation
and this is the same for all gears due to the same shifter
angle.

Due to end stop stiffness of the shifter cable, we see a
minor wave on fore-aft positions for the experimental test
results. Shifter cable that has low end stop stiffness creates
high free play on gear lever knob. Transmission transmits
powertrain vibrations to gear knob via shifter cable, for this
reason stiffness value should be within the defined range.

Scatterplot of Fore-Aft
0 —=&— Simulation
_m e Experimental

50 =

40

30

20

10

Handball Diplacement (mm)

Gears

Fig. 16. Simulation & experimental fore-aft positions.

The most important attribute of shift quality is hand ball
efforts. We can divide efforts into two sections as downshift
and upshift. In Fig. 18, experimental and simulation results
for upshift forces are shown. In here, number of cones plays
a major role in shiftability. Using more than one synchro
cone marks up the transmission price.

Fig. 17. Ricardo GSQA device [7].

Figure 17 shows GSQA test system in vehicle compartment.
Expert driver collects shift quality data to give sign off to
customer vehicles.
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Fig.18. Simulation & experimental upshift force.
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Fig.19. Simulation & experimental dowbshift force.

Figure 19 explains that lower shifts especially the Ist and
2nd gears have high efforts. The reason is that these gears
have bigger cones and gear change inertias. The drag inertia
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can be measured in transmission rig test. Oil viscosity is an
important factor for drag inertia. Using oil that has high
viscosity increases shift force. Transmission suppliers share
catalogue inertia values with OEM’s. In addition to inertia
and cone size, there is another important factor which is cone
number. Especially lower gear changes like 1st to 2nd and
2nd to Ist need high energy to engage gears to each other. In
such case, transmission manufacturers use more than one
friction cone to reduce sleeve force. We have tested two and
three cones system for the selected case. For passenger cars,
all transmission manufactures use one cone systems for high
shifts such as 4/5 and 5/6 due to lower torque indexing.

The shift quality can be affected by components with
elastic properties within the system. In general, these
components are poppet ball springs, cable end eyes and
abutments. With arranging the parameters in themselves, we
can change shift efforts accordingly. As a sequence of this,
companies focus on optimization methods to constitute the
best system for their customers.

Above Fig. 18 and 19 show us experimental and simulation
results converge approximately %85 which is an acceptable
value if we consider test prices and time loss.

Table 4. Comparison of upshift efforts [N]

Gear
Shift 1/2 2/3 3/4 4/5 5/6
>
GSQA 28 22 12 17 14
GSEA 31 24 15 19 17

Table 5. Comparison of downshift efforts [N]

Gear
Shift  2/1 32 4/3 5/4 6/5
>
GSQA 49 41 13 14 12
GSEA 53 46 16 16 20

6. Conclusion

This paper has shown how a guide user interface
modelling software has been used for a comparison between
gear shift quality device test systems. The synchronizer
sleeve and cones are patterned as four stages close to real
time conditions. The GSEA tool calculates the gear knob
travels, positions, shift force and select force. Modelling
offers transparent pictures of design parameters such as cone
number, frictions, cone radius and drag inertias that has
effect on dynamic shiftability. The simulation results
correlate with the GSQA data collected from the target

vehicle. Thus, the developed GSEA software can be used for
new model vehicle transmission systems development in
terms of gear shift quality.
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