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Abstract

This study presents free vibration of cantilever beams with multiple cracks. The problem is solved analytically
by the transfer matrix method, and is validated experimentally by the operational modal analysis. Six damage
scenarios are considered to study crack effect on the natural frequencies and corresponding mode shapes. Graphs
and tables for numerical results are given and discussed. Results show that crack occurrence in a beam
significantly changes its dynamic behavior.

Keywords: Crack, Beam, Free vibration, Transfer matrix method, Experimental model

Catlakh Konsol Kirislerin Serbest Titresimi: Analitik ve Deneysel
Modelleme

Ozet

Bu c¢alismada birden fazla ¢atlak igere konsol kirislerin serbest titresimleri incelenmistir. Problem analitik olarak
transfer matrisi metoduyla ¢oziilmiis ve operasyonel modal analiz ile deneysel dogrulama yapilmistir. Catlagin
dogal frekanslar ve mod sekillerini iizerindeki etkilerini incelemk {izere alt1 farkli hasar durumu goéz Oniine
alinmistir. Sayisal sonuglar grafik ve tablolarla sunulmustur. Sonuglar, catlak varliginin kirigin dinamik

davranigini 6nemli 6l¢iide degistirdigini gdstermistir.

Anahtar Kelimeler: Catlak, Serbest titresim, Transfer matrisi metodu, Deneysel model

1. Introduction

Engineering structures are exposed to
different types of environmental loads such as
earthquakes, wind and traffic loads etc. Over
time, stresses and strains due to these loadings
lead to reduce in lifetime of the structure, and
may cause damages (cracks), which is a serious
threat to performance of structure. Early detection
of any structural damage is important to prevent
structural failures that causes human casualties
and financial costs. Thus, an accurate and
comprehensive study on structures including
cracks are necessary.

Beams are structural elements in which
cracks are commonly observed. Therefore, they
have been frequently studied by researchers with
through different analytical, numerical and
experimental  techniques. Dimarogonas [1]
presented a comprehensive review of various

methods in studying structural members with
cracks.

Dimarogonas and Paipetis [2] proposed the
local flexibility concept to model an open edge
crack in a beam, which can be derived from the
stress intensity factors in the theory of fracture
mechanics. The cracked section in a beam can be
replaced by massless rotational springs
representing the local flexibility of the crack.
Studies on vibrations of cracked beams using the
local flexibility concept have generally focused
on two main aspects: The first is to estimate the
effects of cracks on the eigen-parameters of
beams as a direct problem, and the second is to
detect the location and size of the crack from the
measured information as an inverse problem.
Direct analysis of beam vibrations in the presence
of cracks is, however, required for solution of the
inverse problem.

Methods in studying free vibration of beams
with cracks are, in general, divided into two main
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groups: continuous and discrete methods. In
continuous methods, the beam is divided into
several sub-beams connected by massless
springs. Differential equations are, then, solved
for each sub-beam individually with considering
the boundary and continuity conditions. As a
continuous method, the transfer matrix method is
an efficient tool for free vibration of cracked
beams, and have been widely preferred [3-8].
Viola et al. [9] derived the explicit dynamic
stiffness matrix of a cracked axially loaded beam
under coupled bending-torsion with considering
the effects of the rotatory inertia and the shear
deformation. Among discrete methods, the finite
element method [10-12] and the discrete element
method [13] can be mentioned.

Experimental  measurements  including
ambient and forced vibration tests have also been
used to extract the dynamic characteristics of
cracked beams during operational conditions as
well as to verify their analytical and/or numerical
models [14-16]. Experimental measurements can
also be used to identify cracks in a beam in
inverse problems.

As can be seen in the literature summarized
above, there are many studies on cracked beam
vibrations using different analytical/numerical
and experimental methods. However, the studies
on extracting dynamic characteristics of cracked
beams by operational modal analysis (OMA), and
validating the experimental results with analytical
solution are limited. This study presents free
vibration analysis of cantilever beams with
multiple cracks. The problem is solved
analytically by the transfer matrix method
(TMM), and is validated experimentally by the
operational modal analysis (OMA). The
cantilever beam is assumed to obey Bernoulli-
Euler theory. Six damage scenarios are
considered to study crack effect on the natural
frequencies and corresponding mode shapes.
Comparative graphs and tables for numerical
results are given and discussed.

2. Theoretical Formulation
2.1. Analytical model
Consider a cantilever beam with N cracks

along its length, and has a rectangular cross-
section of width b and height h shown in Fig. 1.

The beam is assumed to be connected by
massless rotational springs at cracked section as
shown in Fig. 2. Equation of motion for each
segment of the beam is given by

oY, (x,1) 0%Y, (x,1)
El L + pA— =0
AP (1)
(i=12,..,N+1)

where Y, (x,t) is the deflection function, EI is
the flexural rigidity, p is the mass density,

A=bh is the cross-sectional area of the beam.
Introducing

X=x/L (2)
into (1) yields
El o'y, (X,t) | &%yi(X.1) _
rax e 0w

(i=12,..,N+1)
where Y (x,t) = y(X,t) .
Assuming the solution of (3) as
y,(X,t)=X,(X)e" (i=12..N+1) (4)

y
Y

Figure 1. A cantilever beam with multiple cracks

X=X
- c |
R
] & \2 ;X
‘91(Xc) i i+1
y A\ 4

Figure 2. Cracked section represented by massless
rotational spring.
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where X;(X) denotes the modal shape function,
and o is the natural frequency of the beam, and
substituting it into (3) gives the following:
d*X,
dx*
where

-B*X. =0 (i=12,..,N+1) (5

pr=Po ot ©

El
Solution of (5) is
X, (X) = A sin fX + B, cos SX +C, sinh X @
+D,coshpx (i=12,..N +1)
where A, B, C, and D, are constants to be

determined from the boundary and continuity
conditions given by

y(0,t) = y'(0,t) =—Ely"(Lt) =—Ely"(L,t) =0 (8)
Yi (7. ,t) = yi+1(¥i1t)
yi,(ii) = yi’+1(¥i) - (h/ L) f (al)yllirl(Y.)
yi"(Yi 't) = Y.'ll(f. ,t)
yim(ii) = inl(Yi)
where f(d,) is a dimensionless function, which
is given by single-sided open cracks as
f(d)=2[d, /(1-d)J*(5.93-19.69d. (10)
+37.14d” —35.64d° +13.12d")
where d; =g, /h is dimensionless crack depth.

Substituting (4) into (9), we have the
following:

(9)

Pa =Qa, (@(i=12.,N) (11)
where a, ={A B C, D, and
sinfX,  cospx, sinh X, cosh X
cospx. —sinpgx. cosh gX. sinh SX
'"| —sinpx  —cospx sinh X, cosh A,
—cospx, singx.  cosh X, sinh gX
(12)
Q =Pk +S (13)
where
0 0 0 0
S = 4 —sin fX; —cospX, sinh X, cosh SX,
' 0 0 0 0
0 0 0 0
(14)

where y=—-p(h/L)f(a). From (11), we have
a,=Q/'Pa, (i=12,..,N) (15)

Considering (15), the following relation
between the constants of (N +1)th and those of
first segment can be written:

Ay = QKIlPNQI:ll—IPN—l"'QIlplal =Ta, (16)
where T is the transfer matrix.

Using the first two conditions of (8) into (7)
gives D, =-B, and C, =-A. Substituting the
latter two of (8) into (7) gives

Wa,, =0 )
where
W —sing —cosp sinhgB cosh g
_[—cosﬂ sing  cosh g sinhﬂ}

(18)
Substituting (16) into (17) gives
Za, =0 (19)
where Z=WT. Re-calling D, =-B and
C, =—A and re-arranging equation (19), we have
{Zu - le le - Z14 :||:A1:| _ |:O:| (20)
Z21 - Zzs Zzz - Z24 Bl 0

Equation (20) has real roots different from zero
when the determinant of its coefficient matrix is
zero. Thus,

det|:211 - 213 212 - Z14 } -0 (21)
Z21 - Zza Zzz - Zz4
which gives a characteristic equation as

f(mXx,d)=0 depending on natural
frequencies, crack size and location. Using the
roots B, (n=12...) of the characteristic

equation into (6), the natural frequencies of beam
can be obtained from

2
=2 |EL (22)
L | pA
For modal shape functions, constants a, for each

segment can, then, be obtained from (20) for
i=1and(15) for i=2,3,....

2.2. Experimental model

Three steel cantilever beams are constructed
for laboratory tests. A typical representation of
the model is shown in Fig. 3. The beam has
uniform rectangular cross-section along its
length. In experimental measurements, B&K3560
data acquisition system with 17 channels,
B&K8340-type uni-axial accelerometers and uni-
axial signal cables are used as test equipment. Six
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sensitive accelerometers are located on the
laboratory model to extract natural frequencies
and corresponding mode shapes of the beam
shown in Fig. 4.

Measurements are performed during 10
minutes for all cases (damaged and undamaged)
considered. Frequency range, FFT analyzers and
Multi-buffer are selected to be 0-800Hz, 800
lines and 100 averages, 50 size and 500m update,
respectively. The signals from the accelerometers
are recorded on the computer with applying FFT
process in PULSE [17] software. This
transformed data is, then, filtered by the weight
functions in OMA [18] software. Modal
parameters are obtained by Enhanced Frequency
Domain Decomposition (EFDD) method in
frequency domain which gives the spectral
density functions of the signals in each channel.
Natural frequencies and modal damping ratios
are, then, determined using the spectral density
functions. Fig. 5 shows the spectral density
functions obtained from OMA. In there, the peak
points which are selected manually show natural
frequencies of the beam.

Section A-A

7 :ECI.U
|
T

| J 90cm A I | 3cm

Figure 3. Dimensions of the steel cantilever beam.

Figure 4. Laboratory model and accelerometer

locations.

Table 1. Damage scenarios considered.

Crack location (mm) Crack depth (mm)

Scenario
X1 X2 X2 ai az as
Damage-1 90 - - 3 - -
Damage-2 90 270 - 3 3 -
Damage-3 90 270 450 3 3 3
Damage-4 90 270 450 6 3 3
Damage-5 90 270 450 6 6 3
Damage-6 90 270 450 6 6 6

9B 1 (1 mis®y £ Hz]
rrrrr
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[

S0 H e
-60

- Intact

120
0 400 600 200 1000
Frequency [Hz]

[dB [ (1 més™)* i Hz] Enhanced Frequency Domain Decomposition - Peak Picking
Singular Values of Spectral Density Matrices

of Data Set: Measurement 1

a2 Damage-1

150 1
[ 200 500 1000

00 500
Frequency [Hz]

[dB (1 mis)? i Hz] Erhanced Frequency Domain Decompostion - Pesk Picking
Singular Values of Spectral Dersty Matrices
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]

afl g il @ fII
-60

-a0
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A : . . \
800 1000

o &0
Freguency [Hz]

Enhanced Frequency Domain Decompasition - Peak Picking
Singular Values of Spectral Density Matrices
of Data Set: Measuremert 1

D :
30 i) & il hs
-B0
-a0
azo|l b Damage-S
-150 . |
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Singular Valuss of Spectral Denstty Matrices
of Data Set: Measurement 1

200 &00 1000

400 00
Frequency [Hz]
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Singular Values of Spectral Density Matrices
of Data Set: Measurement
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120
0 200 200 1000

400 600
Frequency [Hz)

(o8] (1 i) i Hz) Enhanced Freauency Domsin Decomposition - Peak Picking
Singular Values of Spectral Density Matricas

of Data Set: Measurement 1

Damage-6

120 ‘
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Frequency [Hz]

Figure 5. Singular values of spectral density matrices.
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Table 2. First six natural frequencies (Hz) calculated from TMM.

Natural frequencies (Hz)

Mode Intact Damage-1 Damage-2 Damage-3 Damage-4 Damage-5 Damage-6
1 10.25 10.10 10.04 10.03 9.18 8.87 8.77
2 64.24 63.88 63.73 63.16 61.27 60.47 57.07
3 179.83 179.64 178.07 178.02 177.11 168.58 168.58
4 352.42 352.42 351.17 347.91 347.91 342.20 323,51
5 582.60 581.61 580.83 580.75 575.82 571.73 571.73
6 870.24 866.22 857.95 849.86 830.07 796.00 767.36
Table 3. First six natural frequencies (Hz) measured by OMA
Mode Natural frequencies (Hz)
Intact Damage-1 Damage-2 Damage-3 Damage-4 Damage-5 Damage-6
1 9.92 9.77 9.69 9.75 8.93 8.68 8.59
2 62.53 62.26 61.98 61.56 59.96 59.34 57.54
3 175.30 175.21 173.40 173.70 172.80 167.20 166.90
4 342.10 341.80 340.90 338.60 338.30 334.80 325.30
5 562.00 560.60 559.10 560.00 552.10 548.20 547.50
6 856.70 850.30 844.40 828.60 808.60 776.70 763.50
Table 4. Change in natural frequencies (%) with increasing damage severity.
Change in natural frequencies (%)
Case
f1 f2 f3 fa fs f
Undamaged vs. Damage-1 1.48 0.55 0.10 0.00 0.17 0.46
Damage-1 vs. Damage-2 0.59 0.24 0.87 0.35 0.13 0.95
Damage-2 vs. Damage-3 0.11 0.89 0.03 0.93 0.01 0.94
Damage-3 vs. Damage-4 8.44 2.98 0.51 0.00 0.85 2.33
Damage-4 vs. Damage-5 3.35 1.30 4.82 1.64 0.71 411
Damage-5 vs. Damage-6 1.14 5.63 0.00 5.46 0.00 3.59

3. Results

Comparisons between the calculated and
measured values are given. Material properties
are E = 206GPa and p = 7800kg/me. Free
vibration analyses are performed for six damage
scenarios in Table 1. Analytical results are
obtained through a computer code written in
MATLAB environment.

Figure 6. MAC representation between analytical and
experimental mode shapes for undamaged case.

Figure 7. MAC representation between analytical and
experimental mode shapes for Damage-6 case.

Tables 2-4 show the first six natural
frequencies of the cantilever beam for all cases
considered. As can be seen, the natural
frequencies decrease with increasing the damage
severity. This is more notable when the crack
depth increases, i.e., between Damage-3 and
Damage-4 cases. Results obtained from TMM
and OMA slightly differ. This may be from
several reasons such that: (a) fixed support
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condition at left-end cannot be provided exactly
in laboratory environment, and (b) the beam
cross-section, thus the flexural rigidity, cannot be
uniform along the beam length. The modal
updating, which is already out of the scope of this
study, is therefore required.

Modal Assurance Criterion (MAC) is used to
establish the correlation between the measured

and the calculated results, which is defined by
2

XX,
MAC(Xa,Xe)z(XTX J(x7x,) (23)
where X, and X, denote analytical and

experimental mode shapes. MAC values are
greater than 90% means the mode shapes are
good correlated [19]. Figs. 6 and 7 show MAC
values between analytical and experimental
mode shapes for undamaged and Damage-6
cases, respectively. As seen, the correlation
between the calculated and measured mode
shapes are very good, which verifies the
laboratory measurements performed

4. Conclusions

Free vibration of cracked cantilever beams is
considered by analytical and experimental
methods. Results are in good agreement. The
followings can be drawn from the study:

a) Natural frequencies are strongly affected
by crack presence in the beam.

b) Crack depth is more effective on the
natural frequencies compared to the
number of cracks.

¢) Operational modal analysis is very suitable
for experimental analyses of cracked
beams. For more accurate results, modal
updating should be recommended.

d) Transfer matrix method gives the
frequency equation to solve the inverse
problem for damage detection. However,
the solution is required more symbolic
computation and thus computing time
when the number of cracks increases.
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Abstract

Most of the countries are placed in a seismic zone which has high activity and has extremely experienced large-
scale losses due to several destructive earthquakes such as Turkey. Therefore, governments are seriously trying
to produce the projects that will significantly reduce the earthquake effects. The most important part of these
projects is urban regeneration. Within the context of urban regeneration activities, renewal of the buildings
which have low earthquake-resistant is targeted. While the earthquake resistance level of a building is decided,
one of the important steps is the determination of the strength of the building materials. There are many standard
NDT methods that will be able to be used to determine the compressive strength. However, it is necessary to
choose the appropriate methods in order to quickly and reliably estimate the strength properties of the materials.
The purpose of this study is to determine the optimum NDT method for the urban regeneration. So, feasibility
analysis was carried out for the standard NDT methods, and the performance of these methods was evaluated
based on the cost and the accuracy. The result is the requirement new NDT method which is the practical and
efficient for the large-scale projects such as urban regeneration.

Keywords: NDT, Compressive Strength, Urban Regeneration, In-Place Test, Earthquake.

Kentsel Doniisiim Siirecinde Beton Dayaniminin Tahmini I¢in Kullanilan
Hasarsiz Deney Metotlarinin Fizibilite Analizi

Ozet

Diinya tilkelerinin ¢ogu, yiiksek aktivite gosteren ve Tiirkiye gibi bir¢ok yikicit deprem nedeniyle biiyiik ¢apta
kayiplar yasayan bir sismik bolgeye yerlesmistir. Bu nedenle hiikiimetler, deprem etkilerini énemli o6l¢iide
azaltacak projeler liretmek i¢in ciddiyetle ¢alismaktadirlar. Bu projelerin en énemli olani kentsel doniisiimdiir.
Kentsel doniisiim faaliyetleri baglaminda, depreme dayanikli olmayan binalarin yenilenmesi hedeflenmektedir.
Bir binanin depreme dayaniklilik seviyesi belirlenirken, onemli adimlardan birisi yapi malzemelerinin
dayaniminin belirlenmesidir. Basing dayanimini belirlemek i¢in kullanilabilecek birgok standart hasarsiz deney
yontemi mevcuttur. Bununla birlikte, malzemelerin mukavemet O6zelliklerini hizli ve giivenilir bir sekilde
hesaplamak i¢in uygun yontemleri segmek gereklidir. Bu ¢alismanin amaci kentsel doniigiim i¢in uygun hasarsiz
deney yontemini belirlemektir. Boylece, standart hasarsiz deney yontemleri igin fizibilite analizi
gerceklestirilmis ve bu yontemlerin performanst maliyet ve dogruluga dayali olarak degerlendirilmistir. Sonug,
kentsel yenilenme gibi biiyiik 6lgekli projeler igin pratik ve verimli olan yeni hasarsiz deney yOnteminin
gerekliligidir.

Anahtar Kelimeler: Hasarsiz Deney Yo6ntemleri, Basing Dayanimi, Kentsel Doniigiim, Yerinde Test, Deprem.

1. Introduction

The most popular performance measure
which is used by design engineers to estimate the
actual strength of concrete is the compressive
strength, which is usually measured by breaking

cylindrical or cubic specimens in a compression-
testing machine. The compressive strength
results can be used for the quality control, the
formwork stripping times, the curing times, the
fault diagnosis on the existing reinforced
concrete/masonry structures, the research works,
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and the in-place testing of concrete/mortar
strength. Specifically, it is critical to estimate the
in-place compressive strength of concrete,
mortar and rock to establish the safety of the
concrete and the masonry buildings. Because,
most of the countries in the world are frequently
exposed to the destructive earthquakes. After
these earthquakes and tragedies, millions of
buildings were severely damaged or collapsed
[1-7]. To figure out this problem, the
governments have been trying to renew the
buildings by using urban
regeneration/transformation policy or post-
earthquake rehabilitation and reconstruction
before the earthquakes [8, 9], for instance,
Turkey is one of these countries. Urban
regeneration was regulated with the Law: “The
Regeneration of the Areas under Disaster Risk
(Law No: 6306)” in Turkey in May 2012.
Decreasing the risk before the disasters, which
are especially earthquakes, is aimed at this law
[10]. Minimizing the risk before the earthquakes
means that hundreds of thousands of existing
buildings, which have low earthquake resistance
or insufficient resistance, should be renewed.
First of all, earthquake resistance of these
buildings, namely safety, must be determined.
The in-situ strength of concrete, mortar and rock
is an important part to establish the safety of the
buildings [11].

Urban regeneration projects where the
buildings have been rebuilt include not only a
building but also at least dozens of buildings.
Although the earthquake resistance of these
buildings, which are usually reinforced concrete
or masonry buildings, are estimated to be weak
or inadequate, this problem still legally needs to
be proven. For this reason, it is necessary to
estimate the in-place compressive strength of the
concrete in the buildings. Standard non-
destructive (NDT) methods and drilling core
method are usually used together to estimate the
strength properties of the concrete. However,
since the number of buildings is very high, the
cost of determining the strength of the concrete
is greatly increasing. In addition, a considerable
amount of time is lost. It is critical to determine
the concrete strength quick and reliable so that
urban regeneration projects continue
economically and rapidly.
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Many standard NDT methods, such as UPV,
rebound hammer, and penetration tests, are
presently used to estimate the strength of the
concrete. In this paper, the most preferred
standard NDT methods are evaluated in terms of
cost, reliability and practicality, and a feasibility
analysis is carried out considering carefully
requirements and expectations. The purpose of
this study by the feasibility analysis is to provide
the possibility of comparing the NDT methods
for the researchers and engineers. So, they will
be able to determine the most effective method
for their projects at the earliest convenience.
Consequently, a practical graphic-based method
is proposed to choose the NDT methods to be
used in urban regeneration projects.

2. NDT Methods

There are many NDT techniques used to
determine the concrete strength. The most known
of these can be listed as follows:
» Rebound Number (Schmidt Hammer Test)
[12, 13]

« Ultrasonic Pulse Velocity [12, 14]

» Penetration Resistance (Probe and Pin
Tests) [12, 15]

* Pullout Test [12, 16]

Break-off Number [12, 17]
Maturity Method [12, 18]

» Cast-in-place Cylinders [12, 19]
PNT-G Test [20]

Drilling Resistance [21]

Nail Penetration [22]

Twist-off Test [23]

For the feasibility analysis, the NDT
methods just used in the standard, current, and
for existing buildings have been taken into
consideration, and their characteristics have been
clearly presented.

2.1. Rebound number test

The rebound number test is technically a test
for surface hardness, and it approximately
provides for establishing relationship between
the rebound hammer number and the
compressive strength of concrete. The Rebound
Hammer has been around since the late 1940s
and today is a commonly utilized method for
estimating the in-place compressive strength of
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the concrete. Basic operation of the rebound
hammer test is illustrated in Fig. 1. Schmidt
Hammer is usually used for this test [24].

The tests can be carried out in horizontal,
vertically upward, downward or any intermediate
angled positions. The rebound hummer is simple
to use, and a large number of readings may be
obtained in a relatively minimum amount of
time. This method is non-destructive and
characteristically more economical than other
NDT methods. However, with these advantages
come disadvantages related to technical
limitations on accuracy, and the need for exact
calibration and correlation with cores for
assessment of an existing structure [25]. The
surface  texture, moisture content, and
carbonation significantly affect the rebound (R)
number of the tests.

(b)
Body pushed
toward
test object

-Body *

(a)
Instrument ready
for test
(c)
Hammer is
released

(d)
Hammer
rebounds

Indicator

Hammer

Figure 1. Operation of the rebound hammer as
schematic [12].

The advantages and limitations of the
rebound hammer test should be recognized and
figured on if the rebound hammer will be used
for a large-scale project about existing buildings.

2.2. Ultrasonic Pulse Velocity (UPV) Test

Pulses of the waves are produced by an
acoustical transducer that is kept in contact with
one surface of the concrete under evaluation.
After traversing through the concrete, the pulses
are gotten and altered into electrical energy by a
second transducer placed a distance (L) from the
transmitting transducer. The transit time (T) is
directly measured electronically. The pulse
velocity (V) is calculated by dividing L by T.
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The operational principle of modern testing
equipment is illustrated in Fig. 2 [14].

Transmitting
Transducer

Receiving
| Transducer

Time
Display
Unit
Pulse o Me;'smufin | Receiver
Generator [~ g - Amplifier
Circuit

Figure 2. Schematic diagram of the pulse velocity
test [14].

UPV can be utilized for the following
properties [26]:

» Estimation of the relationship between
the strength and the pulse velocity.

» Estimation of uniformity of the concrete.

» Assessment of alters obtaining with time
in the common properties of the concrete.

There are three possible configurations
where the transducers can be settled as illustrated
in Fig. 3. These are direct transmission (Fig. 4a),
semi-direct transmission (Fig. 4b), and indirect
(surface) transmission (Fig. 4c). Indirect
transmission should be used when only one face
of the concrete is available. These configurations
provide significant advantages for estimation of
the in-place strength of the concrete [25].

Transmitting — Receiving
Transducer Transducer
A Y
Time
Display
Unit
Time 2
Pulse o Measuring - Receiver
Generator [~ i - Amplifier
Circuit

Figure 3. Configration of the UPV test application
[25].
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©
Figure 4. a) Direct transmission, b) semi-direct
transmission, and c) indirect (surface) transmission

UPV method adequately provides the
examination of relationship between the
compressive strength and the pulse velocity of
the sample, but the test results of UPV are
affected by moisture content, properties of
aggregates, cracks, voids. The usability of UPV
test is much more limited to predict the
compressive strength of concrete, mainly owing
to steel reinforcement bars in concrete because
the pulse velocity through steel is about 40%
greater than through concrete. These limitations
should be considered before preferred the UPV
method [27, 28].

2.3. Pin Penetration Test

Nasser and Al-Manaseer described an NDT
in which a new production hammer that forces a
steel pin into the concrete is used to estimate the
when it is safe to remove the concrete forms
[29]. The apparatus occurs a spring-loaded
hammer which may follow a pin of 3.56mm
diameter and 30.5mm length with the tip
machined [15].

The spring is forced by pressing the hammer
against the surface of the concrete, and is
released by a trigger causing the pin and the
attached shaft and hammer to strike the surface
of the concrete with energy of about 108 Nm.
After cleaning, the hole depth generated is
measured with a dial gauge device (Fig. 5) [28].
There is an acceptable correlation between the
pin penetration and the compressive strength of
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the concrete. Pin penetration (depth of the blind
hole in the concrete element) test which requires
less energy than the Windsor probe test. The pin
test, although easy in concept, has technical
disadvantages. The pin penetrates only a small
depth into the concrete, and thus, the results can
be seriously infected by the properties of the
concrete at the surface.

SECTION

1 LOADING BOLT

2 HOLDING NUT

3 HOLDING NUT SUPPORT

4 GRIPPING HANDLE

5 TRIGGER

6 TRIGGER LEVER AND CATCH
7T MAIN FRAME

8 DEPTH SPACER

9 SPACER

10 PIN

11 SHAFT AND HAMMER
12 SPRING

e

LOADING HANDLE

o :
M
\_JU

ASSEMBLED UNIT

Figure 5. Configuration of the pin penetration test
application [29].

2.4. Windsor Probe Test

The probe-penetration technique requires the
use of a specially designed gun to run the steel
probe into the concrete [15]. (This test system is
commonly known as the Windsor Probe Test, as
seen in Fig. 6).
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The Windsor probe test, like the rebound
hammer test, is a hardness tester, and its
inventors maintain that the penetration of the
probe shows the exact compressive strength in a
localized area is not certainly true [30].
Nevertheless, the probe penetration does refer to
the some property of the concrete, so it has been
possible to improve empirical correlations
between the compressive strength and the probe
penetration [25]. Schematically, failure of the
concrete during Windsor probe penetration test is
illustrated in Fig 7.

Figure 7. Failure of the concrete during Windsor test
schematically [28].

The advantages of the Windsor probe test
are [25, 28, 31]:

» The test is adequately fast, and the result
is obtained immediately provided an appropriate
curve with good correlation is ready for use.

» The correlation with the concrete
compressive strength is changed by a relatively
small number of variables.
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» Application is only required to one
surface.

The limitations of the Windsor probe test are
[25, 28, 31]:

» The test damages an about 8 mm blind
hole in the sample in which the probe penetrated
and, in elder concrete, this zone around the point
of the penetration is usually broken.

» The least distance from a test location to
any edges of the concrete sample or between two
tests location is of the order of 150 mm to 200
mm.

» The distance from reinforcement can
also be affected the depth of the penetration,
especially if the distance is less than about 100
mm.

» The least thickness of the sample, that
can be tested, is about three times the estimated
depth of steel probe penetration.

» The costs of the operations are really
high.

Although the PR method has some
advantages, it is particularly sensitive to
characteristics of aggregate and minimum
member thickness, which can be tested. The
advantages and limitations of the Windsor probe
test should be recognized and taken into account
if this test will be utilized for the existing
buildings.

3. Urban Regeneration and the In-Place Test

Turkey connects the tectonic plates that are
including the Eurasian, Arabian, and African and
the Anatolian plates [32] and Turkey has a high
seismic activity because of its location. Many
destructive earthquakes occurred in the past two
decades in Turkey and the social and economic
damages were really huge [33]. So, Turkey is
really important model to evaluate for the urban
regeneration.

The Turkish earthquake knowledge and data
regarding urban projects are seriously little and
limited. In urban areas, risks related not only
community services and infrastructure but also
housing [34]. Erzincan earthquake which
occurred in 1992 supplied valuable data to
understand the dangerous of the building stock
which has not been enough earthquake
resistance. ~ However, unfortunately, this
experience was not enough to protect from the



Feasibility Analysis of NDT Methods Using to Estimate the Concrete Strength as Part of Urban Regeneration

disasters which were occurred in Kocaeli (1999),
Bingol (2003), Van (2011) et al [7].

Critical amount of Turkey’s building stock
does not comply with either the design codes or
standards, and specifications that were efficient
at the time of their built, or the ever more
stringent modern design code applied today. It is
not practicable to perform reliable estimates of
seismic losses due to aforementioned
complexities. However, researches based on the
scenario earthquakes possible to Istanbul harshly
predict 30.000 — 40.000 heavily damaged
structures and eleven billion in direct losses due
to damage to buildings [33]. The building stock
which has low earthquake resistance is a very
serious problem threatening many countries like
Turkey. To solve this problem, governments are
trying to produce efficient urban generation
projects.

Urban regeneration is a first step in the
rebuilding of a part of the cities, and that it has
been designed as a governments-assisted urban
regeneration strategy. The origin of the
conversation of urban regeneration within the
Turkish planning literature was an extension of
government programs that were formed by
efforts to secure a place in the 1980s world order
[35]. Disaster risk resulted from the destructive
earthquakes has become the main theme of the
urban regeneration in Turkey, especially, in the
last decade, and has soon become the primary
reason for the application of urban regeneration
projects with the Law on the 6306,
“Regeneration of Areas under the Risk of
Disasters’, which was accepted on 16.05.12. This
has added to the “legality” of urban regeneration
projects that will be implemented all over the
country with a quick and public model of
rebuilding [36].

One of the most important parts of the
existing urban regeneration projects is to
determine earthquake risk levels of the buildings.
When the risk levels of the buildings are
determined, one of the basic steps is estimation
of the compressive strength of the concrete.
Determination of the strength of the concrete by
just using the core drilling method is expensive,
difficult and time-consuming. Therefore, as far
as possible, the destructive methods should be
used as minimum and NDT methods usually
should be used. Even so, it is not easy to select
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the most suitable one/more from many NDT
methods. Accordingly, in this study, a feasibility
analysis was carried out for NDT methods in line
with the urban regeneration requirements.

For the urban regeneration projects,
estimation of the in-place strength of the
concrete is the topic of discussion, because all
NDT is unsuitable for determination of the in-
place concrete strength. Thus, also any NDT may
not be suitable for urban generation projects.

Since the 1900s, there has been an ongoing
investigation of the in-place strength of the
concrete [37]. Although there are many in-place
test methods, very few of them are standard [38,
39]. The standard methods have many
advantages such as comparability with the
previous works, experience, and easy
reachability to the test equipment.

4. Feasibility Analysis of the NDT Methods

Feasibility analyses are originally formed by
social scientist. In this study, the feasibility
studies made is one of the first examples of its
kind, and these methods will hopefully be more
commonly performed in the future researches. A
feasibility analysis estimates and observes an
economic opportunity based on certain theory
and estimations that have been put forward in the
process of starting a new project [40]. Feasibility
analyses aim to decide whether a business
opportunity is possible, practical, and workable
[41]. A number of the factors are considered and
assessed in a feasibility analysis to calculate the
most effective results.

Within the framework of urban regeneration
projects, to determine the in-place strength of the
concrete, priority expectations from the NDT
methods are listed below:

» Economy (cost of the operation)

* Time (minimum labor and test time)

» Accuracy (more than 90%, if possible)

The critical issue for the project is that the
cost of the operation should be more economical
than the cost of the test equipment. The
approximate cost of the operations and test
equipment are presented in Table 1.

Table 1. Cost information for the NDTs

Operation Equipment
NDT Methods Cost ($) Cost ($)
Rebound Hammer Only labor $300.00
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Table 1. Cost information for the NDTs

Operation Equipment
NDT Methods Cost ($) Cost ($)
UPVvV Only labor $4000.00
Pin Penetration $10/each $5000.00
Windsor Probe $18/each $5500.00

In order to be able to apply the tests in Table
1, there must be no plaster or coating on the
surfaces of the concrete elements. If it is present,
it has to be removed from the concrete surface.
So, it is assumed that the labor that is for
removing the coating will be in equal amounts,
$100, for all the tests.

At least three tests should be performed to
determine the compressive strength of the
concrete. These three tests are accepted as a set.
In order to compare NDT methods, a certain
number of tests must be taken into account in
feasibility analysis. Windsor probe test is taken
as reference to determine this numerical value.
This value is the test number that makes the cost
of the operation equal to the cost of the
equipment. The number of the tests = 5500 / 18
= 305.

Two parameters were used for feasibility
analysis. The first is based on cost; the second is
based on the benefit. The parameters of the
analysis are explained in Table 2.

Table 2. Parameters of the feasibility analysis
NDT Methods COICE? | TP | A® | T/Ad
Rebound Hammer 0.3 3 3 1
UpPVv >0.1 2 2 1
Pin Penetration 0.63 3 2 1
Windsor Probe 1 3 1 3

2 CO/CE=(Cost of operation + labor) / cost of the equipment

b Application Time (0~15 min: 3, 16~60 min: 2, more than 60 min: 3)
A Accuracy (Excellent: 1, Good: 2, Approximate: 3)

& T/A: Time/Accuracy

The rate of CO/CE is developed to consider
the cost effect on the choosing of the NDT. The
rate of T/A is developed to consider the technical
benefit on the selecting of the NDT.

Graphic based feasibility analysis is
illustrated in Fig. 8. If it is desired to determine
as fast, practical and approximate whether an
NDT method is suitable for an wurban
regeneration project, first, the numerical values
of the parameters of this method, CO/CE and
T/A, are calculated. And then, these parameters
are marked on the graphics, finally; the
feasibility region is determined by Fig 8. The
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RED, YELLOW and GREEN Zones mean the

unfeasible, acceptable and feasible NDT
methods, respectively.
1.0
RED RED RED
0.7
= RED YELLOW YELLOW
@]
S 03
Q
RED YELLOW GREEN
0.0
0 1 2 3
T/A

Figure 8. Graphic of the feasibility analysis.
5. Discussion and Results

Graphic based feasibility analysis is
performed for the standard NDT methods, and
results of the feasibility analysis are given in
Table 3.

Table 3. Feasibility result of the NDT method

NDT Methods Feasibility Zone
Rebound Hammer YELLOW
UPV YELLOW
Pin Penetration YELLOW
Windsor Probe RED

Rebound hammer, UPV, pin penetration,
and Windsor probe tests are in the yellow and
red zones, respectively. Existing methods are not
feasible but acceptable methods to utilize for the
urban regeneration projects. These methods
which are in the yellow zone are neither
economical nor sufficiently useful. The Windsor
probe test is unfeasible because of the cost of the
operation. This method is reliable and practical.
However, cost of the operation of Windsor Probe
test is so high. It is evident how large the
economic loss will be, if it is assumed that the
test will be used for tens of thousands of
buildings in urban regeneration projects.

The proposed method in the current paper is a
preliminary and practical method. This
feasibility analysis can be used in non-standard
NDT methods. However, accuracy must be
carefully determined. The most important thing
is that these analyses are done by experienced
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engineers. If every numerical result passes from
the engineer's filter, it gains significant value.

6. Conclusion

Urban regeneration has become a strategy to
avoid the earthquake damages in many countries
like Turkey. Because the target is building stock,
the strength of the concrete, which is the most-
used material to produce the buildings needed to
be determined. A feasibility analysis was carried
out for the methods of determining the in-place
concrete strength in this study. Following are
some of the important conclusions.

. The number of drilled core specimens
should be reduced as much as possible while the
concrete strength is determined as the number of
buildings in urban regeneration projects is too
high. Even if it is possible, reliable results should
be tried to be obtained without using destructive
methods. It can be economically and quickly
carried out.

. The efficiency of an NDT method by the
help of the graphic based feasibility method can
be evaluated with cost, time and accuracy
limiters.

. None of the existing methods are in the
green zone when the feasibility analysis
performed. This conclusion implies that a new
feasible NDT method is required.

. Windsor probe test has high accuracy but
not economic. So, it can be used for the specific
works.

. None of the existing NDT methods can
be applied to surface that has coating. Before the
NDT is applied, the coating/plaster must be
removed. Therefore, a new NDT is required to
test the concrete elements without removing the
coating, especially for the urban regeneration
projects.
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Abstract

Forces of friction between structure and soil are taken into account in the design of geotechnical engineering
constructions such as piles, retaining walls, sheet piles and diaphragm walls. Although many studies were carried
out about the soil-structure interaction in recent years. However, in pile design, frictional forces are still
calculated by using the empirical formulas proposed in the first half of the 20th century. Throughout history,
wood was often used as friction piles. Steel piles are used extensively in practice. Nowadays, in harsh
environmental conditions fiber-reinforced polymer (FRP) piles come into use in numerous cases. As is known,
the effect of pile point tip resistance on the bearing capacity is ignored particularly in loose sands and the bearing
capacity is fully taken equal to the skin friction. Hence, it is understood that correct determination of skin friction
angle is very important in engineering calculations. In this study, various ratios of low plasticity clays (CL) were
added to the sandy soil and compacted to standard Proctor density. Thus, soils with various internal friction
angles were obtained. By performing interface shear tests (IST), skin friction angles of these soils with steel
(st37) and FRP were determined. Based on the data obtained from the test results, a chart was proposed, which
engineers can use in pile design. By means of this chart, the skin friction angles of the soils, of which only the
internal friction angles are known, with steel and FRP materials can be determined easily.

Keywords: Skin Friction; Design Chart; Pile Materials; Direct Shear Test.

Celik ve FRP Kaziklar ile Zemin Arasindaki Siirtiinme Agisinin
Belirlenmesi

Ozet

Zemin ile yapi elemanlar1 arasindaki siirtiinme kuvvetleri temel miihendisligi agisindan hayati dneme sahiptir.
Son yillarda zemin-yap1 etkilesimi konusunda ¢ok sayida g¢alisma yapiliyor olsa da siirtiinme kuvvetlerinin
belirlenmesi i¢in hala 20. ylizyilin ilk yarisinda 6nerilen yaklagik bagintilar kullanilmaktadir. Tarih boyunca
stirtinme kazig1 olarak genellikle ahsap kullanilmistir. Son yiizyilda ise ¢elik kullanilmaya baslanmistir.
Gliniimiizde ise bu malzemelere alternatif olarak ozellikle olumsuz ¢evre kosullarinda uzun yillar hizmet
edebilmesi nedeniyle FRP (fiber-reinforced polymer) kaziklar yogun sekilde kullanilmaktadir. Bilindigi gibi
ozellikle gevsek kumlu zeminlerde kazik ug direncinin tasima giicline etkisi ihmal edilmekte ve tasima giicii
tamamen ylizey siirtinmesine esit alinmaktadir. Buradan, miihendislik hesaplamalarinda yogun bir sekilde
kullanilan yiizey siirtiinme agisinin dogru olarak belirlenmesinin ne kadar 6nemli oldugu anlasiimaktadir.

Bu calismada, kum zemine farkli oranlarda diisiik plastisiteli kil (CL) eklenmis ve Proctor sikiliginda
stkistirnlmistir. Bu sayede farkli igsel siirtiinme agilarina sahip zeminler elde edilmistir. Bu zeminlerin, ¢elik
(st37) ve FRP malzemeleri ile yaptiklari yiizey siirtiinme agilar1 belirlenmistir. Deney sonuglarindan elde edilen
verilerden yola ¢ikarak miihendislerin kazik tasariminda kullanabilecegi bir abak 6nerilmistir. Bu abak sayesinde
sadece igsel siirtiinme agis1 bilinen zeminlerin ¢elik ve FRP malzemeleriyle yaptiklar1 yiizey siirtiinme agilari
kolaylikla belirlenebilmektedir.

Anahtar Kelimeler: Yiizey Siirtiinmesi; Tasarim Karti; Kazik Malzemeleri; Direkt Kesme Deneyi.
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1. Introduction

Skin friction angle between soil and pile
materials emerges as an important component in
the designs made by geotechnical engineers.
Frictional forces between structure and soil are
taken into consideration in the design of civil
engineering constructions such as retaining
walls, sheet piles, diaphragm walls and piles. As
is known, the effect of pile point tip resistance on
the bearing capacity is ignored particularly in
loose sand soils and the bearing capacity is fully
taken equal to the skin friction. Hence, it is
understood that correct determination of skin
friction angle is very important in geotechnical
design.

Many geotechnical engineers consider the
skin friction angle (8) as equal to 2/3 of the
internal friction angle (¢) of soil in their designs
[1]. However, it is known that 5 can change in
the event of frictions between the same soil and
different materials. Even today, skin friction
angles (8) between soil and pile materials are not
exactly known and design engineers use
approximate values. & values used in designs are
of essential in the determination of pile number,
diameter and length. A low 6 value leads making
non-economic designs and increases project
costs substantially. On the other hand, a high &
value causes to safety problems.

Wood was used as a driven pile material up to
the first half of the 20th century. However, the
use of wood declined almost non-existing in
today due to increasing costs. Nowadays, steel is
commonly used as the driven pile material.
Plastic composite materials have also been
started to be used in recent years as alternative to
steel. Today, FRP (fiber-reinforced polymer)
material is ever-increasingly used due to the
reasons such as being economic, having high
tensile and compressive strengths and its
resistance to harsh environmental conditions.

Potyondy (1961) conducted interface shear
tests (IST) on the soils prepared in four sand/clay
ratios and determined the skin friction angles of
wood, steel and concrete materials. When
examine the IST results, it is seen that the critical
value for the cohesion is the situation where
sand/clay ratio is 1. The cohesion rises quickly in
all values over this ratio [2]. Uesugi and Kishida
(1986) determined the friction between mild
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steel and dry sand by using IST. They found that
the type and mean grain diameter of sand (Dso)
had significant effects on friction angle [3].
There are many studies where the frictions
between geosynthetics and sands were analyzed
thorough IST [4, 5, 6, 7]. When articles in the
literature are examined, it is generally seen that
the frictions of clean sands (without fine-grained
soils) and pile material surfaces were determined
[6, 8, 9, 10]. However, clean sands are hardly
seen in nature. Therefore, mixing various ratios
of sand and clay soils will allow more realistic
results to be obtained in the in laboratory of the
soils encountered in the field [11].

Clayey sand soils containing various ratios
(0%, 20%, 30%, 40% and 45%) of clay were
used in laboratory tests. The produced soils have
different internal friction angles, skin friction
angles between the soils and pile materials (steel
and FRP) were obtained. As a result of the
laboratory studies, a chart was proposed, which
shows the relationship between the internal and
skin friction angles. By means of this chart, the
skin friction angles between soil and pile
materials can be obtained based only on the
internal friction angles of soils.

2. Material and Method

The index properties of the sand and low
plasticity clay (CL) soil used in the tests were
determined and given in Table 1. Black basalt
originated river sand (specific gravity 2.77) used
in the tests. The sieve analyses, Atterberg limits
tests and specific gravity tests were conducted
according to standards [12, 13, 14]. Sieve
analysis of sand and clay soils can be seen in
Figure 1.
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CL at the ratios of 0%, 20%, 30%, 40% and
45% in weight were mixed in the sand and
optimum water contents (Wop) Were determined
by performing standard Proctor tests on these
mixtures [15]. wopt Values and soil classifications
according to Unified Soil Classification System
(USCS) are shown for each mixture in Table 2.
The mechanical properties of the steel and FRP
materials used in the tests are shown in Table 3.

Table 1. Index properties of soils.

Sand CL
Dso (mm) 0.33 0.0045
Dso (mm) 0.57 0.016
Liquid Limit, WL
%) - 30
Plastic Limit, We (%) | - 15
Specific Gravity, ys 2.77 2.68

Table 2. Mixing ratios and optimum moisture

content.
Mixture Clay | Sand | Soil W
(%) | (%) | Group opt
(UsCs) | (%)
mo 0 100 | SP 6.0
m2o 20 |80 SC 9.0
Mao 30 [70 SC 10.0
Mao 40 |60 SC 115
Mas 45 55 sC 13.0

Table 3. Properties of pile materials.

Steel FRP
(st37) | (50%
glass)
Compression strength (Mpa) | 240 200
Tensile strength (Mpa) 360 240
Tensile Elasticity Modulus 210 23
(Gpa)
Density (gr/cmd) 7.85 1.8

The direct shear test (DST) was performed to
obtain the internal friction angles (¢) of the soil
mixtures [16]. Interface shear tests (IST) were
conducted in order to determine the skin friction
angles (8) between the produced soil samples
and steel, FRP [17]. Test setups can be seen in
Figure. 2. and Figure 3. DST and IST tests were
performed at a rate of 0.5 mm/min horizontal
displacement. Samples prepared at the standard
Proctor density and optimum water content were
used in DST and IST tests and the results
obtained from the tests can be seen in Table 4.
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Figure 2. Sketch of interface shear test setup.

FRP, steel or wood
specimens

Figure 3. Interface shear test setup; a) IST (steel soil)
b) IST (FRP-soil).

Table 4. Direct shear test (DST) and interface
shear test (IST) results.

Mixture Internal Skin friction angle, &
friction angle °)

of soil, ¢ (°) Steel FRP
Mo 430 26.5 345
m2o 39.5 315 37.0
Mo 415 29.2 36.0
Mao 35.0 27.0 32.0
Mas 28.0 18.0 22.7

Even today, in most projects, skin friction
angle is calculated by using 6=2¢/3 equation. But
every material have different skin friction angle
with soils [11]. Especially for FRP this equation
gives significantly lower & values than test
results. For example, for ¢=35° it is calculated
that & =23.3°. This & value obtained from IST
tests for FRP as 32.0°. Therefore, as skin friction
angle assumed lower values causes increase in
number, diameter and depth of piles.
Consequently non-economical designs can be
made by using this equation.

3. Skin Friction Chart
The results determined from the tests and

then analyzed. A skin friction chart was
proposed to be used in pile design (Figure 4.).
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Thanks to this chart, geotechnical engineers will
be able to obtain the skin friction angles between
the soil and pile materials based on the internal
friction angle of soil in the field.
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Figure 4. Skin friction chart for steel and FRP.
4. Literature Review with Cases

The results determined through the chart and
the studies conducted in the past are shown in
Table 5. When the table is examined, it is seen
that the & values obtained through the proposed
chart and the values determined in the study
performed by Potyondy (1961) show nearly
100% similarity for steel [2]. When results of the
chart and the study of Pando et al. (2002) are
compared, it is seen that the & values obtained
for FRP material show approximately 90% of
similarity [18]. When the results of the chart are
compared with the study of Sakr et al. (2005),
the & values show 91% similarity for steel and
94% for FRP material [8]. And when the results
of the chart and the studies of Tiwari et al.
(2010) and Tiwari and Al-Adhadh (2014) are
compared, it is seen that & values show
approximately 90% similarity for steel [10, 19].

Consequently, when & values obtained from
the chart and the studies conducted in the past
are compared, these values show similarity more
than 90%. The small differences around 10% are
considered to arise from types of pile materials
(steel hardness and FRP types) used in the tests
and the use of dry sand in most studies.
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Table 5. Comparison between chart and other

studies
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5. Conclusions
The wuse of different pile materials,

significantly changes the angle of skin friction
(86). Diameter, length and number of piles are
considerably affected from these changes.

» IST were performed on the interfaces
between soils and pile materials (steel and FRP).
The skin friction angles between these materials
and various soils were determined.

» In laboratory studies, soils with internal
friction angles ranging between 28° and 43°
were used.

*  When the results determined from the
tests and then analyzed, a chart is proposed
which allows acquiring the angle of skin friction
to take place between soil, the internal friction
angle of which is known, and various pile
materials.

»  Many articles are found in the literature
and then these studies were compared with the
chart proposed and it was observed conformity
over 90% in the 6 values determined. Nowadays,
design engineers use equations that accept &
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values equal for all pile materials (6=2¢/3). This
approach prevents make more realistic designs.
True skin friction angles (8) can be determined
by means of the proposed chart. Thus, more
economic designs can be made by selecting
reasonable pile diameter, length and number.

When the internal friction angles (¢) of sand-
clay mixture soils are examined, it can be seen
that ¢ value decreases as the clay percentage
increases. However, a slight increase occurred in
¢ in any cases where the clay content is around
30%. These slight increases in the internal
friction angles of sand-clay mixtures with the
increase of the clay content were observed by
Dafalla (2013) and Bayoglu (1995) as well [20,
21].
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Abstract

This paper presents implementation of a chaotic Cellular Neural Network (CNN) on Field Programmable Gate
Array (FPGA). The network has two non-autonomous cells and exhibits chaotic behavior. In the implementation
stage, Verilog Hardware Description Language (HDL) is used and discrete time model of the network is coded
on Xilinx ISE Design Suite 13.2. It seems that the chaotic attractor can be used as entropy source or short key
(seed) of chaos based random number generator design.

Keywords: Cellular Neural Network, Chaos, FPGA, Random Number Generator.

ki Hiicreli Ozerk Olmayan HYSA Modelinin FPGA’da Gerceklenmesi

Ozet

Bu caligma, kaotik bir Hiicresel Yapay Sinir Agi’nin (HYSA) Alanda Programlanabilir Kap1 Dizileri’nde
(FPGA) gerceklenmesini sunmaktadir. Ag, oOzerk olmayan iki hiicreye sahiptir ve kaotik davranig
sergilemektedir. Gergekleme agsamasinda, Verilog Donanim Tanimlama Dili kullanilmakta ve agin ayrik zamanl
modeli Xilinx ISE Design Suite 13.2°de kodlanmaktadir. Goriilmektedir ki kaotik ¢eker, kaos tabanli rasgele

say1 lireteci tasariminda entropi kaynagi veya tohum olarak kullanilabilir.

Anahtar Kelimeler: Hiicresel Yapay Sinir Ag1, Kaos, FPGA, Rasgele Say1 Ureteci.

1. Introduction

Chaos can be defined as unpredictable
behaviors that are sensitive to initial conditions
in a nonlinear deterministic system [1]. As
chaotic behavior can be undesirable in some
applications, there are a lot of application areas
which use the chaotic behavior in their
structures. In [2], the use of the Field
Programmable Gate Array (FPGA) as a
controller of a DC-DC boost converter,
controlling the output current of a photovoltaic
cells and minimizing the effect of the boost
converter chaotic behavior on the output voltage
are discussed. Micro controllers, Digital Signal
Processors (DSP) and FPGAs can be used to
design implementations of chaotic systems [3-6].
FPGA realizations of chaotic systems are studied
in [7, 8] by using Euler algorithm with both
integer arithmetic and floating-point number
format. Especially, the Lorenz’s chaotic system
is implemented onto a FPGA with the help of the
fourth order Runge-Kutta (RK4) algorithm in
[9]. The chaotic behavior can be used in Random

Number Generator (RNG) applications in order
to generate exactly true random number series
which are required for secure communication
systems. In literature, the realizations of chaotic
systems are proposed by using the Xilinx System
Generator technology in order to have the HDL
code. In [10], the Lorenz’s chaotic system is
implemented onto FPGA to obtain chaotic
sequence for information security issue and in
this design the Xilinx System Generator
technology is also used. As Cellular Neural
Network (CNN) proposed by Chua [11, 12] has
complex dynamics, chaotic behavior can occur
in the CNN structures [13]. In this paper, a
chaotic attractor is observed with two non-
autonomous cell CNN using opposite-sign
template. This network is reported in [14] and
solved with Runge-Kutta iterative solution
method.

In recent years, many chaotic CNN
applications are implemented on the FPGA.
Main advantage of the usage of the FPGA is that
it can be programmed with more flexibility
during implementation of design. Furthermore,


mailto:bkarakaya@firat.edu.tr

Implementation of Two Cell Non-Autonomous CNN Model on FPGA

development of any design on FPGA is easier
and faster than other microprocessors [15].
Implementation of CNN structure on FPGA
platform presents all advantages in the meaning
of higher operating frequency, minimum
resource utilization, reconfigurable systems and
more secure applications.

Herewith this introduction, CNN structure
and its mathematical model which exhibits
chaotic behavior, are presented in Section 2. In
Section 3, the implementation of discrete time
chaotic CNN model on FPGA platform is also
presented. At the end, final section concludes the

paper.
2. The Chaotic CNN Structure
The two-cell non-autonomous CNN model

given in [14] is described by state equations as
follow:

%= —x, + pf () —sf (x,) +9(t)

1)
=, + 1 () + pf (x,)
() =5 (xO+4-k©-1). =12 @
() = Asin(Z2) 3)

where p > 1, s > 0; x1, X2 are state variables of
each cell and f(-) is an odd piecewise-linear
function as defined in Eq. (2). For the CNN
parameters p = 2, s = 1.2, initial condition x (0) =
(0.14, -0.1) and a sinusoidal input signal
parameters A 404 and T 4, the non-
autonomous CNN with two-cell given in [14]
and chaotic portrait of the system are shown in
Fig.1 and Fig.2, respectively.

X/

8
Figure 1. The non-autonomous CNN with two-cell.
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v

Figure 2. Phase plane portrait of system with initial
condition of x(0) = (0.14, -0.1).

In Fig 2, the chaotic behavior is observed. It
is clearly appeared that the attractor has a
roughly point symmetric property. If the
Poincaré map of (X1, X2)-plane is obtained, it can
be seen that the attractor possesses the horseshoe
structure [14].

3. Implementation of Discrete Time Chaotic
CNN Model
In order to implement the model on
microprocessor, state equations must be
discretized. Discrete time model of the CNN
based chaotic system is determined as below.

x[n+1]= —H‘[ ])+ of (x ] —sf (xz[n])+g[n]}

4)
X,[n+1] = KX [n]j+sf () + pf (x, [n])}
Feln) =S (X[ +4-[x[n]-1).  i=12 (§)
g[n] = 4.04sin(zn/ 2) (6)

Discrete time response of the model can be
acquired by using CNN parametersas p =2, s =
1.2, initial conditions x(0) = (0.14, -0.1), T =
0.005,a=1+ (1/T) = 201.

In arithmetic operations, fractional numbers
are used as well as integers. There are two types
of binary number representation format which
are floating-point and fixed-point format. Any of
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them can be chosen to represent a fractional
number as a fractional binary number. A
fractional number representation format should
be considered that it represents the fractional
number as a decimal and then converts it to a
fractional binary number by multiplying the
decimal number by 0.5 repeatedly. A binary
coded number can be defined by equation,

bbb b b, =S X2 @)

where there is a binary radix point in the above
equation before b.; [16].

In this study, the fixed-point number format
is chosen because of advantages on easy coding.
In this format, a signed/unsigned number is
stored and this number is scaled by a fixed factor
which is determined by user with respect to
format parameters. This method implies shifting
operation the radix point to the left side [16].

Qm.n is the representation of fixed-point
number format that has m bit for integer part and
n bit for fractional part as shown in Fig. 3. As we
use signed numbers in discrete time model of our
network, Qm.n format has to be arranged as it
contains signed two’s complement fixed-point
fractional binary number [16].

S'g”\f't N=m +n + 1 bit

bn+m | Brem-1...bns1bn bn1 ... bobibg

Xig2) =

Figure 3. Structure of the Qm.n fixed-point signed
number format.

Since initial values of state variables and
parameters are chosen signed numbers as 16-bits
in width, the format is arranged to Q3.12 and 1
bit is reserved for the sign.

_ L vy 1S o 8
X[BlO] _E N-1+Z i ( )

i=0

Regarding to equation above (8) where Xgiq
represents fractional number in decimal, N = 16,
Xmin = 2™ = -8, Xmax = 2™ -2 = 7.99975 and
resolution = 2" = 2.4414.10-3 are determined for
Q3.12 signed two’s complement format.

In the implementation stage, three peripheral
circuits are used in the CNN core design. These
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are Clock Generator, CNN Circuit and CNN
Cache.

The Clock Generator generates the low
frequency clock signal by using the 50 MHz
clock signal on FPGA chip. Generated low
frequency clock signal is used for iterative
solution of model. In FPGA applications, instead
of for loop operation, a counter module is
arranged in order to calculate the next value of
state variables repeatedly. Each increment of
counter value is admitted as the beginning of the
new loop.

The CNN circuit has two state variables,
four parameters for state variables, sampling
period register and external sinusoidal input
register which are all in 16 bit width. The CNN
circuit solves the equations (4), (5) and (6)
iteratively by using the clock pulse of the Clock
Generator circuit. The model requires previous
values of the state variables in order to determine
the current values. Therefore, the CNN Cache
circuit is used.

The CNN Cache needs 20 KB of total
memory in order to emulate the discrete time
chaotic CNN model. Since FPGA chip has
enough memory in BlockRAM, no external
memory is needed. 2 BlockRAM modules are
defined for this implementation each one of
module has 10 KB capacity. Defined BlockRAM
modules have a dual-port interface. Therefore,
the values at different addresses can be
accessible at the same time.

The CNN core is designed, implemented on
Spartan 3e XC3S1600e FPGA development
board and programmed by Xilinx ISE Design
Suite 13.2. When core is programmed, initial
values of state variables and parameters are
transferred to the core by wusing built-in
communication interfaces and functions in
MATLAB. The whole system is illustrated in
Fig.4. Table 1 illustrates resource utilization of
the CNN core design.

Host Computer

Xilinx Spartan 3e 1600e
FPGA Development
Board

Figure 4. The scheme of the CNN Core Design.
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Table 1. Resource utilizations of the design. After the whole design is implemented, the

Arithmetic Unit programming bit stream of the design is
generated and FPGA chip is programmed by

Resources

Clock Generator Circuit | CNN Core Design Xilinx ISE Design Suite. The maximum

Used slices 24 4013 operating frequency is obtained as 24.67 MHz

Used FFs 33 5214 from Xilinx ISE Design Suite. Fig. 5 shows the

discrete time response of the model, which is

Used LUTs ol 6589 very similar to the continuous time response

given in Fig. 2. Also, Fig.6 illustrates the discrete
22 time response of each cell. Fig. 5 and Fig. 6 are
plotted in MATLAB and the data are obtained
from implementation results on Xilinx ISE
Design Suite for FPGA of the chaotic discrete
time CNN model.

x4 4.Conclusion

In this study, we have presented the
implementation of two cell non-autonomous
CNN model on FPGA. This study shows that the
implemented CNN model have chaotic behaviors
and model can be easily adapted to RNG

Figure 5. Discrete time response of the model with

given parameters. applications using FPGA not only the entropy
6 —_— source of RNG but also the seed of pseudo
(a) random number generator application.
4} J
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Abstract

Although the cracked beams have been widely utilized in fracture mechanics of concrete, there have been some
advantages of the cubical/cylindrical specimens such as compactness and lightness. In the present work, the
wedge-split-tension tests on cubical specimens with different cement contents and water/cement ratios were
initially performed for the effective crack model. Finally, some relationships based on regression between the
fracture parameters and the strength properties of concrete were derived. The results of the split-tension cube
tests look viable and very promising.

Keywords: Concrete; Effective Crack Model; Wedge-splitting Test.

Kama-Yarma Testi ile Efektif Catlak Modelinin
Kirilma Parametrelerinin Belirlenmesi

Ozet

Betonun kirilma mekaniginde genellikle centikli kiris numuneler kullanilmakla birlikte kiip ve silindir
numunelerin de bazi1 avantajlar1 vardir. Bu ¢aligmada, ¢imento miktarlari ve su/¢imento oranlari farkli olan
kama-yarma numuneleri efektif catlak modeline gore teste tabi tutulmustur. Sonug olarak betonun kirilma

parametreleri ile basing ve yarma-¢cekme mukavemetleri arasinda bazi regresyon bagintilari tiiretilmistir.

Anahtar Kelimeler: Beton; Efektif Catlak Modeli; Kama-Yarma Testi.

1. Introduction

Fracture mechanics applications of cement-
based materials were initiated by Kaplan [1].
However, in 1970s, experimental investigations
on concrete fracture revealed that Linear Elastic
Fracture Mechanics (LEFM) has been no longer
valid for cementitious materials such as rock and
concrete [2]. Because of the existence of a
relatively large process zone in front of and
around the tip of the main notchs and this
inelastic zone is ignored by LEFM, it is
inapplicable for concrete. Therefore, several
deterministic fracture-mechanics approaches have
been developed to describe fracture-dominated
failure of concrete structures [3-8].

These models can be categorized as cohesive
crack models [3, 4] and effective crack models
[5-8]. LEFM uses a single fracture parameter
such as the critical strain energy release rate, but
these models need at least two experimentally

determined fracture parameters to estimate failure
of concrete/reinforced concrete structures.

The cracked beam tests have been widely
utilized, because they were used in the first
LEFM standard test for metals in order to
estimate fracture parameters of quasi-brittle
materials. Nevertheless, there are some important
advantages of cubical/cylindrical specimens as
follows [9-13]:

1) They are compact and lighter than notched
beams. Therefore they are useful for investigating
the size effect.

2) They can be easily cast at the construction
site by using the same molds as for strength tests.

3) The self-weight of the specimens can be
neglected in the computing of fracture
parameters, contrary to cracked beams.

The tests on the cylinder and cube samples in
fracture mechanics of concrete can be classified
as split-tension tests and wedge-splitting tests.
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The wedge-splitting tests have been performed on
the cylinder/cube specimens with an edge crack.
The wedge-splitting tests are also useful for the
effective crack models although they were
initially developed for the cohesive crack fracture
models [9].

In the present work, the wedge-splitting tests
(WST) on cube specimens with different cement
contents and water/cement ratios were initially
performed for the effective crack fracture model
(ECM). Finally, some relationships based on
regression between the strength properties and
the fracture parameters of concrete were
determined.

2. Effective Crack Model (ECM)

The effective notch length a. in the effective
crack model for the fracture of cementitious
materials recommended by Nallathambi and
Karihaloo [6] is computed from the secant
stiffness of the real concrete body at the
maximum load. The main idea behind this
approach may be emphasized with Figure 1, in
which the load and deflection curve of the
cracked three-point beam up to maximum load is
indicated. When the secant stiffness of the real
body is equal to tangent stiffness of the body, of
which the notch length is a., the fracture
toughness  achieves its critical valuekg.

Consequently, according to the effective crack
model, the fracture of cement-based materials is
defined by two-parameter: the critical fracture
toughness k¢ and the effective notch length ae.

Though the effective notch length is
computed from the load and displacement curves
by trial and error approach in practice, it can also
be calculated by the following regression
formula:

72 73 Va
a_, (o [aj (1+dmaxJ 1)
d E, ) d d

in which ao is the initial notch length, d is the
specimen depth, dmax is the maximum aggregate
size, the nominal strength o, =6M, /(bd?), Mu is
the maximum moment and y1 = 0.088, vy, = -
0.208, ys = 0.451 and y4 = 1.653. When elasticity
modulus of cement-based materials E: is

estimated from the separate experiments, these
constants are y; = 0.198, y, = -0.131, y3 = 0.394
and ys = 0.600 [14]. Nevertheless, elasticity
modulus of cementitious materials in Eq. (1) may
be determined according to the following
expression [15]:

E. =4730,/f! )

where f/is the cylindrical strength for concrete.
Ec and £/ in Eq. (2) are in [MPa]. The critical
fracture toughnessk ¢ according to the effective
crack model may be determined from Eg. (3):

K =0,a,Y(a, =a,/d) 3)

in which a is the relative notch length (a/d) and
Y(a) is the function of geometry for computing
the fracture toughness of the notched three-point
beam and may be obtained from any fracture
mechanics handbook [16].
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Figure 1. Determination of fracture parameters of
concrete according to ECM

3. Wedge-Splitting Test

Although notched-beam specimens have
been widely used in concrete fracture mechanics,
compact tension (CT) and wedge-splitting (WS)
specimens have some advantages over beams,
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such as compactness and lightness (Fig. 2). CT
specimens were initially used by Wittmann et al.
[10] to determine the fracture energy and evaluate
the strain-softening behavior of cement-based
materials. Brithwiler and Wittmann [9] proposed
a popular wedge-splitting test, which has been
used in recent years in concrete fracture testing
with test specimens.

A WS specimen can be considered a
compact form of the three-point bending beam, as
shown in Fig. 2b. WS specimens with grooves
were developed for use as CT specimens, as
shown in Fig. 2c. WS and CT testing can be
conducted on both cylindrical and cubical
specimens. The use of cylindrical test specimens,
which  may be obtained from existing
concrete/reinforced concrete structures by coring,
offers the great advantage of estimating the
fracture properties of existing structures based on
fracture mechanics. In WS testing, the load is
applied to the specimen by means of a wedge and
a loading device with roller bearings, as
illustrated in Fig. 2d. The horizontal load Py acts
on the rollers because of the vertical load (Pv) on
the wedge, as shown in Fig. 2e. Friction forces
also occur between the rollers and the wedge.
However, the friction forces can be ignored when
the wedge angle 6=15°. The horizontal load can
be calculated as follows:

__R 4)
2tan @

Py

For CT and WS test samples, the fracture
toughness can be computed as follows:

Py
K, =a\/aY(a) (5)

where the dimensionless function Y(o) is given
by the following equation [16]:

V()= @ 2)(0.886+ 4.64 ~13.320 +14.720° ~5.60"*)

(1— a)%
(6)

The accuracy of Eq. (6) is £0.5 % for 0>0.2.

Figure 2. Wedge-splitting test
a) Standard CT specimen b) WS specimen as
“compact” three-point bending specimen [9] c)
Specimen configuration d) Loading e€) Wedge forces

4. Experimental Studies

Cubical wedge-splitting (WS) specimens
with 150 mm were used in this study (Figure 2).
The maximum aggregate diameter of 16mm was
used. The cement contents varied from 250 kg/m?
to 490 kg/m® whereas the water-cement ratios
(w/c) varied from 0.44 to 0.81. The batches were
designed for two slump values=6+1 and 1242
cm. Eight series specimens (48 cube specimens),
namely A, B, C, D, E, F, G and H, were tested
concerning the above variables in different
combinations. The test specimens in each batches
were cast from the same mix of concrete. The
cracks were precast in all test samples. The test
specimens in all series were of the same size, but
they had different notch lengths for each
specimen geometry. Table 1 summarizes the
cement content, the initial crack length, ao, the
concrete compressive strength, 77, and the
ultimate vertical load, Py, of the test specimens.

Three identical cube specimens with 150 mm
were also cast from each mix of concrete in order
to estimate the compressive strength of concrete.
All test specimens and identical test cubes were
removed from the mold after 1 day and then were
cured at 20 °C in water until testing at 28-day.
The compression tests and the split-tension tests
were made by using a digital compression
machine with a capacity of 100 kN. Typically,
approximately 3 min (x 30 sec) elapsed before
the peak load capacity for each test specimen was
reached. Identical cubes were tested at an age
similar to the other specimens.
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5. Analysis of Test Results

In this study, WS specimens were analyzed
according to ECM. For this, equations 1-6 were
utilized. The nominal strength in Eqg. (1) may be
computed for WS specimens according to the
principles of the classical strength of materials as
follows:

_P7H 6P, d/2_4PH (7)
““bd  bd®>  bd
The computed fracture parameters of

concrete based on ECM: the effective fracture
toughness and the relative effective notch length
values were also given in the last two columns in
table 2. It is well known that there is a very
strong correlation between f°c and water-cement
ratio. f’c decreases with increasing w/c. The
following formula by Abrams may utilized to
stabilize the effects of the factors related to curing
conditions, concrete age and cement properties,
which directly influence the internal structure of
cement-based materials:

Kl
sz/c

(8)

4

where K; and K; are the empirical constant and
the constants which depends on the cement
properties, respectively [17]. These constants
may be computed as K;=A and K,=e from the
regression based on exponential function
performed on Y=AX+C with Y=, X=w/c. Fig.
3 shows the two relation-ships K¢ - fc and K¢ -

wi/c. The two empirical formulas were derived in
this figure. The results indicate that K¢ increases

with increasing f"c while kg decreases with

increasing wi/c.

Tests have revealed that fracture parameters
of cement-based materials are generally
influenced by the four material parameters;
namely compressive strength, aggregate type,
maximum aggregate diameter and water/cement
ratio (w/c) [11-13, 18-20]. It is noted that
fracture parameters of concrete can also be
affected by other material parameters such as
cement type, aggregate/sand ratio, curing
conditions and porosity etc. Therefore, these
empirical formulas are approximate and they
should only be utilized for preliminary design

and for the bodies of low fracture sensitivity
although their correlation coefficients are very
high r>0.900.

Table 1. Experimental results and analysis results

Series- | Cement | wl/c fe ap Py K e a./d
Slump | kg/m? MPa | mm | kN lc
MPaVm
50 | 2.59 | 0.883 0.523
50 | 2.71 | 0.914 0.520
A-12 250 081 | 19.24 | 80 | 1.23 | 0.843 0.695
80 | 1.21 | 0.836 0.696
95 | 0.71 | 0.948 0.799
95 | 0.70 | 0.945 0.800
50 | 2.78 | 0.949 0.524
50 | 2.93 | 0.988 0.520
B-6 250 0.76 | 2245 | 80 | 1.42 | 0.944 0.689
80 | 1.36 | 0.922 0.692
95 | 0.89 | 1.056 0.783
95 | 0.87 | 1.051 0.786
50 | 3.37 | 1.160 0.527
50 | 3.65 | 1.234 0.521
C-12 330 0.58 | 35,56 | 80 | 1.68 | 1.149 0.694
80 | 1.68 | 1.149 0.694
95 | 1.01 | 1.299 0.794
95 | 0.90 | 1.275 0.806
50 | 345 | 1.186 0.526
50 | 3.35 | 1.159 0.528
D-6 325 0.56 | 36.97 | 80 | 1.72 | 1.174 0.694
80 | 171 | 1171 0.694
95 | 097 | 1.311 0.800
95 | 0.78 | 1.281 0.823
50 | 3.71 | 1.280 0.527
50 | 3.71 | 1.280 0.527
E-12 410 054 | 4407 | 80 | 1.78 | 1.247 0.699
80 | 1.63 | 1.193 0.707
95 | 096 | 1412 0.811
95 | 097 | 1.413 0.809
50 | 3.60 | 1.258 0.531
50 | 3.64 | 1.269 0.531
F-6 400 0.53 | 46.63 | 80 | 1.82 | 1.279 0.699
80 | 1.83 | 1.282 0.699
95 | 1.00 | 1.454 0.809
95 | 0.99 | 1.452 0.810
50 | 3.99 | 1.378 0.528
50 | 4.18 | 1.428 0.524
G-12 490 045 | 51.35 | 80 | 1.86 | 1.324 0.702
80 | 1.78 | 1.295 0.706
95 | 1.03 | 1.523 0.811
95 | 0.95 | 1.513 0.820
50 | 3.87 | 1.353 0.531
50 | 4.11 | 1.418 0.527
H-6 480 0.44 | 54.07 | 80 | 1.79 | 1.316 0.708
80 | 1.93 | 1.366 0.701
95 | 1.06 | 1.563 0.811
95 | 0.95 | 1.550 0.823

34
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Figure 3. Variation of K¢ with f"c and w/c

6. Conclucions

In recent years, splitting specimens such as
compact-tension, wedge-splitting and
cylindrical/cubical ~ splitting  tension  test
specimens have been commonly preferred over
beams for use in concrete fracture testing.
Wedge-splitting test results were used for the first
time in this study to determine the fracture
parameters of cement-based materials via the
effective crack model. The following conclusions
should be drawn from the results of this study:

1) Notched compact tension specimens and
beams have been used with the effective crack
model. The results of this study indicate that the
effective crack model can be successfully applied
to wedge-splitting specimens.2)Many  structural
laboratories do not have sophisticated testing
equipment such as closed-loop testing systems
and displacement-controlled testing machines.
The effective crack model offers the great
advantage of requiring measurement of only the
maximum load applied to specimens to determine
the values of the fracture parameters of concrete.

3) The fracture parameters of cementitious
materials required for the effective crack model
were investigated in this study. Nevertheless, the
results obtained may easily be transformed to
other fracture models, such as the size effect
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fracture model, the two-parameter model and the
double-K model by the related LEFM formulas.
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Abstract

Hollow block slab is a floor slab system that consists of a thin slab and joists. In hollow block slab system,
nonstructural materials are used between joists. Hollow block slab usually consists of wide and shallow beams.
Because of low beam height in this system, its lateral stiffness is less than beam floor systems. Because hollow
block slab has low lateral stiffness, using of this slab type increases soft-story risk in buildings that have soft-story
risk. Therefore, in building with hollow block slab should be detailedly investigated regarding soft-story. For this
reason, in this study buildings with stores of 5, 8 and 11, which constructed with hollow block slab were
numerically investigated for different ground story height. According to analysis, lateral drift ratios was obtained
for each story. As ground story height increased, the lateral drift ratios of ground story with hollow block slab
were increased nearly between 33% and 50%. As the number of stories increased, the lateral drift ratios have
approached upper limit which is recommended by TEC-2007. The high values of lateral drift ratios in ground
stories increase soft-story risk. This situation has a negative effect on building performance under lateral loads.
For improving this negative effect shear walls was added to the systems and analysis was repeated. Because shear
walls have decreased lateral drift ratios of ground stories nearly between 40% and 60%, negative effect of
increment in ground story was decreased. It is agreed on that in high seismic zone, buildings with hollow block
slab should be designed as a frame-wall system for better building performance.

Keywords: Hollow block slab, Soft-story, Lateral drift ratio, Reinforced concrete building

Asmolen Déseme Sistemli Binalarda Yumusak Kat Diizensizliginin
Incelenmesi

Ozet

Asmolen dogeme sistemi ince bir plak tabakasi ve diglerden olusan doseme sistemidir. Asmolen ddseme
sisteminde, dislerin arasi tagiyict 6zelligi bulunmayan dolgu malzemesi ile doldurulur. Asmolen déseme sistemi
genellikle genis ve s1g kirislerden olusmaktadir. Sig kirig yiiksekliginden dolay1, bu sistemlerin yatay 6telenme
rijitlikleri kirigli plak désemeli sistemlere oranla diisiiktiir. Asmolen doseme sistemi, diigiik yatay Otelenme
kullanilmas1 yumusak kat diizensizligi riskini arttiracaktir. Bundan dolayi, asmolen déseme sistemine sahip binalar
yumusak kat diizensizligi agisindan detayli bir bigimde incelenmelidir. Bu amagla, bu ¢aligmada asmolen doseme
sistemli 5, 8 ve 11 katli binalar, farkli zemin kat yiikseklikleri igin sayisal yontem kullanilarak incelenmistir.
Analizler neticesinde, her kat i¢cin goreli kat 6telenme degerleri elde edilmistir. Zemin kat yiiksekligi arttikca,
asmolen déseme sistemli yapilarin zemin katinda olusan goreli kat 6telenmelerinin yaklasik %33 ile %50 arasinda
arttig1 tespit edilmistir. Kat sayisi arttik¢a, zemin kattaki 6telenmelerin artarak TDY-2007 tarafindan onerilen {ist
sinira yaklastigi goriilmiistiir. Zemin Kattaki yiiksek goreli kat otelenmeleri, yumusak kat diizensizligi riskini
arttirmaktadir. Bu durum yatay yiikler altinda binanin deprem performansini olumsuz etkilemektedir. Bu sakincali
durumu diizeltmek i¢in betonarme perdeler sistemlere eklenmis ve analizler tekrarlanmigtir. Betonarme perdelerin,
binalarin zemin katinda olusan goreli kat 6telenme degerlerini yaklasik %40 ile %60 arasinda azaltarak, zemin kat
yiiksekliginin artmasindan kaynaklanan olumsuz durumun etkisini azalttigi goriilmiistiir. Asmolen déseme
sistemine sahip binalarin, deprem tehlikesinin yiiksek oldugu bolgelerde giivenli bir sekilde tasariminin yapilmasi
igin, perde-gergeve sistem olarak tasarlanmasinin uygun oldugu goriilmiistiir.

Anahtar kelimler: Asmolen doseme sistemi, Yumusak kat diizensizligi, Goreli kat dtelenmesi, Betonarme bina
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1. Introduction

Hollow block slab is a floor slab system that
consists of a thin slab and joists. There are
nonstructural materials between joists. Hollow
block slab provides important advantages such as
effective using of story height and interior design
in buildings for architects. Furthermore, hollow
block slab that has a flat slab ceiling reduce
formwork and construction time. Because of these
advantages, the using of this type slabs have
become more common.

Hollow block slab usually consists of wide
and shallow beams for providing a flat slab
ceiling. The height of hollow block slab is
determined compatible with  nonstructural
materials (styrofoam, briquette, tile) that use
between joists. In Turkey, the thickness of the
hollow block slab is usually 300 mm or 320 mm
[1]. Because of low beam height in this system, its
lateral stiffness is less than beam floor systems.
Because hollow block slab has low lateral
stiffness, lateral drift ratio in this system may be
more under lateral loads, and this system may
show weak performance under earthquake load.

In Turkey, the ground story of buildings that
is existed two sides of main streets is used as
commercial areas. For this reason, the height of
this story is more than other stories and infill walls
that are existed in upper stories between frames
partly or completely remove in ground story.
Recent years, in this building, using of hollow
block slab system have become more common for
using story height effectively and for providing a
flat slab ceiling. This situation reduces the lateral
stiffness of buildings especially in ground story
and increase the risk of soft-story. This situation
has a risk for buildings in Turkey where has
earthquake zones. In Turkey, the soft-story effect
is one of the main reason of damage sustained by
reinforced concrete buildings during earthquakes
[2, 3]. After Van Earthquake (2011), it was
reported that soft story was the most common
irregularity in collapsed buildings [4].

In this study, soft-story in building with
hollow block slab was numerically investigated
for different ground story height. For numerically
studys 5, 8, 11 stories buildings that are used
commonly in Turkey were investigated. Structure
analysis software SAP2000 and IdeCAD was
used for analysis [5, 6]. According to analysis,
lateral drift ratios was obtained for each story. It

is shown that as ground story height increased, the
lateral drift ratios of buildings have reached limits
that have negative effects on building
performance under earthquake load. For
restricting lateral drift ratios and improving
building performance under earthquake load,
shear walls added to the system and analysis was
repeated. It is shown that because shear walls
restrict lateral drift ratios of ground story, the
earthquake performance of the building is
improved.

2. The Earthquake Performance of Building
with Hollow Block Slab

Over three decades, because of advantages of
hollow block slab have been commonly used in
Middle East countries including Turkey [7].
Because there is not enough experimental and
numerical study that investigate the performance
of hollow block slab under lateral loads, the
performance of this system under earthquake
loads doesn’t know as much as beam floor
systems. Because there is not enough
experimental study that investigates the
performance of hollow block slab under
earthquake loads, most country’s earthquake
codes prevent using this system in seismic regions
or allow with some requirement about dimensions
or spacing of reinforcement using this system in
seismic regions [8, 9].

Figure 1. A building with hollow block slab

Hollow block slab (Figure 1) usually consists
of wide and shallow beams. Because of low beam
height in this system, its lateral stiffness is low.
Because hollow block slab has low drift stiffness,
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this system may have more lateral drift ratio under
lateral loads. In the building, more lateral drift
ratios may cause more second order effect. This
situation has a negative effect on building
performance under earthquake loads. For
example, in 2011 Van Earthquake, it is shown that
damage of infill walls in building with hollow
block slab are more than beam floor system. The
reason is that hollow block slab that has shallow
beam can’t restrict the rotation at the end of the
column at enough level under lateral loads, and
big lateral drift ratios happen in building [10].

! !
maged building

:
with hollow block
slab after Van Earthquake (2011)

Hollow block slab, because of weak
performance has been restricted by Turkey
Earthquake Code (TEC). TEC-1975 allows using
this system in a seismic zone with a requirement
which buildings higher than certain height must
have shear walls [11]. TEC-1998 and TEC-2007
allow using of hollow block slab in high seismic
zones only if structural elements (column, beam
and beam-column joints) are designed ductile, if
the structural elements are not ductile, shear walls
have to be used in the system [12, 13]. But, in
existing buildings with hollow block slab, TEC
requirements are neglected, and buildings with
largely weak performance under earthquake loads
have been built. The most important proof of this
situation is that these type buildings were heavily
damaged in Bingol Earthquake (2003) [2]. Figure
2 shows damaged building with hollow block slab
after VVan Earthquake (2011).
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3. Soft-Story Effect

In Turkey, the ground story of buildings that
exist two sides of main streets is used as
commercial areas. For this reason, the height of
this story is more than other stories. Furthermore,
infill walls that exist in the upper story between
frames partly or completely remove in ground
story. In this situation, in the ground story that has
big earthquake loads, lateral stiffness of building
is decreased, and because of lateral drift ratio, the
building experiences degradation of strength.
Furthermore, recent years, in these buildings,
using of hollow block slab have become more
common for using story height effectively and for
providing a flat slab ceiling. Authors think that in
these type buildings, the using of hollow block
slab reduces the performance of building under
earthquake loads.

Designing of the ground story with more
height than upper story and removing of infill
walls of the ground story have negative effects on
reinforced concrete (RC) building performance
under earthquake load. Because infill walls
restrict lateral drift ratios of the building, infill
walls increase the load carrying capacity of the
building. For example, under Lorca earthquake, a
research investigates performance of RC
buildings with one-way slabs with wide beams,
for buildings, three wall densities are considered:
no walls, low wall density, and high wall density.
Results show that infill walls increase the lateral
stiffness of buildings and decrease lateral drift
ratios of buildings under earthquake loads [14].
Especially, because infill walls that exist in the
upper story between frames partly or completely
remove in ground story, ground story have more
lateral drift ratio than the upper story. Past studies
show that if infill walls of the ground story are
removed, the lateral load carrying capacities of
building reduce 30% and the maximum lateral
drift ratios of building increase 10% [3, 15].
Although TEC-2007 in the design of reinforced
concrete building considers the weight of infill
walls, it neglects the effect of infill walls on frame
system [13]. The real performances of the
buildings can’t be calculated due to this
negligence. For this reason, they think that design
of these type buildings should be detailedly
investigated. Authors are planning a long-term
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study that considers the effect of infill walls on the
building.

4. Numerical Study

In this study, soft-story in buildings with
hollow block slab was numerically investigated
for different ground story height. For numerical
analysis 5, 8 and 11 stories square floor plan of
buildings was investigated. Figure 3 show the
typical square floor plan of buildings. According
to common using heights of the first floor was
determined for 3.0m, 3.5m, 4.0m, 4.5m. Except
for height of ground story, all heights of stories
are 3.0m.

In hollow block slab, the dimension of joists
was chosen as 150/320 mm and the dimension of
the slab as 70 mm. The nonstructural material was
chosen as styrofoam. For providing a flat slab
ceiling, heights of all beams of frames was chosen
as 320 mm, and for providing enough stiffness,
wide of all beams was chosen as 600 mm.
Material properties were chosen 25 MPa for
concrete compressive strength and 420 MPa yield
strength for steel.

Buildings were  designed  minimum
requirement accordance with TEC-2007 and TS-
500 (Turkish Building Code) [13, 16]. Buildings
were designed for first earthquake zone and Z3
soil class. Dimensions of the column in a building
stayed unchanged so that only effect of changing
of ground story height is investigated. Table 1
shows the dimension of columns and beams.

For linear analysis of designed buildings,
structure analysis software SAP2000 and IdeCAD
was used for analysis [5, 6]. According to
analysis, lateral drift ratios was obtained for each
story. Two different softwares, in these sensitive
systems, were considered for investigating
accuracy rating of software. According to
analysis, lateral drift ratios were obtained for each
story. For the different height of the ground story,
changing of obtained lateral drift ratios have been
presented in tables and graphics. The lateral drift
ratios that were obtained from structure analysis
software 1deCAD have been shown in graphics
(Figure 4-9). The lateral drift ratios that were
obtained from structure analysis software
SAP2000 have been presented in tables (show in
Table 2). The limited number of paper influences
this presentation.
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According to analyses result in a frame
system, as ground story height increased, the
lateral drift ratios became more. For designing
safety building against to earthquake, TEC-2007
state that 2% is limit of the lateral drift ratios [13].
But it is shown that as the number of stories
increased, the lateral drift ratios have approached
limits and the lateral drift ratios of 11 stories
building have reached 2% (this can be seen in
Table 2). This increment increases the risk of soft-
story.

Table 1. Dimensions of columns and beams(mm)

Dimensions of Columns | Dimensions of
Inside Outside Beams
5 stories 450/450 450/450 600/320
8 stories 500/500 450/450 600/320
11 stories | 550/550 500/500 600/320

For reducing the lateral drift ratios, in the
both direction in systems, as much as 1% of the
area plan, shear walls added to system and
analysis was repeated. In both direction, four
shear walls that have 30/210 dimension
symmetrically added to the system. It is shown
that shear walls have considerably reduced the
lateral drift ratios and have reduced negative
effects from the increment of ground story height.
It is shown that in the frame-wall system, lateral
drift ratios have reached maximum 1.4%. Because
shear walls have decreased lateral drift ratios of ground
stories, negative effect of increment in ground story
was decreased.

5. Conclusion

In this study, lateral drift ratios of buildings
with hollow block slab under earthquake loads
was numerically investigated regarding the effect
of the ground story height on lateral drift ratios.

For numerically study, lateral drift ratios of 5,
8, 11 story RC buildings was obtained. According
to analyses;

For frame structures, it is shown that when
the height of ground story increased from
3.0m to 4.5m, lateral drift ratios of ground
story increased nearly 50%.

As the number of stories increased, the
lateral drift ratios approach upper limit 2%
which is recommended by TEC-2007. For 11
stories buildings, drift ratios that are obtained
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from using structure software SAP2000
reached this limit.

The effect of infill walls was not considered
for this study. In case infill walls which are
usually used for design are removed in ground
story, it is thought that the increasing in lateral
drift ratios will exceed the limit 2% value.
Because TEC-2007 don’t consider the effect of
infill walls on the frame in design, the risk of soft-
story is high in these type buildings. For
preventing the risk of soft-story, shear walls
should be added the systems. It is shown that

800

shear walls reduce the lateral drift ratios of 5
stories buildings on average 65%, 8 stories
buildings on average 55%, 11 stories buildings on
average 45%. In the frame-wall system, lateral
drift ratios reached maximum 1.4%.

Because hollow block slab has low lateral
stiffness, it shows weak performance under
earthquake loads. This type slabs in the high
seismic zone should be carefully designed as a
frame-wall system. Furthermore, lateral drift
ratios in hollow block slab should be investigated
with the effect of infill walls on the building.
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Figure 6. Frame structure with story of 8
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Figure 5. Frame-wall structure with story of 5
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Figure 7. Frame-wall structure with story of 8
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Table 2. Lateral drift ratios of buildings from sap2000

Figure 9. Frame-wall structure with story of 11

5 Stories frame structure
Ground story H (m) B G 1 2 3
3 0.000 | 0.010 | 0.014 | 0.010 | 0.006
3.5 0.000 | 0.012 | 0.014 | 0.010 | 0.005
4 0.000 | 0.014 | 0.014 | 0.009 | 0.005
45 0.000 | 0.016 | 0.013 | 0.009 | 0.005
5 Stories frame-wall structure
Ground story H (m) B G 1 2 3
3 0.000 | 0.003 | 0.005 | 0.005 | 0.005
3.5 0.000 | 0.003 | 0.005 | 0.006 | 0.005
4 0.000 | 0.004 | 0.006 | 0.006 | 0.005
4.5 0.000 | 0.004 | 0.006 | 0.006 | 0.006
8 Stories frame structure
Ground story H (m) B G 1 2 3 4 5 6
3 0.000 | 0.012 | 0.017 | 0.016 | 0.014 | 0.011 | 0.007 | 0.004
3.5 0.000 | 0.014 | 0.017 | 0.016 | 0.013 | 0.011 | 0.007 | 0.004
4 0.000 | 0.016 | 0.017 | 0.015 | 0.013 | 0.010 | 0.007 | 0.004
4.5 0.000 | 0.018 | 0.018 | 0.015 | 0.013 | 0.010 | 0.007 | 0.004
8 Stories frame-wall structure
Ground story H (m) B G 1 2 3 4 5 6
3 0.000 | 0.005 | 0.009 | 0.01 | 0.01 | 0.009 | 0.008 | 0.007
3.5 0.000 | 0.005 | 0.009 | 0.01 | 0.01 | 0.009 | 0.008 | 0.007
4 0.000 | 0.006 | 0.01 | 0.011 | 0.01 | 0.009 | 0.008 | 0.007
45 0.000 | 0.006 | 0.01 | 0.011 | 0.01 | 0.009 | 0.008 | 0.007
11 Stories Frame Structure
Ground story H (m) B G 1 2 3 4 5 6 7 8 9
3 0.000 | 0.012 | 0.019 | 0.02 | 0.018 | 0.017 | 0.015 | 0.012 | 0.01 | 0.007 | 0.004
3.5 0.000 | 0.014 | 0.019 | 0.02 | 0.018 | 0.017 | 0.014 | 0.012 | 0.01 | 0.007 | 0.004
4 0.000 | 0.016 | 0.02 | 0.02 | 0.018 | 0.016 | 0.014 | 0.012 | 0.009 | 0.007 | 0.004
45 0.000 | 0.018 | 0.021 | 0.019 | 0.018 | 0.016 | 0.014 | 0.012 | 0.009 | 0.006 | 0.004

11 Stories frame-wall structure
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Ground story H (m) B G 1 2 3 4 5 6 7 8 9
3 0.000 | 0.006 | 0.01 | 0.012 | 0.013 | 0.013 | 0.012 | 0.011 | 0.009 | 0.008 | 0.006
3.5 0.000 | 0.006 | 0.011 | 0.013 | 0.013 | 0.013 | 0.012 | 0.011 | 0.009 | 0.008 | 0.006
4 0.000 | 0.007 | 0.011 | 0.013 | 0.013 | 0.013 | 0.012 | 0.01 | 0.009 | 0.007 | 0.006
4.5 0.000 | 0.007 | 0.012 | 0.013 | 0.013 | 0.013 | 0.012 | 0.011 | 0.009 | 0.008 | 0.006
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Abstract

Demand for sustainable pavements increases day by day in asphalt paving industry. Warm Mix Asphalt (WMA)
technology has begun to be an interesting topic for researchers owing to sustainability and environmental issues.
Within the scope of this study, the effect of an organic WMA additive was evaluated in terms of mixture
characteristics and performance. The fundamental and rheological properties of bitumen samples involving
organic WMA additive were determined by conventional bitumen tests and dynamic shear rheometer (DSR).
Mixtures modified with organic WMA additives were produced according to Marshall mix design method and
the optimum bitumen content of the samples were determined. Following the determination of optimum bitumen
content, the effect of the organic WMA additive was investigated in terms of indirect tensile stiffness modulus,
fatigue and creep behaviour. Hamburg wheel tracking device was also applied to evaluate the permanent
deformation characteristics of WMA mixtures in comparison to Hot Mix Asphalt (HMA) mixtures. The results
appraised the effect of the organic WMA additive on rheological and performance characteristics of bituminous
mixtures.

Keywords: Warm mix asphalt, Organic additive, Mixture characteristics, Dynamic shear rheometer, Fatigue behaviour,
Hamburg wheel tracking device.

Organik Katki Iceren Ik Karisim Asfaltin Ozelliklerinin Incelenmesi

Ozet

Asfalt kaplama endiistrisinde stirdiiriilebilir kaplama gereksinimi her gegen giin artmaktadir. Ilik Karigim Asfalt
(WMA) teknolojisi siirdiiriilebilirlik ve ¢evre sorunlari nedeniyle aragtirmacilar igin ilgi ¢ekici bir konu olmaya
baglamistir. Bu ¢aligma kapsaminda, organik bir WMA katki maddesinin karigim &zellikleri ve performansi
tizerindeki etkisi degerlendirilmistir. Organik WMA katkisi i¢eren bitiim numunelerinin temel ve reolojik
Ozellikleri, geleneksel bitiim deneyleri ve dinamik kayma reometresi (DSR) deneyi ile belirlenmistir. Organik
WMA katki maddesi ile modifiye edilmis karigimlarin tasarimi Marshall karisim tasarimi ydntemine gore
yapilmis ve karigimim optimum bitiim icerigi tespit edilmistir. Optimum bitiim icerigi belirlendikten sonra,
indirekt ¢cekme rijitlik modiilli, yorulma ve siinme davranisi agisindan organik WMA katki maddesinin etkisi
arastirilmistir. Ayrica WMA karisimlarinin kalici deformasyon 6zelliklerini Sicak Karigim Asfalt (HMA) ile
kiyaslayabilmek amaciyla Hamburg tekerlek izi deneyi de uygulanmistir. Sonuglar, organik WMA katkisinin
bitlimli karigimlarin reolojik ve performans 6zellikleri iizerinde etkili oldugunu gostermistir.

Anahtar Kelimeler: Tlik karisim asfalt, Organik katki maddesi, Karigim 6zellikleri, Dinamik kayma reometresi, Yorulma
davranigi, Hamburg tekerlek izi cihazi.

1. Introduction

Most of the field pavement practices around
the world consist of conventional hot mix asphalt
(HMA). For the last decade, implementing of
warm mix asphalt (WMA) technologies has
gained popularity in Europe and in some other

countries as well as in the USA. The goal of
WMA technologies is to obtain required strength
and durability which is equivalent to or even
better than HMA pavements [1]. The use of
WMA technologies offers many benefits to
asphalt industries. Many studies have common
sight about the various advantages of the
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utilization of WMA technologies. These
advantages are all originated from the major
feature of WMA additives which is reducing the
viscosity of the bitumen [2]. This reduction
results in increasing workability and ease of use,
ecological benefits due to less emissions and
reduction in costs due to less energy use. In
terms of workability, the reduced viscosity helps
the aggregates to be coated more easily [3, 4].
When discussing about environmental benefits,
there are serious worries about the greenhouse
gases emissions in HMA pavement applications.
Due to lower application temperatures of WMA
mixes, the emission of carbon dioxide (CO2) and
other so called greenhouse gases are lowered in
comparison with HMA mixes [5]. Besides, the
evaporation of less heavy components of
bitumen occurs less than conventional
applications. This causes less odours in asphalt
plants, therefore provides more pleasant working
conditions. Builders comments also indicate that
the fumes are rather less in WMA production in
comparison with HMA production [6]. The fuel
consumption of WMA technologies is rather less
than conventional HMA mixtures. Energy
consumption for WMA production has been
reported as 60-80% of HMA production [4].
Some studies have also reported the range of 20—
35% of savings in burner fuel with use of WMA
technologies [5]. In asphalt industry, a common
way of achieving lower application temperatures
in order to produce WMA is the utilization of
WMA additives. All of the current WMA
additives facilitate lowering of production
temperature by either lowering the viscosity
and/or expanding the volume of the bitumen at a
given temperature [7, 8]. There are many kinds
of WMA additives, these additives are
categorized as chemical, zeolite or organic
additive etc. Organic WMA additives those are
the most common as aforementioned, WMA
additives used to improve workability by
reducing the viscosity of bitumen [9]. By
lowering the viscosity, asphalt can be produced
at lower temperatures compared to conventional
HMA. Organic WMA additives are reported as
resistance  improvers  against  permanent
deformation by composing crystallized structures
after cooling [10].

In this research, WMA mixture has been
prepared with an optimum rate of organic WMA
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additive that is based on the recommendation of
manufacturers. The mechanical performances of
the samples were evaluated by Marshall stability
test. Following, WMA samples involving
organic WMA additive; indirect tensile stiffness
modulus (ITSM) and fatigue behaviour of WMA
were analyzed and compared with control
specimens (HMA). Hamburg wheel tracking
device was also used to determine the rutting
performance of WMA mixture.

2. Material and Method

In this study, 50/70 penetration grade base
bitumen provided from Aliaga/Izmir petroleum
refinery was used. In order to characterize the
properties of the base bitumen, conventional
tests such as: penetration test, softening point
test, Rolling Thin Film Oven Test (RTFOT) and
etc. were conducted. These tests were performed
in conformity with the relevant standards.
Results are presented in Table 1.

Table 1. Properties Of Base Bitumen

Test Specifications Results | Limits
Penetration ASTM D5/D5M-13
(25 °C; 0.1 mm) | TS EN 1426 95 50-70

. . ASTM D36/D36M-
(Sotgemng point 12 49 46-54

TS EN 1427
Viscosity at ASTM 4125
(135 °C)-Pa.s D4402/D4402M-13 )
. . ASTM
\{'ggis(':tﬁ; . | D1754/D1754M-09
(165°C)-Pas | 15 EN 12607-2
Change of mass
(%) 0.04 0.5(max.)
Retained
penetration after ¢§E\,\Aj lD 452/6D SM-13 | o5
RTFO (%)
Softening point | ASTM D36/D36M-
rise after RTFO | 12 54 48 (min)
(°C) TS EN 1427
. . ASTM D70-09el

Specific gravity TS EN 15326 1.03
Flash point ASTM D92-12b .
©C)) TS123EN 22502 | 280 | 230 (min)

The aggregates used in this study consist of
a mix of basalt and limestone aggregates
provided from Dere Madencilik Inc. quarry
located in Belkahve/lzmir. The mix gradation of
basalt and limestone was intentionally chosen to
provide desired performance in conformity with
Turkish specifications concerning the Type 1
wearing course. Basalt plays the role of
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strengthening constituent as coarse aggregate
while limestone participates in the fine aggregate
framework. Table 2 presents the final gradation
chosen for basalt-limestone aggregate mixture.
The properties of the aggregate were investigated
by several tests such as specific gravity, Los
Angeles abrasion resistance, sodium sulphate
soundness, fine aggregate angularity and flat and
elongated particles. Test results conducted on
both aggregate types are presented in Table 3.

Table 2. Gradation For Basalt—-Limestone
Aggregate Mixture

19 - 125.5|5-0 Combin | Spec
12,5 ed .
et mm rI;]aflzallt rIi]irrTr:estone Grad. Limi
Basalt (%) ts
Mix.(
%) 15 45 40
34) 1 100 100 100 100 100
(1/2) 83-
M 35.7 100 100 90.5 100
88) |55 89 100 gos | /%
90
No4 | 04 16 100 w3 |
25-
No.10 | 0.3 1.2 81 33 38
10-
No.40 | 0.2 0.7 33 135 20
No.80 | 0.15 0.4 22 9 6-15
0% 1010 |02 13 53 4-10
Table 3.The Properties Of Both Basalt And
Limestone
Test Specific | Results Spec. Limits
ations Limestone | Basalt
Specific
Gravity ASTM
(Coarse C127-12
Agg.)
Bulk 2.686 2.666
SSD 2.701 2.810
Apparent 2.727 2.706
Specific ASTM
Gravity
(Fine Agg.) C128-12
Bulk 2.687 2.652
SSD 2.703 2.770
Apparent 2.732 2.688
Specific
Gravity 2.725 2.731
(Filler)
Los ASTM
Angeles C131-06 maks. 45
Abrasion TSEN 24.4 142 maks. 27
(%) 1097-2
Flat and g‘i;—gf
Elongated maks 10
. 10 75 55
Particles TSEN maks. 25
(%) 9333

Sodium

Sulphate ASTM

Souﬁ]dness C88-13 maks. 10-20
(%)

Fine ASTM

Aggregate | C1252- |47.85 58.1 min. 40
Angularity | 06
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Sasobit® is an organic WMA additive
which is product of Sasol Wax Inc. It is a long-
chain aliphatic polymethlene hydrocarbon
produced from the Fischer-Tropsch (FT)
chemical process with a melting temperature of
120°C. The longer chains help keep the wax in
solution, which reduces bitumen viscosity at
typical asphalt production and compaction
temperatures. Based on the literature, dosages for
organic additive ranged from 1.0% to 4.0% by
weight of the bitumen [11-13]. In this research,
the organic additive content was chosen as 3.0%
based on the past research [14]. Organic additive
added to the virgin bitumen at 120°C and mixed
by using the high shear mixer for 10 minutes.

2.1. Test methods
2.1.1. Conventional bitumen tests

The base bitumen and the bitumen sample
containing organic additive were subjected to the
following conventional bitumen tests;
penetration, ring and ball softening point, thin
film oven test (TFOT), penetration and softening
point after TFOT as well as the storage stability
test determined by the difference in softening
point test results taken from the top and bottom
of the tube (ASTM D5-06 2006; ASTM D36-95
2000; ASTM D 1754-97 2002) [15-17]. In
addition, the temperature susceptibility of the
bitumen samples has been calculated in terms of
penetration index (PI) using the results obtained
from penetration and softening point tests [18].

The viscosity defined as resistance of a fluid
to flow is significant since it affects the
workability of the bitumen [19]. Brookfield
viscometer was employed to inspect the mixing
and compaction temperatures of the mixtures in
according to ASTM D4402-06 [20]. The test was
performed at 135°C and 165°C and the
temperatures  corresponding  to  bitumen
viscosities 170+20 mPa.s and 280+30 mPa.s
were chosen as mixing and compaction
temperatures respectively.
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2.1.2. Mechanical properties

The effect of organic WMA additive on the
mechanical properties of WMA has been
determined by Marshall mix design method
(ASTM D3549) in terms of stability, flow and
air void content as well as by indirect tensile
stiffness modulus test and indirect tensile fatigue
test [21-24]. The tests were conducted on WMA
samples at recommended contents and on HMA
as control samples. Asphalt concrete specimens
were prepared with a compaction effort of 75
blows simulating heavy traffic loading
conditions. The ITSM test is a non-destructive
test that is used to evaluate the relative quality of
materials and study the effect of temperature and
loading rate. The ITSM Sm in MPa is defined as
below [23];

Sm =F(R + 0.27)/LH (1)

Where F is the peak value of the applied
vertical load (repeated load, N), H is the mean
amplitude of the horizontal deformation (mm)
obtained from five applications of the load pulse,
L is the mean thickness of the test specimen
(mm), and R is the Poisson’s ratio (assumed as
0.35). The test was performed by way of a
universal  testing  machine (UTM) in
deformation-controlled mode. The magnitude of
the applied force was adjusted by the system
during the first five conditioning pulses such that
the specified target peak transient diametral
deformation was obtained. An appropriate value
was chosen to ensure that sufficiently high signal
amplitudes were obtained from the transducers
which would produce consistent and accurate
results. Accordingly, this value was selected as 5
mm for this test. The rise time, which is
measured from the origination of load pulse and
denotes the duration of the applied load rising
from zero to the maximum value, was set at 124
ms. The load pulse application was adjusted to
3.0 s. ITSM tests were conducted at three
different temperatures (20 oC, 25 oC and 30 oC).

The indirect tensile fatigue test is one of the
constant stress test that characterizes the fatigue
behaviour of the mixture [25]. In this study, the
fatigue test was performed in a controlled stress
mode based on BS DD ABF standard [24]. The
UTM was also used for this purpose. The
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loading frame was housed in an environmental
chamber to control temperature during the test.
The desired load level, load rate and load
duration were controlled by a computer. The
deformation of the specimen was monitored
through linear variable-differential transducers
(LVDTSs). The LVDTs were clamped vertically
onto the diametrical side of the specimen. A
repeated dynamic compressive load at 350 kPa
was applied to specimens at 200C, 250C and
300C test temperatures, across the vertical cross-
section along the depth of the specimen using
two loading strips 12.5 mm in width. Finally, the
resulting total deformation corresponding to the
applied force was measured.

2.1.3. Rheological properties

The DSR test was performed on WMA
samples by using a Bohlin Gemini Il DSR
rheometer to evaluate their rheological
characterization. The test was performed under
controlled stress loading conditions using low
(0.01 Hz) and high (10 Hz) frequency sweeps at
temperature between 30 oC and 80 oC (for every
10 oC). The stress amplitude for all the tests was
confined within the linear visco-elastic response
of the bitumen.

2.1.4. Rutting test

The loss of pavement serviceability is a
common result from rutting which is defined as
the formation of the longitudinal depressions
under the wheel paths caused by the progressive
movement of materials under traffic loading in
the asphalt pavement layers [26]. The Hamburg
wheel tracking device is designed to evaluate the
rutting characteristics of bituminous mixtures by
dint of aggregate structure, bitumen properties,
moisture susceptibility and adhesion between
bitumen and aggregates. The test is carefully
contemplated to simulate bearing capacity of
pavement under actual wheel tracks.

The working principle is to roll a steel
wheel with a specified diameter over a
bituminous mixture specimen with a standard
thickness for a specified number of wheel passes.
The test measures the depth of rut after the
specified number of passes is reached. Various
organizations may  define  their own
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specifications with different testing conditions
such as specimen dimensions, wheel diameter,
rolling length, applied load and temperature.
Within this context, there are many devices
designed to carry out the task under various
conditions.

The test device used within the scope of this
study, was an electronically powered device
which rolls a steel wheel (capable of using
rubber wheel) with a diameter of 203 mm and
width of 50 mm over a well compacted specimen
with dimensions of 430x280x50 mm. The device
is capable of making about 50 passes in minute
over the specimen’s surface by rolling length of
230 mm. The applied load was chosen as 710 N
by default as per EN 12697-22 standard test
method [27]. Prior to compaction of the
specimens, HMA and WMA mixtures were
carefully mixed at their pre-defined mixing
temperatures using a mixer capable of mixing
adequate amount of materials at desired
temperature. The Hamburg wheel tracking
device comes with a roller compactor in order to
compact mixtures within standard molds to fit in
wheel tracking device frames. The roller
compactor also makes it convenient to prepare
specimens with desired thickness (50 mm) with
specified air voids (4%). The amount of loose
mix to reach the desired compacted bulk specific
gravity corresponding to 4% air voids
considering mold dimensions was calculated and
poured into compaction molds. After cooling the
specimens at room temperature, the specimens
were subjected to 30.000 passes of wheel tracks.
In this study, two specimens of HMA and WMA
were prepared and tested for right and left
wheels. The rut depth was measured and
recorded for right and left wheels simultaneously
by an electronic system at every 5.000 passes
while the test was running.

3. Results and Discussion
3.1. Conventional test results

The conventional properties of the bitumen
prepared with organic additive are presented in
Table 4. As depicted in Table 4, the addition of
the organic WMA additive decreased the
penetration values and increases the softening
point values.
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As seen in Table 4, WMA sample exhibits
higher penetration index values (which is an
indicator of reduced temperature susceptibility)
compared to base bitumen. Asphalt mixtures
containing bitumen with higher Pl are more
resistant to low temperature cracking as well as
permanent deformation [28]. Storage stability
test indicate that, the bitumen samples with
WMA additive is much more storage stable
compared to HMA.

As depicted in Table 4, the additive reduce
the viscosity of bitumen which indicates that,
WMA additives increase the workability and
make relatively reductions for mixing and
compaction temperatures. The viscosity of
results related to WMA additive 135°C and
165°C are drawn at semi logarithmic figure and
the temperature corresponds to compaction and
mixing range is also summarized in Table 5.
Based on the Table 5, it can be seen that, the
addition of organic WMA additive reduced the
mixing and compaction temperature between
10-15°C.

Table 4. Conventional Properties Of Base And Organic
Wma Modified Bitumen

Base Bitumen including
Test bitumen Organic WMA
Additive
Penetration (0.1mm) 55 37
Softening point (°C)) 49.1 69.3
Viscosity at (135 °C) 125 2875
(mPa.s) ) '
Viscosity at (165 °C)-
(mPa.s) 137.5 75.0
Loss of mass (%) 0.04 0.07
Retained penetration
(after TFOT (%) » 87
Softening point rise after
(afterTFOT (°C) 50 40
Pen. In -1.20 1.95
Storage Stability 0 1.6

Table 5. Mixing And Compaction

Temperatures

Additive Mixing Compaction
Content Temperature Temperature (°C)
(%) Range(°C)

0 156-163 143-149

3 144-149 134-138

3.2. Results of mechanicalpProperties

In this study, the optimum bitumen content
related to HMA mixture as well as WMA
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mixture containing organic WMA additive were
determined by the Marshall mix design method,
retrieved directly as the bitumen content
corresponding to 4% air voids on content-air
voids graphic based on second degree
polynomial trend lines. The optimum bitumen
content for HMA mixture and WMA mixture
containing organic WMA additive were
determined as 4.76%, and 4.25% respectively.
The ITSM values at 20°C, 25°C and 30°C
temperatures for HMA and WMA mixtures
containing organic WMA additive are shown in
Fig. 1. As depicted in Fig. 1, the ITSM values of
WMA are higher than HMA mixtures at all
tested temperatures. The ITSM values of HMA
mixtures and WMA mixtures containing Organic
WMA additive have significantly decreased by
increase in temperature.

12000

m20°C
@25°C
@30°C

10000 +—

8000

6000

ITSM (MPa)

4000 -

2000 +

Organic WMA additive

=

itumen

base

Figure 1. ITSM values of HMA WMA mixtures
including organic WMA additive

The variation of load cycle numbers by
temperature change is given in semi-logarithmic
graphs in Fig. 2. As presented in Fig. 3, the load
cycle numbers which caused the specimens to be
cracked declined considerably as the temperature
increased.
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Figure 2.Variation of load cycle numbers by
temperature change
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The deformation of the specimens was
monitored through linear variable—differential
transducers (LVDTS) during the indirect tensile
fatigue test. The graphs for the load cycle
number corresponding permanent deformation
are given in Fig. 3 for HMA and WMA mixtures
at 20°C temperature. As shown in Fig. 3, HMA
and WMA mixtures were cracked at approximate
values of 4.3 mm, 4 mm deformation strains
respectively. The specimens prepared with
organic WMA additive could withstand higher
load cycles and have cracked at lower
deformation strains.
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Permanent Deformation (mm)

1000 1500
Load Cycle Number

Figure 3. Permanent deformations corresponding
load cycle numbers

0 500 2000 2500

3.3. Results of rheological properties

The variation of complex modulus (G*) of
the base bitumen and the bitumen samples
involving variable content of organic WMA
additive at low (0.01 Hz) and high frequency
level (10 Hz) and at six different temperatures
are presented in Figs. 4a and 4b. As depicted in
Figs. 4a-4b complex modulus increases by the
decrease of temperature. An increment in G*
indicates higher elastic part, thus an improved
elastic behaviour. Besides, G* increases with
increase in frequency. This is due to the
rheological behaviour of the bitumen samples
since bitumen under shorter loading times (high
frequency level) exhibit elastic behaviour. G*
values of the samples involving organic WMA
additive are greater than G* of base bitumen for
all temperatures and frequencies as seen in Figs.
4a and 4b.
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3.4. Rutting test results

The Hamburg wheel tracking test was
performed in accordance with EN 12697-22
standard [27]. The rut depths at 50°C are
presented in Figure 5. Results are given as
percent values indicating the ratio of actual rut
depth over the total thickness of tested specimen
(50 mm). The real rut depths (mm) are
obtainable by halving the percent values. The rut
depths at 50°C of HMA and WMA mixtures
involving organic WMA additive were
determined at each 5.000 passes initiating at
5.000 and ending at 30.000.

HMA

-

o — A»
-

WMA

-

Rut Depth (%)

Number of Passes

Figure 5. The rut depth % values corresponding
number of passes for HMA and WMA mixtures
including Organic WMA Additive
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As expected the rut depth values typically
increased with increase in the number of passes.
Based on each number of passes, WMA mixture
involving organic additive performed better than
HMA mixture in terms of rut depth.

4. Conclusion

Lowering mixing and  compaction
temperatures and consequently the reduction of
energy costs as well as emissions are the
dominant advantages of utilization of WMA
technologies. The utilization of organic WMA
additive helps in the reduction of viscosity
values which in turn reduces the mixing and
compaction temperatures.

The results obtained from Marshall design
demonstrated that the optimum bitumen content
decreases by WMA additive. This reduction can
be described as an advantage of using organic
WNMA additive in terms of initial cost.

ITSM values regarding HMA mixture and
WMA mixture showed that the utilization of
organic WMA additive increases the stiffness of
mixtures. The ITSM values of all mixtures tested
within the scope of this study significantly
decreased by increase in temperature. As well as
Pl values of bitumen containing organic additive
exhibited that the use of WMA additive
potentially improves the temperature
susceptibility.

When evaluating the load cycle numbers
which caused the specimens to be cracked,
WMA additive improves the repetitive loading
strength of bituminous mixtures. The load cycle
numbers of all mixtures significantly decrease by
increase  in  temperature.  Taking into
consideration the deformation strains, WMA
mixture exhibits better performance under
constant loading cycles. The utilization of
organic WMA additive improves the ability of
asphalt pavements against permanent
deformation and increases the rigidity of
bituminous mixtures. The formation of crack in
lower deformation levels as a result of repetitive
loading is an indicator for brittle susceptibility
level of a specimen.

Detailed investigation performed by DSR
test at low and high frequency level and at
different temperatures indicated that, the
complex modulus value increases with increase
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in frequency and decreasing temperature.
Increment in G* is attributed to improved elastic
behaviour of the sample.

In the light of findings from rutting test, it is
possible to consider that the organic WMA
additive  improves resistance to  rutting
characteristics of bituminous mixtures. Organic
WMA additive has structural modification
effects on bituminous mixtures.
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Abstract

Masonry structures are commonly used in many countries. Load bearing masonry walls are the most important
structural element in the masonry structures. In this study, a computer program was written in MATLAB for
linear elastic analyses of masonry walls. In addition, a mesh program which meshes the wall as two dimensional
model was written in MATLAB. These models were constituted with macro modelling approach. Three different
load cases were applied to two dimensional masonry model with opening. The obtained results from the linear
elastic analysis were compared with ANSY'S software results.

Keywords: Masonry walls, Linear elastic behaviour, Finite element method
Yigma Duvarlarin Lineer Elastik Analizi

Ozet

Y1gma yapilar bircok iilkede yaygin olarak kullanilir. Bu yapilardaki en 6nemli yap1 elemani tasiyict duvarlardir.
Bu ¢alismada, yigma duvarlarin lineer elastik analizi i¢cin MATLAB dilinde bir bilgisayar programi yazilmistir.
Ayrica yine MATLAB dilinde duvarin iki boyutlu olarak sonlu eleman modelini olusturabilen bir program
yazildi. Yigma duvar modelleri makro modelleme yaklagimiyla modellendi. Pencere agikligina sahip duvar
modellerine ti¢ farkli yiikleme uygulanarak elde edilen lineer elastik analiz sonuclart ANSYS program sonuglari

ile karsilastirildi.

Anahtar Kelimeler: Yigma duvar, Lineer elastik davranig, Sonlu eleman metodu

1. Introduction

Masonry is the oldest building material
that still finds wide use in today's building
industries [1]. Masonry structures are the
construction systems where walls, comprised of
mortar and masonry units such as briquette,
brick, stone and adobe, are used as load bearing
system. Undoubtedly, the most important
structural element for masonry structures is the
load bearing walls. These structures are
commonly used in many countries all over the
world. The most important characteristic of
masonry construction is its simplicity. Laying
pieces of stone, bricks or blocks on top of each
other, either with or without cohesion via
mortar, is a simple, though adequate,
technique that has been successfully used ever
since remote ages [2]. Half of the existing
building stock is consist of masonry structures in
Turkey [3]. The vast majority of these structures
are located in the rural areas and neighborhoods

around the city. Masonry structures prefer over
other structural systems because the relevant
materials can be easily obtained and their
construction and workmanship are easier. For
this reason, the ratio of masonry structures
increase to 82% in rural regions [4]. Masonry
structures can be divided into three groups as
confined, unreinforced and reinforced masonry
structures. These structures are commonly
constructed as to be unreinforced masonry in
Turkey. These structures are constructed with
traditional techniques using locally available
materials. Nearly no engineering services are
used in these buildings.

2. Modelling of Masonry

Masonry is a material which exhibits
distinct directional properties due to the mortar
joints which act as planes of weakness. In
general, the approach towards the numerical
representation of masonry can focus on the
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micro-modeling of the individual components,
unit (brick, block, etc.) and mortar, or the macro-
modeling of masonry as a composite [5].
Depending on the level of accuracy and the
simplicity desired, it is possible to use one of the
modeling strategies. Three different strategies
which called detailed micro modeling, simplified
micro modeling and macro modeling are used
for modeling the masonry structure. One
modeling strategy cannot be preferred over the
other because different application fields exist
for micro and macro models. In the detailed
micro modelling, the material specifications of
Unit

Mortar

NS

a) Detailed micro modeling

the masonry units and the mortar, i.e., the
modulus of elasticity, density and Poisson ratio
are evaluated separately. The masonry units are
widened by as much as half of the mortar layer
in the simplified micro-modelling. Thus, the
mortar layer is neglected, and the masonry units
are separated from each other with interface
lines. Macro-modelling is an equivalent material
model that assumes the construction elements to
be a composite without any exception among
stone, brick and mortar. These modeling
strategies are given in Figure 1.

Unit
Joint i \ i /7

7777777 e
iﬁ e Al

N i

,,,,,,,, T

il

b) Simplified micro modeling

Composite

¢) Macro modeling

Figure 1. Modeling strategies of masonry structures [1]

3. Linear Elastic Analyses

In this study, linear elastic analyses of a
masonry wall was performed. For this purpose, a
program that can perform linear analyses of
masonry walls was written in MATLAB. The
program was named as masonry-lin. Also, a
mesh program was written in MATLAB that can
draw the wall with and without opening and
prepare the necessary information as input file
for the masonry-lin [6]. The mesh program
model the masonry wall as two dimensional by
means of the macro modelling approach. Node
coordinates, element and node numbers, element
connectivity, restrained nodes and material
properties are prepared with the mesh program as
the input file for the masonry-lin. Finite element
mesh of the wall with and without opening
created by the mesh program was presented in
Figure 2. In this figure, black and blue numbers
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on the wall show node points and element
numbers, respectively. The masonry-lin. uses
this input file and starts the analysis. It calculates
displacement, stress and strain values of the node
points.
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Figure 2. Finite element mesh of the masonry wall

In finite element implementation, finite element
model of the masonry wall is constructed using
quadrilateral elements, with four nodal points
and two degrees of freedom on each nodal point.
Element stiffness matrixes were found using 2x2
Gauss integration rule. The flow diagram of the
masonry-lin. is presented in Fig. 3.

Preparing the input file by
mesh program

!

Preparing the constitutive
matrix [ D ]

!

Preparing the load
vector { F }

|

Assembling the global
stiffness matrix [ K ]

|

Finding the displacement
[K1{u}={F}
Calculate stress and strain

Figure 3. Flow diagram of the masonry-lin

Three different load cases were applied to
two dimensional masonry model with opening.
The base nodes of the wall were fixed in x and y
directions at all load cases. For first and second
load case, single load was applied at horizontal
and vertical direction, respectively. For third
load case, these two single loads were applied
together to the masonry wall model.

Value of the single load was considered as 50
kN. The modulus of elasticity, mass per volume
and Poisson’s ratio for the masonry unit was
considered as 5x10° Mpa, 1.2 t/m% and 0.20,
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respectively. The dimension of the masonry wall
used in the analysis was shown in Figure 4.

120 cm

220 cm

Figure 4. Dimension of the masonry wall

For first load case, the single load was
applied in the x direction at nodal point 119. For
second load case, the single load was acted in the
negative y direction at nodal point 125. For third
load case, these two single loads were applied at
the same nodes and at the same directions (Fig.
5).

Deformed and undeformed shape of the
masonry wall for three different load cases
obtained the masonry-lin. is shown in Figure 5.
In this figure, solid blue and dashed green lines
show the undeformed and deformed shape of the
masonry wall.

119

o>
'

a) First load case
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V125

b) Second load case

<L125

{>119
Le N
¢) Third load case
Figure 5. Undeformed and deformed shape of the
i

masonry wall with different load cases

Two node points was selected on the
masonry wall for comparing displacement and
stress values acquiring from masonry-lin and
ANSYS software. These points is given in
Figure 6. Displacement values of the node point
131 obtained from the masonry-lin. and ANSYS
software under first, second and third load cases
is presented in Table 1.

Also, the masonry-lin. can calculate the
maximum and minimum principal stress of the
node points. Maximum and minimum principal
stress values of the node point 117 under first,
second and third load cases is presented in Table
2. Same displacement and stress values were
obtained according to the analysis results.

131

17

[ S R

Figure 6. Selected node points

[ o s S e S o S o A

Table 1. Displacement values of the node point 131

Masonry-lin. ANSYS
Load cases X (mm) y (mm) X (mm) y (mm)
direction direction direction direction
First load case 1.285 -0.277 1.285 -0.277
Second load case -0.0542 -0.0104 -0.0542 -0.282
Third load case 1.233 -0.282 1.233 -0.282

Table 2. Maximum and minimum principal stress of the node point 117

Masonry-lin. ANSYS
Load cases max. principal min. principal max. principal min. principal
stress (kPa) stress (kPa) stress (kPa) stress (kPa)
First load case 144.24 -141.06 144.24 -141.06
Second load case 84.45 -94.17 84.45 -94.17
Third load case 227.60 -232.95 227.60 -232.95

4. Conclusion

In this study, a computer program was
written in MATLAB to perform linear elastic
analyses of masonry walls. Furthermore, a mesh
program which meshes the wall as two
dimensional was written in MATLAB. These
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masonry walls were constituted with macro
modelling approach. Three different load cases
were applied to these walls. Accuracy of the
results obtained from the masonry-lin. were
compared with ANSY'S software results.
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Abstract

The basic functions expected from any structure are generally sufficient rigidity, ductility and stiffness. In this
study, the effect of steel ducts with high ductility level on the performance of steel structures was investigated.
For this purpose, calculations were made using five different types of central steel curtains for steel flues of any
hospital building. Period, frequency, modal addition rates, displacement and rotation values are calculated and
compared for each different central steel screen. The aim of the study is to be informed about the central steel
slabs with high ductility level and to have information about which of the most suitable central steel slabs will be
chosen.

Keywords: Ductility, High Ductility, Steel Structures, Performance, Steel Cross Braced Frame

Siineklik Diizeyi Yiiksek Merkezi Celik Perdelerin Celik Yapilarin
Performansina Etkisi

Ozet

Herhangi bir yapidan beklenen temel islevler genel olarak yeterli rijitlik, stineklik ve dayanimdir. Bu ¢alismada
stineklik diizeyi yiliksek merkezi celik perdelerin ¢elik yapilarin performansina etkisi incelenmistir. Bu amacla
herhangi bir hastane binasina ait ¢elik baca i¢in bes farkli merkezi ¢elik perde ¢esidi kullanilarak hesaplamalar
yapilmistir. Her bir farkli merkezi ¢elik perde igin periyot, frekans, modal katki oranlari, yer degistirme ve
donme degerleri hesaplanarak karsilagtirmalar yapilmigtir. Calismadaki amag siineklik diizeyi yiliksek merkezi
celik perdeler hakkinda bilgi verilerek en uygun merkezi celik perdenin hangisinin segilecegi hususunda bilgi
sahibi olmaktir.

AnahtarKelimeler: Siineklik, Stineklik Diizeyi Yiiksek, Celik Yapilar, Performans, Celik Perde
1. Introduction the elements are important parameters [2]. These
parameters need to be built into the structure.

Generally, ductile conveying systems are the
foreground in the depressive structure design.
However, it is emphasized that the selection of
the regular carrier system in the horizontal and
vertical sections and the encouragement to be
shown in the junctions of the elements.

Ductility is defined as the extent of
displacement of a section, of an element or of a

Rigidity, ductility and strength must be
sufficient to ensure that the earthquake loads are
transmitted continuously and safely to the
foundation of the earthquake loads as well as in
each of the elements constituting the earthquake
loads at the same time [1]. Adequate rigidity,
strength and ductility are at the top of the
principles considered in the design of

earthquake-affected structures. In the regulation
of the structural bearing system, the material
strength, the ductility and stiffness concepts in

carrier system, without significant change in
external load, beyond the elastic limit, and the
system ductility rate is proportional to the linear
shape changes of the total shape changes in the
displacement order. The result of the system
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ductility ratio taking large values ensures that the
structure can change its nonlinear shape
sufficiently before migration.

Central crossed structures are very popular
for medium height structures. Design and
production are simple and the required horizontal
stiffness and strength can be obtained with low
cost. The horizontal stiffness of the central steel
cross curtains is provided by vertically
positioned cage beams. This lattice behaviour is
obtained by crossing the column and the beams
[3, 4, 5].

In this study, calculations were made in the
case of using five different centric steel braced
frames for a steel chimney belonging to a
structure designed as a hospital building. The
results were compared and recommendations
were made.

2. Materials and Methods

Structural engineering is the science and
art of designing and making, with elegance and
economy, buildings, bridges, frameworks and
other similar structures so that they can safely
resist the forces to which they may be subjected
[6]. The main purpose of structural design is to
produce suitable structure. We must consider not
only the initial cost, but also the cost of
maintenance, damage and failure. Thus, the
optimum design of a structure requires a general
view on the total process [7].

The design of steel seismic resistant
structures took a dramatic turn after the last
Californian and Japanese events. The heavy
damage observed as a result of these earthquakes
was never before recorded in the history of
building design. These events gave rise to a
general effort all over the world to improve the
seismic resistance of steel structures. A
comprehensive program started to evaluate both
the design specifications and detail rules. In this
perspective, clear attention has been paid to the
evaluation of local ductility erosion at the level
of sections [2].

Ductility is a measure of the ability of a
section, an element, or a carrier system to deform
beyond the elastic limit, without significant
change in external load. The numerical definition
of the system ductility ratio is the ratio of the
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total shape change to the linear shape change
during the displacement.

The two most important features of steel are
energy absorption capacity under ductility and
repeated inelastic loading. In terms of behavior
against depression, horizontal load carrier
systems of steel buildings are separated into two
classes in terms of ductility level [2].

In Turkish Seismic Code, TEC-2007, based
on their behaviour against seismic events, the
lateral load bearing systems of the steel
constructions are classified in two sections based
on their ductility.

a.  Systems with High Ductility

b.  Systems with Low Ductility

based on this, the classifications are further
divided to

+ Frames with High Ductility,

* Shears with Steel Cross Beam Bars with High
Ductility,

* Shears with Outer Steel Cross Beam Bars with
High Ductility,

* Frames with Standard Ductility” and

e Shears with Steel Cross Beam Bars with
Standard Ductility,

to form a list with five different titles with
descriptions in seismic activity regulations.

In this study, centric steel braced frames with
high ductility level are shown in Figure 1. The
lateral load carrying capacity of these systems is
large, along with their bending strength.
Obviously, these shear wall systems can be
interpreted as earthquake walls in a reinforced
concrete structure.

K XX

“ PF/ i . ’-//x r’/

Diagonal
Bracing

T Tm T T

Inverted
V-Bracing

Figure 1. Centric Steel Braced Frames with High
Ductility

X-Bracing V-Bracing K-Bracing

As a numerical application, a steel chimney
of hospital structure was analyzed. In the project,
the steel chimney was transferred to the
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rectangular truss system. The steel chimney has
an area of 3,125 m? and a span of 2.5 m. The
building height is 12 m. 150 * 150 * 5 mm was
used for the structural system columns and 60 *
60 * 4 mm box profiles were used for the beams
and bracing members (Figure 2).

Fe37 steel was used as material. In Fe37 steel
Osaf = 14.1 KN /cm?, Gyiels = 24 KN /cM?, Gweid =
11 kN/cm? were taken.

In calculations, truss span L = 2,50 m, truss
space L’ = 1,25 m and number of truss were two.

The wind load is taken as q = 0.8 kN /m?
from TS498 Specification [8].

1S

[ —

The steel chimney was modelled and
analyzed in the SAP2000 package program [8].
It is modelled as a 12-storey structure while
modelling a 12 m high chimney system. Five
different centric steel braced frames were used in
this study. Centric steel braced frame types
considered in the study are taken from the
SAP2000 program and shown in Figure 3.

=

Figure 3. SAP2000 model of

In the dynamic analysis of the chimney
system, the seismic parameters and function
values shown in Figure 4 are entered. Period,

Function Name

B=

Centric Steel Braced Frames

frequency and eigen values are calculated for

each braced type with these values.

Function Damping Ratio

0,05

01429
01429
01429
01429
05 0,1185
01033 v

Display Graph

(83012, 0,0148)

Figure 4. Seismic parameters in SAP2000 program
63



CFD Analysis of Ilisu Dam Sluice Outlet

The displacements and rotations calculated in the
SAP2000 program for the five different steel

braced frames given in Figure 3 above are
presented in Table 1.

Table 1. Displacements and rotations of centric steel braced frames

Displacements [mm] Rotations [rad]
Frame Type Ux Uy Uz Rx Ry Rz
Diagonal Bracing 10,40 -0,10 -0,70 0,00000 0,00095 -0,00013
X-Bracing 8,90 0,27 -0,70 0,00000 0,00090 -0,00010
Inverted V-Bracing 8,20 0,00 -0,50 0,00000 0,00082 0,00000
V-Bracing 10,70 0,00 -0,70 0,00000 0,00100 0,00000
K-Bracing 8,90 0,00 0,60 0,00000 0,00090 0,00000
3. Results References

In this study, the effects of five frames with
high ductility level centric steel braced frames
were investigated. Horizontal displacement
values occurring in the building under lateral
loads (earthquake and wind loads) are given in
Table 1. The limitation given by the
specifications is provided with confidence. That
is, the frame with high ductility level centric
steel braced frames is provided with a rigidity of
about four times.

As shown in Table 1, the maximum lateral
displacement is calculated as ux = 10.7 mm at the
top of the steel chimney. In the specifications,
displacement is generally given as ux < Amax =
H/300 limit. From here, if the constraint is
checked, ux = 10.7 mm < Amax =12000/300 = 40
mm will be seen. H/300 limit. From here, if the
constraint is checked, ux = 10.7 mm < Amax
=12000/300 = 40 mm will be seen.

Nearly the same performance was achieved
with five types of centric steel braced frames
applied to lateral displacements.

With the classic Moment-resisting frames,
larger lateral displacements are obtained and
displacement limits cannot be achieved.

Finally, it is concluded that the systems
providing the best limitations for earthquake
performance and specifications are high ductility
level centric steel braced frames.
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Abstract

Grey theory is one of the methods used to study uncertainty. The uncertain systems characterized by small sample
and poor information are the study object of grey system theory. Multivariable grey prediction models are part of
grey forecasting system. They are presented if there are mutual relations among the factors in the system. They
believe that all the influencing factors are not independent of each other and should be regarded as a whole. In
multivariable grey forecasting models, the future value of a variable is tried to be forecasted considering the other
influential factors in the system. In this study, deformation consisting on the crest of a Dam is aimed to determine
by using multivariable grey prediction models.
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Cok Noktali Deformasyon Analizi Icin Cok degiskenli Gri Sistem

Ozet

Gri teori, belirsizligi incelemek igin kullanilan yontemlerden biridir. Siirhi bilgi ve kiiciik drnekler ile karakterize
edilmis belirsiz sistemler, gri sistem teorisinin inceleme konusudur. Cok degiskenli gri tahmin modelleri gri tahmin
sisteminin parcasidir. Sistemdeki faktorler arasinda karsilikli iligkiler varsa onlar temsil edilirler. Etkileyen
faktorler birbirinden bagimsiz degildir ve bir biitiin olarak kabul edilmektedir. Cok degiskenli gri tahmin modeli,
bir degiskenin gelecek degerini sistemdeki diger etkilenen faktorleri géz Oniine alarak tahmin etmeye
calismaktadir. Bu calismada, ¢ok degiskenli gri tahmin modeli kullanarak bir barajin kreti iizerinde olusan
deformasyonlarin tahmin edilmesi amaglanmustir.

Anahtar Kelimeler: Deformasyon, Gri yontem, Deformasyon tahmini

The main strength of grey prediction is that it
only requires short-term, current and limited data.
Grey systems theory was first proposed by Deng
[1]. Grey theory is one of the methods used to
study uncertainty. The uncertain system
characterized by small sample and poor

1. Introduction

The evaluation of measurements and
geodetic deformation measurements covers a
significant  portion of the engineering
measurements. The monitoring of the movements

of big engineering structures begins during the
construction of the building and continues
throughout life. The evaluation of the data and the
interpretation phase of the results is the last and
most important part of the deformation study.
There are damages that can’t be compensated by
a wrong decision. As a result, it is necessary to be
very careful and the results must be absolutely
reliable. A large number of measures are needed
to be able to give decisions about the behavior of
constructions and to interpret the results. But,
being able to make more accurate decisions with
less data is very important in every circumstance.

information are the study object of grey system
theories. The grey system puts each stochastic
variable as a grey quantity that changes within a
given range. It does differ from statistical analysis
method to deal with the grey quantity. It deals
directly with the original data and searches the
intrinsic regularity of the data [2].
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2. Materials and Methods

2.1. Multy Variable Grey Forecast
Model

Multivariable grey prediction models are part
of grey forecasting system. They are presented if
there are mutual relations among the factors in the
system. They believe that all the influencing
factors are not independent of each other and
should be regarded as a whole. In multivariable
grey forecasting models, the future value of a
variable is tried to be forecasted considering the
other influential factors in the system. Because of
high accuracy and easy application procedures,
multivariable grey models have been applied to
many areas in the literature [3-9].

MGM (1, N) model is set up by using
Accumulating Generation Operator (AGO). The
primitive data are subjected to the AGO to smooth
the randomness of the data and to weaken the
tendency of variation [10]. Assume that X@ =
{x@1), x90),...., x®@(m)} is an original, non-
negative data series taken in consecutive order
and at equal time intervals, then ~ X®={x®(1),
xP2),...., xYm)} is called 1-AGO where

the number of variable is represented by n and the
number of observation period by m, MGM(1,N)
procedure is described in the following parts [10].
The first-order ordinary differential equation for
the MGM (1, N) can be written as follows:
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The estimate value is obtained by using the
least square method:

H=(LTL)™LTY (3)
where

Y2 %@ .. xP@ 1
L x@) x“©) Y@ 1

ROm %O . WO 1

6 m) 7 m) . xO(m)

and  x”(k) = %(xi(l) (k) +x®(k —1)). The

estimated value A and B can be obtained from H:
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Then accumulated predicted values can be
calculated by using Equation (4).
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After the inverse first-order accumulated
generation operation (1-1AGO), we obtain the
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sequence as X (k)=X (k)-X (k-1). The

average fitting precision of the model is
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3. Application
Multy Variable Grey Prediction Model

which is very efficient methodology in the
situation of the limited number of the data has
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been used to predict deformation in a dam. In this
study 11 periods’ real measurement values has
been used to predict deformations depending on
the water level for object points 11, 12 and 13
which are located in the middle of the rockfill dam
crest. The first 6 periods’ measurements have
been used to establish multivariable grey
prediction model, and the last six periods’
measurement are used to test the accuracy of the
proposed method. The original and predicted

values are shown in Table 1. The outcomes also
presented in Figure 1-3.

The 7" column in the Table 1 shows
predicted values for object point 11 depending on
the water level. 8" and 9" columns show the
predicted values when we apply grey prediction
procedure for two object points at the same time.
The last three columns show the results if we
apply prediction procedure for all object points in
this study.

Table 1. Original and predicted values
Multy Variable
Heights | Heights | Heights | Dam
) of of of Lake HIMGM(1,2) MGM(1,3) MGM(1,4)
Years Period Point Point Point Water ASIL ASIL AS12 ASIL AS12 AS13
AS11 AS12 AS13 Level - - - :
(m) (m) (m.) (m) Predicted Predicted Predicted Predicted | Predicted | Predicted
' ' ' ' value value value value
value value
13.01.1975 1.Period 851.659 | 851.727 | 851.796 803.960' 851.660 851.659 |851.727 ||851.659 |851.727 |851.796
21.03.1975 2 Period 851.653 | 851.721 | 851.791 805.290' 851.620 851.555 851.623 851.6049 | 851.673 851.7416
24.06.1976 3 Period 851.540 | 851.605 | 851.662 842.090' 851.564 851.391 851.456 851.475 851.539 851.597
01.06.1977 4 Period 851.506 | 851.568 | 851.623 836.210' 851.532 851.299 |851.361 ||851.413 |851.475 |851.531
24.03.1978 5 Period 851.493 | 851.554 | 851.610 | 828.040Q(851.411 851.231 851.292 851.379 851.441 851.496
20.11.1979 6.Period 851.502 | 851.563 | 851.618 | 828.500§|851.501 851.173 |851.234 |[1851.356 |851.417 |851.472
30.07.1980 | Predicted.1 | 851.448 | 851.508 | 851.563 | 841.400§|851.471 851.115 851.176 851.335 851.396 851.451
04.03.1982 | Predicted.2 | 851.398 | 851.456 | 851.514 | 834.290§|851.441 851.057 851.118 851.315 851.377 851.432
17.05.1982 | Predicted.3 | 851.402 | 851.496 | 851.514 | 844.350(851.411 850.995 851.056 851.295 851.357 851.412
15.11.1984 | Predicted.4 | 851.369 | 851.420 | 851.479 | 831.830f(851.381 850.941 |851.002 ||851.276 |851.338 |851.392
14.05.1985 | Predicted.5 | 851.361 | 851.419 | 851.475 | 835.210§(851.350 850.881 |850.942 |[1851.256 |851.319 |851.373
MGM(1,2)
MGM(1,3)
851,75 e—(0_11 e——pP 11 P_12
\
851,55 y
12 = v
w \\ — 6
851,35 2 850,41
+ 123 456 7 8 91011
851,15 PERIODS
1 2 4 5 6 7 8 9 10 11
PERIODS

Figure 1. Multivariable Grey Model (1, 2)
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Figure 2. Multivariable Grey Model (1, 3)
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MGM(1,4)
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Figure 3. Multivariable Grey Model (1, 4)

4. Results

The Grey System Theory provides a solution
to the problem even in the case of very limited
number of data. The Multi Variable Grey
Prediction Model can be used to predict
deformation not only for one point but also for
many points at the same time. In this study
deformation level of the three different object
points in a dam crest has been tried to be
forecasted depending on the water level by multi
variable grey model. Results show that there are
great consistency between grey prediction values
and real values. Based on the outcomes it is
possible to conclude that grey prediction model is
a very reliable prediction model in limited data
circumstances.
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Abstract

This paper aims to present adopted material properties of masonry elements to historical mosque and bridge
structures. The importance of this study is to adopt correct material properties with reliable reference according

to material types and structure types.

Keywords: material properties; historical structures; historical mosques; historical bridges.

Sonlu Elemanlar Modelleri igin Tarihi Yigma Yapilarda Kullanilan
Malzeme Ozellikleri: Camiler ve Koépriiler

Ozet

Bu calismada, yigma yap1 ile yapilmis camii ve koprillerde kullanilan malzeme o&zelliklerinin sunulmasi
amaclanmistir. Bu ¢alismanin 6nemi, yigma yapilarda kullanilan malzeme 6zelliklerini giivenilir kaynaklara
dayandirarak malzeme ¢esidine ve yapi tipine gore siniflandirarak sunmaktir.

Anahtar Kelimeler: malzeme 6zellikleri, tarihi yapilar, tarihi camiler, tarihi kopriiler

1. Introduction

Historical structures are the most important
part of civilization where constructed. Therefore,
these cultural heritages of the urban population
should be protected through centuries against
external extreme loads. Conservation of cultural
heritages are commonly considered as suitable
restoration. However, with developing numeric
analysis tools, it is possible to estimate global
behavior of a historical structures available and
after restoration situation under severe loads like
earthquake. Structural characteristics of a
historical monument mostly depend on the
availability of local construction materials during
construction era [1]. Moreover, it is difficult to
determine the engineering properties of materials
adopted to the historical structures due to the
lack of experimental data and forbidden
destructive test by authorities [2]. For this
reason, indirect methods are developed to
evaluate  historical  structures to reveal
information related to available conditions.
These indirect assessment methods are based on
visual inspection, geometrical and crack pattern

survey, surface decay mapping, radar,
geoelectric and ultrasonic testing. Listed indirect
methods are not convenient for the assessment of
historical masonry structure alone. In addition,
these methods cannot be substituted by
destructive testing [3]. These are necessary to
understand the damages and their causes and
carry out a first interpretation of the phenomena
[4].

During the analytical modelling, defining
incorrect or uncertain material properties causes
unavoidable wrong results. For a typical
masonry heritage, the most difficult step is
defining input parameter to quantify the material
properties of masonry and mortar assembly.
When developing a (FE) models, especially for
historic masonry structure, it is possible to define
imprecise input parameters that can result in
unrealistic models and erroneous solutions [5].
Indefinite references or insufficient material data
force researcher to use wide range of data with
lower boundary and upper boundary [6]. The aim
of using upper and lower boundary material data
is to adapt randomly selected engineering
property due to insufficient material data for
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modelled structure. The reliability of the selected
material properties depends mostly on model
calibration of the FE model. Basic philosophy of
model calibration is to compare dynamic
identification test result of investigated structure
with FE model of the same structure on the base
of natural vibration period and frequencies. The
success of model calibration depends not only on
selecting the correct comparative quantitative but
also in updating the correct quantitative. Thus, if
the extreme use of the FE model is to assess
damage in historical structures, the engineering
properties must be adapted well to represent
linearity and nonlinearities. Model calibration
includes engineering judgment and self-intuition
about  selecting  calibration  parameters.
Moreover, the unforeseen dependencies or
correlations of parameters possibly arise among
the calibrated inputs. If these dependencies or
correlations are strong, this will raise the
problem of the calibration of one parameter
compensating for imprecision in another [5].
Besides, purchasing accelerometer always not
possible due to extreme cost of test set up and
non-destructive application. For listed reason
above, it is very important to define certain and
robust material properties for investigated
historical structures.

This study presents 14 different study
composed of mosques and bridges.

2. Structure Types
2.1.Mosques

Mosques are one of the most prominent
religious structures in the history. Nearly all
dominated sultans let to construct mosque to
shown power. Many of the available mosques
are still in use. For this reason, response of their
behavior against external loads needs to be
assessed. Kogak and Koksal (2010) investigated
seismic behavior of Little Hagia Sophia with FE
modelling. Adopted material properties were
suited with destructive and non-destructive
methods [7] and addressed to Akdz and Yiizer
(1995) [8]. Teomete and Aktas (2010)
implemented destructive tests on historical
masonry and brick elements of an historical Urla
Kamanli mosque in Izmir Turkey [9]. Demir and
[lki (2014) studied on material properties and
characterization of single layer and multi-layer
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Kiifeki stone in other words limestone which is
commonly used to construct mosques [10].
Demir and ilki (2014) characterized the multi
layered Kiifeki stone in other words limestone
according to sample dimensions 40x30 cm,
40x26 cm and 40x20 cm respectively [10].
Altunisik et al. (2015) assessed the performance
of Kaya Celebi Mosque in Turkey. For this
purpose, dynamic modal analysis and seismic
spectral analysis were performed on model [11].
Material properties were adopted by Altunisik et
al. (2015) addressed to Can et al. (2012) [12],
Dal-Cin and Russo (2014) [2014] and Saloustros
(2015) [14]. Cakir et al. (2015) modelled and
analyzed Erzurum Lala Pasha Mosque. For this
purpose, firstly material characterization was
implemented and then FE model was prepared.
Compressive strength and tensile strength of
materials were obtained from experimental
characterization. However, elasticity modulus
and density adapted from literature [15].
Nohutcu et al. (2015) studied Hafsa Sultan
Mosque in Turkey. In their study, ultrasonic
pulse velocity was used to obtain mechanical
properties of granite and stone. Homogenization
approach was used to determine mechanical
properties of FE model [16]. Nohutcu et al.
(2015) obtained mechanical properties by using
ultrasonic pulse velocity test and then these
values evaluated as bigger to adapt complete
model of masonry elements [16]. Giilli and
Karabekmez  (2016) investigated seismic
behavior of 125 years old Gaziantep Kurtulus
mosque. Material properties were adopted from
literature [17]. Elasticity modulus, poisson ratio
and compressive strength values were obtained
from predicting with genetic algorithm by
Baykasoglu et al. (2008) [18]. Tensile strength
value is adopted like 1/fc. Ilerisoy and Soyluk
(2012) studied on Sehzade Mehmet mosque to
assess seismic performance [19]. Adopted
material properties was addressed to similar
studies by Kaya et al. (1998) [20]. Addressed
reference contains a numeric study related to
Siileymaniye mosque. Altunisik et al. (2016)
studied on seismic safety of Kaya Celebi mosque
[21]. Material properties were adopted from Can
et al. (2012) [12], Dan Cin and Russo (2014)
[13] and Saloustros et al. (2015) [14]. Mangia et
al. (2016) assessed seismic performance of
Eltihatun Mosque located in Tunceli province.
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Adopted material properties obtained from
literature on the base of medium hard masonry
elements [22]. These properties can be seen in
Table 1. There are eight mosques and
experimental studies related to mosque. Material

properties of these investigated mosques can be
seen in Table 1.

Table 1. Adopted material properties to mosques

Age and Material Properties
Author(s) Ade Density Young’s Compressive Strength Tensile
9 (kg/m?3) Modulus (MPa) (MPa) Strength (MPa)
Kogak and Koksal
(2010) 536 NA 10000 10 1
Teomete and Aktas th
(2010) 14™ century 1700 2700 4.25 0.425
Demir and ilki (2014) | 15t century 2050 2615 7.91 1.6
Altunisik et al. (2015) 1660 2000 1600 0.3 NA
Cakir et al. (2015) 1562 1900 350 17.49 2.69
Nohutcu et al. (2015) 16 century 2200 1500 (1210) 7.42 0.74
Giillii and Karabekmez
(2016) 1892 2500 25000 40 4
Ilerisoy and Soyluk 2190 (Arch), 8500 (Arch),
(2012) 1548 2000 (Dome) | 3000 (Dome) NA NA
Altunisik et al (2016) 1663 2400 1200 NA NA
Mangia et al. (2016) 1252 2200 1500 3 0.15
The numbers in bracket demonstrates  However, Ural and Dogangiin estimated material

calibrated parameters

2.2.Bridges
There are many historical bridges either restored
or non-restored in our country. A few of these
bridges were studied by researchers.
Haciefendioglu et al. (2015) assessed seismic
behavior of masonry arch Kurt bridge in Turkey
against blast induced ground motion [23].
Material properties of bridge adopted from
Sevim et al. (2011) [24]. Giilli and Jaf (2016)
modelled a historical arch bridge with two
different boundary condition approach. One of
them is soil structure interaction and other of
them is with fixed base boundary condition [25].
Material properties were adopted from similar
study by Ural and Dogangiin (2007) [2].

properties on the base of their experiences for the
same arch bridge. Altumisik et al. (2015)
modelled a historical arch bridge called as
Goderni bridge. Adopted material properties
were obtained from laboratory test results. Saym
(2016) performed nonlinear dynamic analysis on
a historical masonry arch bridge called as Nadir
bridge [27]. The source of adopted material
parameters is addressed to literature. Sevim et al.
(2011) presented earthquake response of
historical masonry arch bridge [24]. Adopted
material properties were referenced to similar
studies by Frunzio et al. (2001) [28], Toker and
Unay (2001) [29] and Brencich and Sabia (2008)
[30].

Table 2. Adopted material properties to bridge

Age and Material Properties
Author(s) Age Density Young’s Compressive Tensile Strength
9 (kg/m3) Modulus (MPa) Strength (MPa) (MPa)
Haciefendioglu et al. 13th 2140.7 3000 NA NA
(2015) century
Giillii and Jaf (2016) 18th 2354, 2353, 3000, 2500, NA (Arch), NA
century 1961 1000 NA (Spandrel),
NA (Parapet)
Altunigik et al. (2015) 19th 2000 5000 (Arch), NA NA

71




Adopted Material Properties of Historical Masonry Structures for Finite Element Models: Mosques and Bridges

Age and Material Properties
Author(s) Age Density Young’s Compressive Tensile Strength
g (kg/m3) Modulus (MPa) Strength (MPa) (MPa)
century 3000
(Abutment)
Sayin (2016) 1569 2300, 2200 2500 (Arch), NA 0.5,0.4
2000 (Spandrel)
Sevim et al. (2011) 19th 1600, 1400 3000 (Arch), NA NA
century 2500 (Side
Wall)
3. Statistical Analysis 3.1.Limestone
Limestone is of the most used material among
This section contains statistical evaluation historical masonry structures. Even if material
and correlation of Young’s modulus and  properties are more abundant while compared

compressive strength of historical masonry
material. The most common and used masonry
materials are limestone and brick. Statistical

with other materials, abrasion factor and
environmental interference change the material

properties of this material based on local
evaluations are performed on these materials to  conditions.
easily obtain missing parameters with a known
parameter.
Limestone

= 60000
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150 200

Compressive Strength (MPa)

Figure 1. Young’s modulus versus compressive strength of Limestone

As seen from the Figure 1, correlation between
the Young’s modulus and compressive strength
is polynomial. This correlation can be defined
with an equation indicated in the figure above.
The confidence percent is 74.53%. This equation
is proposed to determine unknown parameter
with known one.

3.2.Brick
Brick is one another abundant material after
stone masonry. One of the most important
property of brick is more consistent than stone
masonry. Because, while plotting the data and
fitting the best curve to this material type, none
of the data was ignored.

Brick

Elasticity Modulus (

10

15

y=-6.8029x% + 431.75x + 511.17
R’ =0.7337

20 25 30 35

Compressive Strength (MPa)

Figure 2. Young’s modulus versus compressive strength of Brick
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The best fitted curve between the Young’s
modulus and compressive strength is polynomial
as seen in Figure 2. Confidence percent is
73.37%.

4. Discussion

After the FE modelling procedure, one of the
most important key point is to define correct

parameter of historical heritage. Many
researchers are missing a few important
parameters like poison ratio, compressive

strength or tensile strength. However, each
parameter has own importance. Ural and
Dogangiin (2007) [2] investigated changing
mechanical properties of infill and arch material
parameters on the seismic performance of
historical masonry arch bridge. However, Ural
and Dogangiin adopted material properties on the
base of their experiences and considered
intervention of material by external natural
events. Giilli and Jaf (2016) [25] modelled a
historical masonry arch bridge with soil structure
interaction (SSI) and without SSI and then
addressed Ural and Dogangiin related to material
properties of Mataraci bridge located at Trabzon.
But, Ural and Dogangiin performed sensitivity
analysis on the base of masonry arch and infill
material  properties. Moreover, Ural and
Dogangiin considered natural intervention on
mechanical properties of material [2]. Giillii and
Karabekmez (2016) obtained material properties
of investigated mosque by prediction with
genetic algorithm on the base of in-situ testing
[17]. Mangia et al. (2016) obtained material
properties from literature referenced to medium
strong masonry elements. Indeed, this
assumption does not reflect actual behavior of
the historical mosque [22]. Saymn (2016)
implemented a numeric study on a historical
Nadir bridge to assess seismic performance of
the bridge [27]. Sayin indicated material
properties of historical bridge to reliable
references in the mentioned study. One another
example is randomly selected material properties
on the base of self-experience like Ramos et al.
(2010) performed model calibration on historical
masonry tower before starting structural analysis
[31]. However, randomly 1000 MPa elasticity
modulus was selected for FE model of the
historical tower. This random selection was
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implemented on the base of self-experience and
high confidence of dynamic identification.
However, due to high instrumentation cost,
dynamic identification is always not possible for
researcher.

5. Conclusions

The purpose of this paper is to present
material properties of historical structures.
Mosques and bridges were considered for this
study. Moreover, this study limited with national
historical structures. Recently, there are
numerous study revealed by investigators that
seek for performance evaluation of historical
structures. However, reliability of these
investigations depends completely on the
adopted material properties of the investigated
structure. External intervention is nearly
impossible on historical monuments in order not
to disturb available property of value. For this
purpose, reliable references are required
especially for numeric model of the investigated
monument. Correct material properties that
adapted to numeric model is indispensable to
implement risk assessment of any type of
historical structure. This study collected all
material properties of investigated historical
structures either with destructive or non-
destructive testing evaluation. Moreover, this
study includes experimental tests to determine
engineering properties of the historical element
or structure. This paper has contributions to the
literature on the base of listed aspects;

1. Before performing a  numerical
assessment of a historical structure, precise
material properties should be adopted to the
structure with the same material and the
structural type.

2. In an investigated structure, material
properties of all element type cannot be the same
properties. Vault, arch and wall element of the
same model may contain different material
properties even if these element type composed
of the same material.

3. Adopted material properties can be
calculated Dby different approaches like
homogenization. This calculated property

reflects overall behavior of brick and mortar unit.
While calculating these parameters, selected
material properties of the unit and mortar should
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be selected on the base of individual
characterized elements.
4. Adopted material properties should

simulate structural intervention and restoration
well.
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Abstract

In the present study, the effects of styrene-butadiene-styrene (SBS) and American gilsonite (AG) on the stiffness
and thermal sensitivity of bituminous binders were investigated in bitumen modification. Sanliurfa province was
chosen as the application field. It was determined that 18% AG and 5% SBS additives should be used separately
to obtain the adequate binder for Sanlurfa province. It was also determined that 13% AG with 2% SBS, 10%
AG with 3% SBS and 6% AG with 4% SBS were required to obtain binders with the same performance level.
Penetration, softening point and rotational viscometer tests were conducted on neat and modified bitumen to
determine the consistency of binders. Furthermore, thermal sensitivities of binders were determined from
penetration index and penetration viscosity number values. It was determined that all additives increased the
consistency of the binders, the most effective additive type and ratio was 18% AG on penetration values, and all
additives had similar effects on the softening point and viscosity values. In addition, it was determined that the
temperature susceptibility was reduced with additive use and the most effective contribution came from 5% SBS.

Keywords: Bitumen, Styrene-butadiene-styrene, American Gilsonite, Consistency, Temperature susceptibility.

Bitiim Modifikasyonunda Stiren-Butadien-Stiren ve Gilsonit’in Birlikte

Kullaniminin Baglayicilarin Sertligi ve Isi Hassasiyetine Etkileri

Ozet

Bu ¢alismada, bitiim modifikasyonunda stiren-butadien-stiren (SBS) ve Amerikan Gilsoniti’nin (AG) bitimlii
baglayicilarin sertligi ve 1s1 hassasiyeti iizerindeki etkileri arastirildi. Uygulama alani olarak Sanliurfa ili secildi.
Sanlurfa ili i¢in uygun baglayici elde etmek amactyla % 18 AG ve % 5 SBS katki maddelerinin ayr1 ayri
kullanilmas1 gerektigi tespit edildi. Ayrica ayni performans seviyesine sahip baglayicilar elde etmek igin % 2
SBS ile % 13 AG, % 3 SBS ile % 10 AG ve % 4 SBS ile % 6 AG kullanilmasi1 gerektigi tespit edildi.
Baglayicilarin kivamini belirlemek igin saf ve modifiye bitiimler {izerinde penetrasyon, yumusama noktasi ve
donel viskozimetre deneyleri yapildi. Ayrica baglayicilarin 1s1 hassasiyetleri, penetrasyon indeksi ve penetrasyon
viskozite sayisi degerleri yardimiyla belirlendi. Tiim katki maddelerinin baglayicilarin kivamini arttirdigi,
penetrasyon degerleri lizerinde en etkin katki tiirii ve oraninin % 18 AG oldugu ve tiim katki maddelerinin
yumusama noktasi ve viskozite degerleri iizerinde benzer etkilere sahip oldugu tespit edildi. Buna ek olarak, 1s1
hassasiyetinin katki kullanimi ile azaldig1 ve en etkin katkinin % 5 SBS oldugu saptandi.

Anahtar Kelimeler: Bitiim, Stiren-butadien-stiren, Amerikan gilsonit, Kivam, Is1 hassasiyeti.

1. Introduction

Bitumen obtained by distillation from crude
oil is produced from the residues of this process.
Bituminous binders are a complex mixture of
organic particles containing aliphatic, aromatic
and naphthenic hydrocarbons and could be
divided into two basic groups, namely maltenes
and asphaltenes [1]. The asphaltenes are

dispersed in the maltene phase with a continuous
phase and the structure that forms the bitumen
structure includes saturates (S), aromatics (A),
resins (R) and asphaltenes (AS). The complexity,
aromaticity and molecular weight of the fractions
are ranked as follows: S<A<R <As[2, 3].

The bitumen exhibits binding properties that
binds aggregates due to their cohesive properties
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in road applications. The bituminous binder also
prevents the aggregate particles from falling
apart under traffic loads, improves the driving
comfort with the smooth surfaces they create,
increases mixture stability with its cohesion, and
provides impermeability by filling the voids in
the mixture. Bituminous binders have a great
effect on mixture performance, even though they
are used at a low rate of 5 to 7% by weight in hot
mix asphalts [4].

Various additives (modifiers) have been
used to improve the properties of binders for a
long time, thereby increasing the service life of
the pavement by preserving its performance for a
longer period of time. The additives used for this
purpose vary depending usage. To increase the
resistance of bitumens and bituminous hot mixes
to heat and traffic loads, generally additive
materials of polymer origin are added. Mostly
Styrene-Butadiene-Styrene (SBS) Block
Copolymers are used in these additives. Several
previous studies determined that SBS improves
the fracture resistance at low temperatures, and
the generation of rutting and fatigue resistance at
high temperatures [5-9].

Gilsonite is a solid hydrocarbon mineral
available in nature with a potential to improve
physical and chemical properties of bitumen
[10]. Gilsonite can rapidly dissolve in bitumen
since it is a kind of natural asphalt binder [11].
Gilsonite offers different advantages over other
modifiers such as easy mixing and compatibility
with asphalt mixtures [12]. Economically
significant Gilsonite mineral is found in the
United States and Iran.

When Gilsonite is added to the bitumen, the
penetration of the bitumen decreases, its
viscosity increases and as a result, a harder
modified bitumen is obtained. Mixtures prepared
with Gilsonite modified bitumens have higher
stability, lower permanent deformation and
temperature susceptibility, as well as higher
resistance to stripping caused by water when
compared to mixtures prepared with unmodified
bitumen [13-16].

Several previous studies reported that
storage stability of SBS modified bitumen is low,
even though the rheological properties of SBS
modified bitumen are superior to that of the neat
binder [17, 18]. Furthermore, SBS is also a more
expensive additive compared to Gilsonite. Using
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SBS and Gilsonite together in bitumen mixture
instead of using only SBS-modified bitumen, so
that the resulting performance would be the
same, provides economic benefits [19]. The
combined use of the two additives has been
common during recent years and aimed to
remove the negative aspects of the additives and
to increase the rheological properties of the
bituminous binders, and thus, increasing the
performance of the BHMs in different aspects
[20-23].

In the present study, the effect of the
combined use of SBS and AG in bitumen
modification on consistency and temperature
susceptibility of the bituminous binders were
examined. For this purpose, penetration,
softening point and rotational viscometer
experiments were conducted with neat and five
different modified bitumen samples.
Furthermore, using penetration and softening
point values, penetration index value, which is
the indicator of temperature susceptibility, is
determined. Thus, the effect of two different
additives on the consistency and thermal
sensitivity of the bituminous binders was
determined.

2. Material and Method

The binder design was conducted with the
Superpave method in the study. Sanliurfa, the
warmest province in Turkey, was selected as the
application field. The information on the highest
temperature values for 7 consecutive days and
the coldest day during the last 21 years was
obtained  from Regional Meteorology
Directorate and it was assumed that the design
traffic estimate was 3-30 million standard axle
load equivalent and there was low-speed traffic
(<50 km / Hour). It was determined that the
binder class that should be used in the design
criteria determined for Sanliurfa was PG 76-10.

In the present study, Styrene-Butadiene-
Styrene (SBS) Block Copolymer produced by
Shell Bitumen Company and American Gilsonite
(AG) obtained from American Gilsonite
Company were used as additives to B 160/220
grade bitumen that was procured from TUPRAS
refinery in Turkey. The mix was obtained by
mixing the neat bitumen and additive material
for 60 minutes with 1000 rpm. mixer at a



Ozge Erdogan Yamag, Mehmet Y1lmaz and Baha Vural Kok

temperature of 180°C (Figure 1). In previous
studies, it was determined that when 5% SBS
(MB5S), 18% American Gilsonite (MB18G), 2%
SBS + 13% AG (MB2S+13G), 3% SBS + 10%
AG (MB3S+10G), and 4% SBS + %6 AG
(MB4S+6G) were used, the performance level
(PG 76-16) was suitable for Sanlurfa province
and the test results for these mixtures were
similar. For this reason, 5 different additive
ratios determined in the previous study were
used.

f

#

Fg 1. Modified bitumen mixer and mixing apparatus

2.1. Peneteration Test

The penetration test was conducted to
determine the stiffness or consistency of the
bituminous binder. Penetration is the amount of
vertical penetration by a standard needle at a
given temperature under a given load, and over a
period of time (Figure 2). The unit of penetration
is 0.01 cm. In the penetration test, a load of 100
g was applied to the bituminous binder sample at
25°C for 5 seconds.

In the penetration test, the bituminous
binder sample is taken according to EN 58
standard and transferred to the sample container
after heating. The samples are allowed to cool
for 60-90 minutes at a temperature of 5-30°C.
The sample containers are then placed in a
constant temperature water bath in the transfer
chamber for 1-1.5 hours.

/ . =

Fig 2. Penetration test apparatus

The transfer container that contains the
sample container is placed on the penetration
device plate. The needle loaded with the desired
weight is adjusted to have contact with the
sample surface. At least 3 tests should be
conducted using points that are not closer to each
other and the side of the container for more than
1 cm. The arithmetic mean of accepted
measurements is rounded to the nearest whole
number, which is taken as the penetration value.

2.2. Softening Point Test

The softening point test aims to measure the
resistance of bituminous binders to high
temperatures. Softening point is the temperature
at the moment when the softened material
touches the base as a result of heating the
bituminous material in the standard ring at a
certain speed, which was placed in a water bath,
with a ball on it. The test setup is shown in
Figure 3.

Before the experiment, the bitumen sample
is heated and poured into the standard ring up to
the top of the ring and cooled for 1 hour. The
bitumen overflowing the ring is cut off using a
heated spatula.

Fig 3. Softening point test apparatus

Pure water at a temperature of 5°C is
placed in the beaker and the ring that contains
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the sample is submerged into the water. Then
the ball is placed in the beaker filled with water.
The temperature of the water bath is kept
constant at 5°C for 15 minutes. The ball is then
placed in the middle of the sample in the ring
using a pair of suitable tongs. The water is
heated at a rate of 5°C per minute. The
temperature read from the thermometer is
recorded as the softening point when the
softening material touches the base of the bath
as a result of the increase in temperature.

2.3. Rotational Viscosimeter (RV) Test
(ASTM D 4402)

The Rotational Viscometer (RV) test is
conducted to determine the viscosity properties
of the bituminous binders at high temperatures.
The high temperature viscosity values of binders
are identified to determine whether the binders
are sufficiently fluid during pumping and
mixing procedures. In the experiment, viscosity
values are obtained by measuring the resistance
of a shaft rotating at 20 rpm within the binder
(Figure 4). In the RV test conducted with the
original binders, it is best when the viscosity at
135°C does not exceed 3 Pa.s (3000 cP) [24,
25].

Approximately 30 gr. sample is taken and it
is heated in a drying oven with a temperature of
less than 150°C. Approximately 11 gr. of this
material is placed in the sample compartment,
and the sample compartment is placed in a
temperature-controlled container with a constant
temperature. After the sample is kept at a
constant temperature for 15 minutes, the test is
conducted. After almost equal viscosity values
are obtained, three readings are conducted, and
the viscosity of the binder is accepted as the
average of these three measurements.

Viscosity values are used to determine the
mixing and compaction temperatures of hot mix
asphalts (HMAS). For this purpose, the RV test is
carried out at 135°C and 165°C temperatures. A
temperature-viscosity graph is plotted and the
viscosity values are marked on the graph and
these values are connected by a straight line. The
viscosity values of the bituminous binder of
0.170 £ 0.20 Pa.s and a compaction value of
0.280 = 0.30 Pa.s are desired when mixing
HMAs [24]. The temperature  values

80

corresponding to these viscosity values are

accepted as the mixing and compaction
temperatures.
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2.4. Temperature of

bituminous binders

susceptibility

2.4.1. Peneteration Index Method

Penetration Index (PI) is used to determine
the temperature susceptibility of bituminous
binders. The Penetration Index is determined
with the standard penetration and softening
point test results (Formulas 1, 2). P25 in the
formula depicts the penetration value of the
bitumen at 25°C and TYN indicates the
softening point. The PI values decrease as the
temperature susceptibility of bitumen binders
increases. If the Penetration Index is less than -
2, the bitumen is very sensitive to heat, whereas
when it is greater than +2, it indicates that the
bitumen is less sensitive to heat [26].

_1log800—log P,

@

T, —25
_ 20-500A
e )
1+50A
2.4.2.Peneteration  Viscosity  Number

Method

Penetration-Viscosity Number (PVN), also
called Pen-Vis Number, is an empirical
correlation between asphalt cement factors and
low temperature pavement cracking experiences.
Asphalt cement factors considered in the
original correlation are penetrations at 25°C,
viscosity at 135°C and equation is proposed for
selecting asphalt cements to prevent low



Ozge Erdogan Yamag, Mehmet Y1lmaz and Baha Vural Kék

temperature cracking of asphalt concrete
pavements. The PVN method is used to quantify
temperature susceptibility of an asphalt cement
and estimate its ability to prevent low-
temperature cracking. Lower values of PVN
indicate higher temperature susceptibility, and
asphalt mixtures containing binders with lower
temperature susceptibility should be more
resistant to cracking. The PVN number of a
paving asphalt can be calculated precisely from
the equations as follows [27];

4.258—0.796710g P, — logV
0.795—0.1858l0g P,

PVN=-15

In the formula, P25 indicates the bitumen
penetration at 25°C and V indicates the viscosity
value at 135°C.

2.5. Experimental study

In the present study, neat and modified
binders were subjected to penetration, softening
point and rotational viscometer tests to determine
their consistency. Furthermore, the penetration
index values, which indicate the temperature
susceptibility of the bituminous binders, are
determined using softening point and penetration
values.

3. Results
3.1. Peneteration results

The results obtained from the penetration
tests applied to binders are presented in Figure 5.

200

150 1

100 A

N 4%
0

T
PG52-28 MB5S

Penetration (0.1 mm)

wm | B

MB18G MB2S+13GMB3S+10G MB4S+6G

Fig 5. Penetration test results

Figure 5 demonstrates that penetration
values decreased with the use of additives. It was
determined that the use of 18% AG and 5% SBS
were the least effective methods for decreasing
the penetration value when compared to the neat
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bitumen. The penetration values increased as the
SBS content increased when dual additives were
used. The penetration values of the modified
bitumen that contained 5% SBS, 18% AG, 2%
SBS + 13% AG, 3% SBS + 10% AG and 4%
SBS + 6% AG were 3.14, 7.50, 6.32, 5.34 and
4.56 times lower than neat binder, respectively.

3.2. Softening Point Test results

The results obtained in the softening point
tests applied to the binders are presented in
Figure 6. Figure 6 demonstrates that the
softening point values increased with the use of
additives. This indicated that all utilized
additives would increase the high temperature
resistance of the bituminous binders. When the
impact of the additives on the softening point
values is considered, it was found that all the
additives had similar effects on the softening
point and increased the softening point values by
about 45% when compared to the neat binder.
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Fig 6. Softening point test results
3.3. Specific gravity of bituminous binders

Specific gravity values of neat and modified
bitumen are determined based on the EN 15326
standard. The results obtained in specific gravity
tests are presented in Figure 7.
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Fig 7. Specific gravity values of neat and modified
binders

As can be seen in the figure above, the
specific gravity values of bituminous binders
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were between the specification limits 1.0-1.1.
When the changes in specific gravity with the
use of additives were examined, it was observed
that the specific gravity of binders increased with
the use of American Gilsonite, whereas the
specific gravity values decreased with the use of
SBS. With the combined use of AG and SBS,
specific gravity values increased regularly when
compared to the use of 5% SBS, but decreased
regularly when compared to 18% AG use.

3.4. Penetration Index values

The Penetration Index values for neat and
modified bituminous binders determined using
formulas (1) and (2) are given in Figure 8.
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Fig 8. Variation in binder penetration index values
with additive use

The Penetration Index results that
demonstrate the temperature susceptibility of
bituminous binders showed that the Pl value
increased as the SBS ratio in modified binders
increased (Figure 8). Since the temperature
susceptibility of bituminous binders decrease as
the PI value increased, it could be argued that the
use of SBS decreased the temperature
susceptibility of bituminous binders. It was
determined that as AG content in modified
bitumen increases, the Pl values decreases and
thus, the temperature susceptibility increases.
When SBS and AG are used together in the
modified bitumen, it was determined that AG
had a negative effect on the temperature
susceptibility, and that this problem was
eliminated by using SBS in conjunction with
AG.

3.5. Penetration Viscosity Number values

The Penetration Viscosity Index values for
the neat and modified bituminous binders
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determined using the formula (3) are given in
Figure 9.
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Fig 9. Variations in binder penetration viscosity
number values with additive use

When the penetration viscosity number
results that reflect the susceptibility of
bituminous binders to low temperatures were
evaluated, it was determined that the use of AG
had a negative effect on temperature
susceptibility in PVN values, similar to the PI
values, when compared to that of the SBS. It was
also determined that SBS can be used to avoid
the negative impact of AG on temperature
susceptibility. It was determined that the
temperature susceptibility decreased with the use
of SBS instead of AG in dual modified bitumen
(Figure 9).

3.6. Rotational Viscometer Test results

Neat and modified binders were subjected
to rotational viscometer tests at 135°C and
165°C temperatures. In the experiment, 20 rpm
speed was used. Modification index values were
obtained from the ratio of the viscosity value of
the modified binder to the viscosity value of the
neat binder (nmodified / nmneat). The viscosity
results obtained from the tests are presented in
Figure 10. The viscosity and modification index
values obtained at high temperatures (135°C and
165°C) demonstrated that SBS increases the
stiffness of the binders and reduces the
workability at high temperatures.
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Fig 10. Variations in binder viscosity values with
temperature and additive use

Figure 10 demonstrates that the viscosity
values of all binders met the Superpave
specification limit maximum value of 3000 cP at
a temperature of 1350C. With additive use, the
viscosity values increased at all temperatures. It
was determined that the viscosity values of 5%
SBS modified binders were the highest and the
bituminous viscosity values with 18% AG were
the lowest, despite their similar performance
levels. It was determined that as the SBS content
in the modified bitumen increased, the viscosity
values increased at both temperatures.

The modification index (nmodified / nneat)
values determined by the ratio of the viscosity
value of the modified bitumen to the viscosity
value of the neat binder are given in Figure 11.
When the modification index values were
examined, it was determined that the additive
that maximizes the viscosity value at all
temperatures was SBS and the least contributing
additive was AG. It was determined that the
viscosity values of SBS and AG were higher
than those of the sole use of AG and the
viscosity values increased regularly as the SBS
ratio in the mixture increased.

When the bituminous binders are mixed
with the aggregates at the plant and the hot mix
asphalts are compacted in the field, they must
possess adequate workability. It is desirable that
the bituminous binder has a viscosity value of
0.170 £ 0.20 Pa.s for compaction and 0.280 +
0.30 Pa.s for the mixing [24]. In the plotted
temperature-viscosity graphs, the viscosity
values were marked and these values were joined
with a straight line. The temperature values that
correspond to these viscosity values are accepted
as the mixing and compaction temperatures. As
an example, the viscosity-temperature graph that
shows the mixing and compaction temperature
ranges for the modifier binder that contains 18%
AG is presented in Figure 12.
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The variation in the mixing and compaction
temperatures with the type of additive is
presented in Figure 13.
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Fig 12. Mixing and compaction temperatures of
binders

As shown in Figure 13, higher mixing and
compaction temperatures were required with the
use of additives. This demonstrates that although
higher binder performance is achieved with
additive use, higher temperatures will be
required during mixing it with the aggregate and
compaction of the HMA, thus requiring more
energy during the preparation at the plant. When
the effects of the additive types and combined
use of additives were evaluated, it was
determined that the highest mixing and
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compaction temperatures were found with 5%
SBS modified bitumen and the lowest values
were found with 18% AG modified bitumen. As
the SBS content in the modified bitumen
increased, higher mixing and compaction
temperatures were needed.

4. Conclusion

In the study, consistency and specific
gravities of neat and 5 different modified bitumen
were determined and their temperature
susceptibility was evaluated with two different
methods. Initially, 18% AG and 5% SBS were
used as additives separately, then 2% SBS and
13% AG, 3% SBS and 10% AG, and 6% AG and
4% SBS were used in conjunction to obtain
bituminous binders with the same performance
level.

 Penetration tests demonstrated that all
additives increased the stiffness significantly. It
was determined that the most effective additive
was 18% AG and the least effective additive was
5% SBS.

» Softening point tests demonstrated that
all additives increased the high temperature
resistance of the bituminous binders significantly,
and all modified bitumen had similar softening
point values.

« It was determined that the specific gravity
values of AG modified bitumen were higher
since both the usage ratio and density of AG was
higher than those of SBS as demonstrated in
specific gravity tests.

» Penetration index values demonstrated
that 5% SBS modified bitumen had the lowest
thermal sensitivity and 18% AG modified had the
highest. This negative aspect of AG modified
binders was reduced with the addition of SBS.

 Penetration viscosity number values were
consistent with Pl values. With the use of AG
additive, the low temperature susceptibility of
bituminous binders have increased, and the use of
SBS has reduced the Ilow temperature
susceptibility.

» It was determined that additive use
increased binder stiffness values as observed in
viscosity values. Consequently, the mixing and
compaction temperatures increased with the
modification values. The most effective additive
on viscosity values was 5% SBS modification.
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Abstract

The most important principle of the earthquake-resistant design of reinforced concrete structures is that the
structural elements must carry both vertical loads and horizontal loads as a whole. For this reason, it is required
that the structural elements carry their own weight with sufficient safety and the loads arose from external forces
must be transferred safely to the load carrying vertical elements. However, discontinuity of the slabs disturbs the
integrity of the structures and causes problems in transferring earthquake loads to the structural elements. In this
study, the effect of slab discontinuity in plan on seismic behaviors of multi - storey reinforced concrete structures
was investigated by using incremental linear dynamic analysis method. To investigate this irregularity situation,
one regular and three irregular multi-storey reinforced concrete building models were selected. Dynamic
envelopes of the structures were obtained from the analysis results and compared with each other. Thus, it was
observed that the irregular structures subjected to more shear force than the regular structure.

Keywords: Reinforced concrete building, Slab discontinity, Incremental linear dynamic analysis

Doseme Siireksizligine Sahip Betonarme Binalarin Deprem
Davranislarinin Degerlendirilmesi

Ozet

Betonarme yapilarin depreme dayanikli tasariminin en 6nemli ilkesi yapiyr olusturan tasiyici elemanlarin hem
diisey yiikleri hem de yatay yiikleri biitiin bir eleman olarak tagimasidir. Bu nedenle yapisal elemanlardan kendi
agirliklarini yeterli giivenlikle tasimasi, dis kuvvetlerden gelen yiikleri tasiyici elemanlara giivenli bir sekilde
aktarmasi istenmektedir. Ancak yapilarin biitiinligiinii bozan déseme siireksizlikleri, deprem yiiklerinin tasiyict
elemanlara aktarilmasinda sorunlara neden olmaktadir. Bu ¢alismada planda doseme siireksizliginin sahip ¢ok
katli betonarme yapilarin deprem davranigina etkisi artimsal dinamik analiz yontemiyle incelenmistir. Bu
diizensizlik durumunun incelenmesi i¢in biri diizenli digerleri diizensiz olmak iizere toplam alt1 adet ¢ok katl
betonarme yapt modeli se¢ilmistir. Analiz sonuglarindan yapilarin dinamik itme zarflari elde edilmistir. Yapilan
degerlendirme sonucunda déseme siireksizligine sahip yapilarin diizenli yapiya gore daha fazla kesme kuvvetine
maruz kaldig1 gériilmiistiir.

Anahtar Kelimeler: Betonarme yapi1, Déseme siireksizligi, Artimsal lineer dinamik analiz

1. Introduction structures; both in practice and in dimensioning,

provide simple the calculation and forces are

The earthquake effect is a natural catastrophe
that has caused massive devastation on people
and the environment. But the main reason of the
losses in the earthquakes is that the structures not
provided the desired earthquake behavior. While
designing the building systems, it is aimed that
the buildings resist the earthquake forces at least
must be provide life safety level. To provide this
performance level, the structure has symmetrical
and regular load carrying system. Regular

calculated accurately. For this reason, regular
construction is the most practical choice for a
good design.

Lateral forces are transmitted to the vertical
load carrying elements by slabs. It is assumed
that the slab behaviors as a rigid diaphragm
during the design of structure. But the large
openings in the slab invalids rigid diaphragm
assumption [1-4]. So, Turkish Seismic Code
(TSC-2007) [5] requires some requirements
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about this irregularity. These requirements are
shown in Fig.1. According to code, In any floor

a) The case where the total area of the
openings including those of stairs and elevator
shafts exceeds 1/3 of the gross floor area,

b) The case where local floor openings which
make the safe transfer of seismic loads difficult to
vertical structural elements,

¢) The cases of abrupt reductions in the in-
plane stiffness and strength of floors.

Ay = A + Az
4, 1
B
A
where
A, shows sum of the openings and

A shows gross floor area, respectively.
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Figure 1. Slab discontinuity situations defined in
TSC
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To investigate this irregularity situation, one
regular and three irregular multi-storey reinforced
concrete  building models were selected.
Incremental linear dynamic analyses were
performed and dynamic envelopes of the
structures were obtained from the analysis results.
In  dynamic analysis, elastic diaphragm
assumption was made.

2. Material and Methods
Numerical study

A. Selected Building Models

For dynamic analyses three 3D irregular and a
regular building models were selected. These
models have five stories and height of stories are
3,50 m. The dimensions for columns were
selected as 50x50 cm, and dimensions for beams
were selected as 30x60 cm. Slab thickness was
selected as 13 cm. It was assumed that, the
building importance coefficient is 1.0 and,
concrete class is C25 and reinforcement steel
class is S420. Selected models and rates of slab
openings are illustrated in Figs.2-5. In this
models, first and end bays are 500 cm and the
middle bays are 450 cm in x direction. For y
direction first and end bays are 600 cm, the other
bays are 500 cm. The dynamic analyses are
performed by SAP2000 structural analysis
program [6]

500 cm 450cm 450cm

450cm . 450cm ; 500cm

600cm

500cm

500cm

500cm

600cm

Figure 2. Regular model
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Figure 3. B1 irregular model
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Figure 4. B2 irregular model
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Figure 5. B 3 irregular model
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B. Earthquake Parameters and Local Site
Conditions

Table 1 shows selected earthquake accelerations
properties used in dynamic analysis. The seismic
records have been selected from the PEER Strong
Motion Database [7] and scaled in order to be
compatible with the design spectrum according to
seismic zones and local site conditions in TSC.
Soil classes (from Z1 to Z4) are characterized in
term of periods Ta and Ts. The design spectrums
are given according to local site classes in Fig. 6.

Table 1. Selected earthquake acceleration records
for dynamic analysis

Eartquakes | Kocaeli | LomaPrieta | Imperial
Valley
Station Corralitos El Centro
Sakarya Array
Direction North- East-West East-West
South
Date August October 18, | May 19,
17,1999 1989 1940
Magnitude 7.4 6.9 7.0
PGA(9) 0.376 0.644 0.313

T(s)

Figure 6. Recommended elastic response spectra for
ground types Z1 to Z4 (for 5% damping)

Selected earthquake records were scaled in
frequency content in order to be compatible with
the target design spectrum of four effective
ground accelerations and different soil classes
(Fig. 7a-d). The records were scaled using
SeismoArtif and SeismoSignal programs.
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d) Response spectra of the earthquake acceleration
records scaled according to the elastic design
spectrum for Z4 soil class and effective ground
accelerations

Figure 7. Response spectra of the earthquake
acceleration records scaled according to the elastic
design spectrum for four soil classes and effective
ground accelerations defined in TSC

3. Results

Maximum responses of the incremental
dynamic time history analyses are given in Figs.
8-10 for the x direction and Figs. 11-13 for the y
direction. Dynamic envelopes are obtained
according to these responses. Each irregular
models are compared with regular building.
According to these figures, the correlation
coefficient values, are exceed 0.90 for x
direction. Also, it is seen that dynamic envelopes
of each irregular building models exceed the
dynamic envelope of regular building. This
situation is a evidence of the irregularity causes
more shear forces.
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Figure 8. Comparision of dynamic envelopes of B1
irregular model and Regular model for x direction
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Figure 9. Comparision of dynamic envelopes of B2
irregular model and Regular model for x direction
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Figure 10. Comparision of dynamic envelopes of B3
irregular model and Regular model for x direction

According to Figs.11-13, the correlation
coefficient values are approximately 0.90 for
regular building and for the other coefficient
exceed the 0.90 for y direction. Seismic actions
obtained from the scaled earthquakes follow the
same trend and shape to that of the dynamic
envelopes, similar to that in the x direction.
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Figure 11. Comparision of dynamic envelopes of B1
irregular model and Regular model for y direction
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Figure 12. Comparision of dynamic envelopes of B2
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Figure 13. Comparision of dynamic envelopes of B3
irregular model and Regular model for y direction

4. Discussion

In this paper, the effect of slab discontinuity in
plan on seismic behaviors of multi-storey
reinforced concrete structures was investigated by
using incremental dynamic analysis method. To
investigate this irregularity situation, one regular
and three irregular multi-storey reinforced
concrete building models were selected. Dynamic
envelopes of the structures were obtained from
the analysis results.

According to analysis results, dynamic
envelopes obtained from each irregular building
models exceed the dynamic envelope of regular
building for x and y directions This situation
shows that this type of irregularity causes more
shear forces. So, it is should be abstain from the
application of this irregularity.
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Abstract

Structures are exposed to various dynamic effects such as earthquake, wind and traffic load. It need to be taken
various measures for surviving the structures under dynamic loads. Taking the appropriate measures depends on
the well-known of dynamic behavior of existing structures. This behavior of the structure can be known through
analytical or experimental methods. In the analytical methods, many acceptance is made in finite element
modeling of the structure and it is considered that the created model represents its existing case. However, it is
rather difficult to fully represent of the existing structure with the accepted assumptions. In experimental
methods, the dynamic characteristics of the structure (natural frequencies, mode shapes and damping ratios) are
determined for the present case. Using these dynamic characteristics, the existing analytical model of the
structure can be updated and the evaluation of the structure according to this new model can be made more
realistic. In this study, analytical and experimental analyses of the minaret of Firat University Engineering
Campus Mosque were carried out. The finite element model has been updated depending on the dynamic
characteristics obtained from the experimental analysis.

Keywords: Dynamic characteristics; Reinforced concrete minaret; Analytical model; Environmental vibration data; updating
of finite element model.

Betonarme Minarelerin Dinamik Karakteristiklerinin Cevresel
Titresimler Kullanilarak Belirlenmesi Ve Sonlu Eleman Modellerinin
Giincellestirilmesi

Ozet

Yapilar deprem, riizgar, trafik yiikii gibi ¢esitli dinamik etkilere maruz kalmaktadir. Yapilarin dinamik yiikler
altinda ayakta kalabilmeleri i¢in ¢esitli tedbirlerin alinmasi gerekmektedir. Uygun tedbirlerin alinmasi mevcut
yapilarin dinamik davranislarinin iyi bilinmesine baglidir. Yapinin bu davranisinin bilinmesi, analitik ya da
deneysel yontemler yardimiyla mimkiin olabilmektedir. Analitik yontemlerde, sonlu elemanlar modeli
olusturulurken bir¢ok kabul yapilmakta ve olusturulan modelin mevcut yapiy1 temsil ettigi diisiiniilmektedir.
Oysaki yapilan kabullerle mevcut yapinin tam olarak temsil edilmesi olduk¢a zordur. Deneysel yontemlerde ise,
yapmin dinamik karakteristikleri (dogal frekanslari, mod sekilleri ve soniim oranlari) mevcut durum igin
belirlenmektedir. Bu dinamik karakteristikler yardimiyla yapinin mevcut analitik modeli giincellestirilebilir ve
bu yeni modele goére yapinin degerlendirilmesi daha gercekgi olarak yapilabilir. Bu ¢alismada, Elazig ili Firat
Universitesi Miihendislik Kampiisii Camisinin minaresinin analitik ve deneysel analizleri gerceklestirilmistir.
Deneysel analizden elde edilen dinamik karakteristiklere bagli olarak yapinin sonlu elemanlar modeli
giincellestirilmistir.

Anahtar Kelimeler: Dinamik karakteristikler; Betonarme minare; Analitik model; Cevresel titresim verileri; Sonlu
elamanlar modelinin giincellestirilmesi.

1. Introduction living things and also enable observation of the
behaviors of the structures [1]. The analysis of
the acceleration signals obtained with the help of
accelerometers gives some information about the

As depending on the fast progress of the
technology, the produced electronic devices
enable easy observation of the behaviors of
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structure. By comparing the results obtained for
different situations, it can be determined whether
there is any change in the behavior of the
structure. Experimental Modal Analysis method
is widely used for this purpose [2]. The basis of
experimental modal analysis studies, which have
application scope in many engineering
disciplines, is based on the 1940s. At early times,
non-practical approaches was mostly used since
transformers measuring dynamic forces were
simple. In the 1960s, the modern era of
experimental modal analysis began as depending
on the development of digital computers and
Fast Fourier Transforms [3].

Structures are exposed to various dynamic
effects such as earthquake, wind and traffic load.
It need to be taken various measures for
surviving the structures under dynamic loads.
Taking the appropriate measures depends on the
well-known of dynamic behavior of existing
structures. While the dynamic characteristics of
the structures (natural frequencies, mode shapes
and damping ratios) are used to determine its
dynamic behavior with wusing the mode
superposition method, it also helps to control the
accuracy of the analytical model. These
characteristics cannot be at the expected values
due to cracking, fatigue, collapse of support in
the structures and/or workmanship faults during
construction [4]. Therefore, it is considered that
using of the dynamic characteristics obtained
from analytical methods in determining dynamic
response of the structures can be given incorrect
results. Since experimental methods are applied
on the current state of the structures, dynamic
characteristics obtained by these methods reflect
the current situation. Updating of analytical
models of structures with respect to results of
experimental methods will lead to more realistic
results [5-7].

There are many studies on determining the
dynamic characteristics of structures based on
experimental measurements [8-14]. In these
studies, the dynamic characteristics of many
structures such as minaret, tower, mosque,
church, etc., which are constructed as reinforced
concrete/masonry, are determined.
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2. Experimantal Method

Vibration is the behavior of structures under
initial conditions or under applied external loads.
Basically, there are two types of vibration, free
and forced vibration [7,15]. Free vibration occurs
under the initial conditions of the structure and
ends with the effect of damping after a while. In
this type of vibration, the fundamental frequency
is the smallest frequency and usually the most
effective frequency of the structure. If an
external load is applied to the structure, the name
of this vibration is the forced vibration. As long
as the structure is exposed to external load,
vibration of the structure continues [16]. The
experimental method to be wused varies
depending on whether vibration is known or not.
If the numerical values of vibration applied to
the structure are known, Conventional Modal
Analysis method, if the numerical values of the
vibration are unknown and the structure vibrates
under of environmental effects, Operational
Modal Analysis (OMA) method is used. OMA
method are not needed expensive devices when
compared to the conventional modal analysis
method at large volume structures for artificial
excitation [5,17].

OROS-OR36  Multichannel  Noise and
Vibration Analyzer is used in experimental
measurements based on the OMA method
(Figure 1).

Figure 1. OROS-OR36 Multichannel Noise and
Vibration Analyzer.

3. Numerical Application

In this study, theoretical and experimental
analyses of the minaret of Firat University
Engineering Campus Mosque (Figure 2) were
carried out. This minaret had built as reinforced
concrete.
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3.1. Theoretical analysis

The analytical model of the selected
reinforced concrete minaret was created with
shell elements by using SAP2000 finite element
package program. In the initial analytical model,
the modulus of elasticity of the concrete was
taken as 11*10° MPa (Figure 3). The values of
first three frequencies obtained from the modal
analysis using the initial analytical model are
2.30, 2.45 and 8.77, respectively.

Figure 2. Minaret of Firat University Engineering
Campus Mosque.

Figure 3. Finite element model of Minaret.
3.2. Experimental analysis

Creating Experimental Model: OMA method
were used in the experimental measurements of
the structure. Measurements were taken with the
accelerometers attached to 4 different points of
the structure. The measurement points on each
floor are selected as points having the same
coordinates in the "x" and "y" directions. 8
accelerometers were totally used for the
measurement  without reference as two
accelerometers each of which are placed in x and
y directions for each point (Figure 4).

95

X

(et

Figure 4. The accelerometer system for without
reference measurement.

Experimental Measurement and Updating
Analytical Model: After the preliminary tests of
structure carried out, (finite element model
solutions and in-situ wide frequency range
measurements), the measurement frequency
range, time and other parameters were
determined. The Modal Indication Function was
created by processing raw signals obtained from
measurements. With the help of this function,
first three frequencies were selected and values
of that are 2.15, 2.32 and 9.56 Hz, respectively.
Mode shapes with related these frequencies
were given in Figure 5-6.

Modal Indication Function

dB SIngular Value

T

W2 =g

10 20
Frequency (Hz)

Figure 5. Selected frequencies from modal
indication function.

The compatibility of analytical and
experimental modes was controlled by a criterion
called Modal Assurance Criteria (MAC). This
criterion [16] is defined by the (1) equation.

2
v, "va| 1)
MAC (y,. v, )=
e YT T (v
where . and g refer to analytical and

experimental mode shape, respectively. If the
analytical and experimental mode shapes are
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entirely the same, the MAC value must be 1,
otherwise this value must be less than 1.

In comparison of the initial analytical model
solutions and experimental results (Table 1), the
frequency and MAC values were seen to be
compatible for both method. It was also given
experimental damping ratios in Table I. It is
thought that differences between analytical and
experimental frequencies can be minimized if the
initial model of the structure is updated. The
minaret mass is considerably known. There is
more uncertainty in stiffness. Factors affecting
the stiffness can be expressed as concrete
elasticity and boundary conditions. Here,
elasticity module of concrete was updated as
10*10° MPa.

2. Mode

05 1

3. Mode

Figure 6. Mode shapes for selected frequencies.
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Table 1. Comparison of Initial Analytical Model
Solutions and Experimental Results.

Mode Analyticz_il Experimental Experim_ental MAC

Number Frequencies| Frequencies | Damping (%)
(Hz) (Hz) Ratios (%)

1 2.30 2.15 4.09 96.281

2 2.45 2.32 3.29 91.841

3 8.77 9.56 2.89 90.419

Modal analysis of the updated analytical
model was performed and, the first three
frequencies and mode shapes were presented in
Table 1l and Figure 7, respectively. Now, the
frequency and MAC values of first two modes
for the updated analytical model are closer to the
results of the experimental method.

0
05 0

1 15

3. Rﬂode

Figure 7. The first three modes obtained using
updated analytical model
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Table 2. Comparison of Updated Analytical
Model Solutions and Experimental Results.

Updated Experimental
Mode Analytical E P . MAC
: requencies
Number Frequencies (H2) (%)
(H2)
2.24 2.15 96.366
2.34 2.32 95.898
8.58 9.56 90.397

4. Conclusions

In this study, dynamic characteristics of a
reinforced concrete minaret were determined by
using Operational Modal Analysis (OMA)
method and the analytical model of this minaret
was updated. The analytical model solution was
obtained by using SAP2000 finite element
package program. Modal analysis of the
analytical model was performed to find the
dynamic characteristics and the first three
frequencies were obtained at the range of 2.30-
8.77 Hz.

The OROS-OR36 Multichannel Noise and
Vibration Analyzer was used for experimental
measurements. In these measurements, the first
three frequencies are in the range of 2.15-9.56
Hz and the damping ratios related to these
frequencies are in the range of 2.89-4.09%.

In comparison of the initial analytical model
solutions and experimental results, the frequency
and MAC values were seen to be compatible for
both method. Differences between analytical and
experimental frequencies can be minimized if the
initial model of the structure is updated. The
minaret mass is considerably known. There is
more uncertainty in stiffness. Factors affecting
the stiffness can be expressed as concrete
elasticity and boundary conditions. Here,
elasticity module of concrete was updated. The
first three frequencies of the modal solutions of
the updated model were obtained in the range of
2.24-8.58Hz. For the frequency and MAC values
of first two modes, modal solution of the updated
analytical model are closer to the results of the
experimental method.

It has also been shown in this study that the
dynamic characteristics of structures can be
obtained using experimental methods and the
analytical models can be updated according to
the results of the experimental methods.
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Abstract

Dams, one of the country's most natural and cheapest way to product energy, are built for energy production,
agricultural activities and flood protection. Dams with high construction costs are subject to deformation due to
some physical factors. Therefore, dams should be kept safe to prevent possible dam accidents, loss of life and
property. Engineering structures (such as dams) should be monitored periodically by geodetic and non-geodetic
techniques. Deriner dam is Turkey's highest double-curved concrete arch dam. In this study, we monitored
deformation with GPS measurements. For this purpose, two period static GPS measurements were performed on
the reference and object points in the study. Afterwards, GPS measurements were adjusted separately with respect
to free adjustment method and then deformation analysis were carried out by using the adjusted coordinates and
their cofactor vectors. Iterative Weighted Similarity Transformation (IWST) and Least Absolute Sum (LAS)
methods were used as deformation methods to detect the displacement of the reference and object points.

Keywords: Concrete arc dam, Deformation, Analysis, IWST, LAS, GPS.

Deformasyon Olcmeleri ve Robust Yontemler ile Analizi: Deriner Baraji
Ornegi

Ozet

Bir iilkenin enerji tiretiminin en dogal ve en ucuz yolu olan barajlar enerji iiretimi, tarimsal faaliyetler ve tagkin
koruma amaciyla inga edilmektedir. Yapim maliyeti oldukca yiiksek olan barajlar ¢gesitli fiziksel faktorlerinden
dolay1 deformasyona maruz kalirlar. Olasi baraj kazalarini 6nleyebilmek, can ve mal kaybini dnlemek i¢in barajlar
giivenlik altinda tutulmalidir. Baraj gibi bilyiik mithendislik yapilar1 jeodezik ve jeodezik olmayan yontemlerle
periyodik olarak izlenmelidir. Deriner baraji sahip oldugu gévde yiiksekligi ile Tiirkiye’nin en yiiksek ¢ift egrilikli
beton kemer barajidir. Bu ¢alismada deformasyonlar GPS olgiileri ile belirlenmistir. Bu amagla referans ve obje
noktalarinda iki periyot statik GPS 6l¢iileri gerceklestirilmistir. GPS 6lgiileri serbest dengelenerek, dengelenmis
koordinatlar ve kofaktor matrisler kullanilarak deformasyon analizi yapilmistir. Referans ve obje noktalarindaki
hareketleri belirlemek igin deformasyon analiz yontemi olarak iteratif Agirlikli Benzerlik Déniisiim ve En Kiigiik
Mutlak Toplam yontemleri kullanilmastir.

Anahtar Kelimeler: Beton Kemer Baraj, Deformasyon, Analiz, IWST, LAS, GPS.

literature, many deformation monitoring based
studies have been reported [1]-[8]. Reference [1]

1. Introduction

The dams are one of the most important
engineering structures used for water supply, flood
protection and agricultural activities. Besides, it is
the most natural and cheapest way of energy
production for a country. Dams constructed with
high cost expenditures are subjected to
deformation due to various loading factors such as
water level, air, water temperature and rock
deformability. Controlling these dams has become
compulsory in order to prevent disasters. In the

investigated the surface movements of Alibey dam
by means of geodetic and geotechnical methods.
Geodetic  displacement measurements  were
analysed using the Karlsruhe method. Also, Finite
Element Method (FEM) was used to determine the
behaviour of the dam. The results of geodetic
measurements were compared with those of the
FEM analyses. Reference [2] examined the long-
term settlement behaviour of the Mornos dam in
Greece. The result of geodetic monitoring analysis
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and that of the finite element back analysis were
compared. The findings showed a very good
agreement between the measured and computed
displacements. Reference [3] utilized the Global
Positioning System (GPS) technique for
monitoring horizontal movements in the Altinkaya
dam. A deformation network consisting of 6
reference points and 11 object points along the
dam crest were observed for 4 periods. Geodetic
displacement measurements were analysed using
the IWST and LAS methods to determine the
points stability. Reference [4] investigated the
magnitude and the direction of radial deformations
of the Atatiirk dam by means of conventional and
GPS techniques. No significant correlation was
detected between the radial movements on
embankment and reservoir water level. Reference
[5] investigated the relationship between
displacement and reservoir water levels of the
Koyna dam in India by means of GPS technique.
The results indicated that a significant correlation
between the movements and reservoir water level
was detected. Reference [6] evaluated the
horizontal movements of the Ermenek dam based
on periodic conventional geodetic measurement
campaigns during the first filling of the reservoir.
Geodetic measurements were compared with
those of the FEM. The aim of this work is to
investigate the horizontal movements at the
Deriner dam with GPS measurements. The
coordinates of the GPS measurements are in
WGS-84 coordinate system. The coordinates of
the points were converted from Cartesian to the
local topocentric coordinate system in order to
examine the real directions of the displacements.
Deformation analysis was performed with the
Iterative Weighted Similarity Transformation
(IWST) and the Least Absolute Sum (LAS)
methods. Finally, the results of these two methods
have been compared.

2. Materials and Methods
2.1. Robust Methods

Robust methods are used when there is no
previous information about the movement of the
points within the network [9]. In this study, the
IWST and LAS methods are used to estimate the
movements of a monitoring network. The IWST,
proposed by [10], is a robust method. According

to [11], the Danish, LAS and Huber methods are
some of the frequently used robust methods. The
IWST and LAS methods are based on S-
transformation [10]-[12]. Both methods are
applied as follows;

Adjusted coordinates of the points x,, x, and
their cofactor matrix Q,., Q, are calculated with
two separate free adjustments. The displacement
values (d) and cofactor matrix of d Q, are
calculated as;

d=x,—x @
Qi = Qx1 + Qx2 (2)

Then displacement values (d) are calculated
as (3);

d(k+1)

N TR T ®] gt
=[1-HE"W®H) " HTW®]d @)

= SE g

d = displacement vector

k = number of iterations

I = identity matrix

W = weight matrix

S = S-transformations matrix

H matrix for the 3D networks is written as;

H
e 00 0 -—zg =y, x
=0 e 0 —z, O Xo Yo 4)
0 0 e yvo —x 0 2zl .
where, eT = (1, ......... 1) x0,¥0 and z,are the

coordinates of points P;, which are reduced to the
centre of the network (5).
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m
1
X(l) =X —— Xi0)
i=1
m
; 1
o =Y _Ez Yio» (5)
i=1
m
1

Above, z{,yé and xjthe it"elements of
z%,y% and x respectively, and z;,y; and x; are
approximate coordinates of point P; and m is the
number of the points in the network [13]-[15]. The
main difference between the IWST and LAS
method is in forming the weight matrix. In the first
transformation (k = 1) the weight matrix is taken
as identity (W® =17) for all common points,
then in the (k+1) transformation the weight matrix
is defined as;

For the IWST method,

w® = diag{1/|a®|} (6)

|

In equation (6), d is the displacement vector.
However, in equation (7), dx; and dy; refer to the
displacement components in X and Yy axis
respectively. The iterative procedure continues
until the differences between displacements of all
common points (d®+D — d%®) are smaller than
a tolarence value € (i.e. 0.0001 m.). In the final
iteration cofactor matrix is calculated as;

For the LAS method,

1
V(dx; )2 + (dy,®))?

w® = diag{

k T
QL(i +1) - S(R)Qd(s(k))

(8)

The IWST method minimizes the total sum of
absolute values of the displacement components,
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9)

(Zldil = min )

while the LAS method minimizes the sum of the
lengths of the displacement,

(Z J@x®)2 + (dy,®)2 = min)  (10)

Equation (11) can be used in order to
determine unstable reference and object points in
the deformation network with a single point test as
shown below [14];

T:

_L (@%+)’ (U glk+v (12)

14

~F(a,uy, d
uda_oz ( d f)

d; = displacement vector of point i
Qg4; = cofactor matrix of point i

u, = dimension of the confidence region (1, 2 or
3)

df 6 +df ;67 .
A2 — (2] Jj9j -
00 = —graar, 7 pooled variance factor
c?iz 6]-2 = a posteriori variance factors of epoch i
and j

df;, df; = degrees of freedom of epoch i and j

a = significance level

If the test is passed, the point is assumed to be
stable, otherwise, it is considered unstable.

3. Application

The Deriner dam, a double-curvature concrete
arch dam, is located on the Coruh River at Artvin
province in the north-eastern part of Turkey. It is
the highest dam with a body height of 249 meters
in Turkey. The underground powerhouse near the
dam includes four units, with an overall capacity
of 670 MW. Also, the powerhouse annually
generates 2.118 GWh of electricity. The picture of
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the dam and technical specifications are given in
Figure 1 and in Table 1, respectively.

&

er dam

Table 1. Technical characteristics of the

Deriner dam
Type Double-curvature concrete
arch

Dam crest elevation 397.00 m
Length of dam crest 720.00 m
Height of crest 249.00 m
Total reservoir area 26.40 km?
Total reservoir volume 1969 hm?®

Electric production capacity 2.117,75 GWh per year

In order to determine the possible horizontal
movements on the dam crest, 14 reference and 7
objects points were used (Figure 2).

)t ¥ a
Figure 2. Distribution of reference and object points
in Deriner dam

The deformation measurements of Deriner dam
involved two measurement campaigns. The first
campaign was carried out in May 2016 and the

second one in September 2016. During the GPS
measurements, Topcon Hiper Pro and Topcon
GR-5 dual-frequencies receivers were used. The
observation period was selected as 2 hours and 1.5
hours for reference and object points, respectively.
The sampling rate was chosen as 10 seconds and
the satellite elevation mask was selected at 15’ The
baselines were processed with the Topcon Tools
v.8.2.3 software. MATLAB script was used for
network adjustment and deformation analysis. The
significance level for deformation detection was
specified as 0.05. The adjusted coordinates (WGS-
84) and cofactor matrix were obtained from a free
network adjustment. Deformation analysis was
made with respect to the first period measurement.
The two dimensional deformation analysis was
made. All WGS-84 coordinates (X, Y, Z) and
cofactor matrices were transformed to the local
coordinate system (E, N, U). The displacement
values (d) were computed by the IWST and LAS
methods are shown in Tables 2 and 3. These tables
also depicts whether or not the points are stable.
Water levels were 389.33 m in the first period and
377.22 m in the second period. The reduction of
water level in between the two periods is 12.11 m.

Table 2. Stable and unstable points
determined by IWST
Between 1-2 periods

IWST
dN dE
cm cm

1139 -0.19 0.18 stable
2 1133 0.91 -0.59 unstable
E 1127 1.17 -1.15 unstable
p 1121 1.09 -1.93 unstable
= 1115 0.52 -2.01 unstable
[®) 1109 -0.45 -0.82 unstable

1103 -0.25 -0.16 stable

105 -0.37 0.53 unstable

108 0.02 0.24 unstable

109 -0.09 0.32 unstable

112 -0.01 -0.12 stable
£ 118 0.00 0.14 unstable
S 101 0.00 -0.03 stable
g 102 0.56 0.16 unstable
S 104 -0.16 0.47 unstable
& 107 -0.13 0 stable
2 111 -0.14 0.06 stable

113 0.01 0.23 stable

114 0.08 -0.27 stable

116 0.02 -0.13 stable

117 -0.14 0.24 unstable
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Table 3. Stable and unstable points
determined by LAS
Between 1-2 periods
LAS
dN dE
cm cm

1139 -0.17 0.17 stable
2 1133 0.93 -0.61 unstable
E 1127 1.19 -1.16 unstable
= 1121 1.11 -1.93 unstable
% 1115 0.53 -2.00 unstable
O 1109 -0.43 -0.82 unstable

1103 -0.24 -0.17 stable

105 -0.35 0.52 unstable

108 0.04 0.23 unstable

109 -0.07 0.31 unstable

112 0.00 -0.13 stable
2 118 0.02 0.14 stable
'083 101 0.03 -0.02 stable
3 102 0.59 0.17 unstable
S 104 -0.13 0.47 unstable
2 107 -0.11 0.00 stable
o 111 -0.13 0.06 stable

113 0.04 0.23 stable

114 0.12 -0.26 stable

116 0.05 -0.13 unstable

117 -0.12 0.24 unstable

4. Conclusion

Since we have no prior information about the
movement of the points within the network, the
IWST and LAS methods were used in this study.
The IWST and LAS were used to perform 2D
deformation analysis. It can be concluded from the
results of the analysis that the displacements are
dependent on the water level on the reservoir. The
maximum  horizontal ~ displacement  was
experienced in the middle of the dam crest. These
results will also be examined with new
measurements to be conducted in further periods.
Also, precise differential levelling of levelling line
along the dam crest will be performed.
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Abstract

The present study aimed to examine the resistance of pure hot mixes and those prepared with 4% of three
different polymers two types of SBS (styrene-butadiene-styrene) and one type of EVA (ethylene-vinyl-acetate)
against permanent deformation. Samples were prepared with application of vibration so that they would have 4%
void ratio using a roller compactor and without this application. The effect of vibration application during
sample preparation on the wheel track formation was also assessed in the current study. Wheel track tests
demonstrated that use of additives increased the resistance of hot mixes against wheel track formation. It was
also determined that the most effective additive was EVA. Furthermore, it was determined that application of
vibration during sample preparation increased the resistance of specimens against permanent deformation.

Keywords: Wheel tracking, Hot mix asphalt, Styrene-butadiene-styrene, Ethylene-vinyl-acetate.

Farklh Kosullarda Hazirlanan Bitiimli Sicak Karisim Numunelerinin
Tekerlek Izi Olusumuna Karsi Dayanimlarinin Belirlenmesi

Ozet

Bu ¢alismada, saf ve %4 oraninda {i¢ farkli polimer (iki tiir stiren-butadien-stiren ve bir tiir etilen-vinil-asetat)
iceren baglayicilarla hazirlanan karisimlarin kalici deformasyona karsi dayanimlart incelenmistir. Numuneler
merdaneli sikistirict kullanilarak %4 bosluk oranina sahip olacak sekilde vibrasyon uygulanarak ve vibrasyon
uygulanmadan hazirlanmistir. Boylece numune hazirlama esnasinda vibrasyon uygulamasinin tekerlek izi
olusumu tizerindeki etkisi de mevcut arastirmada degerlendirilmistir. Tekerlek izi olusumu deneyleri, katki
maddelerinin, bitiimli sicak karigimlarin tekerlek izi olusumuna karsi direncini arttirdigint gostermistir. Tekerlek
izi olusumuna karsi en etkin katki maddesinin EVA oldugu tespit edilmistir. Ayrica numune hazirlama esnasinda
vibrasyon uygulanmasinin numunelerin kalici deformasyona kars1 direncini arttirdigi tespit edilmistir.

Anahtar Kelimeler: Tekerlek izi, Bitiimlii sicak karisim, Stiren-butadien-stiren, Etilen-vinil-asetat.

natural lands, technological equipment causing
chemical pollution, noise and vibration) [1].

One of the most encountered deformations
observed with bituminous hot mixes, permanent
deformations occur as a result of two basic
conditions. The first occurs due to the
inappropriate construction of the base course or

1. Introduction

Two basic components of bituminous hot
mixes (BHM) are aggregate and bitumen and
aggregates used in BHMs consist 90-95% of the
total BHM weight. 1.6 billion tons of bituminous
hot mix is produced every year worldwide. For

this purpose, approximately 1.5 billion tons of
aggregate is used. Environmental damages
caused by highway construction are those
resulting from construction activities (CO.
emissions, use of nature lands, change in current
conditions and ecological balance, change in
natural structure) and the damages caused by the
material utilized for construction (destruction of

the asphalt base course. In the second condition,
while there is no deformation in lower layers, the
permanent deformation (wheel tracks) form on
the wearing course [2].

Wheel track formation is frequently
observed on pavement courses in hot
temperatures and on roads where heavy vehicle
traffic is present. Deformations cause expensive
rehabilitations or reconstruction, as well as new
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material needs, the
environment again.

To improve the features of BHMs,
postponing  expensive  rehabilitation  and
reconstructions, additive substances are utilized.
Polymers used as the most common additive
substances used in modification of bituminous
binders are grouped in four categories of
plastomers, elastomers, fibers and pavements. To
improve the features of bitumen, selected
polymer should form a new bond in bitumen,
chemically reacting with bitumen. Obtaining a
high performance polymer modified bitumen is
dependent on the better distribution of the
polymer in bitumen and the chemical structure of
the bitumen [3]. Most frequently used bitumen
additives are styrene-butadiene-styrene (SBS)
from the elastomer group and ethylene-vinyl-
acetate (EVA) from the plastomer group [4].
Several studies demonstrated that resistance
against ageing [5], permanent deformation [6],
low temperature fractures [7], and moisture
damage [8] increased by the use of SBS
modified bitumen. EVA especially increases
resistance against permanent deformation [9] ,
[10].

It is possible to adjust the polybutadiene
structure of SBS block copolymers using a
special catalyzer. Thus, it is possible to obtain an
SBS with the same molecular weight, but with a
shorter polymer chain. This means low viscosity,
and a better and more homogenous mixture with
bitumen [11], [12].

It is of utmost significance to prepare
bituminous hot mixes in laboratory environment
reflecting the field conditions, for the accuracy
of the design and accurate determination of the
material that would be applied in the field. In the
present study, bituminous hot mix samples
containing pure bitumen and bitumen modified
by three different additives (two types of SBS
and one type of EVA) were prepared using roller
compactor. The mixes were compacted with and
without vibration to create the same void ratio.
Afterwards, wheel track tests were conducted on
these mixes. Thus, the effect of mix preparation
method on permanent deformation performance
of the mixes was assessed.

resulting in harming
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2. Materials and Methods

Limestone type aggregate procured from
Karayazi region in Elazig province in Turkey
was used in the study. Properties of the
aggregate is presented in Table 1 and the
gradation selected according to Superpave
method is given in Figure 1. Triangular signs
depict control points, closed field shows
forbidden zone, and square signs show utilized
gradation points in Figure 1.

PG 58-35 bitumen procured from TUPRAS
refinery was used as the main binder in the
present study. Two different types of SBS
produced by Shell Corporation (Kraton D 1101
and Kraton MD 243) and EVA produced by
Arkema Corporation (Evatane® 2805) were used
as additives. A four-bladed mixing head was
used in preparing modified bitumen. Pure
bitumen and additives were mixed in a special
mixer for 60 minutes at 180°C temperature and
1000 rpm.

To evaluate the effect of these additives on
the performance of bituminous hot mixes, all
additives were used at a rate of 4% (Table 2).
Dynamic shear rheometer (DSR) and beam
bending rheometer (BBD) test results for pure
and with 4% SBS D1101 (MBsgs-p), SBS
MD243 (MBsgs-m), and Evatane® 2805
(MBegva) bitumen are presented in Table 3. It
was determined that the performance levels for
MBsgs.o and MBsgs.w modified bitumen were
similar (PG 70-34), and the low temperature
value for MBeva modified bitumen was one level
higher (PG70-28).

Percent Passing

0 T T T T T T T T T
000750306118 236 475 950 125 19.0

Sieve Size Raised to 0.45 Power

Figure 1. Used aggregate gradation.
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Table 1. Physical properties of aggregate.

Properties Standard Limit Coarse  Fine  Filler
Abrasion loss (%) (Los Angeles)  ASTM D 131  Max 30 278 - -
Abrasion loss (%) (MiCt’O Deval) ASTM D 6928 Max 15 13.6 - -
Frost action (%) (with Na2SO.) ASTM C 88 Max 10 5.8 - -
Specific gravity (g/cm®) ASTM C127 2544 2571  2.675
Table 2. Abbreviations used for modified bitumen.
Additive type and ratio %4 SBS-D1101 %4 SBS-MD243 %4 EVA
Denomination MBsgs-p MBsgs-m MBeva
Table 3. DSR and BBR test results of binders.
DSR test results
Temperature G*/sind (Pa) (Specification limit min. 1000 Pa)
(°C) PG 58-34 MBsgs-p MBsgs-m MBeva
58 1258 4890 4204 4534
70 - 1326 1183 1512
G*/sin & (Pa) RTFOT residue (Specification limit min. 2200 Pa)
58 7862 - - -
70 - 5599 5171 6862
G*.sin & (Pa*10%) PAV residue (Specification limit max. 5*10° Pa)
16 1.83 - - -
22 - 1.69 1.52 -
25 - - - 1.34
BBR test results
Temperature m-value (Specification limit min. 0.300)
(°C) PG 58-34 MBsgs-p MBsgs-m MBeva
-18 - - - 0.306
-24 0.309 0.314 0.325 0.277
-30 0.266 0.221 0.291 -
Creep stiffness (Mpa) (Specification limit max. 300 MPa)
-18 - - - 131.3
-24 108.3 144.7 98.5 160.6
-30 140.9 242.6 121.9 -
Performance Grade (PG)
58-34 70-34 70-34 70-28
Rotational viscometer tests were conducted  Utilizing the viscosity-temperature graphs

on unaged pure and modified bitumen under
135°C and 185°C temperatures to determine the
workability of the binders and aggregate mixing
and compacting temperatures. For workability,
the viscosity values for the binders should be
below 3 Pas (3000 cP) at 135°C [13].
Furthermore, it is required that the viscosity
value of Dbituminous binders during mixing with
aggregate should be 170 £ 20 cP, and during
compacting it should be 280 = 30 cP [14].
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plotted in the study, aggregate mixing and
compacting temperature for each binder was
identified. Results of viscosity tests are displayed
in Table 4.

Data presented in Table 4 shows that all
binders met the workability criterion.
Furthermore, using additives increased viscosity
values and mixing and compacting temperatures
rose as a result. Modification indices were
obtained by division of viscosity values of
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modified bitumen by viscosity value of pure
binder. As could be seen in Table 4, the highest
modification index value was obtained with
MBeva modified bitumen at both 135°C and
165°C temperatures. This situation indicates that
more energy would be required in the plant
during mixing with aggregate with EVA use.
During preparation of bituminous hot
mixes, aggregate and bitumen were heated to
mixing temperature and mixed using a special
mixer. Non-compacted samples were placed in
trays 21-22 kg per square meter and aged for a
short period of time for 4 hours in an incubator at

Table 4. Rotational viscosity test results.

135°C. Then, the mixtures were heated to mixing
temperatures and compacted using a 1.25° angle
gyratory compactor for 100 revolutions. The
design was determined based on the volumetric
properties of bitumen content mixtures. It was
determined that design bitumen content
increased  with  modified  bitumen  use.
Volumetric properties of mixtures in design
bitumen content and Superpave specification
criteria are presented in Table 5. It was
confirmed that all mixtures met Superpave
specification criteria.

Properties Standard PG58-34 MBses-o MBsesm  MBeva
Viscosity (cP, 135°C) ASTM D4402 275.0 1125.0 825.0 1250.0
Viscosity (cP, 165°C) ASTM D4402 1125 350.0 262.5 375.0
Mixing temperature range (°C) - 151-158  171-173 169-171 171-173
Compaction temperature range (°C) - 129-140  167-169 163-166 167-169
Modification index (135°C) - 4.09 3.00 4.54
Moadification index (165°C) - 3.11 2.33 3.33
Table 5. Volumetric properties of mixtures.
. . T Binder type

Mixture properties Specification limits PG 58-34 MBssso MBsssy  MBeva

Design binder content (%) - 4.88 5.27 5.35 5.07

Air Voids (Va, %) 4.0 4.04 4.09 4.09 3.99

Voids in mineral aggregate .

(VMA, %) min. 14.0 14.61 15.39 15.50 14.86

Voids filled with bitumen

(VFA, %) 65-75 72.37 73.42 73.63 73.13

Dust ratio (DP) 0.8-1.6 1.07 0.98 0.97 1.02

3. Wheel Track Tests M =10"°*L*I*e*p *((L00-v)/100) (1)

Wheel track formation on pavement layer
was examined in the study. The tests were
conducted based on EN 12697-22 standard B
procedure to examine the wheel track resistance
of samples that contained pure PG 58-34, 4%
SBS-D, SBS-M and EVA modified binders.
Since maximum aggregate grain diameter was 19
mm according to the standard, sample height was
selected as 6.0 cm. Initially 30.5 * 30.5 * 6 cm
plate samples were compacted using rolling
compactor so that they would have 4% air void
ratio. Some samples were compacted with
application of vibration, and the others were
compacted without. Required BHM amount for
plate samples was determined using the
following equation:
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where M is sample weight (kg), L is inner length
of the mold (mm), | is the inner width of the
mold (mm), e is the final height of the sample
(mm), pm is the maximum density of the
bituminous mixture (kg/mq), and v is the void
ratio of the sample (%).

In wheel track experiment the samples were
tested at 60°C temperature. The device took 27
deformation measurements, out of which one
was taken from the center of the sample, and
13were taken from the left of the center and right
of the center. At the end of 10,000 wheel
revolutions, wheel track depths were determined
using the average of these 27 values. For each
mixture sample, two samples were tested and
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average of the values were taken. According to
EN 12697-22 standard, the test is terminated
either after 10,000 load repetitions or when 20
mm wheel track depth is formed. In mixtures
containing pure binder, 20 mm wheel track depth
was obtained after 2,940 load repetitions and the
test was ended. The tests conducted with
modified bitumen were terminated after 10,000
load repetitions. The relationship between wheel
track depth and number of load repetitions in
mixtures prepared with vibration is presented in
Figure 2, while relationship between wheel track
depth and number of load repetitions in mixtures
prepared without vibration is displayed in Figure
3. The load that caused 20 mm deformation in
mixtures prepared with pure binder is displayed
with a dashed line.
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Figure 2. The wheel track depth-number of load
repetition relationship in mixtures prepared with
vibration.
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Figure 3. The wheel track depth-number of load
repetition relationship in mixtures prepared without
vibration
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It was determined that wheel track values for
mixtures prepared with MBsgs.o and MBsgs-m
were close to each other as displayed in Figures
2 and 3. Comparison of mixtures prepared with
modified bitumen showed that the lowest wheel
track value was obtained with the mixture
prepared with MBeyva, and the highest wheel
track value was obtained with the mixture
prepared with MBsgs.p. Deformation values for
5,000 and 10,000 load repetitions are presented
in Table 6.

As could be observed in Table 6, wheel
track depths for 5,000 and 10,000 load
repetitions in  mixtures prepared without
vibration and using EVA modified bitumen were
18.5% and 22.7% lower than the mixture
prepared using SBS-D modified bitumen,
respectively. Furthermore, wheel track depths for
5,000 and 10,000 load repetitions in mixtures
prepared using EVA modified bitumen were
15.3% and 20.3% lower than the mixture
prepared without vibration using SBS-D
modified bitumen, respectively.

As could be observed in Table 6, wheel
track depths for 5,000 and 10,000 load
repetitions in mixtures prepared with vibration
and using EVA modified bitumen were 18.1%
and 19.1% lower than the mixture prepared using
SBS-D  modified bitumen,  respectively.
Furthermore, wheel track depths for 5,000 and
10,000 load repetitions in mixtures prepared with
vibration and using EVA modified bitumen were
15.7% and 19.9% lower than the mixture
prepared using SBS-M modified bitumen,
respectively.

As a result of vibration application, wheel
track formation in mixes prepared using SBS-D
modified bitumen decreased 5.7% after 5,000
load repetitions and 6.8% after 10,000 load
repetitions. As a result of vibration application,
wheel track formation in mixes prepared with
SBS-M modified bitumen decreased 5.1% after
5,000 load repetitions and 4.3% after 10,000 load
repetitions.
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Table 6. Wheel track values for mixtures under different load repetitions.
Mixtures prepared without vibration
Mixture type (according to used binder)

Deformation (mm)

PG 58'34 MBSBS_D MBSBS_M MBEVA
@5000 load cycles - 2.63 2.56 2.22
@10000 load cycles - 3.08 3.02 251

Mixtures prepared with vibration

Mixture type (according to used binder)

Deformation (mm)

PG 58'34 MBSBS_D MBSBS_M MBEVA
@5000 load cycles - 2.48 243 2.10
@10000 load cycles - 2.87 2.89 241
As a result of vibration application, wheel ~ conditions. Samples were prepared using

track formation in mixes prepared using EVA
modified bitumen decreased 5.4% after 5,000
load repetitions and 4.0% after 10,000 load
repetitions.

Overall consideration of mixes showed that
vibration application decreased wheel track
formation. This finding demonstrated that,
although the mixes had the same volume, the
mix compacted better as a result of
implementation of vibration. As a result of
comparison of additive types, values obtained
after 10,000 load repetitions showed that the mix
affected by vibration the most was the one
prepared with SBS-D and the mix affected by
vibration the least was the one prepared with
EVA based on permanent deformation. It was
observed that compacting especially the SBS-D
modified bitumen using vibration was more
significant for wheel track formation.

4. Results

In the present study, initially the effect of
three different bitumen additives (SBS-D, SBS-
M and EVA) on the resistance of bituminous hot
mixes against wheel track formation was
examined. Later on, the effect of vibration
application on the preparation of wheel track
samples was attempted to be identified. Additive
ratio was kept constant at 4% for all additives.
Thus, the convenient comparison of all additive
types was aimed. In the field, vibrating rollers
are used to compact bituminous hot mixes. A
roller compactor with vibration capabilities was
used to obtain compatible samples with the field
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modified bitumen both by using and not using
vibration. Wheel track tests were conducted on
these samples to assess the effects of vibration.

It was determined that performance levels
for modified bitumen that contained SBS-D and
SBS-M equal to 4% of bitumen weight were PG
70-34, and the performance level of those that
contained EVA were PG 70-28. It was identified
that design bitumen content of the mixes
prepared with SBS-D, SBS-M and EVA
modified bitumen were 5.27%, 5.35%, and
5.07%, respectively.

Wheel track samples that contained pure
and modified bitumen with 4% void ratio
consistent with the field applications were
prepared with roller press. Samples were
prepared both using vibration and without using
vibration. It was determined that mixes prepared
with EVA modified bitumen had the lowest
wheel track depth for both vibration applied and
not vibration applied mixes. Furthermore, it was
identified that wheel track values for mixes
prepared with SBS-D and SBS-M modified
bitumen were similar. It was also determined that
vibration applied mixes displayed lower wheel
track formation when compared to mixes that
were not applied vibration.

It was determined that vibration was more
effective especially in mixes prepared with SBS-
D modified bitumen. It was considered that this
condition was due to better compacting of the
mixes as a result of vibration. To determine the
compatibility of vibrated and non-vibrated
samples with the field conditions, it would be
beneficial to compare the test results for samples
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obtained from the field with the test results for
the samples prepared at the laboratory in the
future.
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Abstract

In this paper, continuous and discontinuous contact problems for an elastic layer loaded by symmetrical distributed
loads whose lengths are 2a on an elastic semi-infinite plane is solved using finite element method. The elastic layer
also subjected to uniform vertical body force because of effect of the gravity. Thickness in z direction is taken to
be unit. It is assumed that the contact surfaces are frictionless, only normal tractions can be transmitted through
the contact areas. The contact along the interface between elastic layer and half plane is continuous if the value of
load factor is less than a critical value. In continuous and discontinuous contact cases, the stress distribution on the
contact interface are plotted for different dimensionless quantities. The finite element model of the problem is
constituted using ANSY'S software and analysis of the problem is carried out. Finally, the results obtained from
the finite element solution are verified by comprasion with the analytical results.

Keywords: Mechanic, Continuous contact, Discontinuous contact, Elasticity, Half plane, Finite element analysis.
Temas Probleminin Sonlu Elemanlar Coziimii

Ozet

Bu calismada, simetrik 2a genigligindeki yayili yiik ile yiiklenmis elastik tabakanin siirekli ve siireksiz temas
problem sonlu elemanlar yontemi kullanilarak ¢oziilmiistiir. Elastik tabakaya ayrica yer ¢ekimi etkisinden dogan
kiitle kuvvetleri etkimektedir. z yoniindeki kalinlik birim olarak alinmistir ve temas yiizeylerinde siirtinmenin
etkisi dikkate alinmamustir. Yiik faktoriintin kritik degerden kiiciik olmasi durumunda tabaka ve yarim diizlem
arasinda siirekli temas durumu olusmaktadir. Siirekli ve siireksiz temas durumlari i¢in temas yiizeylerindeki
gerilme dagilimlart gesitli boyutsuz biiyiikliikkler i¢in elde edilmistir. Problemin sonlu eleman modeli ANSYS
yazilimt kullanarak olusturulmus ve problemin analizi gergeklestirilmistir. Son olarak sonlu elemanlar
yonteminden elde edilen sonuglar analitik sonuglarla karsilastirilarak dogrulanmustir.

Anahtar Kelimeler: Mekanik, Siirekli temas, Siireksiz temas, Elastisite, Yarim diizlem, Sonlu elemanlar metodu.

1. Introduction substrate and they studied the effect of the
material nonhomogeneity parameter and the

Since contact problems have possible thickness of the graded layer on the contact
application to a variety of structures of practical pressure and on the contact lengths. Kahya et
interest such as foundation grillages, pavements al. studied a receding contact problem for an
in roads and runways, railway ballats and other anisotropic elastic medium consisting of a layer
structures consisting of layered media, there has and a half plane and they obtained contact
been an increasing attention on the contact stresses and contact lengths for different fibre
problems. There is large body of literature orientations. A axisymmetric double receding
concerned with contact problems both contact problem between a functionally graded
analytically [1-9] and numerically [10-15]. layer and a homogeneous half plane is solved
Rhimi et al.. Effects of surface tension on
axisymmetric Hertzian contact problem and they
obtained helpful results to characterize and

Except for these papers, El-Borgi et al.
investigated a receding contact problem between
a functionally graded layer and a homogeneous
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measure the mechanical features of soft
materials or biomaterials through micro-
indentation. EI-Borgi et al. considered a
frictional receding contact problem between a
functionally graded layer and a homogeneous
semi-infinite plane and they analyzed the effect
of friction coefficient and nonhomogeniety
factor on the contact pressure distribution and
contact lengths. Gun and Gao presented a
quadratic boundary element formulation for
continuously nonhomogeneous, isotropic and
linear elastic functionally graded material
contact problems with friction. Yan and Li
analyzed double receding contact problem
between functionally graded layer and elastic
layer. Li et al. are presented fundamental contact
solutions of a magneto-electro-elastic half space
indented by a smooth and rigid half infinite
punch. Comez studied moving contact problem
for a rigid cylindrical punch and a functionally
graded layer and he obtained an effect of relative
moving velocity for contact problem of
functionally graded layer.

In this paper, continuous and discontinuous
contact problem for infinite layer on an elastic
semi-infinite plane is solved using FEM. The
load which will occur by initial separation and
the bigger values than this load, the stress
distribution on the contact surfaces are plotted
for different dimensionless quantaties. Finally,
the results obtained from FEM are verified by
comprasion the analytical results.

2. Definition of the Problem

Figure 1. Geometry and the loading of the contact
problem

In this paper continuous and discontinuous
contact problems for an elastic layer on an elastic
semi-infinite plane is solved using finite element
method. The layer are loaded by symmetrical
distributed loads whose lengths are 2a and
thickness in z direction is taken to be unit. It is
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assumed that the contact surfaces along the
interfaces is frictionless, only normal tractions
can be transmitted through the contact surfaces,
body forces of elastic layer is taken into account
and body force of semi-infinite plane is neglected.

As shown in Fig. 1, consider the symmetric
plane strain problem consist of an infinitely long
homogeneous layer of thickness h in smooth
contact with semi-infinite plane. p, vi and py are
the shear modulus, poisson ratios and density of
a layer respectively. Similarly po, v, and p; are
the shear modulus, poisson ratios and density of
a half space respectively.

3. The Finite Element Solution

The finite element method is a numerical
method for solving problems of engineering and
mathematical physics. In this method, problem
divides into simpler parts that are called finite
elements and the model transform into large
system of equations. With recent developments
in computer technology and package programs
for FEM solution of large system of equations is
fulfilled.
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Figure 2. Schematic model of the contact problem
(symmetric finite element model)

In this study, the finite element analysis is
performed by ANSYS software program. The
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geometrical model is created with the standart
tools in ANSY'S software. Because of the problem
exhibits symmetry in geometry, material
proportions and loading, only half of the problem
is modeled. The geometry and the applied load are
shown symmetrically in Fig. 2. The layer and
semi-infinite plane are considered as lineer elastic
and isotropic. In the analysis, geometric
properties are taken as L=12 m (length of the layer
in x direction), hy=1m (thickness of the layer in y
direction). Other parameters are choosen such that
po/(pgh), pa/ue, xi/ko. Are compatible with
analytical values.

PLANE183 element is used for the modeling
elastic layer and semi-infinite plane. PLANE183
element consist of eigth nodes having two degrees
of freedom: translations in the nodal x and y
directions. Frictionless surface-to-surface 2D
contact elements are used to model the interaction
between the contact surfaces: CONTAL72 and
TARGE169. CONTA172 is used to represent
contact. Target surfaces is defined by TARGE169
for the associated contact elements CONTA172.
Several numerical solution methods have been
proposed to solve the variational equation of
elastic contact problem, including penalty
method, augmented Lagrangian  method,
Lagrange multiplier method method and
augmented Lagrangian multiplier method. These
methods incorporated to general finite element
analysis (FEA) technology, are applied to solve
the contact problem that involves complex
geometry shapes. In the penalty method, the
accuracy of the solution depends on the choice the
penalty parameter. Too small a penalty parameter
may cause unacceptable error in the solution. Also
the penalty method suffers from ill-conditioning
as the penalty parameter becomes large. The
augmented Lagrangian method is an iterative
series of penalty methods. The contact tractions
(pressure and frictional stresses) are augmented
during equilibrium iterations so that the final
penetration is smaller than the allowable
tolerance. Compared to penalty method, the
augmented Lagrangian method usually leads to
better conditioning and is less sensitive to the
magnitude to contact stiffness.The Langrange
multiplier method introduces new unknowns for
each constraint. Therefore, it always increases the
dimension of the system equations to be solved.
For large scale problems where the contact
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surface consist of a large number of nodes, the
number of unknowns introduced by the Lagrange
multiplier method is also large. This increases the
CPU time to solve the problem. For the
augmented Lagrangian multiplier method, both
penalty parameters and Lagrangian multipliers
are applied, and penetration is admissible but
controlled by allowable tolerance [28]. In this
study, Augmented Lagrangian method is used as
the contact algorithm. And the deformed shape
after analysis is shown in Fig. 3.

Figure 3. Deformed shape after finite element
analysis.

Conclusions

In this paper, continuous and discontinuous
contact problem for an infinite layer and a semi-
infinite plane is solved by using finite element
method and results obtained from finite element
method are verified by comparing with analytical
results in literature. Note that all quantaties are
dimentionless.

Fig. 4-5 shows contact stress distributions for
the continuous contact cases. It can be seen that

the initial separation point x, seems to increase

as a/h increases.

The variation of the normalized contact
stress oy(X,0)/(p1gh) between the infinite layer
and semi-infinite plane for the discontinuous
contact case is shown Fig. 6-7. As it can be seen
in graphics, there are three regions in the
discontinuous contact between the layer and semi-
infinite plane. These are the continuous contact
region, separation zone, and the discontinuous
contact region where the effect of the external
load (P) decreases and disappears infinitely. If the
a/h increases, initial separation point occurs a
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longer distance from the origin and separation
zone decreases for similar material proportions.
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Figure 4. Contact stress distrubutions for the cases of
continuous (e=e¢) for the first loading condition.
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Figure 5. Contact stress distrubutions for the cases of

continuous (e=ec) for the second loading condition.
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Figure 6. Contact stress distrubutions for the cases of
discontinuous (e>ec) for the first loading condition.
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Figure 7. Contact stress distrubutions for the cases of
discontinuous (e>e) for the second loading
condition.
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Finally, based of the comprasion of numerical
values obtained from finite element solution and
analytical solution in literature [11], difference
between finite element solution and analytical
solution in literature is in a acceptable range.
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Abstract

Ilisu Dam is one important energy projects in Turkey. After it is completed, it is expected that it will contribute
to the country economy approximately $300 million annually. One of the most remarkable engineering designs
of the dam is the conversion of diversion tunnels of 12 m in diameter and about 1 km in length into sluice outlet
structure. In this study, the CFD simulation of Ilisu Dam sluice outlet were performed with 1/40 scale. The
obtained CFD results were compared with physical model observations conducted by the State Water Works
(SWW). A good agreement was achieved between both results, and some useful results of CFD were presented
for design of the outlet.

Keywords: Ilisu Dam; Sluice Outlet; CFD.
Ilsu Baraji Dipsavaginin HAD Analizi

Ozet

Ilisu Baraji Tiirkiye’deki en 6nemli enerji projelerinden biridir. Tamamlandiginda iilke ekonomisine yaklagik
olarak yillik 300 milyon dolar katki saglamasi beklenmektedir. Barajin en dikkat cekici miihendislik
tasarimlarindan biri, 12 m c¢apinda ve yaklastk 1 km uzunlugundaki derivasyon tiinellerinin dipsavaga
doniistiiriilmesidir. Bu ¢aligmada, Ilisu Baraj dipsavagmin CFD simiilasyonu 1/40 dlgek ile gerceklestirilmistir.
Elde edilen CFD sonuclari Devlet Su Isleri (DSI) tarafindan yapilan fiziksel model gdzlemleri ile
kargilagtirtlmistir. Her iki sonug¢ arasinda iyi bir mutabakat saglanmig ve CFD'nin bazi kullanigli sonuglari

dipsavak tasariminda sunulmustur.

Anahtar Kelimeler: Ilisu Baraji; Dipsavak; HAD.

1. Introduction

Sluice outlet is a hydraulic structure which is
designed to completely discharge the dam when
necessary, to reduce the spillway capacity and to
release the water to be left to the downstream of
the river. The sluice outlet can be of different
shapes and lengths depending on the needs or
shapes of the dams. An important consideration
when designing the sluice way is to prevent
cavitation damage. In order to avoid this problem
engineers may choose different solutions in the
sluice outlet design. Experimental studies are
conducted to observe how the cavitation
phenomenon will actually have an effect.
However, these experiments may be time
consuming, costly and require a lot of attention.
Instead, using the developed computational fluid
dynamics (CFD) is now a more functional and
reliable method that has been tested many times.

There are many studies exist in the literature that
was performed using the CFD. Some of those
studies can be seen as follows:

Khan et al. [1] establishes a 3D CFD model
of The Dalles Dam forebay. The aim of the
model is to investigate the effects of clogging
resulting from the accumulation of debris in the
12.3 m section above the turbine intake. The
model includes approximately 0.80 million cells
consisted from 22 power plant units, two fish
turbine units, station services unit and a forebay
bathymetry. The CFD model has quite well
simulated the velocity distributions observed in a
physical model. Numerical simulations indicated
that blocked garbage pits would change velocity
distributions around the powerhouse to a
significant extent [1]. Cassan and Belaud [2]
defines the flow properties at a large opening to
improve the discharge calculation for submerged
channel gates. To do so, the technical note
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investigated the upstream and downstream flow
characteristics of the channel inlet gates
experimentally and numerically by means of a
fluid method using average Navier-Stokes two-
dimensional simulations by Reynolds [2]. Zhang
et al. [3] develops a dynamic numerical model to
investigate a laboratory experiment. Through
analysis and modeling of the observed data, the
river water quality and quantity (WQQ)
operations under the water channel regulation
were examined and the interaction between the
WQQ and the regulatory capacity downstream of
a water channel was investigated [3]. Li et al. [4]
developed a numerical model to simulate the
flow of probable maximum flow (PMF) on a
system consisting of an existing service spillway
and a new auxiliary spillway. In the study,
approach channel geometries consisted from
different combinations were simulated. The
article demonstrates the successful
implementation of a CFD model in the design
process of an auxiliary spillway and encourages
the hydraulic engineers and CFD modelers for
designing the hydraulic structures [4]. Ebner [5]
investigated CFD model used applications to
reveal its limitations and to make some
assumptions. At the end, article noted that CFD
numerical models are a good way to recognize
the hydraulic conditions [5].

A technical report modified a previously
computed fluid dynamics model, and it was used
to characterize tailrace hydraulic and sluice
outlet exit conditions for low total river and low
level spillway flows [6]. Kokpinar and Celik [7]
investigated the preliminary test results obtained
from a large scale Deriner Dam of tunnel
spillway model are presented. A number of test
models have also been carried out for the

original and final project cases. In the article it
was seen that the original designed ventilator did
not work effectively from the values obtained
according to the original project status. For this
reason, it became necessary to change the
original progeny in terms of location and
geometry of the aerator [7].

From the current literature, it can be said that
CFD models are valuable, useful and reliable
tools for the hydraulic structures. As one can
understand that there is limited study about the
CFD models of the sluice outlet. This study
investigates the working principle of sluice outlet
of Ilisu Dam by using CFD model.

2. llisu Dam and HPP

Iisu Dam and Hydroelectric Power Plant
(HPP) is one of most important energy project
with 1200 MW installed capacity in Turkey.
After completed, the total produced energy will
be 3833 GWhlyear, and it is expected to bring
about $300 million incomes to the economy
annually. This energy corresponds to 10% of the
hydroelectric energy to be produced in Turkey.
The general project characteristics of Ilisu Dam
and its sluice outlet structures were given in
Table 1 [8], [9].

DT2 derivation tunnel of Ilisu Dam was
converted to the outlet structure. DT1 derivation
tunnel parallel to DT2 tunnel also were designed
as an aeration tunnel for air supply purpose. Two
tunnels were connected by a horseshoe cross-
section air gallery. The detail of outlet structures
converted from DT2 derivation tunnel were
showed in the Fig. 2.

Table 1. llisu Dam and HPP Project Characteristics

Type of Dam Embankment, concrete-face rock-fill
Purpose HP, flood control and irrigation
Status Under construction

Location Dargecit County, between Mardin and Sirnak
River Dicle River

Construction cost 1.7 billion $

Height from thalweg 135m

Length 1.820 m

Dam volume 43,800,000 m®

Installed capacity 1,200 MW

Average annual energy production 6 x 200 MW Francis-type

Hydraulic head 122.6 m

Annual generation 3,833 GWh

Derivation slope 0.1%
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Fig. 1. Details of the sluice outlet converted from
DT?2 derivation tunnel of Ilisu Dam [8].

3. Method
In this study, a three-dimensional (3D)

numerical simulation using FLOW-3D software
was applied to Ilisu Dam sluice outlet to

6u+ 1 [ A 6u+ " 6u+ Ou]_ 1dp

ot VF”"ax vyay Wiz 5.1 = pox  *
6v+1[A6v+ Aav+ Aav]_ 10p
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where; Gy, Gy, G; are body acceleration
components, f,, f,, f, are viscous accelerations
components, Uw,Vw,Ww are the components of
velocity source; us, vs, Ws are the velocity
components at the surface.

Physical Model

The experimental studies on the revised design
of the sluice outlet structure and aeration tunnel
were conducted by State Hydraulic Works in
Turkey. In the first design of the Ilisu Dam sluice
outlet, the transport tunnels to the sluice outlet
vane chamber were planned as ventilation galley
providing air flow. However, in the tests and

Rs
+Gy,+fy—— -1, —8vy)

Derivation structures DT1+DT2+DT3 derivation tunnels
Sluice outlet DT?2 derivation tunnel
Diameter of sluice outlet 12m
Length of the outlet 1016.1 m
Type of control valve Sluice valve
Number of control valve 2
Dimensions of control valve 2.65x4.00 m
Spillway type Service overflow, controlled-chute
Spillway capacity 18,000 m¥/s
J—— determine the two-phase (air-water) flow

properties. FLOW-3D is a general purpose CFD
program which is especially effective free
surface flows for one and two phase flows. The
program solves the mass continuity and the
Navier-Stokes equations as the momentum
equation for each element to estimate properties
of fluid motions. These equations can be given
as follows respectively for Cartesian coordinate
system [10].

ap , 0 ]
Vi =T (pud,) + 3 (vay) +

5 (pwA,) = Rp + Rs &)
where, Ve is volume fraction, p is the density of
fluid; Rp is a turbulent diffusion term; Rs is a
mass source; Ay, Ay, and A, are the fractional
areas in the x, y and z; u, v and w are velocity
components. The Navier-Stokes are used to
describe three-dimensional fluid dynamics.
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analyzes conducted, it was understood that the
air in the narrowing sections would reach a speed
as high as 100 m/s and eventually air explosions
and operational problems would occur. For this
reason, one of the two sluice outlet (DT1) was
planned as an air gallery with a diameter of 12 m
and a length of about 1000 m, and the air for the
DT2 sluice outlet was provided by an air gallery
with a horseshoe section here. Different
alternatives of this system have been
experimentally investigated by DSI with 1/40
model and solution proposal has been
introduced. The experimental setup of the outlet
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and aeration tunnels performed by DSI was
showed in Fig. 2.

. =
Fig. 2. Experimental setup of the outlet and aerations
tunnels [8]

Numerical Model

The 3D numerical model was given in the Fig. 3.
Numerical model was divided into 3,900,000
structured 3D hexahedral elements. The
simulation duration is approximately 7 hours
with two real core xenon processor and 8 GB
ram. Two phases model with renormalized
group (RNG) turbulence model were used in the
numerical solution. Numerical model with 12 m
diameter of DT1 and DT2 tunnels were scaled by
1/40 scale similar to the experimental model.
The dimension of the rectangular sluice section
is 2.65x4.00m. The height and width of the
horseshoe air tunnel are 45 m and 4.20 m
respectively.

Fig. 3. Geometry of 3D numerical model

The CFD analysis were performed for 24.75
m of the hydraulic head and 430 m®/s of water
outlet discharge with laboratory  model
dimensions  (1/40 scale). The solution
convergence was achieved in 5.0 second. The
solution convergence curves and water velocity
of the sluice flow were illustrated in Fig. 4. As
seen at the convergence curves in Fig. 5, the air
flow rate in the aeration tunnel is almost steady
while approaching to 0.012 m*/s and velocity of
1.2 m/s. This corresponds 121.43 m®s and 7.58
m/s of prototype values. The air entrainment
discharges and average air velocity were
observed by DSI as 118.76 m3/s and 7.35 m/s
experimentally [8]. The air entrainment rates
(#=Qa/Quw) are calculated as 0.303 of experiment,
and 0.309 of CFD. The relative percent error
between experimental and numerical (CFD)
results is approximately 2%. These comparisons
were given in Table 2.

Table 2. Comparison of experimental and CFD results

Hydraulic Water discharge, Air entrainment Average Air Air entrainment
Head, Ht Quw discharge, Qa Velocity, Va coefficient
(m) (m*s) (m%s) (8=Q4/Quw)
Experiments 24.75 392 118.76 7.35 0.303
CFD 24.75 392 121.43 7.58 0.309
Error (%) 2.2 3.0 2.0

Time = 2.790 \

Fig. 4. Solution of the numerical model with
convergence curves.
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The maximum velocity of water flow was
observed in jet near to impact region at the
downstream of sluice gate. The streamlines of
the water flow are shown in the Fig. 5. This
figure also indicates same the maximum water
velocity position.
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Fig. 5. Streamlines of the water flow in the sluice
outlet
Fig. 6 shows the streamlines of air flow (on
the left) and wvelocity contours at the middle
section of aeration tunnel (on the right). It is
observed in these figures that the air velocity on
the section is irregular and the maximum

Velocity (m/s)

velocity occurs at the top of the section while the
velocity at a lower part of the section was almost
zero. The maximum air velocities in the DT2
tunnel were observed near to water surface
probably owing to slip velocities between air and
water flow.

In Fig. 7, the pressure and velocity contours
on the water flow profiles are given with colored
scales. In the upper figure, the maximum
pressure occurs at the impact point of the water
jet while the minimum pressure is formed at the
upper of the sluice. The velocities inside (in the
lower figure) the sluice is higher than that of the
edges of the sluice due to the wall effects.
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Fig. 6. Streamlines of air flow (on the left), and the velocity distribution at the cross-section of the aeration
tunnel (on the right).

Pressure (Pa)

L o]

101094 101559

102025 102490 102955

Velocity (mvs)

Rayeso 0.006 0826
Fig. 7. Pressure and velocity contours of water flow jet downstream of sluice gate.

4. Conclusions

In this study, lhisu Dam’s sluice outlet, which
have 12 m diameter, was analyzed by using CFD
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simulation technic, and was discussed. The
results of CFD analysis were compared to the
experimental tests with 1/40 scale performed by
DSI, and a good agreement was achieved in
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terms of air entrainment by air supply tunnel.
The CFD results are reasonably compatible with
the experimental observations with the percent
errors from 2.00 to 3.00%. The experimental
study is more expensive and required more effort
than CFD analyses. Bu still, the CFD models
need to be calibrated with some experimental
data. The calibrated numerical models may be
more useful and easier to determine hydraulic
characteristics than experimental studies. The
results encouraged the further researches for
detailing the design of the Ilisu Dam outlet and
the other similar projects.
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Abstract

In this study, the finite differences and the method of integration were compared to find displacements in an
elastic plate under sinusoidal loading. This question type, which is one of the common examples in the literature,
is available with various methods. Application engineers mostly use Microsoft Excel excel macro program,
VBA, has written program codes for both finite element method and integration method. The difference between
the results of these programs and the CPU time is calculated.

Keywords: Finite Difference Method, Integration Method, Elastic Plate, Microsoft Excel Macro

Sinuzoidal Yiikleme Altinda Basit Mesnetlenmis Dikdortgen Plaklarda
Sonlu Farklar ve Integrasyon Metodunun Ms Excel Makro Uygulamasi

Ozet

Bu ¢alismada siniizoidal yiikleme altindaki bir elastik plaktaki deplasmanlar1 bulmak i¢in sonlu farklar ve
integrasyon yontemi karsilastirilmistir. Bu soru tipi literatiirde yaygin olup, ¢esitli metotlarla ¢6ziiziimii
yapilmustir. Bu soru tipinin uygulama miihendislerinin ¢ogunlukla kullandig1 Microsoft Excel’ in makro
programinda her iki metod i¢in ¢6ziimii sunulmustur. Yapilan ¢6ziim sonuglar1 ve ¢6ziim zamani arasindaki

farklar elde edilmistir.

Anahtar Kelimeler: Sonlu farklar metodu, integrasyon metodu, elastik plak, Microsaft Excel Makro

1. Introduction

Numerous calculations have been made up to
now on the solution of elastic plates. These
studies were carried out by varying the
dimensions of the elastic plaques from time to
time and changing the loading conditions applied
on the bases, changing the boundary conditions at
the bases. In this study, four edges under
sinusoidal loading resolve a simple supported
elastic plate problem [1]. These solutions were
compared with manual solutions and also within
themselves.

In this analysis, VBA programming language
in Microsoft Excel is used. The reason for
choosing this applet is that it is easy to access and
is easy to implement by every engineer. In
addition, the ability to read data from the file and
write data to the file is easier, as well as the wide
selection of graphics. However, the CPU time is

not the performance seen in other programming
languages .

2. Sinusoidal Load Under Elastic Plate

2.a. System geometry and loading condition

In the coordinate system given 2.1, the
rectangular plate with long side a, short side b is
simply supported. We assumed that the sinusoidal
load distributed over surface of rectangular plate
is given by the expression

q=4, sin(ﬁj cos(ﬂ)
a a )

in which qo represents the intensity of th”e load at
the center of the plate.
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»
>

Figure 1. Rectangulé? plate
3. Integration Method

Generally, numerical approximation methods
require reaching in several steps of solving by
dividing time or space region into specific
intervals, or in most cases require successive
iteration solutions [2,3,4]. Numerical methods
developed for this reason. They have various
advantages or disadvantages in terms of the
computational needs they require, the time spent
on the solution or the CPU (Central Processing
Unit) time, the stability of the equations, the
number of node points used, the preprocessing for
problem solving, and most importantly the time
spent on this solution.

In this method, Elastic curve equation for (1)
equation loading condition ;

0w

+ 4
oy

o*'w
OX20x?

o'w
-+
OX

_ 4
D

()

The differential equation (2) for the deflection
surface in this case becomes;

EC I

in which the quantity D, taking the place of the
quantity El in the case of beams, is called the
flexural rigidity of the plate. The boundary
conditions for simply supported edges are

o*w
Ox2ox?

o*w
ox?

6

w=0 My =0 for x=0and x=a
w=0 My=0 for y=0 and y=b

we can represent the boundary conditions
in the following form:

6w

w=0 X for x=0 and x=a
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for y=0 and y=b

All boundary conditions are satisfied if we take
for deflections the expression;

w=C sin(ﬁj co{ﬂj
a a @)

in which the constant C must be chosen so as to
satisfy Eq. (3). Substituting expression (4) into
Eg. (3), we find

1

b

a2

1

_TC _

b2

Uy

b )

and we conclude that the deflection surface
satisfying Eq. (3) and boundary conditions is

pradat i

In the light of these equations, we have applied
this equation to find the displacements along the
entire plate surface with the aid of the program we
have done in excel macro.

Y%
1

7t =+
a

w=——-+-——
1

b2

a2

Step of program:

1- Once plates surface is defined.

2- The plate lengths are divided into equal parts
3- Cyclic increments are made in the x and y
directions

These values are placed in the equation
Program is stopped

4-
5-

1. Finite Difference Method

Boundary value problems do not have many
definite and closed solutions. Approximate
solutions are available for this. Approximate
methods are divided into characters. Some agrees
with the provision of boundary conditions, but
requires that the differential equation be precisely
met. In the second group of methods, there is
approximation in the presence of the differential
equation, even if the boundary conditions are
precise. The finite difference method is a method
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that can be applied to almost every other form
entering this second group(].

It is possible to approximate the derivative of a
function y = f (x) at a certain set of discrete
points, using known values. Similarly,
approximate partial derivative formulas can be
given for multivariable functions of type z = f (x,
y). Considering the definition of derivative,

advanced difference approach, backward
difference approach and central difference
approach are emphasized.
A B
f p—
(x) P 7
X
X =X X, %o TAX >
0

Figure 2. The derivation of f (x) at point P using
forward and backward and central differences

Advanced difference formula:
f (X, +Ax) = f(X,)

f(x,)=
(%) A -
Back difference formula;
f '(XO) _ f(XO) - f (XO _AX)
AX (8)
Central difference formula:
£(x) = f (X, +AX) — (X, — AX)
2AX 9)

The theory of elasticity is a branch of the
theoretical physics, and the strain and shape
changes that occur in elastic bodies under the
influence of the objective external loads are
calculated precisely by moving from a certain set
of differential equations. In this case, the vehicle
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used for the solution is the differential equation
theory|[3].

The principal equation of plane elasticity theory;

4 4 4
Ao, +0,)=AAF 9 E +2 82F2 +6 E =0
X oy ox: oy (10)
From the boundary conditions:
dFj
_ — |=Q (s)
F, = M(s)and (dn (11)

Here;

Fs : Stress function,

M(s)  : Static moment,

Qt : It is the trace of the boundary value forces
on the tangent.

The way to solve the problem of boundary value:
- Equation (11) calculates the values of the den
function at the boundary precisely,

- The coefficients of the finite difference are
calculated

- We extend the function to the outside of the
region to be calculated,

- Divide the calculated shape into the desired
number of node points to form the finite
difference equations,

- Since the gauss-elimination method is used,
conversion of the results to square matrix

- By solving these results into a matrix format.

5. Summary and Conclussion

In this study, an elastic plate finite difference
method and a generalized computer program were
used to obtain the elastic plate deflection graph for
a complex loading situation of the geometry. The
results were compared and the solutions were
made. In the comparison made, 0.01 percent error
was observed between the integration method and
the final difference method. Displacement
graphics have topped. The reason is that the
number of segment is excessive. But the solution
time is ten times more in the finite difference
method.
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Figure 3. Exaggerated displacement curve in the long
side

Figure 4. Exaggerated displacement curve in the short
side

Figure 5. Plate displacement view
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Figure 6. Plate top view
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Abstract

Side weirs, also known as lateral weirs, and overflow dams are free overflow regulation and diversion devices
commonly encountered in hydraulic engineering. The lateral loss of water is reducing the sediment transport
capacity in the main-channel and the formation of a local sediment deposit in the downstream of weir. The head
over the side weir rises and the side overflow discharge as well. The design discharge to be diverted over the
weir is increased by this flow-sediment transport interaction. Although there were no studies that scrutinized the
scouring depth and geometry that occurs around the labyrinth side weirs in channels with movable bed, there are
limited number of studies that examined the scouring geometry around the classical side weir. In the present
study, local scour depths formed in the periphery of triangular labyrinth side weir mounted in a live-bed
rectangular cross-section straight channel were experimentally investigated under steady state flow and free
overflow from the side weir conditions. To provide for live-bed conditions, the sediment was added to bed
material in the experiments. A series of experiments were conducted for live-bed scouring conditions (for flow
intensity greater than one) to determine the maximum scour depths that occur around the triangular labyrinth
side weir with different flow depths, different main channel discharges, different volumetric amounts of
sediment feed, different crest heights, different Froude numbers, different flow intensities and using uniform bed
material. In the experiments, the dimensions of the scours and sediment deposits that occur upstream and
downstream of the weir exhibited a periodic change (increase and decrease). The maximum depth of scour
occurred at the downstream end of the triangular labyrinth side weir frequently.

Keywords: Triangular labyrinth side weir, Flow intensity, Local scour, Live-bed scour, Sediment transport.

Labirent Yan Savaklarda Hareketli Taban Oyulmasinin Incelenmesi

Ozet

Yan savaklar; baraj, baglama ve tersip benti gibi su yapilarinda serbest savaklama akim yoniinii degistirme gibi
amaglarla hidrolik miihendisliginde yaygin olarak kullanilmaktadirlar. Yanal savklanmadan dolayi, ana
kanaldaki sediment tasinim Kkapasitesi azalmakta ve savagin mansap bolgesinde sediment birikimi
gozlenmektedir. Yan savak yiiksekligine bagli olarak savaklanma debisi de artmaktadir. Literatiirde klasik yan
savaklardaki oyulmay: inceleyen smurli sayida caligma bulunurken, labirent yan savaklarda olusan oyulma
derinligini ve geometrisini inceleyen hi¢ bir ¢aligmaya rastlanmamistir. Mevcut ¢caligmada dikdortgen enkesitli
allivyal tabanli bir kanalda kararli akim sartlar1 ve serbest savaklanma durumu igin tliggen labirent yan savak
civarindaki yerel oyulma derinlikleri deneysel olarak arastirilmistir. Deneylerde hareketli taban kosullarim
saglamak igin, kanala belirli miktarlarda taban malzemesi ilavesi yapilmstir. Uggen labirent yan savak etrafinda
olusan maksimum oyulma derinliklerini belirlemek i¢in; farkli akim derinlikleri, farkli ana kanal debileri, farkli
hacimlerde beslenen sediment miktarlari, farkli kret yilikseklikleri, frakli Froude sayilari, farkli akim siddetleri ve
niiiform taban malzemesi dikkate alinarak hareketli taban oyulmas: kosullar1 altinda (akim siddetinin birden
kiigiik oldugu durum) bir dizi deney gergeklestirilmistir. Deneylerde savagin membasinda ve mansabinda farkl
boyutlarda oyulma ve kum birikintileri olustugu gézlemlenmistir. Maksimum oyulma derinliginin, ¢cogunlukla
licgen labirent yan savagin mansap ucunda olustugu gozlenmistir.

Anahtar Kelimeler:

1. Introduction If these changes in flow could be predicted
beforehand, the structure would be designed in a

A structure, located in a stream bed or built ~ sounder manner, or necessary precautions against
later, could change certain properties of the flow.  the problems that are caused by these changes
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would be taken. Otherwise, this case leads to
damages in the structure or to the failure in
fulfilling its function. The scouring observed in
the intake structure, scouring formed in the
downstream of the spillway, and the scouring
occurring in the abutment wall and midfoot of the
bridges and the scouring observed in the
downstream of the baffle structures are of major
problems encountered in hydraulic engineering.

The decrease in velocity and shear stress due
to the lateral over flow causes the realization of a
reverse current via creating a stagnation region in
the downstream of the side weir. Scouring is
formed between the main channel axis in the
downstream region of the side weir and the outer
bank, as a result of the changes in the shear
stress.

Although there were no studies that
scrutinized the scouring depth and geometry that
occurs around the labyrinth side weirs in live-bed
channels, there are limited number of studies that
examined the scouring geometry around the
classical side weir. Rosier et al. (2011) conducted
an experimental research on the geometrical
behavior of bed forms in a classical side weir
region placed in a rectangular channel [1]. Paris
et al. (2012) researched the applicability of De
Marchi hypothesis on the determination of
discharge capacity of side weirs under subcritical
flow regime and live-bed conditions. This study
presents  experiments  demonstrating  the
relationship between bed morphology and
overflow discharge. The experiments were
conducted in a main channel with small
dimensions (0.30 m x 5 m x 0.30 m) and within a
small discharge range (2-12 L/s). Studies reported
that De-Marchi approach could be used in live-
bed channels [2]. Onen and Agaccioglu (2013)
conducted an experimental research examining
clear-water scouring and live-bed scouring
conditions in rectangular cross-section side weirs
with L = 0.25, 0.40 and 0.50 m weir opening and
p = 0.07, 0.12 and 0.17 m crest height from the
sand bed in a live-bed 1800 curved channel,
considering subcritical flow regime and overfall
conditions [3].

Since there are limited number of studies in
the literature on the change in bottom topography
and the scouring problem, which both occur
around the labyrinth side weir that are placed in
the streams, a complete theoretical basis on this
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subject was not constituted. Therefore, it is
considered that it would be useful to examine the
scouring problem, especially in our country that
is rich in rivers. The aim of the present study is;
to investigate the maximum scouring depth and
the bottom geometry in the labyrinth side weirs,
under the live-bed scouring conditions.

2. Hydraulics of Side Weir Flow

The most important function of the side
weir is to discharge the excessive water, when
the optimum capacity, determined by taking into
account the requirement and economy, is
exceeded. Side weirs are used in numerous
engineering applications. As the water level in
the reservoir reaches a level that could damage
the dam, side weirs are used to discharge the
water (Fig. 1). Although they are built next to the
reservoir due to the flow conditions in the
reservoir, these weirs act as normal weirs. This
condition should be taken into consideration

while conducting the hydraulic design.

Figure 1. Walshaw Dean Reservoir [4]

Figure 2 presents the side weir plan and
section. It is stated that; y» = flow depth at the
upstream end of the side weir at the centerline of
the main channel (m), y» = flow depth at the
downstream end of the side weir at the centerline of
the main channel (m), y = flow depth at any point
in the main channel (m), Q: = main channel
discharge (m®s), Q. = main channel discharge
after the side weir (m?%s), Qw = total flow over
side weir (m¥fs), Vi mean approach flow
velocity at the upstream of the side weir in thw
main channel (m/s), V> = mean approach flow
velocity at the downstream of the side weir in the
main channel (m/s), Vs = mean approach flow
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velocity of the side weir in the collection channel
(m/s), B = main cahnnel width (m), L = around a
triangular labyrinth side weir of width (m), ¥ =
angle of deflection (°), p = weir crest height (m),
X = longitudinal coordinate (m).

Crest of weir tain channel

g e A [N

Flow depth at the Flow depth atthe
domnstzoam of s weir  y, dawnatzeam of sde weis

| 1

Figure 2. Plan and section of the side weir flow [5].
3. Labyrinth Weirs

Increasing the flow rate that could overflow
in a particular lake level or transmitting a
constant flow rate by a smaller crest water load is
aimed via the labyrinth spillways, through
increasing the effective length of the spillway
crest. These weirs could be considered as an
alternative, which are advantageous in conditions
where the space in the upstream is restricted for
the reservoir water level that would especially be
created by the flood discharge or in conditions
where the spillway width is limited due to
topography. Labyrinth weirs could be constructed
in trapezoidal, triangular, and circular-shaped
(Fig. 3). Most preferred type is the trapezoidal-
shaped type. Equation (1) is used to find the rate
of flow, that pass over the labyrinth weir. Total
crest length should be considered instead of the
distance “L” in Eq. (1) [6].

Q = 1.83.(L-0.2h).h32 1)
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(a) Trapezoidal labyrinth weir

Figure 3. Labyrintyh weirs [7].

(b) Triangular labyrinthweir  (c) Circular laby rinth weir

4. The Deterioration of Equilibrium in

Sediment Transportation

In the case that the amount of solid material
transported in an alluvial stream changes locally,
changes such as sediment deposit in the bed and
scouring could occur. As the amount transported
increases scouring is observed, and when
decreases, sediment deposit is observed.

The construction of a hydraulic structure
such as a weir might cause changes in the stream
bed. Such changes in the bed of the stream are
observed either as sediment deposit in some parts
or as scouring in others, depending on the amount
of material that comes from the upstream, on the
amount of material that is transported and on the
amount of material that is over flown (Fig. 4).
Both the sediment deposit and the scouring
phenomena continue until they obtain a stable
cross-sectional shape. Sediment deposit starts
primarily with the sediment deposit of coarse
particles, with their departure from the bed the
velocity increases and the suspension discharge
increases due to the decrease of the mean
diameter of the material transported in
suspension. Thus, due to the increase in the
transported material, equilibrium condition is
approximated. On the other hand, as the material
coming from the upstream is smaller than the
discharge transport capacity, the coarse particles
remain in the bed since initially the fine particles
in the bed would be scoured. In addition,
occurrence of ripples in the bed would as well
cause the decrease of the discharge transport
capacity. Thereby, either in case of scouring or in
sediment deposit, several secondary degree
factors accelerate the achievement of the
equilibrium condition [8].
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Maximum scour depths

e il

Figure 4. Sediment deposit and scouring observed in
the present study.

In a bed with cohesionless loose-material,
the movement starts when the bed conditions
reach a critical value required for movement.
The particles that depart the bed due to the bed
movement are washed away along the bed by
depositing.

Bed shapes encountered in the rivers are as
follows:

a. Ripples

b. Dunes

c. Plane bed
d. Antidunes

The order of the bed shapes provided above
is made according to the change depending on
the velocity of the flow. In other words, sand
ripples occur with lower velocity flows, and as
the velocity increases the bed has the shapes of
ripple, dune, plane bed and antidune,
respectively. Various shapes that the bed could
take are given in Fig. 5 [9].

—

(a) Ripples

b) Dunes

Breaking Wy o= —

¢) Plane bed

d) Antidunes

Figure 5. Bed forms developed in alluvial channels [9].

Ripple and dune formations observed in this
study are presented in Fig. 6.
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Dunes

Ripple

Figure 6. Ripple and dune formations observed in
this study.

5. Experimental Study

This study was conducted at the Firat
University Hydraulics Laboratory using the
experimental setup depicted in Figure 7. The
experimental setup was 18.20 x 0.50 m and the
side wall of the main channel was made of glass.
The slope of the main channel bottom was
approximately 0.1%. The collection channel was
0.50 m wide and 0.70 m high. The main channel
and collection channel were separated by a steel
wall. The section of the collection channel where
the side weirs would be installed was built in a
circular form with a diameter of 1.30 m to
provide free nape overflow from the labyrinth
side weir (Fig. 7).

Electromagnetic

flowmeter
20 m

=l
Vane Basin |3
El = =
= L iE = .
=¥ |Grid Sediment
g © tri cweir  feeder imni r +
= I Basin /90 triangular weir Limnimeter Gate
=13 o
g Basia ?hpa};rseachmg _ Main channel §0.5m — |5 Sitiet charmal
- w Collection channel “ide weig0 5 m iGrids w B
Grids Rectangular weir | >
f—st | . : , Lom
0.9m1.0m 35m  08m 120m

| Sediment feeder

Upstrearm sil Downstrearn sil

1
Contyol gate

]

 Basin %

Bed Materialy Limnimeter
/

,  Basin Main Channel

L

Approaching
+ Channel J

Figure 7. Experimental setup plan and longitudinal
cross-section: Plan view (a), Longitudinal section (b).

The experiments are conducted in a linear
channel with a rectangular cross-section; for a
side weir opening of L = 0.25 meters, and for
triangular labyrinth side weirs, with crest height
of p = 0.07, 0.12 and 0.16 meters from the sand
bed and with an apex angle of & = 90° The
experiments were carried out under steady flow
conditions, and in the case of bed scouring
(Vi/V>1) for free over flowing condition. The
experiments were conducted at a discharge of 50
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- 90 L/s. The flow depth (y1) was measured at the
channel axis at the upstream end of the side weir.
The water depth at the main channel axis
upstream of the side weir was used as the side
weir upstream water depth. Novak and Cabelka
(1981) suggested a minimum upstream water
depth of 30 mm [10]. Thus, in this study a
minimum upstream water depth of 30 mm was
used to prevent surface tension affects.

Two sills of 20 centimeters height are
placed at the upstream and downstream ends of
the main channel, as seen in Figure 8. Quartz
sand was placed between the upstream and
downstream sills on the main channel. For this
sand laid on the channel bed, following values
are determined, dso = 1.16 millimeters and ys
26 kKN/m?3. The parts before the upstream sill and
after the downstream sill are made up of sheet
metal with an approximate slope angle of 15°,
reaching the channel bed. Thus, the provided
sand base was protected against deterioration. In
order to ensure stable flow conditions (i.e. to
provide time-invariant flow conditions), hollow
bricks are placed at the upstream part of the
channel and in front of the specific points at the
end of the collecting channel. The aim is to
ensure taking accurate measurements over the
weir.

This experimental study was carried out for
the labyrinth side weirs placed in the middle part
of a linear channel. The bed material was laid 4
meters forth and 4 meters backwards from the
center of the side weir, covering 8 meters of the
channel.  Experiment system  application
assembly is shown in Fig. 8.

Labyrinth side weir

It (nape load)

P (crest height

Upstreamsill

| 4.0m I

Figure 8. Experiment system application assembly.

4.0m |

Prior to each experiment, the sand was
mixed and compacted and the bed was leveled.
After the channel bed is compressed and
flattened, water was supplied slowly to the
channel by turning on the valve very little. As
the water slowly flowed over the sand by rising
slowly from the ramp in front of the sill of the
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upstream end of the channel, a third sill is placed
20 centimeters above the sill on side of the
downstream (i.e., as it should be 40 centimeters
high from the channel bed). In such way,
deformation the flat shape of the sand in the bed
is prevented. Then, it was waited until the depth
of water in the next section of the downstream
sill of the main channel reached the same water
depth in the main channel. After all water level
along the channel became even, the requirement
flow was attained and the experiment was
commenced by slowly removing the third sill
that prevented the deformation of the shape of
the sand in the bed, on the sill at the downstream
part. By keeping the flow rate constant, flow
height in the channel (y:) was adjusted to the
required level via the radial caps at the end of the
channel.

Once the experiment is completed, the valve
was slowly turned off, and the third sill was
placed back on the downstream sill of the channel
in order to preserve the topography that was
formed on the bed, and thus the discharge of the
water from the channel was provided.
Consequent to all these processes, maximum
scouring depth that occurred at the side weir area
was measured via a digital limnimeter. In
addition, for the bed topography, bed level
measurements were taken at the side weir area at
268 points with particular intervals through the
aid of the digital limnimeter. Figure 9 presents
the points, at which the bed topography
measurements were taken.
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Figure 9. The demonstration of the points of
topography measurements at the labyrinth side weirs
that were tested: L = 0.25 m.

Initially pilot experiments were conducted in
order to determine the bed load flow for various
flow conditions. In case of a moving bed (Vi/V¢ >
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1), since bed ripples occur in a short time, and the
bed is constantly in a movement, solid material
transportation occurs at a high level, and the
amount of the overflown material increases
constantly due to the increase in the flow rate
(V1/V¢). Thus, in order to provide the moving bed
condition, constant supply of solid material was
provided in the channel via the portative
machine, which is designed in the Hydraulics
Laboratory of the Firat University’s Civil
Engineering Department, seen in Fig. 10. The
velocity of the volumetric amount of sediment
feed (Qswp) was adjusted by taking into
consideration the “Vi/V¢” values through this
machine.

Figure 10. Portative machine that provide solid
material supply to the channel.

Side weir properties and flow conditions in this
study are presented in Table 1.

Table 1. Side weirs and flow conditions tested in
the experiments

Experiment P L Q@ Qup VilVe R
No (m m (Us) m M%) () )
1 0.07 025 50 0.12 0.00075 1.94 0.77
2 012 025 55 0.16 0.00019 152 0.55
3 016 025 90 0.19 0.00020 2.06 0.69

6. Evaluation of the Experiment Results

In this section, non-dimensional maximum
scouring depth’s (dsma/p) change in non-
dimensional time (t/tmax) Was investigated in case
of moving bed scouring, for side weirs with L =
0.25 meters opening and p = 0.07, 0.12, 0.16
meters crest height, and is presented in Figure
11(a-c). For moving bed scouring, “V1”, which is
the velocity value in the main channel, is
selected greater than the “V¢” value, which is the
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initial velocity of the movement in the bed. The
experiments were carried out in the range
between Vi/V. = 1.0-3.0 and each experiment
were carefully elaborated to be sustained for
1080 minutes. Figure 4 presents the areas in
which maximum scouring depths were observed.
The experiments pointed out that the duration
required to obtain the maximum scouring depth
during equilibrium for moving bed scouring is
approximately 480 minutes. For larger “Vi/V.”
values, this duration was around maximum 900
minutes. After this duration, maximum scouring
depths were observed to exhibit amplitudes close
to the equilibrium scouring depths (Fig. 11). On
the other hand, for the same “Vi/V.” values in
side weirs with larger crest heights, scouring
depth at the time of equilibrium was observed to
be smaller, and the equilibrium time was attained
in a shorter duration. Scouring depth-duration
graphics for each experiment is presented in
Figs. 11 (a-c) and the flow characteristics are
presented in Table 1. The tendency of the
experiment results is parallel to the change of
scouring depth as a function of time graphics in
the studies of Tsujimoto and Mizukami (1985)
and Yanmaz and Altinbilek (1991) [11 and 12].
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Figure 11. Time-dependent change of the scouring

depth for L=0.25 m in the maximum scouring area:
p=0.07 m (a), p=0.12 m (b), p=0.16 m (c).

0.6 0.8

Bathymetric contour lines of the bed
occurrence as a result of the experiment for
L=0.25mand p =0.07, 0.12 and 0.16 m and the
related images are presented in Figs. 12 (a-c).

In Figure 12 (a), it is possible to observe
that the topography at the interior edge of the
channel did not change significantly. Scours and
peaks were observed in the labyrinth triangular
side weir area placed at the exterior edge.
Scouring depth at equilibrium time occurred at a
certain distance from the weir area.

Scouring depth at equilibrium time in
Figure 12(b) was formed in an elliptical shape
from the center of the downstream of the weir to
the downstream end. At the upstream overflow
part, a small peak formation was observed. Due
to the increasing crest height and decreasing flow
rate (V1/V¢), less material was transported to the
collection channel.

In Figure 12(c), it was observed that the
topography at the interior edge of the channel did
not alter significantly and small-dimensioned
sand ripples were formed. However, at the
exterior edge of the channel, it was observed that
scours and peaks were formed. Scouring depth
was formed with an elliptical shape at the weir’s
downstream end. Bed ripple formation is
observed. Maximum scouring formation is
observed at the downstream overflowing part.
Due to the large crest height and lower side weir
length of the side weir used for this experiment,
little amount of material was overflown.
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Figure 12. Bed bathymetry and related images for
L=0.25 m: p=0.07 m (a), p=0.12 m (b), p=0.16 m (c).

7. Conclusions

Along a linear, rectangular cross-section
channel with a moving bed, in constant flow and
free overflowing conditions; following results
are obtained from this study, which scrutinized
the topographical changes that occur around the
side weir and at the main channel bed and the
scouring depths at the non-dimensional
equilibrium time, in conditions of moving bed
scouring in labyrinth side weirs with L = 0. 25 m
length and p = 0.07, 0.12 and 0.16 m crest height
from the sand bed.

In this experimental study (Vi/V¢ = 1.0 - 3.0),
it was observed that scouring depth became
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evident after a short duration from the
initiation of the experiment and this duration
shortened due to the increase of the flow rate.
For the flow rate Vi/V. = 1.52 value, while
usually ripple formation was observed in the
bed, mostly dune formations were observed at
1.94 and 2.06 values.

The transformation of the channel bed from
ripple form to dune form, scatterings were
observed in the scouring depths due to the
changing bed roughness.

While the duration to reach the maximum
value of the scouring pit decreased due to the
increase of the side weir crest height, the
duration for obtaining the maximum value in
larger “V1/V.” values increased.

The place of the scouring pit formation was
determined as around the side weir and close
to the downstream end. As the “Vi/V.” value
increased, it was observed that the place of
the scouring pit was shifted from the
downstream end of the side weir to the
downstream.

With the larger values of flow rate (Vi/Ve),
scouring depth at the non-dimensional
equilibrium time (dse/p) also reached larger
values.

Larger scouring depths were obtained in side
weirs with large crest heights.

When the flow conditions were considerably
same, bed scouring started earlier as the side
weir crest height decreased, and bed scouring
started later as the side weir crest height
increased.

It was determined that scouring shape that
occurred in the bed was directly related to the
flow rate (Vi/V¢) and non-dimensional side
weir crest height (yis/p) in the rectangular
cross-section linear channel, under moving
bed flow conditions.

While the side weir height is 0.07 meters, the
shape of the scouring in the bed is formed
with circular cross-sections due to the vortex
occurrence, and when the side weir crest
height increases to 0.12 and 0.16 meters, the
scouring was observed to have an elliptical
shape.

It was determined that the scouring depth at
non-dimensional equilibrium time (dse/p)
changed directly with the increase in flow
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rate (Va/Vc) and after a certain period it
presented an amplitude around the peak
values.
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