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Foreword

THE RECENT EARTHQUAKE DISASTER IN
TURKEY

On February 6, 2023 two disastrous earthquakes, the first with a moment magnitude of 7.7
and the second with a magnitude of 7.6 occurred nine hours apart on two different faults in
the East Anatolian Fault Zone within the boundaries of the province of Kahramanmaras,
Turkey. Besides more than fifty thousand lives lost, the two earthquakes and their
aftershocks caused enormous material damage in the eleven provinces comprising the
disaster area. We remember those who lost their lives, express our sympathies to their
families and loved ones and wish quick recovery to the survivors.

The most recent disaster of comparable scale is the 1999 izmit Earthquake of 7.4
magnitude, which caused around seventeen thousand casualties. At the time, it was
presumed that the tragic experience of the Izmit Earthquake would serve as a lesson and
a warning sign to the planners, designers and constructors in the field of civil engineering
to improve their evidently deficient practices. Indeed, several new versions of the seismic
code, each introducing stricter rules than the preceding one, were drafted in the years
following the izmit Earthquake. New legal documents were issued to improve the
construction supervision system. Moreover, a variety of design software were developed.
The quality of concrete and reinforcing steel has relatively improved as the result of
recent technological advances.

Regrettably the preliminary reconnaissance reports indicate a rather heavy structural
damage resembling that of the Izmit Earthquake. Besides other contributors, the Turkish
civil engineering practice of the last two decades is also accountable for the damage.
However, a fair criticism should also acknowledge the fact that the recent disaster was a
combination of several earthquakes of enormous damaging power, stemming primarily
from their exceptionally high spectral accelerations. It would be a fair judgement to
observe the improvements in the structural performance since the izmit disaster; however,
they are still far from satisfactory.

Among other factors leading to deficiencies in the civil engineering practice, the following
two appear to be the most critical:

1. Deterioration in civil engineering education: The standards of civil engineering
education have been significantly lowered. Consequently, the number of civil
engineering graduates has excessively increased at the cost of deterioration in their
professional qualifications.

2. Failure to introduce a professional civil engineering system: The Higher Earthquake
Council (Deprem Surasi, 2004) inspired by the Izmit Earthquake had firmly
endorsed the introduction of a professional engineering system in Turkey. Despite
tireless efforts of the Turkish Chamber of Civil Engineering, such a system could not
be implemented.



Considering the need for a rapid information flow, the Turkish Journal of Civil
Engineering decided to publish a special issue to disseminate the preliminary data on the
Kahramanmarag Earthquakes. The November 2023 issue will be devoted to this purpose.
This special issue will include mainly technical notes of a descriptive nature which can be
drafted in a short while and submitted soon. Naturally, full papers on the earthquakes will
also be considered, provided they have the required solid scientific content. As required
by the publication policy of the Turkish Journal of Civil Engineering, the papers in the
special issue will have to be confined to the civil engineering aspect of the problem.

Best wishes,

Editorial Board, Turkish Journal of Civil Engineering
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Building's Controlled Seismic Isolation by Using Upper
Horizontal Dampers and Stiff Core

Kourosh TALEBI JOUNEGHANI!
Mahmood HOSSEINI?

Mohammad Sadegh ROHANIMANESH?
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ABSTRACT

The fundamental period of the seismically isolated buildings may be close to that of the long
period pulses of near-field earthquakes, leading to very large lateral displacements in
isolators, which in turn can considerably reduce the stability of isolators, increase the chance
of collision of the isolated buildings to adjacent buildings, or even result in overturning of
the isolated buildings. Therefore, it is important to control these types of buildings and reduce
the amount of lateral displacement in their isolating system. In this study, by conducting a
series of time history analyses for a set of five multi-story steel buildings with various
numbers of stories from 3 to 14. Each building is considered to have a very stiff core structure
and a set of crosswise viscous dampers, connecting the building structure to the core structure
at the lowest and the top floors, as well as the same structures without the core structure and
dampers. The effect of stiff core and dampers in reducing the lateral displacement at isolators
has been shown. Results indicate that by the proposed technique, the lateral displacement of
the base isolation system is significantly decreased particularly for low-rise buildings.

Keywords: Control of displacement, base-isolated structures, crosswise dissipators, central
rigid support.
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1. INTRODUCTION

Considering the significant interest in structurally controlling the base-isolated buildings, the
fundamental model for a specific type of building was established in [1] and [2]. The eight-
story building had a length of 82.4m and a width of 54.3m, a replica of a structure in Los
Angeles. The model package is a result of the cooperative study between various researchers.
Hence, a realistic and detailed 3D modelling was obtained for a base-isolated building model.
Researchers could use an exact structural model to compare and design numerous control
systems. Various controllers were utilized during the Engineering Mechanics Conference
(Newark, Delaware, June 2004), and different investigators contributed to the benchmark
study and provided their preliminary results [3—10].

Recognizing the importance of earthquake improvement and building retrofitting and
attempts to achieve these goals is of great concern for many researchers. Seismic isolators
and viscous dampers rank as two of the most effective solutions among these techniques.
These gadgets differ from one another in that each has benefits and drawbacks. Dampers are
tools for releasing energy generated by an earthquake inside a building. There are many
different kinds of dampers, but viscous dampers are particularly popular because of their
simple installation and extended lifespan [11-14].

Seismic isolators with significant lateral deformation capability support the building. When
there is an earthquake, the column often bears the brunt of the displacements, with the rest of
the building functioning more like a solid object oscillating with minor displacements. By
extending the time and dampening the structure, installing an isolator causes seismic loads
to decrease rather than improve the structure's bearing capability. Active, passive, and semi-
active control systems, which employ techniques other than enhancing the structure's strength
and capacity, might be noted among the methods for regulating the reaction of structures.
They reduce the force on the structure during an earthquake. For example, vibration isolation
systems increase the natural period and damping of the design and effectively reduce the
force on the structure. This isolation is achieved by increasing the system's flexibility and
providing proper damping. In this method, since the force of the earthquake is not supposed
to enter the structure or a small part of it is transferred to the structure, it can be expected that
the displacement of the floors will be reduced, the acceleration of the floor will be reduced,
and the failures of the building and also the failures of the property will be significantly
reduced. Moreover, fewer architectural problems will arise in the plans, and the cost of
implementing huge structures will decrease due to the use of finer sections [15, 16].
According to the functioning of isolation systems, the use of these systems in soils with low
shear wave velocity (soft), although they increase the damping of the entire system and, as a
result, less energy is introduced into the structure, but due to the increase in the need to change
the location that one of the main criteria for using these systems is that it always faces
limitations. Therefore, the need to change location and move a lot in earthquakes near the
fault due to the frequency content and special features of these records is one of the
limitations of this system [17]. In recent years this issue may have been solved to some extent
with additional dampers added to the isolation system, especially in bridges [18]. Wu et al.
[19] studied the failure of structures on sandstone and mudstone. In another study [20], they
numerically studied water inrush from rock strata separation space. However, the research
on the effects of these dampers on isolated systems is one of the essential issues in this
research on the damping effect of viscose add-on dampers in isolated structures. The seismic
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isolation of buildings was aimed at saving the structure and avoiding damage to the contents,
including its residents [21, 22]. The superstructure response is reduced by base isolation
systems like elastomeric bearing systems and sliding.

However, the base displacements were increased in near-fault earthquakes. Recently, many
studies have been devoted to limiting bearing displacements. Protecting the base-isolated
buildings from long-period and intense pulses in near-field earthquakes is challenging.
Heaton et al. [23] showed that large drifts were observed in a near-field earthquake in a base-
isolated building. Rupture or buckling of the isolation bearings was noted when the structure
was subject to a strong earthquake [24, 25]. However, isolator displacements are reduced by
large damping levels in the fundamental mode since forces are imparted into the structure,
thus, increasing the structural deformations and accelerations in higher modes [26, 27].
Different kinds of systems were proposed to address the requirement for higher damping and
limit the low damping and isolation drift to enhance the isolation effectiveness at higher
frequencies.

Detailed reviews have been provided on the studies on structural response control [28-33].
In active structural control, the control force is straightly exerted on the model in terms of a
definite algorithm. For this purpose, to obtain certain response control objectives under the
device capacity limitation, state estimation or response measurements are used along with
direct actuation tools (hydraulic actuators). Among other benefits of active control systems
are applicability to multi-risk situations (such as wind and earthquakes), relative insensitivity
to site circumstances and ground motions, and selectivity of control objectives like safety
during severe dynamic loading and human comfort during non-critical times. Wu et al. [34]
studied the deformation and failure of structures using convolutional neural networks.

Seismic excitations are traditionally ignored or assumed as white noise in designing optimal
active control systems. Therefore, it is impossible to guarantee these 'optimal' controllers'
optimality while existing seismic excitations have significant pulse performance. Yang [35]
recommended designing controllers in terms of the augmented system, including the filter
and the structure, to model filtered white noise. He used the same method to control the
nonlinear hysteretic structures [36]. Various studies propose other structural control methods
[37-45]. Optimal structural control was proposed by Panariello et al. [46] by conducting an
experiment using artificial neural networks. In order to design a smart base isolation system,
Yoshioka et al. [47] and Ramallo et al. [48] modelled the earthquake excitations by using
Kanai-Tajimi filter [49]. For the input shaping filter, the recorded earthquake's PSD is fitted
with a second-order transfer function to obtain the transfer function. The shaping filter of
Kanai-Tajimi was employed by Ramallo et al. to model the ground. Thus, the structural
excitation augmented system is obtained to design an MR damper controller. Using filters
from [50] for modelling input excitation was proved to be the overall result. However, these
filters overestimated the energy within the lower frequency range while affecting the longer-
period structures' response. Nagarajaiah and Narasimhan [2] proposed a modified model [38].
A lower overestimating is achieved for energy by the modified model within the lower range
of frequency in comparison with the original model. He [51] and He and Agrawal [52]
proposed an analytical model for control systems in near-field ground motions [53]. He and
Agrawal extensively studied the use of the analytical pulse model for the benchmark cable-
stayed bridge model [54]. A frequency-domain pulse filter was established by converting the
analytical pulse model in the Laplace domain. An active pulse filter (APF) controller can be
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designed by further augmentation of the pulse filter into state-space form through the
structural system [55]. APF (Active Pulse Filter) is the name of the active controller. To
conduct a parametric study independent of noise disturbances, the measurement of noise
disturbances hasn't been considered when designing and simulating controllers in this paper.
APF controllers are however investigated in [55-57] for their effects on white noise
disturbances. APF controllers have been shown to be robust according to simulation results
in the benchmark package for base-isolated buildings [2].

A previous study determined that weighting parameters in semi-active and active control
algorithms such as Linear Quadratic Regulators (LQR) and H2/LQG are constant during
earthquake loading, while in the MH2/LQG control algorithm, a variable weighting
parameter is considered at each time step for the purpose of designing the semi-active control
system and determining appropriate damper forces for the MR. The MH2/LQG control
algorithm adjusts the weighting parameter at time steps where the MR damper is not required
to apply excessive damping forces to the structure in order to prevent this.

According to some seismologists, buildings that are isolated from the base may be subject to
significant impulsive ground movements that are produced by nearby faults. Large insulator
displacements caused by long-period pulses linked to movement near the fault might cause
the buildings that are separated from the base to operate poorly. Researchers were quite
interested in this, and lately, several studies have been published on the dynamic behavior of
base-insulated structures during near-fault motions [58]. It has been shown that bearing
displacements in near-fault motions can be quite considerable, which can cause the isolation
system to become unstable. According to the research above, the LRB (Lead Rubber
Bearings) system's performance with specific attributes was unsuitable for movements close
to faults. Since the LRB system is a popular isolation system with all the features needed for
fundamental isolation, it is important to research how the LRB system behaves dynamically
and what its best settings are when the fault is moving [58].

This study presents the method of using four cross-horizontal viscous dampers at the level of
the roof of the structures, which is connected to a rigid central core in the center of the
structures. Also, they are equipped with seismic isolators to restrain the lateral displacement
of the structures under the effect of pulses in the near field.

2. MODULATION

In this research, five types of 3, 5, 8, 11, and 14-story steel bending frame structures with
Chevron braces with square plans have been designed using ETABS 2016 software using the
LRFD method. Then, for each building, rigid concrete central support structure was designed
using ETABS 2016 software and transferred to the Perform3D simulator software.

Then, in this software, base isolators and specific horizontal viscous dampers are added to
the structures. Each type of building is divided into two categories. The first category is
equipped with a base isolator without a hard-central support structure, and the second
category is equipped with a base isolator with a hard-central support structure. These
structures have been subjected to nonlinear dynamic analysis under seven distant and seven
near-earth records. The outputs of all structures have been examined, and the following
results have been obtained.



K. TALEBI JOUNEGHANI, M. HOSSEINI, M. S. ROHANIMANESH, M. RAISSI

2.1. Designing the Structures

All the structures have a Chevron brace and have a yard to establish the supportive structures.
The design of the structures was performed by the AISC 360-05 [59] LRFD technique and
UBC-97 in ETABS 2016 Provided Seismic zone factor (Z) =0.4. The load combinations
under Strength level (U) =1.2D+0.5L+E were used, where D, L and E are dead load, live
load, and lateral load, respectively. Site soil profile types are (stiff soil profile) by the shear
wave velocity 180 to 360 meter/second. ST37 type steel is used for all structures with 370
mega Pascal ultimate tensile strength. They were then transported to PERFORM3D to
analyze the nonlinear time history. The types of structures are shown in Fig. 1, and the section
properties are given in Table 1.
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Fig. I - The structures with no rigid support of (a) 3 stories, (b) 5 stories, (c) 8 stories, (d)
11 stories, and (e) 14 stories
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Table I - Section properties for Fig. 1.

Column section Beam section
B Xt (cm) [(hy X ty) + (by X )] (cm)

c; =35%2 c, =50x%x3 B; = (40x 1)+ (20 x 1.5)
c, =40 % 2.5 cs =60 X% 3.5 B, = (45 x 1.5) + (25 x 2)
c3 =45x%3 ce =80X%x5 B; = (50 % 2)+ (30x3)
B = width t,, = web thickness
t = thickness b = flange width
h,, = web height ty = flange thickness

2.2. Designing the Stiff Core (Rigid Support Structure)

The current survey of the United Nations approximated that more than half of the people
accommodate in cities [60]. Furthermore, it was also estimated that more people will be living
in the cities by the end of 2050. Therefore, the number of houses and apartment complexes
is rising in urban areas. Normally, tall buildings are more susceptible to wind actions and
ground motions than low-rise buildings. Hence, effective lateral force-resisting systems
should be used to reduce lateral demands. In order to solve this problem, reinforced concrete
(RQ) is utilized in high-rise structures. This provides the benefits of flexible architecture,
faster construction, and commodious area [61].

The columns in an RC-supported structure have the flexibility to transfer the gravity loads.
One of the most accurate and precise numerical approaches is the nonlinear response history
analysis (NLRHA) process, which computes the high-rise structures' dynamic responses.
However, it is computationally expensive, time-consuming, and needs expertise in nonlinear
modelling. Mehmood et al. [62] revealed that the NLRHA procedure requires a computation
time of about 30 hours for predicting a building's seismic responses for a certain case.
Moreover, another 5 hours is required for the post-processing. Thus, various simplified
analysis processes have been developed to avoid the issues related to the NLRHA process.
Nonlinear modelling is required by some of the simplified processes, while the linear elastic
modelling option is served for others. However, these approaches have less accuracy in
comparison to the NLRHA technique. The simplified techniques were mostly adopted in
different codes [63-65]. Recently, more analysis processes have been proposed [66-73].
However, the present study has concentrated on more developed models.

No study exists examining the simplified procedures, particularly for high-rise core wall
buildings. The present study is aimed to compare all the simplified methods for their
computational efforts, computation time, and relative accuracy for high-rise core wall
structures. It provides the demerits and merits of different simplified analysis procedures in
detail. Moreover, a modified simple analysis procedure is presented using modal
decomposition methods based on an in-depth analysis of modal responses.

The rigid support structure is a central square core wall with high-strength steel (HSS) with
650 mega Pascal ultimate tensile strength and high-strength concrete (HSC) with 60 mega
Pascal compressive strength. It was designed via the ACI 363R-92 [74]. This structure is
connected rigidly to the foundation. Moreover, by horizontally crosswise viscous dampers,
the structures are linked to the support structure in the roof, as shown in Fig 2.
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Fig. 2 - Schematic configuration of rigid support structure
Fig. 3 shows the details of the support system.
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Fig 3 - The details of rigid supports for (a) 3 stories, (b) 5 stories, (c) 8 stories,
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Fig 3 - The details of rigid supports for (a) 3 stories, (b) 5 stories, (c) 8 stories,
(d) 11 stories, and (e) 14 stories (continued)

2.3. Base Isolation System

Among the influencing parameters in the response of isolated structures under near-field
earthquakes, we can mention the important feature of LRB isolators, i.e., the stiffness ratio
before and after yielding of rubber isolator with lead core, B4, To investigate the effect of
that parameter, it is considered as a variable to determine the value of the minimum response
of the isolated structure under the influence of the nearby earthquake [75].

In this study, Wen and Bouc models are used for nonlinear modelling and expression of the
hysteresis behavior of the LRB system [75].

One of the influential parameters in the response of the isolated system is the amount of
damping of the isolated system with the behavior of the linear displacement force. Increasing
the damping controls the deformation of the structure, but on the other hand, it increases the
acceleration of the structure. Therefore, two parameters of acceleration and displacement of
the separator system were studied simultaneously under near-field accelerometry. For this
purpose, the structure with frequency characteristics wg, period Ty, and damping ¢ and

separator with frequency characteristics w,, period Tj,, damping ¢, and y =

were
(m+mp)

investigated [76].

Another important parameter in the response of the system under an earthquake is the
normalized yield strength F, of the LRB isolator, which has been studied in [77]. For this
purpose, an N-story building equipped with an LRB isolator was used. The yield strength
parameter is normalized and is defined according to equation 1.

Fp==2 (D

where F, is the yield strength of the isolator, and W is the total weight of the isolated building.
For more detail, in this regard, the study of Jangrid [77] is introduced.
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The LRB yield strength ought to be such that it offers sufficient initial rigidity when there is
no yielding in the lead core because, for relatively small values of the isolator yield strength,
the efficient period of the isolated building is around 2.5 seconds, which is extremely similar
to the interval time of the isolator pulse [77].

It can be said that in the design of the LRB separator, the optimal value for the LRB is slightly
higher than the F related to the acceleration of the minimum floors in order to achieve the
maximum amount of separation with the least amount of floor displacement. This value of
F, is considered to be about 0.1 to 0.15.

Typically, there are two kinds of seismic isolators, which are sliding bearings [78] and [79]
and rubber bearings (LRBs) [80]. As previously stated, the present work aims to assess the
effects of viscous dampers and lead rubber bearings' performance concerning the features of
the near-field ground motion. The LRB isolator is able to neutralize the impact using a
particular hysteretic lead plug. Thus, it supports the structure vertically and offers limited
horizontal autonomy. The designed isolators of the present study are based on the Uniform
Building Code (UBC-97) [80]. The present study's design parameters are introduced in Table
2.

Table 2 - The design parameters used in the present study

Parameter Details
Q/w The ratio of the characteristic strength to the total weight on the isolation system
D The isolator diameter
E, The yield force
n The number of rubber layers
d The lead core diameter
t The layer thickness

Hysteresis loop for equivalent LRB
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Fig. 4 - The typical bilinear LRB hysteresis
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Fig. 4 demonstrates the bilinear curve used for analysis purposes in the present study. It
specifies k, and k,, which are the elastic and post-yield stiffness, respectively.

k. and k,, are determined as follows:

F.
ke =1 @
kp =2 fL 3)

where, Dy, G, and A, are the yield displacement, the shear modulus, and the cross-sectional
area of rubber, respectively. fL is a constant, which is set to be 1.5. The strength is also
calculated by:

Q= Apoy , )
where, A,, and Ty, are the area and the yield strength of the lead core, respectively.
Furthermore, the effective stiffness k. is calculated as follows:

kerr = ij (5)

where, F, is the force and 4 is the displacement. The effective stiffness is also calculated as
Eq. 6.

Q .

kerr = {k]:p " g};i Z 1';3 ©
Also, the forces are formulated as:

Ep, =0 +k,A @)
F, = Q + kD, ®)

The area ED of the hysteretic loop, which corresponds to the amount of dissipated energy, is
obtained as:

ED = 4Q(A - D) )

The amount of hysteretic energy that is dissipated by the isolator is defined as the effective
damping ratio {gf.

ED
(eff = Zn'keffAz (10)

10
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Ultimately, the fundamental isolation period T is achieved as:

M

TiSO = 211 11
SKeps (11)

M is the overall mass of the system. Fig. 5 shows the hysteretic curves for different cases.

LRB hysteresis loop - Q | W=7.5% LR hystsresis loop - Q/ W=10%
400 400
T-LT 1o s Te220 2.
AL PR ST

300 o Tt 48

2~

=z
=
& = 4000
S 450 -350 250150
2 B,
2
I £
=13 1% / et
) i
el :
G2 s Leae |/ -400
. E=125% _400 Displacement (mm)
(.aJ Displacement (mm) (b)

LRB hysteresis loop - Q/W=125%

400
300

200 47
==V
/] -

-400  -300 /QG 160
e
;-.i:.x‘.-»( -ﬁ

Force (KN)

=300

21
(C) =400
Displacement (mm)

Fig. 5 - The LRB isolators hysteretic curve for the cases of (a) Q/W = 7.5%, (b) Q/W =
10.0%, and (c) Q/W = 12.5%

The equation of motion is utilized to determine the maximum deformation of the isolation
system to calculate the initial values [81]. This approximation of the maximum deformation
is accurate [82].

M3y () + Coppity(8) + Koppxp(8) + Tomy mgag = —Mig(t) (12)
Where, Eq. 12 is the equation of motion. ¥, (t), x,(t), my, a4, and Q are the horizontal
ground acceleration, the relative displacement of the isolator, mass, relative acceleration of

the nth degree of freedom, and the number of superstructure's degrees of freedom,
respectively.

Cefy 1s the effective damping coefficient which is formulated as follows:

Corr = 2lerrMKers (13)

Fig. 6 and Table 3 provide the properties of the isolators used in PERFORM3D.

11
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F(KN)

D(cm)

Fig. 6 - Force-displacement relationship for lead rubber bearing

Table 3 - The relationship of force/displacement for lead rubber bearing for T=2.43

Structures K.=K, D4 (mm) F,, (KN/'M) K, =Kp
(KN/M) (KN/M)
3 story 400 400 14 0.200
5 story 485 485 16.5 0.225
8 story 530 530 19 0.255
11 story 605 605 22.5 0.311
14 story 675 675 26 0.311

Note that in Perform3D, K, and K, are introduced as K, and K.

2.4. The Fluid Viscous Damper System

Viscous fluid dampers are frequently used as energy dissipation tools to protect structures
from earthquakes. These dampers are made of a hollow cylinder filled with fluid, usually
silicone-based fluid. Strong forces opposing the damper's relative motion can be produced
by the pressure difference across the piston head [82]. Heat is produced as a result of energy
dissipation caused by friction forces. When the damper is exposed to lengthy or large-
amplitude vibrations, the resulting temperature increase can be severe [83, 84]. There are
mechanisms to counteract the temperature increase such that the impact on damper behavior
is minimal [85]. The possibility of heat-related harm to the damper seals increases the
temperature [84]. Strangely, even though the damper is referred to as a viscous fluid damper,
the fluid often has a low viscosity, such as silicone oil, which has a kinematic viscosity of
around 0.001 m?/s at 20°C. The phrase "viscous fluid damper" refers to a damper's
macroscopic behavior, nearly identical to that of an ideal linear or nonlinear viscous dashpot
in that the resistive force is proportional to the velocity.

Viscous dampers present a resisting force to the velocity [86, 87]. In order to calculate the
damper force, we use Eq. 14.

12
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Fp = cV,%P (14)

Where, ¢ and V, are the coefficient and the relative velocity. Also, exp is a constant ranging
from 0.1 to 0.3. In the present study, the mentioned parameter is set to 1 for simplicity. Fig.
7 presents the relation between the applied force and the displacement of the viscous damper.

100 1
80 A

Force (KN)

-120 80 120

Displacement (mm)

—100 -

Fig.7 - The typical relation of the force and the displacement in a viscous damper

The viscous damper's parameters are represented in Fig.8.

FEs)

Dem)

Fig. 8 - The force-displacement association for fluid and the viscous damper in a structure
with 3 stories

The axial force in the viscous damper is calculated by:

Axial Force = C (Deformation rate)®> (15)

The coefficient of each structure based on its number of stories and the force in the last
segment is given in Table 4.

13
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Table 4 - The value of C under different conditions (number of stories and the force at last

segment)
Segment Deformation 3 stories 5 stories 8 stories 11 stories 14 stories
rate 20,000 Kgf 40,000 Kgf 60,000 Kgf 80,000 Kgf 100,000 Kgf
1 0.6 2222 4444 6667 8889 8889
2 2.4 1333 2667 4000 5333 5333
3 54 952.4 1905 2857 3810 3810
4 9.6 740.7 1481 2222 2963 2963
5 15 606.1 1212 1818 2424 2424

Regarding the equation of motion, a thorough explanation is given in our previous research
[88-90], and the reader is referred to those papers.

2.5. Ground Motion Information

Ground motion components should be matched and scaled based on the design spectrum to
avoid scattering the time history analysis results. The design spectrum is determined based
on the ground motions components of the construction site and according to the hazard and
soil characteristics in different site layers with a damping value of 5%. Initially, each record
is scaled based on the maximum Peak Ground Acceleration (PGA) of gravity of the earth (g).
Each scaled record's response spectra are calculated with a 5% damping value. The square
root of the sum of squares (SRSS) of each response spectra was determined. The average of
SRSS in the range of 0.2T to 1.5T of all the earthquakes under study is calculated (T is the
fundamental period of the structure), and this number, which is the coefficient of scale, is
introduced to the software. This average should not be less than 1.17 times the design
spectrum. According to the national regulations of the building, the selected records must be
in harmony with the desired building in terms of size, fault mechanism, and the distance from
the fault to the place of registration. If the required records do not exist, modified or artificial
records can be used. The number of records used and how to modify the records to match the
existing conditions are important questions. For this research, earthquake records were
selected based on FEMA P695 recommendation, where 22 earthquake records for the distant
area and 28 records for the near area were mentioned.

In comparing spectra and codes of earthquakes, the desired return period should be the same
for response spectra and the design spectrum of codes. In other words, to check each
earthquake's effect on the structure and evaluate the tremors of the buildings, it is necessary
that the response spectra be adapted or scaled with the spectra of the corresponding plan to a
specific return period. SeismoSignal software was used for scaling, and all records were
scaled for all modes.

Individual recorded events must be scaled and selected to determine the horizontal
components of the ground motion. It is appropriate to use ground motions whose magnitudes,
fault distances, and source mechanisms are consistent with those controlling the maximum
earthquake considered. Whenever there are not enough recorded ground motion pairs to
fulfill the requirement, simulated ground motion pairs will be used as a substitute to fulfill
the requirement. The square root of the sum of squares (SRSS) spectrum for each pair of

14
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horizontal ground motion components will be calculated by taking the SRSS spectra of five
percent damped response spectra (where the same scale factor will be applied to both
components of each pair).

In this study, the two methods of comparing the acceleration are the methods presented in
the ASCE(07-10. Each pair of acceleration maps must be scaled to their maximum value; for
example, we have two acceleration maps of Tabas's earthquake with PGAs of 0.85 and 0.86.
First, we multiply both records by a factor of 1/0.86= 1.16. The larger accelerometer's PGA
equals 1g (the accelerometer numbers were based on a coefficient of g). And the record with
a lower PGA will have a PGA equal to 0.98 (In the third edition of the 2800 standard, the
amount of PGA in both acceleration maps was equal to one, which was changed in the fourth
edition). In the SeismoSignal software, according to each couple, we extract the
accelerometer scaled to the maximum with 5% damping. We obtain the response spectra of
each map acceleration pair in each period by the root sum of squares method. In the range of
0.2T to 1.5T (where the period is the main), we get the root mean of the sum of squares.
Important: only in the three-dimensional analysis should this average not be more than 10%
less than 1.3 times according to the plan; that is, it should be more than 1.17 times the
spectrum of the plan. The coefficient obtained in this way is entered as a scaling coefficient
in the software.
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Fig. 9 - The power spectral density of different earthquakes

The ground motions whose PGA/PGYV is smaller than one have been selected because of their
highest intensity (Fig. 9). Table 5 illustrates the ground motions, and Figure 10 shows the
spectral acceleration of the ground motions together with their mean.
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Table 5 - The characteristics of different ground motions (PGA/PGYV)

Earthquake Year Duration PGA (g) | PGV PGD (m) | PGA/PGV
Name time (m/s)
TCGHI13 2004 21 0.590 0.626 0.098 0.945
KOBE 1995 50 0.834 0.911 0.211 0.915
Imperial
Valley-02 1940 55 0.280 0.309 0.087 0.905
Tabas 1978 40 0.027 0.034 0.31 0.768
Tabas 1978 33 0.861 1.234 0.936 0.698
Bam 2003 33 0.014 0.020 0.013 0.696
Imperial
Valley-02 1940 55 0.210 0.313 0.241 0.670
ElMayor- 1 41 130 0.248 | 0.383 0.482 | 0.648
Cucapah
Northridge 1994 28 0.426 0.748 0.190 0.569
Kocaeli 1999 150 0.045 0.081 0.035 0.555
Tottori 2000 120 0.018 0.036 0.042 0.511
Duzce 1999 95 0.017 0.045 0.038 0.373
Northridge01 | 1994 30 0.410 1.114 0.446 0.368
Darfield 2010 140 0.194 0.591 0.491 0.328
Zealand 2010 120 0.209 0.671 0.599 0.311
4 F
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Fig. 10 - 5% damped acceleration spectra if the selected ground motions
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The SeismoArtif software was used to create fake earthquakes based on the median spectrum
ground movements in Fig. 10. (version 2018). The Saragoni and Hart [91] envelope curve
approach was applied while considering the following requirements (Fig. 11).

Idur

- =
duration

Fig. 11 - Saragoni and Hart envelope curve [91]

By executing the procedure mentioned above, it can be seen from Fig. 12 that the actual
spectrum matches the specific target spectrum with 5% damping.
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Fig. 12 - The response spectral matched the target spectrum
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Tables 6 and 7 present the 7 near-field (N.F) and 7 far-field (F.F) ground motions used in the
current study.

Table 6 - The features of N.F earthquake motions

No. | Earthquake M Station Distance(km) | PGA(g) | PGV(cm/s) | PGD(cm)
1 Northridge 6.69 | LA Dam 11.79 0.576 77.09 20.1
2 Chi Chi 7.62 | TCUO068 3.01 0.5 277.56 715.8
3 San 6.61 Pacoima 11.86 0.827 34.43 18.67

Fernando Dam
4 Palm springs | 6.06 North 10.57 0.669 73.55 11.87
Palm
springs
5 Kocaeli 7.4 Sakarya 3.2 0.41 82.05 205.9
6 Gazil 6.8 Karakyr 12.82 0.599 64.94 24.18
7 Whittier 5.99 | Santa-fe 11.73 0.398 23.75 1.76
narrows springs

Table 7 - The features of F.F earthquake motions

No. | Earthquake | M Station Distance(km) | PGA(g) | PGV(cm/s) | PGD(cm)
1 Imperial 6.53 Brawley 43 0.158 36.09 22.63
Valley Airport
2 Loma Prieta | 6.9 Richmond 87.87 0.124 17.34 3.58
City Hall
3 Tabas 6.8 Tabas 55.24 0.851 121.22 95.06
4 Kobe 6.9 KIMA 18.27 0.854 95.75 24.56
5 Chi Chi 7.62 TCU065 26.67 0.831 129.55 93.85
6 Kocaeli 7.51 Sakarya 33.24 0.376 79.49 70.56
7 Northridge 6.7 | Huntington 69.5 0.086 5.01 1.63
BchWaikiki
3. SIMPLIFIED MODEL

In order to evaluate the performance of a base isolation construction, a single-degree-of-
freedom (SDOF) model is suggested. A complete representation of this model is presented
in Fig. 13.

The parameters needed for this procedure are shown in the following equations. The
simplified SDOF model's mass, starting stiffness, yield deformation, and damping coefficient

are denoted by the letters M,, k., dye, and Cpq;n, respectively.
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C = fan.c fs

Base- j
isolated
building Equivalent damping

coefficient of

ke, dye SDOF model
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Fig. 13 - A Schematic of the reduced SDOF model

M, = My (16)
k -t (17)
© )
Kjd
dye :% (18)
e mp (19)

ke+iweCmain  ki+iwec)  ky+iwecy

We = /M, /k, (20)

o :(kICU+ku01)(k1+ku)—(k1ku—w§CICU)(C1+CU) Q1)
matn (kp+ky)2+wi(cr+cy)?

Ba is the effect of the damper location.

my (kg) 1.70 x 10°
¢ (Ns/m) 5 x 10°
k, (N /m) 2.61 x 106
d,, (m) 0.01

In the design of isolators, performance point methods (PPM) are employed. Depending on
the location of the building, spectral acceleration, and displacement are plotted for the 5
percent damped spectrum. In order to decrease the spectrum, equal viscous damping is
considered. The isolation system is considered to be dampened by 15 percent in this section.
Using the PPM method, the design spectrum has been changed in terms of force-displacement
rather than acceleration displacement in light of the bilinear behavior of the isolator.
Essentially, bilinear behavior refers to earthquake capacity, while force-displacement
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spectrum refers to earthquake demand. A point should be identified in the PPM by plotting
capacity and demand together in a diagram. The acceleration-displacement spectrum of the
classified isolator is multiplied by 1601 kN, 957 kN, and 511 kN to create three force-
displacement spectrums. By intersecting the demand and capacity curves, we are able to
reach the isolator design parameters. To begin with, the period, damping, and characteristic
strength were assumed, and iterations continued until the desired performance level was
reached. Despite the fact that all parameters are the same as those defined in the previous
section, post-elastic stiffness (K;) is calculated based on the isolation period (Tiso).

4. NUMERICAL STUDY

This study used accelerograms related to the 7 scaled N.F and 7 scaled F.F earthquakes.
Structure motion equations without controller and structure motion equations with central
rigid support have been nonlinear time history analyses by PERFORM-3D. The average
displacement of the base isolation upper level and stories velocity and acceleration were
influenced by 14 earthquakes. These values are presented without a controller and with a
central rigid support controller.

4.1. Results and Discussion

Table 8 shows the average absolute value of lateral displacement of the base isolation upper
level in structures with and without rigid support. As seen in Table 9 and Tablel0, the
structures' response followed by the time history analysis is extracted under far and near field
scaled earthquake scaled records. Therefore, the decreased quantities in the most
displacement of the base isolation upper level are presented in the following tables.

Table 11 shows the average absolute value of base shear of the base isolation's upper level in
structures with and without rigid support under N.F and F.F earthquakes. As seen in Table
12 and Tablel3, these structures have the response as discussed in the former section.
Moreover, the decreased quantities in the highest base shears are presented.

Table 8 - The average absolute value of lateral displacement of the base isolation upper
level in structures with and without rigid support in N.F and F.F earthquakes (cm)

Field N.F F.F D ax
Structure With rigid Without rigid | With rigid ) Without
support support support rigid support

3 stories 17 3.9 17.5 7.3 40
5 stories 10.8 1.55 19.6 1.82 48.5
8 stories 13.2 2 9.8 1.95 53
11 stories 14.5 3.7 17.9 9.9 60.5
14 stories 7.4 0.95 11.7 3.6 67.5
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Table 9 - The percentage of decreased quantity of the lateral displacement of the base
isolation upper level in structures with support under N.F earthquakes

Earthquake | Chi San Palm Kocaeli Gazil | Whittier | Northridge
Chi | Fernando | springs narrows
Structure

3 stories 89.1 89 90.1 83.2 81.2 88.2 87

5 stories 88.1 81.3 83.2 87.5 86 89.1 85.6

8 stories 82.2 88 86 81.9 84.1 79.6 84.8

11 stories 70.1 76.2 79.2 69.8 76.3 76 74.5

14 stories 81.1 78.9 76 81.3 78.8 72 77

Table 10 - The percentage of reduced quantity of lateral displacement of the base
isolation's upper level in structures with support under F.F earthquakes

Earthquake Imperial Loma Tabas Kobe Chi Kocaeli | Northridge
Valley Prieta Chi
Structure

3 stories 92.2 88.1 90 78 89.3 84.4 88

5 stories 90.4 89.7 92.2 83.3 88.9 91.1 90.3

8 stories 84.8 91.1 86.8 90.1 92.2 89.9 90.6

11 stories 37.6 41.2 39.3 80.3 40.1 36.1 447

14 stories 50.2 56.6 53.4 88.7 51.1 50.4 58.3

100

Reduced lateral displacement

[ T - N ) R ¢ o]
o O O o

o

Number of stories

m Near-field earthquakes

3 5 8 11 14

m Far-field earthquakes

Fig. 14 - The percentage of reduced quantity of lateral displacement of the base isolation's
upper level in structures with support under earthquakes
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Table 11 - The average absolute value of base shear of the base isolation's upper level in
structures with and without rigid support under N.F and F.F earthquakes (kg)

Field N.F F.F
With Without rigid With rigid Without rigid
rigid support support support
Structure support

3 stories 41500 9950 52100 13200

5 stories 51100 19100 61300 20250

8 stories 54050 19050 61500 19600

11 stories 125100 90200 135300 115400

14 stories 133000 99100 130550 105200

Table 12 - The percentage of reduced quantity of base shear of the base isolation's upper
level in structures with support under N.F earthquakes

Earthquake | Chi San Palm Kocaeli Gazil | Whittier | Northridge
Chi | Fernando | springs narrows
Structure
3 stories 78.8 80.1 76.6 82.4 753 79.9 78
5 stories 64.1 60.6 64.9 65.5 68 62.1 64
8 stories 47 42 41.1 48.8 44 48.3 45
11 stories 244 26 24.4 29.9 28.1 22.2 26
14 stories 26 22.6 20.1 30.7 28.5 23.1 25

Table 13 - The percentage of reduced quantity of the base shear of the base isolation upper
level in structures with support under F.F earthquakes

Earthquake Imperial | Loma | Tabas Kobe Chi Kocaeli | Northridge
Valley Prieta Chi
Structure

3 stories 78.2 69.2 65.9 73 78.8 66.6 71

5 stories 59 71.1 67.7 58.8 64.1 68.8 66

8 stories 63.3 54 50.1 58.8 57 52.2 55

11 stories 11 16.9 21.2 12.6 14.4 10.1 15

14 stories 13.6 17 26.6 18.9 17 21.1 19
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Fig. 15 - The percentage of reduced quantity of the base shear of the base isolation upper
level in structures with support under earthquakes

According to the results, there are four main advantages for the structures with horizontal
crosswise dissipators connected to the vertex of central rigid support. The first significant
influence of support structures possessing dissipators in N.F earthquakes is the reduction of
the displacement of the base isolation's upper level and reducing the base shear both in N.F
and F.F earthquakes, particularly in buildings with lower numbers of stories.

As seen in Fig. 16, Fig. 17 and Fig. 18 the stories' velocity average in the structures are
obtained as an average of F.F and N.F earthquakes records.
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Fig. 16 - The F.F earthquake's stories velocity average for (a) 3-story, (b) 5-story, (c) 8-
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Fig. 17 - The N.F earthquake's stories velocity average for (a) 3-story, (b) 5-story, (c) 8-
story, (d) 11-story, and (e) 14-story structure

Table 14 - The average absolute value of velocity of the base isolation upper level in
structures with and without rigid support in N.F and F.F earthquakes

Field N.F F.F
With Without rigid With rigid Without rigid
Structure rigid support support support
support

3 stories 30 43.57 58.53 56.07

5 stories 54.08 66.66 63.94 119.48

8 stories 53.59 97.33 64.98 123.78

11 stories 53.76 71.21 63.66 107.08

14 stories 54.93 52.08 64.12 87.19

Table 15 - The percentage of average conversion of velocities in structures with support

under N.F earthquakes
Earthquake | Chi San Palm Kocaeli Gazil | Whittier | Northridge
Chi | Fernando | springs narrows
Structure

3 stories 5.7 11.1 8.8 9.1 6.6 8.2 8.2

5 stories 20.5 17.7 14.4 16.3 24.1 20.2 18.9

8 stories 50.1 39.8 42.7 433 51 533 45

11 stories 21 19 31.9 222 30.1 19.6 243

14 stories -7 -7.9 -3.1 -4.7 6.8 2.4 -5.2
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Table 16 - The percentage of average conversion of velocities in structures with support

under F.F earthquakes
Earthquake Imperial | Loma | Tabas Kobe Chi Kocaeli | Northridge
Valley Prieta Chi
Structure
3 stories 4.9 -5.9 -8 -4.7 5.6 -6.8 -4.2
5 stories 46 49.2 51 46.5 49.1 53.9 46.5
8 stories 49 39.8 51.1 333 54.4 61.6 48
11 stories 38.9 43.6 39 45.6 40.3 443 40.6
14 stories 36.3 27.8 30.9 27.8 31.1 33.6 314

The intention behind using base isolation system is to reduce the ground acceleration in the
horizontal direction. This is achieved by adding stiffness between the building and its base
leading to a lower frequency. The first dynamic mode of the isolated structure shows
deformation in the isolators only. However, the higher modes affect the building itself. The
purpose of the isolator is to deflect the earthquake energy. Damping is a favorable parameter
in isolators, but too much damping could become an issue as well since it can be acting as a
conduit for energy to be induced in the higher modes of the isolated structure. Obviously, by
controlling the isolators' displacement, the amount of velocity and acceleration of the stories
increases. However, using dissipators in N.F earthquakes leads to a drop in the velocity of
the structures, particularly in tall structures. Under far-field earthquakes, similar effects are
found.
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Fig. 18 - The percentage of average conversion of velocities in structures with support
under earthquakes

According to Fig. 19, 20, and 21 and Table 17, 18, and 19, these structures' response is
obtained as N.F and F.F scaled earthquakes records. The average conversion of the stories
acceleration is presented in the following table and figures.
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Table 17 - The average absolute value of accelerations of the base isolation upper level in

structures with and without rigid support in N.F and F.F earthquakes

Field N.F F.F
With Without rigid With rigid Without rigid
rigid support support support
Structure support

3 stories 0.37 0.813 0.582 0.92

5 stories 0.468 0.822 0.513 1.526

8 stories 0.462 0.941 0.498 1.046

11 stories 0.455 0.627 0.494 1.034

14 stories 0.457 0.485 0.499 0.864

Table 18 - The percentage of average conversion of accelerations in rigid-support
structures under N.F earthquakes

Earthquake | Chi San Palm Kocaeli Gazil | Whittier | Northridge
Chi | Fernando | springs narrows
Structure

3 stories 46.7 67.8 48.8 44.1 49.9 68.1 54.5

5 stories 41.8 51.1 38.4 46.1 37.9 44.2 43

8 stories 57.9 60.6 56.6 43.8 62.6 57.1 56.3

11 stories 28.8 22.6 29.8 234 29.2 30.8 27.5

14 stories 4 7.1 6.7 6.1 4.9 5.7 5.7

Table 19 - The percentage of average conversion of accelerations in rigid-support
structures under F.F earthquakes

Earthquake Imperial | Loma | Tabas Kobe Chi Kocaeli | Northridge
Valley Prieta Chi
Structure

3 stories 38.7 439 39.9 353 39 233 36.8

5 stories 67.7 61.1 71.4 60.4 69 68.6 66.4

8 stories 57.1 49 59 55.7 45 49 52.4

11 stories 49.1 58.6 48.7 49.8 49 59 52.2

14 stories 40.1 45.3 47.1 324 58.7 29.3 42.3
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Fig. 21 - The percentage of average conversion of accelerations in rigid-support
structures under earthquakes

The acceleration in N.F earthquakes is proved to be decreased by using the dissipators. Also,
alteration of the structure's first modal shape from shear to torsional is achieved. This is
significant in decreasing the modal mass effect on the structure's first action. Furthermore, it
seems that the danger of buildings collapse has decreased dramatically in N.F earthquakes.

In Figs. 22 to 31, the hysteresis curve (force-displacement) of the upper level of the seismic
isolators of buildings under study can be seen. The decreasing changes in the hysteresis curve
of the structures equipped with the supporting structure are quite evident.
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Fig. 22 - The F-D relation for the 3-strory structure in the far-field earthquake
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Fig. 24 - The F-D relation for the 5-strory structure in the far-field earthquake
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Fig. 25 - The F-D relation for the 5-strory structure in the near-field earthquake
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Fig. 26 - The F-D relation for the 8-strory structure in the far-field earthquake
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Fig. 27 - The F-D relation for the 8-strory structure in the near-field earthquake
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Fig. 28 - The F-D relation for the 11-strory structure in the far-field earthquake
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Fig. 29 - The F-D relation for the 11-strory structure in the near-field earthquake
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Fig. 30 - The F-D relation for the 14-strory structure in the far-field earthquake
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Fig. 31 - The F-D relation for the 14-strory structure in the near-field earthquake

5. CONCLUSION

Base isolation is the only anti-seismic technique that is able to save the building and its
contents. In F.F earthquakes, acceptable performance is observed from the isolator, but in
case of N.F ground motions they do not seem as helpful. Furthermore, utilizing such system
is extremely expensive, which is in a controversy with the fundamental purpose of using
seismic isolators. Normally, designing the base isolation, the destructive impacts of an
earthquake are reduced, while prolonging the life of a structure and making a rigid body for
the structures. Though the mentioned features can be improved through a base isolation
system, regarding a near-field earthquake, a considerable drop may occur in the stability of
the structures leading to the overturn and destruction of the building. According to the former
studies, critical lateral displacement may be experienced by a building equipped with an
isolator, and it could result in the overturn of the structure. A safe method is presented in the
present study as a remedy to the stated problem to decrease the base isolation lateral
displacement under near-field earthquakes. A supportive structure is designed, which is
connected to the roof of the building by a viscous damper in a crosswise manner. It is also
rigidly connected to the building's base. According to the results, there are five main
advantages of implementing the proposed technique:

e Hybrid buildings consisting of base isolation and viscous dampers require a large
number of dampers on each floor, and the sum total of the dampers used in those
buildings, due to the high cost of viscous dampers and the high cost of servicing and
maintaining these dampers, it creates a very high cost for the builders of those
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buildings, perhaps this very high cost has been imposed, which has prevented the
generalization of the use of these types of buildings.

The biggest achievement of this research is the use of 4 viscous dampers in each
building, which has significantly reduced the staggering costs of hybrid buildings.

In all structures exposed to N.F earthquakes, the displacement of the base isolation is
reduced significantly.

It was proved that the base shear was decreased substantially under N.F earthquakes.

By limiting the lateral displacement of the isolators, the floor velocity of all structures
increased, with the least amount of velocity increase occurring in short and tall
structures.

By controlling the isolators' displacement, the amount of acceleration of the stories
increases, with the least amount of acceleration increase occurring in tall structures.

The structure's first modal shape was changed from shear to torsional.

Based on these benefits, the application of LRB isolators eliminated the impacts of N.F
earthquakes. Furthermore, the present technique could decrease the near-field earthquake-
caused mortality rates. Similarly, by utilizing the proposed technique, the damage to the
property is also reduced considerably.

Nomenclature
App Area of the lead core
A, Cross-sectional area of rubber
aq Relative acceleration of the nth degree of freedom
c Coefficient of velocity
Cerf Effective damping coefficient
D The isolator diameter
D, Yield displacement
d The lead core diameter
ED Area of the hysteretic loop
Fp Viscous damper force
E, Force
E, Yield force
fL Constant
G Shear modulus
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Elastic stiffness

kesr  Effective stiffness

Yielded stiffness in isolation
Overall mass of the system

Mass of the nth degree of freedom

n The number of rubber layers
Q Strength

Tiso Fundamental isolation period
v Relative velocity

Greek Letters

A Displacement

%0 Yield strength of the lead core
Cefr Damping ratio
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ABSTRACT

In this study the effects of an organomodified nanomontmorillonite (nMt) dispersion (nC2)
and of a powder type nMt (nC4), were compared in quaternary low carbon footprint fibre-
reinforced cementitious nanocomposites and mortars. 60% Portland cement, 20% limestone
(LS) and 20% fly ash plus fibres/superplasticizer comprised the reference paste. nMt was
added at 1% by mass. Pastes were investigated in terms of flexural strength, thermal
properties, density and water impermeability. Neither of the two types offered strength
enhancement. nC2 showed some potentials at late ages (90 days). Thermal gravimetric
analyses showed limited additional pozzolanic activity towards the production of additional
C—S—H at day 90, in agreement with flexural strength results and X-ray diffraction analysis,
which showed the consumption of Ca(OH), even at day 28. No change in density was
observed, whereas water impermeability tests showed that nC2 was more effectively
organomodified not allowing water to be absorbed neither in the short nor in the long term,
while nC4 at later ages seemed to be absorbing water back. Lastly, cubes of mortars were
prepared and tested in compression in an attempt to fully investigate the potentials of the
formulations. The effect of using simultaneously nMt and nanosilica (nS) was also recorded,
however no increase in compressive strength was observed. The long-term density of the
mortars was also investigated, results suggesting poor compaction which was not adjusted
with the use of admixtures. These results are in support of previous studies undertaken in the
field, showing that the purpose of use of organomodified nMt’s must be clearly defined
before any formulations are designed.
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1. INTRODUCTION

Under the European Union FP7 project (FIBCEM), different nanomontmorillonite (nMt)
dispersions were produced by the project partners and tested in cementitious binders at the
University of Bath, in an effort to produce low carbon footprint cements specifically for fibre
cement applications [1,2]. Despite the availability of alternative cementitious systems [3—5],
the carbon footprint of fibre cements is typically lowered by reducing the Portland cement
content in binary combinations [6,7], as analytically reviewed elsewhere [8]. However, the
downside to this is lower early-age strength and often lower long-term strength at the low
water to cement (w/c) ratio required for manufacture. A potential solution to this is to use
nanoparticles to nucleate and enhance the hydration processes, thus, in effect improving and
maximising the cement hydration reactions [9-11]. The authors of the current paper have
carried out exhaustive investigations on the level of CO, reduction that is technically
achievable by minimizing Portland cement content and simultaneously, increasing the
content of cement additions such as limestone, fly ash or silica fume in a number of different
reference formulations, typical of the requirements for fibre cements [8], whilst trying to
maintain performance through rational use of nanoparticles. In the process of finding the
upper and lower limits of nanoparticle inclusion in these composite formulations, potential
synergies amongst the constituents were determined, as well as antagonistic functionalities
through a number of studies on different materials’ combinations [8]. For example, in high
fly ash content formulations, it was found that the inclusion of nanosilica did not exhaust the
Ca(OH), produced during the hydration of cement, but there was plenty of Ca(OH), available
for further reactions, given time. In fact, a direct correlation was observed between the
Ca(OH); available at different ages of curing with the compressive strength of the pastes.

In the research above, three nMt dispersions were compared, investigating their effectiveness
in cementitious binders. In a recent publication, for the first time one organomodified
dispersion (nC2) and the inorganic dispersion (nC3) were compared against an industrial
product, of undispersed nanomontmorillonite in powder form (nC4) [12]. The reference
formulation was a non-pozzolanic paste containing 60% PC, 40% LS, 3% PVA fibers and
2% superplasticizer. Furthermore, results on the effect of the undispersed nMt, nC4 in
comparison with results on the effect of nC2 on flexural strength and crystallographic
characteristics were presented in a pozzolanic reference paste containing 60%PC, 20%LS,
20%FA, 3% PVA fibres and 2% superplasticizer [13].

Further studies by other scientific teams have yielded promising results and have shed more
light on the effect of nMts in cementitious matrices; for example it has been proven that
cement pastes containing organomodified nanomontmorillonite possess damping properties,
a result that can potentially alter the dynamic response of structures made by this material
offering a more sustainable option for damping [14]. Moreover, it has been established that
the cation exchange degree of nMts having the same modifier, affects the chemical reactivity
of the nanoparticles and the lower it is the sooner the nanoparticles of montmorillonite can
engage in pozzolanic reactions and the higher the mechanical properties measured [15]. In a
subsequent study, four different nMts were synthesized with a modifier with and a modifier
without aromatic substitute group and four different basal spacing (doo: by X-ray diffraction
measurements) [16]. Cementitious nanocomposites were formulated with these four nMts
additionally containing colloidal nanosilica with superplasticizing properties and tested. It
was concluded that the aromatic substitute group lead to larger doo1, and this structural change
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lead to enhanced hydration of the paste at earlier ages, signaling higher mechanical strength
and considerably lower sorptivity, while strength development was almost unaffected by
basal spacing. Very recently it was shown that another parameter that must be taken into
consideration is the chain length of the surfactant, which was proven to affect the morphology
of the cement nanocomposite and the mechanical strengths [17]. Only 0.5% addition of nMt
lead to over 11% increase in compressive strength due to the filling and nanoreinforcement
effect of the nMt. Furthermore, the pozzolanic activity of a bentonite clay, modified by silane
was found superior even to calcined bentonite clay by quantifying portlandite consumption
transforming into additional calcium silicate hydrates with the help of thermogravimetric and
Rietveld analyses [18]. The additional advantage of this modification was that the swell index
and hydrophilicity of the nanobentonite was considerably reduced. In a subsequent study the
authors showed that silane treatment can successfully reduce the hydrophilicity of sodium
montmorillonite up to 84% [19].

Following the strategy of previous research carried out by the authors, the carbon dioxide
footprint of the formulations under consideration was limited in a twofold manner; (i) the
amount of Portland cement was reduced beyond the acceptable by the Eurocodes limit and
(ii) the amount of supplementary cementitious materials (SCM) was increased, again beyond
the acceptable by the Eurocodes limit (Figure 1)[20]. To leverage possible delay in hydration
reactions nanoparticles of montmorillonite have been added as SCM and nanoreinforcement
in the resulting fibre cement nanohybrids. Therefore, the present study offers a complete
overview of the microstructural and thermal changes the addition of similar nMt’s can
attribute to a pozzolanic reference paste, depending on their state (dispersed or in powder
form).

Permissible Non - permissible Challenge of
according to according to Current
EN 197 - 1 EN 197 -1 Research

Quaternary paste
formulations:

CEM I1/B-M / {  PC=60%
] | | FA+LS+nC=40% |

1 0, :
«65<PC<79 wp | o< SR :
I FA+LS++>35% | ‘., reccmmmmmcccce——eeeem .
° 21 < SF+ FA + LS < 35 _____________________ \ H Quinary mortar !
y i formulations: i
‘UQ | 567<PC<60% |
4 | 40<(FA+LS+nC+ |
! nS)<43.3% i

Figure 1 - Eurocode limits of clinker substitution and supplementary cementitious
materials (SCM) addition and target of current research.

These new results on thermal properties, relative density and impermeability, that largely
affect the microstructure and strength gain of cementitious nanocomposites are correlated
with crystallographic results already presented [21]. Lastly, for the first time, compressive
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strength and long term density of mortar cubes has also been tested in an effort to solidify the
conclusions made with respect to pastes. In fact, the addition of nanomontmorillonite has
been stretched by the additional inclusion of nanosilica, which has been found particularly
effective in strength gain in previous research. This final paper of the extensive analysis of
nanomodified pastes in ternary, quaternary or even quinary low Portland cement content
formulations, contains the additional attempt for further activation of the nMt’s by adding
nanoparticles of silica (LnS) in the mortar mixes.

2. MATERIALS AND METHODS
2.1. Materials and Nanomaterials
The materials and nanomaterials used were:

e  Portland limestone cement CEMII/A-L42.5 (containing 14% by mass of limestone).
The supplier gave the following clinker composition: 70% CsS, 4% C.S, 9% C;A,
12% C4AF.

e Limestone (additional - LS), conforming to EN 197-1. The total LS content of each
paste was the sum of that contained in the Portland limestone cement and this
additional LS.

e Fly ash (FA), conforming to EN 450. The oxide composition provided by the
material data sheet was: 53.5% SiO,, 34.3% Al,O3, 3.6% Fe,03, 4.4% CaO.

e  Organomodified nanomontmorillonite (nMt), nC2 dispersed in water with the help
of an alkyl aryl sulfonate surfactant, containing about 15% by mass of nMt particles.

e Organomodified nanomontmorillonite (nMt), nC4, a commercially available
product by Sigma-Aldrich, undispersed — in powder form. It consists of
Montmorillonite K-10 (70-75%) surface modified with 25-30WT% methyl
dihydroxyethyl hydrogenated tallow ammonium (Nanomer® 1.34MN). The
supplier’s data sheet gives the following additional information: 6.5<pH<7.0 and
density = 1.7 g/cm®. It should be noted that, the specific industrial product used has
been discontinued recently.

e Commercially available colloidal amorphous nS containing 15% by mass of
nanoparticles in an aqueous suspension (LnS).

e PVA fibers, kuralon H-1, 4 mm added at 3% by weight.
e  Superplasticizer viscocrete 20HE, denoted as SP.

The levels of embodied CO; have been agreed in the UK and are evaluated in terms of kg
CO; per tonne of binding material [22].

. PC =930 kg CO»/ tonne
. FA from coal burning power generation = 4 kg CO»/ tonne
. LS =32 kg CO»/ tonne
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It can be seen that in terms of CO, footprint, the use of FA as a supplementary cementitious
material is beneficial. This is the reason for which it was used in the paste design despite of
its shortage in the UK. The main goal of this research was to produce low carbon footprint
cements. This was achieved by the following concept as also thoroughly explained utilizing
Figurel: First of all PC, which is the most polluting material, was reduced below European
Standard EN 197 -1 [23] acceptable limits and LS and FA were added above EN 197 -1
acceptable limits simultaneously. Moreover, of the available nanoparticles for cement
scientists, the organomodified or inorganic nanoparticles have been produced by the naturally
available material clay, by extracting the montmorillonite fraction and then a chemical
(surfactant and/or modifier) is used. For the particular nMt’s the platelets are not separated
with calcination as with the calcined nanoclays [24] and therefore, nanohybrids of the above
constituents present the lowest possible of embodied CO», even though the exact number of
embodied CO; for the nanoparticles has not been assessed for the nMt nanoparticles.

2.2. Characterization of Constituent Materials and Nanomaterials

Particle size distribution analysis with optical system can provide the PSD of a wide range
of scales of particles from 10 nm to 3 mm. Particle size distribution analysis was carried out
at the MANIT laboratory, Bhopal, India, using a Laser Scattering Particle Size Distribution
Analyzer Horiba LA950. Results are typical for this type of industrially available materials,
as can be seen in Table 1 [20].

Table 1 - PSD results of materials [20].

Mean size = Mode size Median Diameter at Diameter at
(pm) (pm) size (um) 10% (nm) 90% (pm)
CEMII 11.38 2.74 3.25 1.40 22.16
LS 12.14 2.44 3.21 1.36 31.89
FA 9.09 2.14 2.53 1.46 10.13

The organomodified nanomontmorillonite nC2 was analyzed via X-ray diffraction (XRD),
showing a d-spacing of 3.95 nm at 2.2°20 and 2.0 nm at 4.4°26. Transmission electron
microscopy (TEM) imaging revealed platelets ranging in size of 50-300 nm [25].

The commercial nanomontmorillonite had a particle size < 20 micron but was also
characterized before introduced to cement pastes. XRD analysis yielded a d-spacing of 1.8
nm which is more than expected for unmodified nanomontmorillonite. Transmission electron
microscopy imaging showed platelets reaching the size of 100-300 nm [26].

The particles of nanosilica (nS) were characterized by means of TEM and SEM/EDX [13]
and by Fourier transform infrared spectroscopy [27] by the authors in previously published
research. They were found to be spherical with a diameter ranging from 8 nm to 50 nm. The
LnS particles were homogenously dispersed in water and highly concentrated.
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The characterization of the two organomodified nMt’s via XRD, TEM, scanning electron
microscopy coupled with X-ray energy dispersive spectroscopy and thermal gravimetric
analyses (TGA) carried out in previously published research [12] has shown the following:

e TEM analyses showed that the production process for nC4 produced less crystalline
structures.

e The XRD analysis of nC4 yielded a basal spacing (d-value) of 1.8 nm, which is
more expected in unmodified nMt. nC2 seemed to have both intercalated (presence
of higher order reflection which are typical of regular stackings) and exfoliated
(disappearance of peak at 19.7 °20) platelets.

e Compared to nC2, the commercially available nC4 was better exfoliated, but
showed marginally greater variation in Si/Al and more polycrystalline phases.

2.2. Methods
2.2.1. Formulation of nMt and Fibre Reinforced Cementitious Nanohybrids

Following previous research, the PC content was kept constant and the content of nMt solids
was deducted from the LS content. By doing so, the Ca(OH), production during PC hydration
was comparable in all pastes, in order to detect potential additional pozzolanic activity due
to the addition of nMt’s [12]. The reference formulation comprised 60%PC, 20%LS, 20%FA,
3% PVA fibres and 2% superplasticizer, was denoted as F.PC60LS20FA20PVA3SP2 (F is
for flexure) and was enhanced by the addition of nMt.

The formula for the nMt-fibre reinforced quaternary matrix was:
PC (60) + LS (20-x) + FA (20) + PVA (3) + SP (2) + xnMt (1)

Where x = % of nMt solids.

The different concentrations of the nMt dispersions are shown in Table 2. Only the 1%
concentration was implemented, as it was found optimal in previous studies [8,12,28]. The
amount of 2% superplasticizer was tested in previous research [12] and was found to be ideal
in ternary formulations which also contained fibres and nMt, therefore the quaternary ones
also started off with 2% superplasticizer. The water to solids ratio was kept constant for all
formulations at 0.3.

Table 2 - Composition of quaternary fibre cement nanohybrids - proportions % by total
mass of solids.

PC LS FA nMt SP PVA

Sample Annotation %) (%) (%) (%solids) (%) (%) WIS
F.PC60LS20FA20PVA3SP2+0%nMt 60 20 20 0.0 2 3 0.3
F.PC60LS39PVA3SP2 +1%nC2 60 19 20 1.0 2 3 0.3
F.PC60LS39PVA3SP2 +1%nC4 60 19 20 1.0 2 3 0.3
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A consistent mixing procedure has been followed for the entire project under which the
current research is presented and has been already published by the authors [29]. The steps
include:

e Dry mixing of all powder components was firstly carried out with a spatula by hand.

e For formulations containing nMt, the nC1 or nC2 nC3 dispersion was poured in a
separate container together with water, stirred with the use of a magnetic stir bar for
1 min and then added to the mixed powders.

e The PVA fibres were added last after they had been manually further separated.

o  With the addition of water (and nC2/nC4 where applicable), the paste was mixed
employing a dual shaft mixer at 1150 rpm for a duration of up to four minutes.

e Slabs of 120 x 40 mm and 10 mm thickness were produced.

2.2.2. Formulation of nMt and nS Reinforced Mortars

A number of standard mortar cubes were also tested in compression in a final effort to explore
any possible improvements within the new matrix (M.PC60LS20FA20), as shown in Table
3. The formulations were prepared in an automatic mixer complying with EN 196-1 mixing
times. The w/b ratio was equal to 0.5, according to the standard and no superplasticizer was
used. Distilled water and standard sand were used. The proportions by mass according to the
standard were: one part of the cement, three parts of CEN Standard sand, and one half part
of water (water/binder ratio 0.50). Each batch for three test specimens consisted of:

e (450 +2) g of powders (PC/LS/FA/nMt solids)
e (1350+5)gofsand and
e (225+1) gof water

nC2 dispersion was diluted in the calculated amount of distilled water that was needed for
every mortar combination.

nC4 being in powder form was dry mixed with other constituents in powder form (PC, LS
and FA) and then water was added.

Table 3 - Composition of quaternary and quinary mortars - proportions % by total mass of

solids.

Sample Annotation (I:/f) (I;/f) (1;?) (%1;1:][; ds) (% slz)?i ds) w/b
M.PC60LS20FA20+0%nMt 60 20 20 0.0 0.0 0.5
M.PC59LS20FA20+1%nC2 59 20 20 1.0 0.0 0.5
M.PC58LS20FA20+2%nC2 58 20 20 2.0 0.0 0.5

M.PC57.5LS20FA20+2%nC2+0.5%LnS  57.5 20 20 2.0 0.5 0.5
M.PC58.6LS20FA20+1.4%nC4 58.6 20 20 1.4 0.0 0.5
M.PC57.2LS20FA20+2.8%nC4 57.2 20 20 2.8 0.0 0.5

M.PC56.7LS20FA20+2.8%nC4+0.5%LnS 56.7 20 20 2.8 0.5 0.5
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Each mortar formulation was cast into the standard moulds (160 x 40 x 40 mm), in three
layers. It was vibrated and covered for 24 hours. Samples were demoulded and kept into
water at 20+2°C thereafter until the day of testing. On the day of testing (at day 7, 28, 56 and
90), cubes of 40 x 40 x 40 mm were cut from the prisms with a diamond saw at a very low
speed to avoid cracking.

2.3. Characterization

2.3.1. Characterization of nMt and Fibre Reinforced Cementitious Nanohybrids and
Mortars

The testing methodology comprised the following:

Flexural (three-point bending) strength tests were carried out in accordance with BS EN
12467. Flexural strength tests were carried out in accordance with BS EN 12467. Mean
strength values of three specimens were calculated, as well as standard deviation at 7, 28, 56,
and 90 days. All samples were tested at a loading speed of 0.5 MPa/s on a 100 kN servo
hydraulic testing machine.

Thermogravimetric analysis (TGA) and derivative thermogravimetry (dTG) were carried out
using Setaram TGA92. Each powder sample was placed in an alumina crucible and heated at
a rate of 10 °C/min from 20 to 1000 °C in nitrogen atmosphere, as explained above for the
characterization of nC4 at day 7, 28, 56, and 90. Buoyancy effects were taken into account,
by correcting the curves using automatic blank curve subtraction. For the paste
characterization, arrest of hydration was performed following two different methodologies:
oven drying and solvent exchange. For TGA/dTG, the oven drying technique was adopted.

Three different areas were distinguished, as described in the literature, and correspond to the
hydrates produced and consumed [29]:

1) The first area is related to the dehydration of C—S—H, ettringite, gehlenite and monosulfate,
between 100-C and 200-C.

ii) The second area of interest is associated with the dehydration of Ca(OH), between 440-C
and 510°C.

iii) The third area of interest is the decomposition of CaCOj; occurring between 700°C and
810-C.

For the late age relative density measurements, BS EN 12390-7:2009 [23], was selected as a
basis and the exact procedure followed is covered in literature [29]. Mean density values of
three specimens were calculated, as well as standard deviation.

Water impermeability tests were based on BS EN 492:2012 but the test was modified to
account for the much smaller specimens used in this research (slabs 120 x 40 mm and 10 mm
thickness). A transparent tube of 250 mm length was used as the water column with an
internal bore of 29 mm diameter. A control water column was also adopted to ensure zero
water evaporation in the laboratory testing environment. Tests were carried out at 7, 28 and
56 days.
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2.3.2. Characterization of nMt and nS Reinforced Mortars

Compressive strength tests of mortars were carried out on three 40 mm cube specimens per
mix [30]. All samples were tested at a loading speed of 0.5MPa/s. The compressive strength
reported comprised the mean of the three results.

Long-term relative density of mortars was carried out in accordance with BS EN 12390-
7:2009, which is designated for hardened concrete with limitations on the maximum coarse
aggregate size, was selected as a basis for the long-term relative density measurements of the
mortars. The volume of the specimen was obtained by water displacement because this
method is suitable for specimens of irregular shape.

3. RESULTS & DISCUSSION
3.1. Results of nMt and Fibre Reinforced Cementitious Nanohybrids
3.1.1. Flexural Strength

As shown in Figure 2, nC4 provided marginal strength improvement at early ages, which,
however, showed a reduction in strength at later ages (90 days). Although the standard
deviation for the reference paste ranged was similar to the nC2 modified samples, for nC4 it
was much lower and equal to about 0.8 MPa. This evidence of better distribution of nC4 in
the mass of the paste did not offer strength improvements and therefore it has been postulated
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Figure 2 - Flexural strength of 1% nC2 and nC4 fibre-cement nanohybrids based on
F.PC60LS20FA20PVA3SP2 [21].
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that for cementitious nanohybrids it is best to disperse the nMt in water [21]. Moreover, with
respect to nC4, the two events together; i.e. the significant error and the strength drop at later
ages lead to the understanding that the specific commercial product is unstable in cement
formulations. This conclusion is drawn by the fact that the reduced basal spacing of 1.8 nm,
as discussed in section 2.1 above relates more to unmodified montmorillonite rather than
modified one. It is possible, hence, that not all the platelets are individually available for
reactions, as it should be the case. As a result, the commercial product is less reactive as a
nanomaterial compared to nC2, that was produced for the scope of the FIBCEM project.

3.1.2. Thermal Gravimetric Analyses

For the fibre-cement nanohybrids based on F.PC60LS20FA20PVA3SP2, similar results to
the ones based on F.PC60LS20FA20PVA3SP2 can be observed (Figure 3A and Figure 3B).
Lastly, sample F.PC60LS19FA20PVA3SP2+1%nC4 seems to have carbonated, a condition
that could be attributed to the fabrication process of the nMt and the properties this process
yielded.

20% 50%
—x FRCEOLS20FA20PVATSP2

—+—F.PCEOLS19FA20PVA3SP2+1%nC2 40%

F.PCEOLSI9FA20PVA3SP2+1%CA

10% "/\
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» -

15%

30%

20%

—m- F.PCGOLS20FA20PVA3SP2

Ca(OH), content (% by mass)
CaCo; content (% by mass)

10% —+—F.PC60LS19FA20PVA3SP2+1%nC2

s F.PCEOLS19FA20PVA3SP2+1%nCA

0 20 40 60 80 100 0 20 40 60 80 100
Time (Days) Time (Days)

Figure 3 - Effect of nMt type on (4) Ca(OH), and (B) CaCOj3 content of fibre-cement
nanohybrids based on F.PC60LS20FA20PVA3SP2.

The pozzolanic performance was evaluated by TG analyses between approximately 100-
180°C, at day 7, 28, 56 and at day 90 for the two different nMt types. As shown in Figure 4,
at day 28 no additional C—S—H was produced neither by nC2 nor by nC4. By day 90 nC2
produced greater quantities of ettringite and C-S-H. However, sample
F.PC60LS19FA20PVA3SP2+1%nC4 seems to have carbonated, therefore, the consumption
of Ca(OH), cannot be exclusively attributed to the production of ettringite and C—S—H. For
this, X-ray diffraction analysis was also carried out at day 28 to assess the consumption of
Ca(OH), and monitor the amount of CaCO; present in the formulations, however no
additional CaCOj; was detected, whereas Ca(OH), was indeed consumed [21].
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Figure 4 - Differential mass loss between 100-200°C of fibre-cement nanohybrids at (4)
Day 28 [21] and (B) Day 90.

3.1.3. Relative Density Analyses

Late age (after month 3), relative density measurements were taken. All measurements
showed a very low standard deviation (Figure 5) as in the case of the F.PC60LS40PVA3SP2
nanohybrids [12]. No significant difference between the reference paste and the nC2 or nC4
modified ones was observed and in fact, due to the very low nanoparticle addition no
significant changes were expected either.

3.1.4. Water Permeability Analyses

Water impermeability tests were carried out for the fibre-cement nanohybrids based on
F.PC60LS20FA20PVA3SP2, as before. As shown in Figure 6, the organoclays exhibited
better performance than the reference nanohybrid at early ages. However, at later ages nC4
seemed to be less impermeable than the reference nanohybrid. These results are directly
related to the flexural strength performance, as well, leading to the conclusion that the
organomodification create clusters, increase porosity and in total, add localised weaknesses
in the volume of fibre-cement nanohybrids.
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Figure 5 - Effect of nMt type on long term relative density of fibre-cement nanohybrids
based on F.PC60LS20FA20PVA3SP2.
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Figure 6 - Effect of nMt type on the impermeability of fibre-cement nanohybrids based on
F.PC60LS20FA20PVA3SP2.
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3.2. Results of nMt and nS Reinforced Mortars
3.2.1. Compressive Strength of Mortars Based on PC60LS20FA20

The compressive strength of mortar cubes based on PC60LS20FA20 and denoted as
M.PC60LS20FA20 was measured (Figure 7). The standard deviation of the compressive
strength remained within 0.5 and slightly increased for the higher nC2 concentrations, as
expected since the dispersion was highly viscous. The best performance was achieved for the
lower nC4 concentration, followed by the nC4 and nanosilica (nS) modified mortar. nC2
exhibited the lowest compressive strengths, however, best combination was given at 2% nC2
and 0.5% nS addition, as shown in Figure 7. It can also be deducted that nC4 could not be
further optimized neither at greater concentrations nor with the addition of nS. The fact that
nC4 absorbed water back into the paste could explain the drop of flexural strength at later
ages.

It should be noted that the 28-day compressive strength of mortars containing 100%
CEMII/A-L42.5 should be near 42.5 MPa. However, the mortar mixes tested contained 56.7
- 60% PC, hence the much lower 28-d compressive strength values. In addition, limestone
content is very high 20% and fly ash content is equally very high, 20%, which has been found
to delay strength gain beyond 56 days of curing. Although previous research on
nanoreinforced pastes has shown that 0.5% addition of nanoparticles is optimum and in some
mixes this addition can extend to 1.0%, the aim of this series of trial mortar mixes was to
assess if the carbon footprint of the mix can be lowered by reducing the amount of PC and
increasing the amount of nMt without compromising the strength. The experience gained by
these results leads us to believe that the main difficulty in mortar mixes when using dispersed
nMt rather than powder nMt, is to achieve homogeneous scattering of the nanoparticles
throughout the matrix. For this, a step further would be to use sonicators for better dispersing
nanoparticles within the mixes or nanofluidic droplets for more homogenous mixes [12].
Lastly, it could be argued that the compressive strength loss in the case of mortar application
may be attributed to the effectiveness of surfactant in the presence of fine aggregate.

Interestingly, in a study published in 2021, on cementitious nanocomposites containing nMts
and nanosilica the following mixing procedure yielded enhanced strength results; colloidal
nanosilica with superplasticizing effects was used as dispersing medium. The nMt was
poured into the nS suspension and part of the total required water and mixed with a magnetic
hotplate stirrer at 1000 rpm for at least one hour. Then the nMt-nS-water suspension was
mixed with cement and the residual water was added just before the mixing time was
completed [16]. This procedure proved to be very efficient by providing highly dispersed
suspensions, which eventually lead to higher observed compressive strength of the
nanocomposites.

The issue with homogeneous dispersion of nMt in mortars has indeed attracted scientific
attention. Another possible strategy for better dispersion of nMts in mortar matrices has been
presented in 2022 [31]; wet grinding of raw montmorillonite in the presence of 1% of
Polyethylene glycol for increased layer spacing through intercalation effect and enhancement
of grinding efficiency, yielded an increase of 28.6% in one-day flexural strength for 2% nMT
addition, although authors noted drawbacks to the later age strength development. More
specifically the 28-day flexural strength of the nMt-mortars was similar to the reference
mortar, whereas the 28-day compressive strength of the nMt-mortars was lower than the
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reference mortar. The lower compressive strength at later age was attributed to the lower
hydration degree of the higher (1% or 2%) nMt additions according to °Si NMR analyses.
Also mercury intrusion porosimeter analyses showed that at 28 days the nMt enhanced
mortars exhibited a larger harmful pore fraction than the reference mortar, a factor possibly
contributing to the reduced compressive strength [31].
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Figure 7 - Cube compressive strength of nC2 or nC4 and LnS modified mortars based on
PCG60LS20FA20.
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3.2.2. Long Term Density of Mortars Based on PC60LS20FA20

The long term (after month 3) relative density measurements of the mortar cubes showed
minor variation for nC2 and more significant for nC4 (Figure 8). The closest performance to
the reference mortar was achieved by nC4. This is another indication as to why nC4
performed better in compression. The homogenous mixing and the compaction of the
samples produced with nC4 was easier, due to the fact that it was added in powder form than
in dispersion as nC2. This, possibly led to denser and more homogeneous mortars.

4. CONCLUSIONS

In the current paper, an exhaustive analysis of the addition of two different organomodified
nMt’s was presented. It was found that the one dispersed in water had better potential for
improvement compared to the undispersed industrial product. Although Ca(OH), was
consumed, minimal amounts of additional C—S—H were identified, which could partially
explain the limited strength enhancement. A hypothesis that nMt’s act as nanofillers was
rejected since there was practically no difference in the long-term density results. Moreover,
results of impermeability tests were consistent with non-pozzolanic pastes, showing that nC2
can act as water barrier in pastes [12].

Lastly, the testing of various mortars led to the conclusion that nS can offer further
improvements to nMt modified binders. Different compositions of nMt modified cements
and mortars can yield significantly different mechanical performances. A possible
advancement of the research on mortars could involve the production of samples with the use
of nanofluidic droplets for the homogenous dispersion of nMt in the matrix and with lower
w/b ratios containing superplasticizers, which are expected to yield interesting results as a
number of limitations can be eradicated:

1. More coherent mortars can be delivered.

2. Nanoparticles mobility could be enhanced by avoiding clustering.
3. Minimization of total porosity would be expected.
4

Better pore size distribution should be maintained, since nanoparticles are better
dispersed within the mass of mortars.
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Effect of Different Screen Types on Head Loss in Deep
Wells Used for Irrigation

Nuri ORHAN!

ABSTRACT

This research was carried out with the help of a deep well simulator, which is commonly
utilized for irrigation studies. In this study, flow types based on Reynolds number, well
drawdown, head losses, and cost changes of these head losses were analyzed for four different
sieve types used in wells. In addition, the flow types and head losses for the types of screen
used were examined as per the theoretical calculations.

Theoretically, the turbulent head loss among types of screens was calculated at the highest
(0.37 m) in the bridge slot screen (ST4) and at least (0.028 m) in the round slot (ST3). The
drawdown is the sum of the head losses for deep wells. Among the well-types, the maximum
drawdown (113.46 cm) was measured within the bridge slot well type (WT4), and the
minimum drawdown (50.37 cm) was measured in the horizontal slot oblong well type (WT?2).
The least head loss per unit flow rate in the wells, which was formed with a horizontal oblong
slot (WT2) screen, was measured in the well. Here, gravel and screen hole position affected
the percentage of clogging in the screens. Over clogging of the screens caused the narrowing
of the opening area, increased flow velocity and turbulent head loss, and increased
drawdown.

It has been revealed that the use of a horizontal oblong slot screen, depending on the physical
properties of the gravel used in this study, minimizes the head loss in the wells. One of the
most important factors to be considered in well design is the compatibility of the screen type
depending on the physical properties of the gravel. For example, changing the geometric
shape among the screen types having similar apertures affected the blockage of the gravel,
causing the head loss to change. The well-designers should pay attention to the selection of
gravel depending on the screen type or the selection of the screen depending on the type of
gravel used.

Keywords: Irrigation deep well, hydraulic conductivity, pumping, screen, head losses,
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Effect of Different Screen Types on Head Loss in Deep Wells Used for Irrigation

1. INTRODUCTION

Water is globally used mainly for agricultural production. Irrigation accounts for 70% of the
world's water usage, and about 17% of the cultivated land in the world is irrigated [1].
Approximately 96% of the unfrozen fresh water on Earth is stored as groundwater.
Groundwater resources are one of the most reliable and healthy resources of freshwater found
worldwide. Most of these underground water resources are used in agricultural irrigation
activities. In Turkey, 32% of all agricultural irrigation activities are provided by underground
water resources. This underground water is all brought to the surface by drilling different
pumps with different diameters placed in deep wells. Even today, most wells are sized and
created completely based on the drilling company's experience. Well designs may be more
effective if geological and technological limitations on well geometry and its elements are
understood. Prioritizing efficiency when designing a well would result in lower inlet losses
and a slower rate of well-aging, thereby lowering expenses and extending the lifespan of the
well [2]. The diameter of the well, gravel, and screen are the most important design
parameters considered in deep wells for irrigation purposes. Among these, the most widely
used design features are the screen velocity and the critical water inlet velocity (Verisic) to the
screen [3, 4]. The water inlet rate to the screen varies according to the ratio of the aperture of
the screen, the type and size of the screen slot, and the clogging of the screen with the gravel.
The primary goal of the screen is to allow water to flow from the aquifer into the well while
preventing loose dirt, silt, and rock from entering the well and reducing hydraulic resistance
[5]. A good screen ensures the durability of the deep drilled well and its trouble-free operation
[6]. Table 1 shows the screen types used in deep wells.

Table 1 - Typical open areas of screens [4]

Screen type Open area (%) Arrangement of slots
Louvered screens <8 Horizontal

Slotted (bridge) 5-10 Vertical

Slotted (milled) 2-4 Horizontal or vertical
Wire wound 15-50 Horizontal

The drawdown is the total of the head losses brought on by aquifer loss, aquifer thickness,
gravel pack, and screen during pumping from irrigation wells [7]. In other words, the main
causes of the drawdown are the head losses brought on by the turbulent water flow around
the filtered well. [8]. The head loss was also observed in some laboratory-scale pumping
tests, affecting the pumping efficiency [9]. However, if the pumping rate is relatively small,
the head loss when water flows through the pumping well would be relatively small [10]. In
a study conducted to characterize the Konya region in Turkey, a total of 110 submersible
irrigation pumping plants were tested, and it was determined that their flow rates varied
between 20.4 and 60.5 L s [11].

The porosity of the reduced well gravel pack increases the rate of flow of water. Some
researchers generally recommend an inlet velocity of 0.03 m s™! at the screen surface to avoid
velocity losses and the aging of well [2-4]. Some researchers allow much higher speeds, such
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as 0.6-1.2 ms™! [12-14]. In the radial flow field around a well, a sharp increase in the
velocities near its axis would potentially cause deviations from the laminar flow regime.

Reducing the open area in the screen region would further reduce the area made available for
flow; thus, would further increase the velocity and triggers non-Darcy flow [15]. As a result,
a quantitative link between the porosity of the gravel pack, the open sieve area, the effective
casing diameter, and the linear laminar, nonlinear laminar, and turbulent head losses is
developed [16]. Increasing the velocity in the screen zone affects the flow type and increases
the head losses, and causes an additional drawdown [17].

As mentioned above, the screen, which is one of the important design parameters of irrigation
wells, is used in different slot types and opening areas. The gravel, which is another design
parameter, is used in different sizes and shapes. Well-designers in Turkey generally prefer
vertical oblong slot screens as the screen type and 7-15 mm gravel as the gravel type. The
fact that the experiments were carried out using a test tower designed by simulating an
irrigation deep-well is the basis of the originality of this study. The main purpose of this study
is to reveal the design parameters of the sheet-screen pipes having different slot shapes and
opening ratios used in irrigation wells. Many researchers calculated the head losses and
values of hydraulic conductivity in the screens by using different equations depending on the
slot shape, slot area, opening ratio, and screen equipment pipe diameter. Similar calculations
were made for other parameters that are important for the well design, such as aquifer, skin,
and gravel pack. Through a thorough literature review on the design of deep-well screens,
the question “whether the geometry of a screen slot showed a substantial influence on the
performance of a screen” was not answered, properly. In the first part of this study, the
drawdown levels occurring in the types of wells formed from different screens, including the
specific flow rate of the wells and the specific drawdown values, were examined. In the
second part, the flow type, head losses, hydraulic conductivity of the region in screen and
gravel were determined by using the equations shown in the literature. In the third part of the
study, head losses depending on the drawdown levels in deep wells were created by using
different screen types. The cost of these head losses, the hydraulic conductivity, and their
relations with the gravel package was examined.

2. MATERIALS AND METHODS

The Faculty of Agriculture, Agricultural Machinery and Technology Engineering at Selcuk
University's Deep Well Testing Simulator was used to conduct the investigation.

In this study, a submersible pump with a 6" nominal diameter, a DN8O electromagnetic
flowmeter, a digital display manometer with a 0-10 bar measurement range, and a level
measurement sensor are used. The gravel casing pipes were filled with approximately 2 m?
of clean, washed gravel shown in Figure 1.

The tank, which consisted of pipes having diameters of 6" and 3", supplied water to the deep
well built for the tests. The deep well test tower used the compound containers method to
establish these connections (Figure 1). The operational characteristics of the pump were
determined as per EN ISO 9906 [18, 19].

In the experiments, an 8 m long-closed pipe with different screen types of length 2 m and
diameter of 12" was used for all gravel types. Using pipes made specifically for gravel casing,
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the gravel was poured around the screen pipe. Table 2 displays the average of some of the
physical characteristics of the gravel as determined by measurements made on the 100 gravel
samples taken from the pile [20, 21]. Table 2 shows that 76% of the gravel used in the studies
lies between the sizes of 7 and 15 mm. Furthermore, the gravel used in the well had a porosity
of 44%.

Four different screen types were tested, namely, the vertical oblong slot screen (ST1), the
horizontal oblong slot screen (ST2), the round slot screen (ST3), and the bridged screen
(ST4). The wells created by these screens were named WTI1, WT2, WT3, and WT4,
respectively. The technical specifications of the screens are provided in Table 3, and Figure
2 shows their pictures and slot sizes.

Flowmeter /Manometer

6" well connection
pipe

3" well connection
pipe

ST

ST2  gTs ST4

Figure I - Well equipment and the the operation of screens
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Table 2 - Some of the physical characteristics of gravel utilized in tests [22]

Physical property Average value
Bulk density (kg dm™) 1.54
Density (kg dm™) 2.75
Porosity (%) 44
Thickness (mm) 14.3
Length (mm) 19.6
Thickness (mm) 9.1
Geometric diameter (mm) 13.5
Globularness (%) 70
Natural agglomeration angle (°) 22.76
Metal-gravel static friction coefficient (-) 41.9
Frequency distribution of particles in terms of geometric diameter
7.68 mm (min.) —10.00 mm (%) 8

10.01 mm —13.50 mm (%) 46

13.51 mm —15.00 mm (%) 22

15.01 mm —18.00 mm (%) 12

18.01 mm-21.94 mm (max.) (%) 12

Table 3 - Some dimensions and technical specifications of screen type equipment pipes

Inner Unit Slot total
e Thickness . Length . Number area/Pipe
diameter Material weight Screen type
(mm) (mm) (mm) (ke/m) (pcs) surface area
ratio (%)
302 5.00 Cast 2003 30.0 STI (vertical 1 9.3
oblong)
ST2
303 5.00 Cast 2010 30.8 (horizontal 1 9.2
oblong)
301 5.01 Cast 1950 23.1 ST3 (round) 1 19
302 4.75 Cast 1996 31.1 ST4 (bridged) 1 53

The drawdown (A) was measured for each of the wells having different screen types, the
submersible pump (D) operating at the optimum speed, and for five different flow ranges (40,
45, 50, 55, 60 m® h™!) (Figure 3). The first values were recorded when the pump was run at a
specific flow rate, and the other flow rates were further tested. In addition, pump outlet

pressure (P) and power (N) values were measured.

Software and automation systems were made to record the measured data. The information
from the system sensors was wirelessly sent to the main computer using a data acquisition
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card and a Bluetooth module. The central computer saved the necessary information, and the
operator provided an appropriate name via the software interface. One measurement per
second was chosen as the recording speed. Once the pump began to operate the recording
procedure started and each sensor produced 50 data recordings. The tests were conducted at
a depth of 188 cm (continuous hydraulic head). The level meter measured the drawdown (A)
[23].

Hm——mte— et

1
A=169375 maslot A=169375 maslot
ST1 ST2
Fmm
Ve 3mm b
1Bmm| ~ 18 mm

A=50Mmmislot A= 108 mmslot

ST3 ST4

ST1 ST2 ST3 ST4

Figure 2 - Screen types and screen slot sizes

| | ] ! !
D @D D W WD LD O @ L @ @
<4 &

W

Figure 3 — Experimentation plan
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3. RESULTS AND DISCUSSION

The findings will be presented in three stages. In the first part, the drawdown of the well
consisting of different screen types, the specific flow rate, and the drawdown per unit flow
rate are examined. The flow types, hydraulic conductivity, and head losses in different screen
types are assessed in the second part. In the third part, the total head loss due to the drawdown,
including the cost of the head loss and the hydraulic conductivity of the wells, are evaluated
from the wells created by these screens. During experimentation, the average air and water
temperatures were 15 °C and 12 °C, respectively. The constant hydraulic head of 188 cm and
alevel of 89 cm of static water level are the constant values maintained during the installation
of the pump in the well and during all experiments.

3.1. Effect of the Well Types on the Drawdown

The drawdown values of the types of wells formed by vertical slot oblong (ST1), horizontal
slot oblong (ST2), round slot (ST3), and the bridge (ST4) type screens are examined in this
section. The wells created from these screens are named WT1, WT2, WT3, and WT4,
respectively.

Flow rate (m® h!)

0 20 40 60
0 ‘ 1 1 ]
20 ~
40 -+
60 ~
=)
3]
‘E’ 80 -
z @y =0,0331x2+0,3374x - 0,0469
3 2= 10,9998
2 100
[+
A ®y=0,0179x2+0,0988x + 0,0382
120 - 2= 0,9995
A v =0,0235x2+0.4379x - 0,0838
140 - 2= 0,9989
Xy = 0,0488x - 0,2199x + 0,0093
160 1 :=0,9999 3¢
180 -
200 -

Figure 4 - The relationship between screen types and drawdown
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In all well types, the drawdown increased as the flow rate increased. The highest decrease in
fixed flow values of all well types was seen in WT4. The observed drawdowns in WT1, WT3,
and WT2 well types were ranked in decreasing order.

When the well types are evaluated in terms of drawdown, it can be said that the most suitable
sieve type is ST2, and the worst sieve type is ST4.

The increase in drawdown is an undesirable physical condition and is an indicator of well rig
resistance. However, the drawdown is not the only criterion considered during the preference
or selection of the screen types. Also, the filtration capacity of the screens serves as an
important factor, since the screens have the task of preventing sediments (solid particles)
such as sand and silt from entering the well from the aquifer during pumping. Therefore, the
design or selection of the screens must be optimized in terms of drawdown and filtration
efficiency. However, this issue was excluded from the scope of this study.

In the well-types, the maximum drawdown of 113.46 cm was measured in the WT4 well
type, and the minimum decrease of 50.37 cm was measured in the WT2 well type. In the
analysis of the variance applied to the drawdown values, it was found that the flow rate, well
type, and the interaction of these two parameters were statistically different (P<0.01). The
drawdown level in the wells increase with the increase in flow rate for all well types. Due to
this increased value, the R? values were also very high (Figure 4).

The specific flow rate is the yield of a well corresponding to the unit drawdown. In this study,
the values of the mean specific flow of the WT1, WT2, WT3, and WT4 wells formed from
different screen types were calculated as 14.2, 28.4, 17.5, and 12.8 (L s ') m!, respectively.
The specific flow decreased in the well-type that had the highest drawdown. Another
parameter well-design is the drawdown value per unit of the pumping speed. The average
specific drawdown values were 0.0715, 0.0357, 0.0577, 0.08 m (L s!)' for WT1, WT2,
WT3, and WT4, respectively. Although the slot geometry and open area of the screens in the
WT1 and WT2 wells were the same, a double difference between them existed in the
drawdown, the average specific flow, and the specific drawdown. The slot position of the
WT2 well-type screen caused the gravels not to close the screen openings. It is generally
assumed that 50% of the aperture area of the screens can be clogged by gravel particles
(Delleur 2010). Since the screen types were compared in this study, the openings of the gravel
particles were not calculated according to 50% occlusion.

3.2. In the Screen Types Flow Velocity and Reynolds Number

In this section, the water inlet velocity, Reynolds number, hydraulic conductivity, and the
head losses of the screen types and the gravel region used in this study are calculated based
on the literature.

The rate of water entry into the well increases with the decrease in porosity or screen opening
ratio. In the well-design, the screen water inlet velocity should not exceed 0.03 m s™! [2, 24].

Exceeding this speed would cause increased head loss and aging of the well [16]. However,
some researchers allow higher velocities [2, 12].

The water inlet velocity was calculated separately according to Equation 1, depending on the
prosthesis of the gravel and the aperture ratio (Ap) of the screens.
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Q

Vo= 2.m.r.b.Ap ( 1)
where;

Va = Average flow velocity (ms™),

Q = Pumping rate (m> h™!),

r = Radius (The screens values in Table 3 and gravel in 100 mm have been used) (m)
b = The height of the cylinder here (m)

Ap = Porosity of a porous gravel medium or the open area of a screen

The determination of the flow regime is done by calculating the Reynolds number. The
streamlines remain straight when the Reynolds number is less than 2, and the flow obeys
Darcy's law. However, as the Re number increases eddies form intermittently. For Re
numbers larger than 75 flow behaves more like turbulent. The increase in the flow velocity
toward the well indicates that there may be deviations from Darcy's law, especially when
very close to the well [2]. The Reynolds number at the screen inlet and the gravel region was
calculated by using the following equation [5, 16, 25].

Re= p.vg.d (2)
n
where;
p = Density of water (at 14 °C, it is 999.85 kg m™),
Va = Water inlet velocity (m s™),
n = Dynamic viscosity of water (at 14 °C, it is 0.0013097 kg m™' s7"),
d = Characteristic length (m); For the gravel pack and the screen, the characteristic

length equals the mean grain size dso and the slot width Wy.

In this study, the flow velocity of the gravel region was calculated between 0.04-0.06 m s7!
depending on the flow rate. Accordingly, the Reynolds number was also calculated within
the range of 385 <Re <575. Bear [26] gives the range Re = 60—150 for the onset of turbulence
in porous media, based on the literature review of experimental studies. During critical
Reynolds numbers between Re = 100 [27] and 800 [28], the flow in the porous medium is
considered to be purely turbulent. Based on these, occurrence of completely turbulent flow
in the gravel region of the study was revealed.

In the screen types, the inlet flow velocities and Reynolds numbers depending on the aperture
ratios are given in Figure 5. The decrease in the aperture ratios in the screen types increased
the inlet velocity and caused turbulent flow. The flow rate and the Re number were the highest
in the ST4 screen type, with the lowest aperture ratio. The highest drawdown values were
also measured in the WT4 well-type created from this screen. However, the drawdown in the
wells formed from these screens was different, although the aperture ratios, flow rates, and
Re numbers in ST1 and ST2 screens were very close to each other. Although the ST3 screen
had the highest aperture ratio and the lowest inlet velocity and Re number, it performed worse
than the ST2 in the well-drawdown. Here, the position and shape of the screen slots affected
the blockage of the pebbles in the well.
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Figure 5 - Variation of Reynolds number (Re - red lines) and the velocity (Va- blue lines)
depending on the screen opening ratio at flow rates of 40 (---) and 60 (—-—) m* h™.

3.3. Head Loss and Hydraulic Conductivity of the Different Screen Types

Direct measurement of hydraulic conductivity is complicated, as the head losses in the
screens are usually very small.

Various studies have been made based on the linear laminar flow assumption to calculate the
head losses or hydraulic conductivity of the screens [29-33]

Barrash, et al. [29] suggested that the conductivity of a screen can be calculated according to
Equation 3, based on Cubic's law [34] for linear laminar flow. Barrash, et al. [29] reported
that screen conductivities obtained through laboratory experiments could be reconstructed by
using Equation 3.

3
Koo =01y (3)
where;
ng = Number of slots per length
Wy = Screen slot width (m)
p = Density of water (at 14 °C, it is 999.85 kg m™)
g = Gravitational acceleration (m s72)
f; = Slot surface roughness (f>1)
u = Dynamic viscosity of water (at 14 °C, it is 0.0013097 kg m™' s71),
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The calculation of head loss based on linear flow can be made according to the Theim’s
equation (Equation 4) [7]. Some researchers suggested the turbulent flow in the screen region
[13, 35-38]. As a result of their laboratory and field studies, Equation 5 for nonlinear flow
was developed by Clark and Turner [37].

Sge = In( =2 )

21K B Ts-out

where;

Ssc = Screen head losses (m)

Q = Flow rate (m® h™')

Kse = Screen hydraulic conductivity (ms™)
B = Full aquifer thickness (m)

Ts-in = inner radius screen pipe (m)
Ts-out = inner radius screen pipe (m)
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Figure 6 - Relationship between the hydraulic conductivity (blue lines) (according to
Equation 3) and linear head loss (red lines) depending on the screen aperture ratios
(according to Equation 4).

The value of hydraulic conductivity of the screen types used in the research was calculated
according to Equation 3, and the linear head loss was calculated as per Equation 4,
respectively. Figure 6 presents the calculated values based on the screen aperture ratio.
Among the screen types, the highest value of hydraulic conductivity was calculated to be
38.34 ms ! in ST3, and the least with 1.17 ms™! in ST4. The highest head loss value of 0.069
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mm was calculated in ST4 with, and the lowest value of 0.0022 mm in ST3. However, the
ST2 screen type was the least drawdown (head loss) measured in the wells formed from the
screens. Here, the state of blocking the screen slots of the gravel or the screen-gravel
compatibility comes to the fore.

Houben [7] reported that the effect of the slot widths of the screen larger than 0.3 mm on the
head loss could be neglected, according to Equation 3 (Cubic's law). In this study, the head
loss values of the screens were found to be very low according to Cubic's rule (Figure 3).
However, the fact that there was a difference only in the geometric shapes of ST1 and ST2
screens, which had the same slot widths affected the drawdown values in the wells created
from these screens. In this case, it has been revealed that the slot shape positions are also an
important factor in the designing of wells and the slot widths.

Houben and Hauschild [30] reported that screens having hydraulic conductivity lower than
0.0001 ms™! for the linear laminar model would affect the total drawdown of the well. Thus,
based on this, since the range of hydraulic conductivities observed in this work is larger than
suggested limiting value, they do not affect the drawdown directly.

During the case of turbulent flow within the screen region, the head loss was calculated as
per Equation 5 and is shown in Figure 7. The head loss increased with increasing of the screen
inlet velocity. The head losses of the ST1-ST2-ST3 andST4 screen types at a flow rate of 60
m?h™' were calculated as 0.12 m, 0.123 m, 0.028 m, and 0.37 m, respectively. The head
losses occurring during the highest screen inlet velocities were low, which can be expressed
in cm. The ST3 screen type was found to be especially very low. According to Equation 5,
Houben [7] calculated the load losses at 0.03, 0.1, and 0.5 ms™' as 0.12, 1.4, and 34.5 mm,
respectively, and reported that it was small enough even in the worst case. According to both
linear head loss and turbulent flow calculations, it can be said that the head loss increases
when the ST4 type screen is used. This study observed the highest drawdown in the deep
well-formed from the ST4 screen type.
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Figure 7 - Head loss according to Equation 5 in case of turbulent flow
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Se=m(—2 ’ 5
ST ( 21LCy.CoAp ) ®)
Where

Ssc = Screen head losses (m)

Q = Flow rate (m* h'")

Ls = Length of screen (m)

Cv = Slot velocity coefficient (~0.98 (Houben, 2018)) (—)

Cc = Contraction coefficient (~0.66 (Houben, 2018)) (-)

Ap = Fractional open area (-)

3.4 Head loss and Hydraulic Conductivity of the Gravel

The hydraulic conductivities and the linear head losses for the gravel used in the study were
determined. The hydraulic conductivity of the pack of gravel is related to its prosthesis.
Houben, et al. [16] calculated the Kozeny-Carman equation for the calculation of the
hydraulic conductivity [39] according to Bear [40] (Equation 6). The value of hydraulic
conductivity was calculated according to Equation 6. The calculation of the linear head loss
for the gravel package was made according to Equation 7. The hydraulic conductivity of the
gravel was measured to be 1.9 ms™!. This hydraulic conductivity and laminar head loss during
a flow rate of 60 m* h™! were calculated to be 0.39 mm.

_pey oy 0’
Ko=) (©)
where;
Kep = hydraulic conductivity of gravel pack (ms™')
n = gravel zone prozite (-)
dso = mean grain size of gravel pack (m)
p = Density of water (at 14 °C, it is 999.85 kg m™)
u = dynamic viscosity of water (at 14 °C, it is 0.0013097 kg m™' s7)
_ Q Ts—in
Sop = 21Kgy B In( a ) Q)
where;
Sep = head loss gravel pack (m)
Ts-in = inner radius screen pipe (m) (0.3 m)
Ts-out - inner radius screen pipe (m) (0.4 m),gravel pack thickness 100 mm.

Differences were seen in the calculated head loss values for each screen type and the
reductions of the wells created from these screens. For example, the least head loss was
calculated in ST3 filter type in laminar and turbulent flow conditions, while the least decrease
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in well types occurred in WT2. Depending on the calculated head losses in the filter types,
the least reduction in the well types should have been in WT3, but it was not. Therefore, it
would be more accurate to start from the reductions in the wells created from these screens
while investigating the head losses of the screen types, because the clogging of each screen
and the effect on the flow by the state of the gravel come to the fore. In the next part of the
research, the drawdown values of the wells created from these screens are associated with
hydraulic conductivity and head loss.

3.5. Cost of Head Losses in Well Types

The drawdown for well types studied in this work has been related to the head loss and is
shown in Figure 8. Among the different well types, the highest head loss was found in WT4,
which was created using a bridge-type screen, and the least value in WT2, which was formed
by a vertical oblong-slot screen (Figure 8). The average head losses obtained during different
flow rates were determined as 1.01 m, 0.50 m, 0.81 m, and 1.13 m in the WT1-WT2-WT3
and WT4 well types, respectively.
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Figure 8 - Head losses in well types

The head losses of the bridged screen (ST4) were calculated as per Equations 4 and 5, and
the head losses in the well (WT4) formed from this screen were higher than that of the other
screens. Implementing these equations for this screen type could be a correct approach in
terms of head loss. However, while the least value of the head loss was calculated in the ST3
screen type by using the same equations, the least head loss in the wells occurred in the head
losses of the ST1 and ST2 screen types according to Equations 4 and 5 were very close to
each other, the head loss was twice as high in WT1 while compared to that of WT2 among
the well types formed from these screens. These two screens possess the same opening and
slot shape, yet, with different slot directions, causes a two-fold difference in the load losses.
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Differences were seen in the stack state of the gravels, clogging of the screen slots, and the
blocking of the flow. To better demonstrate/observe this problem, it is considered that the
next study would be simulated in a computerized environment, and the same would be carried
out using CFD and Rocky Dem programs.

In the screens, the head loss calculated from equations and the head losses arising from the
drawdown was not compared numerically because of the other parameters affecting the wells
(head losses in the gravel and pipes).

The head losses per 1 m® h™! of flow rate in the WT1, WT2, WT3, and WT4 well types were
measured to be 0.036 m, 0.019 m, 0.027 m, and 0.047 m, respectively. The power required
to overcome these head losses with a given flow rate could be calculated using Equation 8

[7].

Nnet= g (¥

where;

Nnet = Power required (kW)

Q = Flow rate (m® h™)
H = Head loss (m)
Npump = Submersible efficient (-)

In Germany, Hiibner [41] found the average pump efficiency (npump) to be 0.41 during his
study on 2500 submersible pumps. Calisir [11] determined the average efficiency of all
facilities to be 0.5 +0.02 in his study conducted during 46 deep well irrigation facilities in the
Konya region of Turkey. In this study, the calculation of the pumping system efficiency in
different well types was made according to the following Equations [11]. Table 4 provides
the pumping parameters measured in different well types.

_ QTDH.Y
Nsystem ~ 102, Nnet )
TDH= H +P+v?/2 g (10)

TDH = Total dynamic head (m)

Hd = Dynamic height (m)

Y = Water density (kg L™)

P = Pressure outlet (bar)

v = Water velocity of pump discharge pipe (m s™)

The optimum flow range in all of the well types of the pumping plant was determined as 40—
45-50-55-60 m> h™! (Table 4). The system efficiencies of the pumping plant operated in the
WT1-WT2-WT3 and WT4 well types were determined to be 42.6%-39.4%-39.8%-42.3%,
respectively. These efficiency values were used for calculating the power required to
overcome the head losses in the well types. In this context, the required power calculated
according to Equation 8 for 1 m? h™' flow rate in the WT1-WT2-WT3 and WT4 well types
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was calculated as 2.4 x 10* kWh, 1.3 x 10* kWh, 1.9 x 10* kWh, and 3 x 10 kWh,
respectively. As of 2020, 18 billion m*® of usable underground water reserves were
determined in Turkey, and 11,426 billion m* of this amount is used for irrigation purposes.
The price of one kWh of electricity used for irrigation in Turkey is around € 0.0644. When
one of these screen types is used to extract water from underground, the annual costs of these
head losses are 174,000 € year™, 96.614 € year™', 138.637 € year™! and 225.133 € year,
respectively. Assuming that these wells have been operating for 30 years, their total costs
arrive at very high amounts, such as 5,220,000 €, 2,898,420 €, 4,159,110 €, and 6,753,990 €,
respectively. Here, it appears that the costs of head loss resulting from the screen selection
alone in designing the well are too high to be ignored.

Table 4 - Pumping parameters in different well-types

friloavilfla)te fkox;“r Hd(m) TDH(m)  Nisiem ()
40 441 1.55 16.43 41.17
45 4.43 1.72 15.21 42.62
WT1 50 445 1.89 13.73 42.59
55 4.45 2.08 12.28 41.69
60 4.43 2.28 10.37 38.63
40 441 1.22 15.71 39.28
45 4.46 1.30 14.19 39.47
WT2 50 4.44 1.38 12.59 39.01
55 441 1.48 10.63 36.55
60 432 1.60 8.62 33.00
40 441 1.43 15.92 39.10
45 4.53 1.56 14.55 39.85
WT3 50 4.54 1.70 13.06 39.59
55 4.54 1.86 11.33 37.76
60 4.46 1.98 9.28 34.22
40 432 1.58 16.36 41.45
45 4.46 1.79 15.12 41.90
WT4 50 441 2.00 13.60 42.32
55 4.44 2.24 12.19 41.46
60 4.40 2.52 10.24 38.35
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3.6. Hydraulic Conductivity in Well Types

In their study conducted in 2006, Barrash et al. experimentally calculated the screen
drawdown depending on the specific flow change as per the Theim equation. This study
calculates the hydraulic conductivity according to the Theim equation (Equation 4),
depending upon the drawdown in different well types. The well having the highest hydraulic
conductivity value was seen in the one possessing the lowest drawdown level, namely the
WT2. As for the screen types, the highest value of hydraulic conductivity was calculated in
the round slot screen (ST3). The relationship between the gravel package and the screen,
which is seen in the head losses (drawdown) in the wells, was also seen during the hydraulic
conductivity.

Table 5 - Hydraulic conductivity in well types

Kyen (ms™)

Flow rate

(m*h')  WTI WT2 WT3 WT4
40 87107 1.710*  1.010* 79107
45 7.8107 1.510* 9.710° 6.8107°
50 72107 1.410* 8810° 6.110°
55 6.6 107 1.310*%  8.110° 55107
60 62107 1.210*%  7910° 50107

Average 7.310° 1.410% 9.010° 63 10°

4. CONCLUSION

In deep wells, the drawdown is an undesirable physical condition which is the sum of the
head losses due to parameters such as the aquifer, aquifer thickness, gravel pack, and screen.
It was observed that the WT4 well type, which was created with a drawdown bridge (ST4)
screen, was the most common one among the different screen types. The high drawdown
value for this well type was the fact that it caused the lowest specific flow rate and the highest
specific drawdown value among the well types. Although the slot geometry and the aperture
ratios of the screens in the vertically perforated oblong (WT1) and horizontally perforated
oblong (WT2) wells were the same, approximately twice the difference in the drawdown, the
average specific flow, and the specific drawdown were observed.

The flow type, which was calculated based on the Reynolds number in the gravel region for
each screen type, was determined as turbulent. The highest Reynolds number among the
screen types was calculated in the ST4 screen. The highest value of the head loss was
measured in the well type (WT4) formed from this screen. However, the lowest head loss
was not measured in the well (WT3) although the lowest Reynolds number was measured in
the ST3 screen type. This can be explained by the increased screen blockage by the gravel,
the narrowing of the open area, the increase in velocity and turbulent flow, and an increase
in the head loss accordingly. The ranking of the head loss, which was calculated according
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to the geometric properties of the screen types and the related equations, and the ranking of
the same due to the well drawdown was different. The order of the turbulent head loss of the
screens from most to least was calculated according to Equation 5 and was determined as
ST4, ST2, ST1, and ST3, while the head loss calculated according to the well drawdown was
determined as WT4, WT1, WT3, and WT2, respectively. In addition to the head loss of the
gravel used in the experiments, the blockage of the screens affected the head loss within the
wells as it differed from screen to screen.

The least value of the head loss per unit flow rate in the wells was measured in the well
formed by a horizontal oblong slot (WT2) screen. According to the WT2 well type, the head
loss per unit flow increased by 42% in WT3 (round slot), 89.4% in WT1 (vertical oblong
slot), and 147% in WT4 (bridged). The cost required to overcome the head losses formed by
the pump efficiency in the wells was determined to be the lowest in the WT2 well type.
According to the WT2 well type, cost increases were seen due to the head loss of 43.5% in
WT3, 80% in WT1, and 133% in WT4.

Based on the physical properties of the gravel used in this study, it has been revealed that
using a horizontal oblong slot screen would minimize the head loss in the wells. One of the
most important points to be considered in well designs is the compatibility of the screen type
with the physical properties of the gravel. Even the change in the geometric shape of the
screen types having similar apertures altered the blockage of the gravel, causing the head loss
to change. Well designers should pay attention to the selection of gravel based on the screen
type or the selection of the screen depending on the type of gravel used. It would be
appropriate to use a horizontal oblong slot screen for the gravel, commonly used in Turkey
and called 7-15 mm, since it would reduce well-head losses.

According to another result from this study, the evaluation of the screens by using theoretical
head loss calculations could deviate the accuracy of the screen selections during well designs.
It has been revealed that the relationship between the gravel and the screen should not be
overlooked. At the same time, it is necessary to carry out similar studies with gravels having
different physical properties. For researchers, this study result can guide the simulation of
different filter types with flow software. The impact of the filter type on the well design and
drawdown may be examined by well design companies and engineers, and the pumps can be
chosen in accordance with the findings.
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Notation

p = Water density (kg m™)

1 = dynamic viscosity (kg m™' s71)
A = Drawdown (cm);
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Hd = Dynamic head (mm);

STl = Vertical oblong slot screen
ST2 = Horizontal oblong slot screen
ST3 = Round slot screen

ST4 = Bridged slot screen

WT1 = Vertical oblong slot well
WT2 = Horizontal oblong slot well
WT3 = Round slot well

WT4 = Bridged slot well

K = Hydraulic conductivity (m s™")
Re = Reynolds number (-)

Pb = Output pressure (kPa)

Q = Flow rate (m* h™)

S = Submergence (mm)

\Y% = water inlet velocity (m s™)
TDH = Total dynamic head (kPa)

Tl = Ambient temperature (°C)
T2 = Water temperature (°C)
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ABSTRACT

Automated multi-story parking garages are modern alternatives to conventional parking
structures to save space and volume in high demand parking spaces in urban areas. The design
of such structures has significant knowledge gaps in terms of fire safety. The purpose of this
study is to estimate the horizontal and vertical fire spread between passenger cars in
automated multi-story parking garages and provide fire safety design to minimize fire spread
and possible structural collapse. The fire spread between cars is established by estimating
irradiance heat flux of each car component. An 8-floor automated multi-story parking garage
with 56 passenger car capacity is designed in accordance with European standards. The
results show that steel parking pallets underneath cars reach extreme temperatures about 1000
°C in early phases of fire for Category III vehicle fire with § MW maximum heat release rate,
which could cause structural failure. Without any fire protection on the structure, the fire
spreads to the car above in 23 minutes, to the neighboring car in 37 minutes and beyond the
elevator shaft to the other cars in 82 minutes. The proposed sprinkler layout eliminates fire
spread within 5 minutes. The most efficient way of passive fire protection is to seal steel
pallet, its rail system and beams on the elevator shaft with 5 cm gypsum-based fire protection
boards.

Keywords: Car fire, vehicle fire, parking garage, fire safety, fire resistance.

1. INTRODUCTION

The purpose of this study is to model and understand fire performance of an automated multi-
story open parking garage including structural integrity, the energy content and heat release
rate of passenger cars, horizontal and vertical fire spread and the effect of sprinkler locations.
The goal is to provide additional active and passive fire safety measures in open car parks.

Fire safety design requirements for conventional open car parks are not strict. Automatic
sprinkler systems, mechanical ventilation systems and passive fire protection on vertical
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Car Fires in Multi-Story Parking Garages

opening through floors are not part of NFPA 88A Standard [1]. According to NFPA 88A per
Section 5.1.2, the height of an open car park is limited by 25 m for Type II (000) structures,
whereas there is no limitation for Type I structures [1]. Such precautions may be valid for
conventional open tall car parks; however, design of slabs and vertical openings are totally
different in automated open tall car parks. Vertical opening area to total floor area is excessive
in automated type car parks due to vertical lift openings. The vertical opening of lift system
may act like an atrium rather than a simple vertical opening during a fire incident within an
automated open tall car park; thereby changes vertical fire spread characteristics.
Additionally, there is no slab fixed to the structural systems in automated open tall car parks.
In such structures, car pallets docking and undocking between columns are utilized as
carrying platforms of which structural fire response is unknown.

Passenger car fires in parking structures are not common, but such events can develop into
large and uncontrollable fires [2]. Some cases of car park fires have involved hundreds of
vehicles and caused structural collapses in the last two decades. A car park fire in Schiphol
Airport in Amsterdam burned nearly 30 passenger cars and partly damaged around 101
passenger cars [3]. Another vital car park fire event is Kings Dock fire in Liverpool [4]. The
fire led to a total loss of 1150 passenger cars. Firefighters have reported rapid lateral fire
spread and vertical fire spread in both downward and upward directions. The most recent
open car park fire has occurred in Stavanger, Norway [5]. With the effect of strong wind,
flames engulfed the structure partially, a significant structural collapse has occurred, and
around 300 passenger cars were destroyed. A few passenger car fire tests in full-size open
car parks are carried out [6-9]. The general conclusion was that structural fire protection is
not necessary for open deck car parking structures.

Fig. 1 - Automated multi-story parking garage with 4 units (Balikesir, Turkey)
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Automated multi-story parking garages are modern alternatives to conventional parking
structures to save space and increase volume in high-demand parking regions in urban areas.
They are generally constructed from steel. An 8-floor parking garage from Balikesir, Turkey,
is shown in Fig. 1. It is an externally braced steel structure with embedded elevator and car
pallets to store and retrieve passenger cars. These structures may be constructed with either
open or closed fagade.

Fire characteristics of passenger cars depend on vehicle size, ignition source and location,
environmental conditions and ventilation level. Peak HRR levels vary within a wide
spectrum, from 1.9 MW to 10.8 MW [2]. The high level of heat release rate per unit area
during car fires increases the collapse risk of parking garages. Most of fire spread tests are
based on lateral fire spread scenarios in the literature [10,11]. Weisenpacker et al. [11]
focused on temperature levels around and inside of burning cars and did not measure the heat
release rates (HRR). On the contrary, Park et al. [10] measured HRR by using large-scale
calorimeter and the maximum HRR for the single-car fire was estimated as 3.5 MW. Studies
suggest that HRR curves of passenger cars show no clear correlation with vehicle age [2].
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Fig. 2 - Equivalent HRR curves for classification of cars (adapted from Schleich et al. 1999
[12]).

The use of total combustion energy can classify passenger car fires during fire. The calorific
potential classification that has five different categories is generally based on vehicle size
and curb weight. Schleich et al. [12] have presented equivalent HRR curves for the potential
calorific classifications of passenger cars in Fig. 2. The characteristics and trends of the HRR
curves are identical. Schleich et al.’s [12] approach is based on the amplification of HRR
values. In addition to the overall energy potential, ignition mechanism of individual
components in vehicles are also essential to understand car fires. After the 1990s, the use of
plastic components in passenger cars has increased from 5.1% in 1970s to 8.8% of car weight
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in 2018 [2]. In addition to this, the average combustion energy per mass of plastic
components within passenger cars has increased. Although the change in the mass of plastic
materials is 72%, the total combustion energy has increased by 91% since the 1970s. The
risk of fire spread from one car to another has risen with the increase in the use of plastic
materials for exterior parts of passenger cars.

The occurrence of ignition can be forecast with a calculation of surface temperature if the
substance is heated by convection and radiation. A set of test results of plastic vehicle
components that used on outmost surfaces of passenger cars are given in Table 1 [13].
Ignition times under different irradiance levels and critical irradiance levels of plastic
components are determined by tests [13]. All exterior plastic components excluding tires can
be ignited by an irradiance level of 20 kW/m? in 7.5 minutes, whereas it takes less than 1
minute with an irradiance level of 30 kW/m?. On the other hand, the ignition of tires takes
much more time, but its critical irradiance level is not high.

Table 1 - Ignition times of plastic passenger car components [13] (NI: not ignited)

Fuel tank (underside)
Tire

Bumper trim

Wheel arch

Mud flap

Bumper grill Bumper Bumper trim Hub cap

Time to ignition (seconds) (NI=no ignition) Critical
Irradiance level irradiance
Component 0KWm? | 20 kW/m? | 30 kwim? | 40 kwme | evel (KW/m?)
Hub cap NI 205 58 28 17.5
Mud flap 380 57 29 16 10
Wheel arch NI 81 44 25 12
Bumper NI 450 89 43 18.5
Bumper grill NI 114 44 19 17.5
Bumper trim 415 83 30 16 11.5
Fuel tank NI 354 114 59 16.5
10 kW/m? 12 kW/m? 15 kW/m? | 20 kW/m?
Tire NI 1100 597 240 11
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Building Research Establishment (BRE) conducted a set of fire tests on fire spread modes
between passenger cars [13]. All possible fire spread patterns between passenger cars are
tested. These patterns are side-by-side fire spread, nose-to-nose fire spread and vertical fire
spread at car stacker. Before and after photographs of tests are shown in Fig. 3. The gas
temperature close to the ceiling has reached 1100 °C during side-by-side fire spread test. In
the nose-to-nose fire spread test, the fire has spread to the next vehicle in approximately five
minutes. In the case of car stackers, both cars in the stacker were engulfed in flames after 21
minutes.

Side by side

Nose to nose

Car stacker

Fig. 3 - Fire spread between passenger cars (BRE,2010 [13]).

One of the most critical knowledge gaps in suppression of passenger car fires is the effectivity
of sprinkler systems in car stackers. Carpark fires are defined as ordinary hazard in most of
national fire safety codes such as BS EN 12845:2015 [14], AS 2118:2017 [15], NZS
4541:2020[16] and the Turkish Regulation on Fire Protection [17]. BRE has conducted tests
on the efficiency of sprinklers on passenger car fires for ordinary car parks and stacker
systems [18]. The setup represents a closed car park, but ventilation is enough for a fuel-
controlled fire. The fire started at the outermost passenger car. The first sprinkler was
activated after 4 minutes, then all sprinklers were activated at the early stage of fire. The fire
was not extinguished, and its thermal power reached around 7000 kW. However, the fire did
not spread to the next vehicle. Cooling and transport effect of water droplets from sprinklers
caused the smoke to drag down.
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2. METHODOLOGY

In this study, an automated multi-story steel parking garage is designed based on an existing
example shown in Fig. 1 and modelled in Fire Dynamics Simulator (FDS) [19] and SAP2000
[20]. A widely used design car fire HRR curve is modified to decrease computational demand
of FDS and vertical and lateral fire spread criteria between passenger cars is defined via FDS
simulations. Thermal response of structural members including the car pallets are obtained
from FDS analyses.

2.1. Parking Garage

An 8-floor open-facade steel car park with 4 units and a capacity of 56 cars is designed
according to Turkish Building Earthquake Code 2018 and Eurocode 3 [21,22]. Turkish Fire
Regulation requires R15 rating for load-bearing structural elements for open parking
structures with height 30.5 meters and below. Article 96¢ in the regulation mandates the use
of sprinklers in garages, where more than 10 vehicles are taken into the garage through an
elevator. However, the regulation does not specify sprinkler layout. The parking garage has
a sprinkler system with a layout adopted by Australasian Fire and Emergency Service, which
recommends placing the sprinklers on top of 4 vehicle corners. The reason behind this is
merely an easy way of piping installation for sprinklers near four column-beam joints. Steel
bracings are chosen as S235 grade. All remaining structural elements (i.e. beams and
columns) are chosen as S275 grade. The structure is braced for lateral resistance. The
structural system is designed in accordance to DD2 (10% - 50 year) design earthquake
(TBDY 2018). The parameters used for the spectrum analysis are Ss=0.878 s and §; =0.214
s with ZA soil condition, R =5, ), = 2. All column cross sections are TUBO 160x160x10.
The beams for the car pallet are HEA100 sections. The beams connecting to columns as part
of the structural system are HEA140. The beams and columns are connected via shear
connections. The structural design is shown in Fig. 4. Member cross sections are tabulated in
Table 2.

Table 2 - Member sections of parking garage (see Fig. 4).

Member Section

Columns TUBO160x160x10
Beams HEA140

Bracing TUBO80x80x8
Car pallet beams HEA100

Car pallets stay on wheels, which are mounted on short cantilever beams fixed to the
columns. The car pallet is illustrated in Fig. 5. The pallet contains 4 longitudinal beams and
4 cross beams (HEA100) with a 2mm thick sheet metal above to carry the vehicle load. For
the loading condition, the vehicle weight is taken as 2000 kg, which is an average weight of
ordinary size SUV. Considering the vehicle as a live load (i.e. 1.6 live load factor), the vehicle
load is applied as 4 point-loads of 7.85 kN on each pallet, which are 2.7 m apart from each
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Fig. 4 - Multi-story parking garage: (a) illustration, structural design (b) elevation view
and (c) top view.
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other in accordance to the wheelbase of ordinary size SUV. Car pallet does not transfer
moment or axial force to the cantilever beam supports. The elevator equipment on the top
floor of each elevator shaft as seen in Fig. 4a is taken as 11 kN. The connection detail shown
in Fig. 5 is commonly used in current parking garages and it does not transfer moment or

axial force from the pallet to the main column.

7.85 kN 2200 mm
HEA 100 :
’” . 1300mm E
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Fig. 5 - Car pallet design.
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Fig. 6 - Car pallet collapse mechanism.
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In this study, the thermo-mechanical analysis of the cark park structural system is not
conducted because both columns and beams under low utilization ratios u have significantly
high critical temperatures T, even without any fire protection. TUBO160x160x10 columns
with 4 = 0.129 have T, = 809 °C. On the other hand, HEA100 beams underneath the car
pallet carry a significant load and they are likely subjected to extreme temperatures from car
fires just below. HEA100 beams with u = 0.502 have T,,. = 590 °C. A possible collapse
mechanism of the car pallet is illustrated in Fig. 6 where a plastic hinge at the mid-span forms
during fire. Such failure indicates that the pallet could collapse before the fire spreads to other
cars.

2.2. FDS Model

The Fire Dynamics Simulator (FDS) model is created in PyroSim [23]. FDS solves
numerically a form of Navier-Stokes equations appropriate for low-speed, thermally driven
flow with an emphasis on smoke and heat transport from fires [19]. The turbulence is solved
by Large-Eddy Simulation (LES). For the building model dimension and mesh size of this
study, LES is the most suitable simulation type. For wildfires and large open space, very
large eddy simulation is generally preferred. Direct numerical solver (DNS) is not suitable
for this problem type.

The fire initiates from the car labeled as V13 on the 2™ floor as illustrated in Fig. 4a. No
smoke control system is installed on the model. The heat and radiation transport calculation
is performed with polyurethane as the fuel load and with 20 cm mesh size [24]. HEA100 and
TUBO160x160x10 structural member surface temperatures are calculated utilizing the
‘exposed back condition’ in the FDS model, i.e. assuming that the members conduct heat
through the cross-sectional thickness.

To estimate this cell size in the FDS model, the characteristic length scale of fire is calculated
using Equation 1, where D* is dimensionless diameter in m, Q is peak heat release rate (HRR)
in kW, p., is ambient air density in kg/m3, T, is ambient temperature in °C, ¢, heat capacity
of air under constant pressure in J/kgK and g is gravitational acceleration in m/s?.

D*=( 0 )2/5 (1)

PooTooCpVg,

The heat release rate curve of Category III car is with a peak HRR of 8.3 MW, hence D* is
obtained as 2.235 m. It is suggested that for a reliable large eddy simulation (LES) at least
10 cells shall fit within the dimensionless diameter [25]. Therefore, 20 cm or smaller cell size
with a simple chemistry model can be used. The cell size is chosen as 10 ¢cm for all fire
simulations in this study. Prandtl number, which relates the viscosity to the thermal
conductivity is taken as 0.7 as recommended by FDS Technical Reference Guide [19] in case
liquid droplets are simulated as water droplets from sprinklers. Radiative fraction is the
fraction of energy released from the fire as thermal radiation. This number is set to 0.35. In
FDS, the radiative fraction is defined between 0.3 and 0.4 for most combustibles and Table
16.1 in FDS Technical Reference Guide [19] takes 0.35 as default for all fuels other than
liquid fuels such methane.
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2.3. Passenger Car Design Fire

To reduce computational effort and shorten the run time on FDS simulations, both the heat
release rate (HRR) curve and the vehicle model detail are modified without compromising
the accuracy. For the passenger car design fire, Category III HRR curve with a peak HRR of
8.3 MW for maximum of 70-minute fire duration is modified as seen in Fig. 7. Schleich et
al. [12] grouped the cars in five categories mainly due to their size (i.e. volume) and weight.
Category III vehicle type (SUV) is defined to indicate the worst-case scenario. The
modification mainly focuses on the ascent and descent parts around the peak point of the
curve. Equations of ascent ({,s.) and descent ({qec) heat flux of the Modified Category III
fire curve are given in Eq. 2 and Eq. 3 where ¢ is time in minutes and g is heat release rate in
kW.

Qasc = 11.8 t2 11<t<25 )

Qdec = Gasc(25) * e~ (t=25)/6 25<t<70 3)
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Fig. 7 - Category Ill design car fire [12] and Modified Category Il fire.

As can be seen in Fig. 7, the cumulative thermal energy is shifted to the left in the Modified
Category III fire with respect to the original curve. The decreasing phase is also faster so that
the dying out of fire occurs quickly. This allows the flexibility to stop simulation earlier
without compromising accuracy. The predefined termination of simulation is when the fire
curve drops to 5% of its peak value at 43" minute. The total energy release (i.e. area under
HRR curve) is not violated by using the modified HRR curve. Differences between maximum
gas temperatures are detected on a ceiling just above the fire pool as low as 50 °C, and
maximum surface temperature levels are very similar in both cases [26]. High performance
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computer used for the FDS analyses is 8-node Intel Xeon E5-2680 2.4 GHz with 128 Gb
Ram per node. The case study FDS models consist of approximately 900,000 meshes and
this modification in HRR curve results in 28% reduction of the computational time from 65
hours to 46 hours.

1/5 open window Fragile glass

Fire pool under

4.4m car body

1.6mY
Gap at wheel ar
(no mudguard)

Fig. 8 - Car model in FDS.

A compact size car body encloses on a fire pool is designed in FDS with car body and window
details as illustrated in Fig. 8. Metal parts in the body are defined as 1 mm steel sheet with
40 W/m.K of heat conduction coefficient. Windows are ordinary glass with 3 mm thickness
and 1 W/mK heat conduction coefficient. Glass breakage is simulated according to
Weisenpacher et al. [11]. It is expected that windshield glass will break first followed by
side and rear windows. The ground clearance of the passenger car is 20 cm.

2.4. Horizontal and Vertical Fire Spread Between Passenger Cars

‘NFPA-1710: Standard for the Organization and Deployment of Fire Suppression
Operations, Emergency Medical Operations, and Special Operations to the Public’ by Career
Fire Departments mandates 5:20 minutes response criterion for passenger car fires after the
department is informed [27].

Joyeux [8] estimated the time duration needed for horizontal (lateral) fire spread between
passenger cars as 12 minutes. In contrast, Li et al. [28] assessed the period as approximately
20 minutes, whereas Park et al. [10] reported the fire spread to an adjacent car at the 8
minute. Hence, the fire brigade must be alerted in a few minutes after the fire initiated.

Vertical fire spread between passenger cars is as important as lateral fire spread between
passenger cars. However, the literature on this topic is very limited [13] [18]. To assess
criteria for vertical fire spread; undercover, tires, and front bumper of the car given in Fig. 8
is modeled with combustible polymers. The undercover and bumper are chosen as
polypropylene and the tires are selected as rubber. Thermal properties of materials used in
the model are given in Table 3.
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Table 3 - Thermal properties of materials in ignitable passenger car model

Thermal Properties
o - &
£ 8 — | & g > £
= _ | 3% 8% %39 |: |2
Material §0 = & g g E 2 S Z -
2= 82 | BB | ZE= | E | %
5 o S O e 5
— a
Rubber [29] 350 1.88 0.13 50 0.90 910
Polypropylene [29] 388 1.75 | 0.15 46 090 | 946
Steel [19] - 0.46 45.8 - 0.95 7850
Glass [19] - 0.79 1.0 - 0.05 2500
Ignition at
undercover
12. min
Ignition at
front tire
16. min
Ignition at
back tire
23. min
Remaining
car body at
25. min

Fig. 9 - Vertical fire spread to a passenger car.
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Fig. 10 - Incident surface heat flux on car tires (* : ignition time).

During the fire simulation, the first ignition occurred at the undercover of car, which is also
observed in BRE tests [13]. The undercover in the simulation caught fire at t = 12 minutes .
In BRE tests, the car above caught fire on the Sth minute and it was fully engulfed by t = 10
minutes where the peak HRR was measured as 8.5 MW on the 12th minute. BRE tests
investigated the fire spread between cars directly stacked on top of each other without the
steel pallet acting as a heat shield. The cars in the parking garage in this simulation are on
different floors with 40 cm clear vertical distance from each other and 5 mm steel pallet as a
heat shield. Hence, the fire spread times differ significantly. After the ignition of undercover,
front tires ignite at 16" minute. The vertical fire spread is illustrated chronologically in Fig.
9. The result indicates that at approximately 10 kW/m? of incident surface heat flux is
sufficent to start combustion on undercover. Incident surface heat flux curves for tires are
shown in Fig. 10. The incident surface heat flux at ignition time nearly reaches to 20 kW/m?
on front tires and 10 kW/m? on back tires.

With the aforementioned analysis, both vertical and lateral fire spread criteria are proposed.
When the incident heat flux level is lower than 8 kW/m?, there is no risk of ignition, whereas
the level is higher than 16 kW/m?, passenger cars start to burn and spread the fire. If the
incident heat flux level is between 8 and 16 kW/m?, the adiabatic surface temperature [30]
should be observed closely. As long as the adiabatic surface temperature is lower than the
ignition temperature of the material, the related component cannot catch fire.

3. CASE STUDIES

In order to provide fire safety to automated multi-story parking garages, it is imperative to
eliminate or slow down the fire spread between passenger cars. In addition, the structural
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integrity including the steel pallets should be maintained during fire. Fire spread risk levels
are shown in Fig. 11. Fire starts at vehicle V13 as shown in Fig. 4a. The neighboring
passenger cars are designated as ‘R’ (right side of the car), ‘L’ (left side of the car), and ‘U’
(upper side of the car).
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Fig. 11 - Automated tall car park: Fire origin at vehicle V13.
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Fig. 12 - Case studies.
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Case studies are illustrated in Fig. 12 with passive and active fire safety measures. In all case
studies, Modified Category III HRR design curve is utilized. Unprotected car park is the base
scenario without sprinklers (Case A). This study is conducted to understand the fire spread
risks without any active and passive fire protection. The parking structure with partial
firewalls and fireproof ceilings is shown in Case B. The structure with fire shutter doors is
shown in Case C. Both Case B and C provide passible fire protection only. Finally, Case D
utilizes the current (mandated) sprinkler active fire protection system in the parking garage
and the sprinkler layout is adopted by [31]. Case E utilizes an improved sprinkler layout

proposal.
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Fig. 13 - Sensor positions on passenger cars.
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Fig. 14 - Nomenclature of structural elements around the fire zone
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The passenger car model in Fig. 8 is used in FDS simulations. Adiabatic surface temperature
and incident heat flux sensors shown in Fig. 13 are used as indicators for fire spread. The
nomenclature of structural elements around the fire zone V13 over the car pallet P2E is shown
in Fig. 14.

3.1. Case A: Car Park without Fire Protection

The fire safety level of an open fagade unprotected car cark is examined. Fig. 15 shows the
development of vehicle fire in the car park. After 15" minute, hot gases and flames start to
pervade the entire parking slot and upper areas. The gas temperature reaches to 900 °C under
the upper car pallet P3E. It causes the ignition on the undercover of car Ul at 20" minute.
Hot gases with 600°C are dragged up with buoyancy force and reach car U2 and R2. At 25™
minute, the hot gas temperatures around the neighboring vehicle Ul and R1 reached 1100 °C
as illustrated in Fig. 15. Passenger cars L0, L1 and L2 are at a relatively far distance from the
fire, where the gas temperature remains low. Incident heat flux levels over these cars are
under 5 kW/m? which is deemed safe as previously stated. Incident heat flux levels for car
Ul, RO and R1 are given in Fig. 16. Incident heat flux levels at mid bumpers of upper cars
reach over 50 kW/m? that causes fire to spread. Fig. 16 also indicates that the fire can spread
to all surrounding cars within 25 minutes.
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Fig. 15 - Gas temperature map (Case A)

The average temperatures of steel members are shown in Fig. 17. The average column
temperatures (C2N1, C2N2, C3N1, C3N2) remain below 100 °C. The beam (B2E) near the
elevator shaft (see Fig. 14) reaches as high as 800 °C, whereas the temperature level is much
lower (i.e. 150 °C) in beams B2W and B3NE. This observation suggests that vehicle fire
intensifies near the shaft where ventilation is expected to be at maximum levels. The beam
underneath the car pallet P3E reaches temperatures as high as 1000 °C. It can be concluded
that a possible dislodgement of the car pallet will occur at the early phase of fire because
these beams have merely 590 °C critical temperature as calculated previously. Overall, the
columns in the parking garage remain below critical temperatures and can be left without fire
protection. The beams near the elevator shaft, however, go beyond the critical temperatures
and exhibit a high risk of collapse and fire protection is necessary.
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Fig. 17 - Average temperature levels of steel structural members (Case A). The steel pallet
and beams near the elevator shafts reach critical temperatures.
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Fig. 17 - Average temperature levels of steel structural members (Case A). The steel pallet
and beams near the elevator shafts reach critical temperatures. (continued)

3.2. Case B: Car Park with Firewalls

In order to minimize the fire spread, over 1800 m? of firewalls between passenger cars and
outermost columns are placed throughout the structure. In addition, fire ceilings with 30 cm
overhang are placed just underneath car pallets. The firewall configuration is seen in Fig. 18.
By utilizing firewalls, hot gases are expected to channelize between the firewall and the
overhang and exhausted through the fagade. The firewalls are Scm thick with 0.05 W/mK
conductivity and 1 kJ/kgK specific heat. It is assumed that the thermal properties are
temperature-independent and thereby stay constant throughout the fire.

Ceiling Heat
Shield with
Overhang

Front Partial

Heat Shield with
inclined overhang
35% Open

Extended Side
Heat Shield

Fig. 18 - Fire wall configuration (Case B)
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Fig. 19 - Gas temperature map (Case B)
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Fig. 20 - Incident heat flux levels on cars (Case B)

The gas temperatures in Case B show that the firewall and fire ceiling are mostly effective in
preventing fire spread. The incident heat flux levels on neighboring passenger cars as given
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in Fig. 20 are considerably lower compared to Case A. Car RO and R1 are also totally
protected by extended side heat shield as illustrated in Fig. 18. The vehicles on the opposite
of the elevator shaft (i.e. L0, L1) are subjected to incident heat flux below 3 kW/m? and
therefore the fire spread is eliminated in these vehicles. The mid bumper and the front tires
of car Ul are exposed to an incident heat flux between 8 kW/m? and 16 kW/m?. Ignition
temperatures for bumpers and tires were previously defined as 388 °C and 350°C,
respectively. As seen in Table 4, the temperature levels obtained from the fire simulation are
382°C for mid bumper and 392°C for the front tire at 25" minute. Thus, the car U1 is assumed
to catch fire at front tires. Case B significantly minimizes the fire spread but it cannot prevent
it completely.

Table 4 - Maximum adiabatic surface temperatures of the car Ul at 25™ minute

Bumper Tire
Front Mid Back Front Back
Ul 348°C 382°C 252°C 392°C 293°C

3.3. Case C: Car Park with Firewalls and Shutter Doors

In Case C, fire shutter doors are placed between the slots and elevator shaft. In addition, all
firewall overhangs are improved as seen in Fig. 21. A total of 2100 m2 firewall is required
for this design. This design approach aims to convert the fuel-controlled fire into the
ventilation-controlled fire once the fire shutter doors are activated. The activation time or
triggering mechanism of the fire shutter is essential. Fire shutters can be triggered not only
electronically but also mechanically. If the triggering mechanism fails, and the electric motor
is disabled, the fire shutter should be closed manually by security personnel or firefighters.
The previous FDS results reveal that the activation time of 15 minutes to close the fire shutter
is deemed to be satisfactory.

Fire Shutter Doors

Front Heat Shield
(No Opening)

Fig. 21 - Improved fire wall configuration with fire shutter doors.
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Fig. 22 - Gas temperature map (Case C)
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Fig. 23 - Temperature levels: (a) car Ul, (b) shutter door and ceiling.

As seen in the gas temperature map Fig. 22, hot gases rising to car U1 are not able to cause
an ignition before 15" minute, i.e. before the fire shutter doors are shut. After the fire shutter
door is activated, the combustion reaction rapidly consumes oxygen in the compartment and
the fire burns out. The maximum adiabatic surface temperature on car Ul is lower than 175
°C as seen in Fig. 23a. This level of adiabatic surface temperature does not cause ignition of
any car component. Incident heat flux levels on all neighboring cars are also under 3 kW/m?
as can be seen in Fig. 24. Temperature levels near the burning car reach to 850 °C, and the
fire duration is limited to 30 minutes as seen in Fig. 23b. In conclusion, Case C has adequate
fire safety with the combination of fire shutter doors and firewalls. However, the cost of such
level of fire protection outweighs the benefit of complete elimination of the fire spread.
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Fig. 24 - Incident heat flux levels for cars (Case C, fire shutter doors are closed after 15
minutes).

3.4. Case D and Case E: Car Park with Sprinklers

The main purpose of sprinkler water on a fire zone is to create a cooling effect by absorbing
heat during phase change from liquid to vapor [32]. FDS is capable of modelling heating up
and evaporation of water droplets engulfed by hot gases or over a hot surface. FDS is also
adequate to model a reduction in HRR, while water droplets encounter the burning surface
with predefined HRR curve. The main equation that governs the phenomena is given in Eq.
4 [19]. ¢," (t) is the predefined heat release rate per unit area in kW/m?. The term may be
obtained by dividing time dependent HRR to the area of the burning surface. The term £ is
calculated by Eq. 5, in where my,"" is the local mass of water per unit area in kg/m? a is an
empirical constant in m*/kg.s. The empirical constant is dependent on the water flux, material
properties and global geometric features of the burning substance. Thus, it is strictly case-
specific, and there is no study found that defines a coefficient for passenger car fires.

q"(6) = d," (£) e~ THO* )
k(t) = amy"” %)

The coefficient @ is taken as 0.001 m*kg.s. Same sprinkler nozzle is used in all cases. K
factor is chosen as 160 L/minvatm. The activation temperature and operating pressure are
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78 °C and 1 atm. Latitude angles of conical jet stream are defined as 60° and 75° in the
sprinkler spray model in FDS. Jet stream velocity is chosen as 5 m/s. Two different sprinkler
system layouts are examined. The layouts are given in Fig. 25. The first layout is marked as
‘Case D’, which is the current sprinkler application in car parks suggested by Australasian
Fire and Emergency Service Authorities Council Limited [31]. It contains one sprinkler at
corners of each passenger car. The second layout is proposed by [26], which contains four
sprinklers per passenger car at corners.

oy=p=—rq ¥_ €y <«
wrhe |y A yhya
5 - flEd e s : Sl g
Sl g ==

Fig. 25 - Sprinkler layouts: Case D proposed by AFAC [31] and Case E proposed by

authors [26]
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Fig. 26 - First sprinkler activation times.

Sprinkler activation is illustrated in Fig. 26. In the case D layout, the sprinkler at the south-
west corner of the burning car is activated at 191% sec. Position of the sprinkler is not on the
heat flow path from the gap on the front grill or the partially open window. It is the main
reason for the relatively late sprinkler activation. In contrast, the sprinkler on the west of
burning car is triggered at 41" sec. in the Case E because of its proper location. In the case,
sprinkler water faces directly to the fire plume exhausted from side windows.
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Fig. 28 - Incident heat flux on surrounding cars. (continued)

The reduction in HRR is directly related to the amount of water penetrating the fire surface.
The sudden changes in HRR curves are shown in Fig. 27a. Sprinkler water also absorbs an
important portion of total convective heat as shown in Fig. 27b. A similar phenomenon on
convective heat transfer during a FDS simulation of a water mist spray on a propane burner
has been observed in another study [32]. The incident heat flux levels on surrounding vehicles
for both sprinkler layouts are shown in Fig. 28. The performance of the AFAC layout is
satisfactory (Case D). Fire spread risk is eliminated for car Ul and RO and, nearly 80% of
convective heat is absorbed. However, the incident heat flux on the mid bumper of car R1 is
still over 20 kW/m?. On the other hand, the proposed sprinkler layout in Case E not only
prevents the fire spread but also suppresses it completely. Incident heat flux levels on all
surrounding cars remain below 8 kW/m?.

4. CONCLUSIONS

In this study, the fire performance of an 8-story automated parking garage is investigated.
The main goal is to find out the characteristics of vertical fire spread between passenger cars
and add passive and active fire prevention measures to the structure to minimize the fire
spread. Given the HRR of the passenger car, FDS model simulated the ignition times of
nearby cars and realistically estimated the fire spread rate in multi-story parking garages. The
study points out the most critical fire safety issues are (a) premature failure of steel car pallets
and the rail system in automated parking garages, (b) fire spread risk to the cars above,
adjacent and beyond the elevator shaft. Once the cars beyond the elevator shaft ignite at
around 90 minutes, the structural system is considered as compromised.

These issues are addressed by firewalls and shutter door as passive fire safety measures.
However, a complete fire spread elimination requires over 2000 m2 firewall with
combination of shutter doors, which is not cost effective. Instead, the priority is to keep the
fire spread risk minimized as Risk Level 1 as illustrated in Fig. 11. Fire protection underneath
the steel pallets and beams on the side of elevator shafts is required. The proposed sprinkler
layout as active fire safety measure extinguishes the fire from the motor (i.e. front) and
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broken glasses on the sides and back more efficiently and eliminates fire spread completely.
Sprinklers need to function properly, which depends on the correct installation, continuous
inspection of sprinklers, water supply and assumption of no power outage for pumps. This
layout, however, requires additional piping installation along the beams.

The following conclusions are drawn:

Without any passive and active fire protection on the parking garage, the fire spreads to
the car above in 23 minutes, to the neighboring car in 37 minutes and beyond the
elevator shaft to the other cars in 82 minutes.

FDS simulations determined the ignition times and the order of ignition in the
surrounding passenger cars. The ignition will start with undercover and tires and at
incident heat flux levels higher than 16 kW/m?. FDS simulations show that car
components do not ignite if the incident heat flux levels are below 8 kW/m?2. These
upper and lower bounds for heat flux for ignition are important findings in vehicle fire
CFD investigations.

NFPA-1710 mandates 5:20 minutes response criteria for passenger car fires. In order to
prevent collapse of the parking pallet above the burning car, the fire brigade must be
alerted within 7 minutes.

During a car fire, all columns of the unprotected multi-story parking garage remain
below their critical temperatures. Maximum column temperatures in all cases are under
200 °C. These temperature levels are not considered as significant to comprise the
structural integrity. The beam temperatures on the facade remain below 150°C. The
beams next to the elevator shaft reach critical temperatures as high as 800°C if left
unprotected against fire.

Steel car pallets are not robust against a passenger car fire. The member temperature of
car pallet beams reaches to 1000°C at around 20" minute of fire. Plastic hinge
mechanism will likely form in the load-bearing beams underneath the car pallet in the
very early phase of fire. This means that a car pallet just above a fire may collapse before
the fire spreads vertically to a car on the car pallet.

The proposed sprinkler layout is efficient and eliminates the fire spread within 5
minutes. When the sprinkler heads are placed at the rear, front and sides of the cars as
opposed to placing at the corners of the cars.

Placing firewalls on the sides of the cars and adopting shutter doors to deprive the fire
from oxygen are effective in preventing the fire spread but both architectural and cost
concerns likely outweigh their performance.

The most efficient way of passive fire protection is to seal steel pallet, its rail system
and beams on the elevator shaft with 5 cm gypsum-based fire protection boards.
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Analysis of the Hydrodynamic Characteristics in a
Rectangular Clarifier under Earthquake-Induced
Sloshing
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ABSTRACT

Wastewater treatment plants, which play a crucial role in protecting the hydrosphere, are
earthquake-prone infrastructures with large tanks and sensitive equipment. Damage to the
structures in such facilities during seismic activity on the lithosphere can cause
environmental pollution and threaten public health. Since the units/tanks in the treatment
plants are not of different geometries and sizes, they may exceed the freeboard of the wave
height due to the sloshing event. In this study, the sloshing dynamics of a rectangular type of
clarifier were investigated. First, numerical parameters, boundaries, and initial conditions
were validated using the results of an experimental campaign. Secondly, model conditions
were kept constant, and geometry was enlarged (i.e., scaled-up) to investigate the variation
of hydrodynamic forces near vulnerable equipment (such as scrapers and weirs) in clarifier.
The numerical model was run for characteristics of two different earthquakes (i.e., Chi Chi-
1999 and Kocaeli-1999). The results showed that dynamic pressure values near vulnerable
equipment increased up to 120 times higher than the operating conditions. The maximum
sloshing wave heights were calculated as 1.2 m and 1.45 m for Chi Chi (1999) and Kocaeli
(1999) earthquakes, respectively.

Keywords: Natural disasters, earthquake, treatment plant, sloshing, public and environment
health.

1. INTRODUCTION

Seismic activities in the lithosphere, earthquakes, have devastating effects. Important past
and recent earthquakes (e.g., Alaska 1964, Loma Prieta 1989, Kobe 1995, Kocaeli 1999,
Tohoku 2011, Christchurch 2011) have damaged many civil and industrial infrastructures
such as highways, airports, bridges, water transmission lines, and treatment systems, as well
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as residential buildings. Infrastructure facilities are critical facilities that must maintain their
functionality even after an earthquake.

The earthquake has direct and indirect impacts on water treatment plants (WTPs) and
wastewater treatment plants (WWTPs) [1]-[18]. Tsunami, floods, and prolonged power
outages are the indirect effects of the earthquake on treatment facilities. Direct effects include
deformation and fractures in structural elements (e.g., pipes, tank walls, pool screens, bearing
components), various damages due to ground liquefaction (e.g., settlements, collapses, slope
flow), and damage to non-structural elements (e.g., scrapers, mixers, aerators, separator
panels and curtains, monitoring, and control equipment) [19]. The effects that may cause
damage can be examined under three main headings; (1) strong ground motion, (2) soil
failure, (3) inertial forces [14]. Inertial forces cause sloshing in treatment tanks, depending
on the geometry and depth of the unit and the earthquake characteristics. In addition to the
damage of non-structural elements caused by the displacement due to fault rupture on the
lithosphere, the sloshing in the tanks can also cause damage to the non-structural elements
[6], [10], [12], [14], [17], [20]-{22].

The sloshing problem is a comprehensive phenomenon that has been studied for a long time
in fields such as maritime, aviation, space technology, construction, geology, machinery,
transportation, fuel storage, chemistry with the help of experiments and numerical methods.
Field investigations after major earthquakes revealed that non-structural element damage due
to sloshing in treatment plant units frequently occurred in the primary and secondary
clarifiers and floating type oil removers [12], [14], [19], [23]-[25]. Rectangular type clarifiers
are generally designed with 15 — 40 m streamwise length (L), length/width ratio (L/W) of 3
— 5, and 3 — 4.5 m average water depth (D) due to environmental engineering process
optimization [26], [27]. Liquid sloshing investigations are based on detecting natural
frequencies/sloshing modes, sloshing wave height, hydrodynamic pressure distribution,
forces, and damping methods to suppress sloshing.

The sloshing wave height in a rectangular tank is the vertical displacement of the liquid
surface caused by an external disturbance, such as a change in the tank's orientation or the
introduction of a fluid into the tank. The natural frequency of the tank is the frequency at
which the tank will naturally oscillate if disturbed. The natural frequency of a rectangular
tank is dependent on the tank's dimensions and the fluid’s density and can be calculated using
the eigenvalue equation for the system. The sloshing wave height can be determined
experimentally by measuring the displacement of the liquid surface, or it can be calculated
using numerical simulations or analytical models[28], [29].

During the sloshing phenomenon, energy dissipation occurs because of viscosity, boundary
layer development induced vortices near the wall, viscous boundary layers due to air-liquid
interaction [30]. This dissipation brings out a damping effect to absorb liquid sloshing.
Ibrahim [30] summarized that the damping factor is controlled by the liquid depth, the
kinematic viscosity of the liquid, and tank diameter or tank width for a rectangular cross-
section. At excitation periods close to the first natural period for fluid motion in the tank,
even small motion amplitudes result in violent sloshing. A motion of the tank normal to the
undisturbed free surface may excite symmetric modes, but since the maximum sloshing
period is of primary relevance, vertical tank excitation is of secondary significance. First
mode natural sloshing period of a rectangular tank is controlled via tank length and the filling
depth [31]. For a low filling water depth (i.e., (h/L < 0.2) shallow water sloshing), wave run-
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up occurs sidewall of the tank when the excitation period differs from the initial natural
period of the fluid in tank. The angle between the free surface and the wall is modest, and the
upward velocity of the water at their contact is high. Period of the motion effects the sloshing
wave height and wave height inside the tank increases with the motion of the movement [32].

To decrease the sloshing-induced destructive hydrodynamic forces on the structure and
suppress the sloshing waves, the efficiency of various applications (e.g., ring and cruciform
baffles, floating baffles, lids and mats, flexible baffles, surface roughness increasing
methods) were investigated. Fixed type baffles alter the volume of the sloshing domain, cause
vortex generating with their sharp edges, and block the bulk climbing of liquid over the side
walls [33].

Sloshing in rectangular tanks can be examined as a two-dimensional fluid motion. This two-
dimensional flow can be classified under two sloshing behavior types: (1) low liquid fill
depth, and (2) high liquid fill depth. If the ratio of liquid depth to the cross-sectional width
of the tank in the direction of motion ratio is higher than 0.2, this case is classified as ‘high
liquid fill depth’ [30]. If the aforementioned ratio is smaller than 0.2, typical for rectangular
type clarifiers, the sloshing is classified as ‘low liquid fill depth’ (i.e., shallow water tank, or
shallow type sloshing). In a shallow type of sloshing, hydraulic jumps and traveling waves
for excitation periods around resonance were reported by various researchers [34]-[37]. This
strong sloshing, accompanying waves and hydraulic jumps cause extremely high impact
pressures on all kinds of structural (e.g., baffles, feeding wells) and non-structural elements
(e.g., scrapers, chains, measurement probes) placed inside the tank or on the tank walls.
Ibrahim [30] also pointed out that these impact pressures cannot be determined theoretically
and need experimental and numerical work to be estimated. Non-structural elements inside
WTPs and WWTPs units must be investigated under sloshing dynamics for a proper design.
Aksel (2021) numerically modelled circular type of clarifier under earthquake-induced
sloshing conditions, and pointed that non-structural element (i.e., feeding well) inside the
units significantly affected the dynamic of the sloshing [38].

Damage to the treatment system will cause the treatment facilities, which will have a critical
role in public health after the earthquake, to lose their functionality. WTPs and WWTPs that
cannot continue their activities due to damaged facilities will prevent public access to clean
water and healthy sewage treatment after the earthquake and impair public health. As seen in
previous earthquake cases, this state of affair may cause epidemics and even loss of life [39]-
[43].

Determining the fragility and sensitivity of the units in the treatment plants against potential
earthquakes and taking necessary precautions are essential for protecting the environment
and public health, and reducing the potential economic losses experienced afterwards. There
are some estimation methods in the literature about determining the fragility of treatment
plant units and the earthquake sensitivity of facilities [23], [44]-[47]. However, these
methods do not clearly define/suggest limits for the design. Instead, they only allow risk
estimation according to the soil condition of the facilities, the year of construction, the nature
of the building material used, and the earthquake impact zone. Reducing possible risks before
a potential earthquake is disproportionally more cost-effective and time-efficient compared
to post-earthquake surveys of treatment facilities, repairing the detected damages, and re-
commissioning the facilities [25], [48].
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Based on the process optimization from an environmental engineering perspective,
regulations, standards, and specifications prepared for treatment plants in the literature were
regulated. These facilities, which are planned and designed without considering the dynamic
building performance, are located in low-elevation and generally alluvial areas of the city
most of the time, considering water collection convenience. This situation results with weak
soil conditions, and it further increases the risk of damage to the facilities, which should be
included in the critical facilities class with high earthquake risk [24], [44]. There is a lack of
knowledge about the behavior of such facilities under earthquake conditions and their
performance in the current earthquake regulations and standards, especially for earthquake-
induced sloshing.

With this motivation, experimental and numerical studies were undertaken in this study. First,
the response of a simplified rectangular type of water tank geometry under the influence of
periodical motion was investigated experimentally. The experimental results were analyzed,
and the generated data constituted a reference for the numerical model. Then, during the
numerical model study, the same problem was reproduced in a numerical domain. The
model’s initial and boundary conditions were prescribed, and model parameters (e.g.,
roughness coefficient, mesh aspect ratio, interaction coefficient between phases) were
defined accordingly. This step is followed by the validation of the model. After calibrating
the numerical model concept, a widely used geometry was selected as a rectangular clarifier,
and the vulnerable equipment (i.c., scrapers) was integrated into the model. The sloshing
behavior was examined under two different earthquake signals (i.e., Chi Chi (1999), Kocaeli
(1999)). The main goal of this study is to examine the effect of earthquake-induced sloshing
on hydrodynamic stability of a commonly used rectangular type clarifier and hydrodynamic
pressure variations on non-structural equipment (i.e., scrapers) during the sloshing.

2. MATERIALS AND METHODS

Examination of the damage on treatment plant units caused by sloshing, especially those of
the vulnerable equipment inside them, using the full-scale studies requires a challenging and
expensive research process. In line with this fact, in this study, a two-stage analysis was
applied. Firstly, physical model studies were conducted. Then, this stage is followed by a
numerical model study in which Reynolds-Averaged Navier-Stokes (RANS) equations were
solved. During the computer-aided computation of sloshing in model tanks, model
parameters, boundaries, and initial conditions were calibrated with the results of the
experimental research.

Computational Fluid Dynamics (CFD) based sloshing analysis was performed using RANS
equations with the help of Flow-3D software, which is commonly used in various disciplines
[491-[57]. CFD tools are used by various researchers for the design and operation of WTPs
& WWTPs [58]-[62]. In addition, this solver has also been used in sloshing analyses with
confirmation by experimental studies and calculates results compatible with the experimental
results [63]-[65].
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2.1. Model Validation
2.1.1. Experimental Setup

Experimental studies were carried out in the laboratory of the Civil Engineering Department
of Alanya Aladdin Keykubat University. The testing system consists of a water tank with
uniaxial freedom of movement, built on a monorail driven by a computer-controlled step
motor, a shaking table. The water tank was 28 cm in length and 10 cm in width, and it was
filled with 5 cm depth of red-colored water. An accelerometer capable of recording 100 Hz
data that sends measurements to the computer was mounted on the shaking table. A video
camera synchronized with accelerometer measurements was also used (Figure 1). To conduct
the experiments under identical controlled conditions, room temperature and humidity were
kept constant at 22 °C and 55%, respectively.

(1) Indoor thermometer

/

(4) Sloshing tank (6) Control unit and power supply
(2) Computer v \
= z (8) Accelerometer O
QE (3) Lineer actuator u—// ce2 =
===t A = g
‘ ‘ e Wi B .
I 17
| [ MC2 /
McCi 5) Vid.
(5) Video camera (7) Computer controled step motor

[a(e/]

Figure 1 - Experimental setup (1) indoor thermometer, (2) computer, (3) linear actuator,
(4) sloshing tank, (5) video camera, (6) control unit, (7) step type computer-controlled
motor, (8) accelerometer. Green and red lines show control cables I and 2 (CC1), (CC2),
and magenta and light blue colored lines present monitoring cables (MC1), (MC2),
respectively.

In Figure 2a, the velocity vs. time signal used in the shake table and recorded velocity data
from the accelerometer are presented with a dashed line and a solid red line, respectively.
Input signal was sinusoidal, and the input signal period and amplitude were 2.81 sec and 4,62
m/sec, respectively. The incompatibility between the input signal and the speed data read on
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the shake table stems from the errors originating from the entire system (e.g., measurement
noise, motor response delay, belt system-induced oscillation). Nevertheless, the general
behavior of the shaking table reflects the intended input signal. The main period of the tank
motion, which is defined as the time for the moving tank to complete one full cycle in lateral
direction (Tjp), was calculated via time differences between the successive local extrema in
Figure 2a as 2.81 sec. In Figure 2b zero-crossing points for down/up are marked up the output
signal. Mean period of the tank motion were calculated via MATLAB with an interpolation
code for zero-up-crossing and zero-down-crossing as 2.76 sec and 2.68 sec, respectively.
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Figure 2 - a) Input velocity signal from the computer control unit (black dashed line) and
recording from the accelerometer mounted on the shake-table (red line),
b) output signal and zero down crossing (O)and zero down crossing (4) points
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2.1.2. CFD Analysis for Validation

The basic equations of mass continuity and momentum balance was used in the numeric
analysis, which are explained below.

Pqu

ap
VF (pqu) +Ro- (vay) +3, (pWAz) +¢—— = Rpir + Rsor (1

In Eq. 1, Vris the fractional volume open to flow (i.e., flow domain), «, v, and w are velocity
components, R is coordinate system conversion coefficient, p is the fluid density, ¢ is the
coordinate conversion parameter (¢ = 0 corresponds to cartesian geometry, while & = 1
corresponds to cylindrical geometry), Rpr is a turbulent diffusion term, and Rsor is a mass
source term [66].
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Here, in Eq. 2, G,, G,, G: are body force components, 4, 4,, A: are the directional open area
to flow, f'is viscous force, b is flow losses in porous media/across porous baffle plates, and
the final terms account for the injection of mass at a source represented by a geometry
component. Uy, (Uy, Vw, ®w) is the velocity of the source component, Us (us, vs, ms) is the
velocity of the fluid at the surface of the source relative to the source itself, and § = 0.0 in
Eq. 2 the source is of the stagnation pressure type. If § = 1.0, the source is of the static
pressure type. Thus, it is possible to define a linear acceleration or direction-based velocity
using moving object physics in Flow-3D. The general moving object (GMO) mechanism that
is either user-specified (prescribed motion) or dynamically connected with fluid flow
(coupled motion). The motion of a rigid body can typically be described with six velocity
components: three for translation and three for rotation. To accurately interpret the
computational results and define the motion of a GMO, a user must comprehend the body-
fixed reference system (body system), which is always fixed on the object and experiences
the same motion [66].

Volume fraction change with time in Eq. 1 is replaced by Vob]-. n Sobj/ Veen for defining the

mass conversation property of fluid, where S, 1, and Vobj are surface area, surface normal
direction and velocity of moving object boundary in a mesh cell, respectively [67].

The accelerometer record presented in Figure 2 was directly used to describe tank motion in
the CFD verification analysis.

117



Analysis of the Hydrodynamic Characteristics in a Rectangular Clarifier under ...

The fluid domain was divided into a quadratic type of mesh elements for calculations. Side
and bottom walls were defined as wall type boundaries with no-slip conditions, and the top
boundary was selected as relative pressure type boundary, which is equal to zero relative
pressure magnitude. This boundary allows two-way fluid mass inlet-outlet, however in the
model no water phase was defined nearby, it was set as stationary air phase. Compressibility
was neglected for the fluids (both air and water) in model. Renormalized group (RNG) type
of turbulent model was employed for turbulence closure. The water depth was set to 0.05 m,
and physical water properties (e.g., density and viscosity of water, water-air interface
entrainment, these parameters were taken as 22°C water temperature characteristics) were
arranged identical with the experimental conditions. The water depth was selected to
facilitate shallow water sloshing. The standards published by the American Society of
Mechanical Engineers (ASME, 2009) were followed during the validation of the CFD model
[68].
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Figure 3 - Visual verification of the model outputs al-a5) the pictures captured from the
video and b1-b5) CFD model results for the water phase. The dimension of the ruler
adjacent to sub-figures “a” is in cm. The squares located at the bottom of each sub-figures

6«

a”’are l cmx Icm.
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Images captured during the physical model tests of sloshing and CFD model results in the
corresponding moment are given as couples in Figure 3. In addition, temporal information
on which moment the results belong is presented on each figure’s left side. Here, t is the
instantaneous time, and to is the initial time for both experimental and CFD analysis. The
tank’s sloshing period (Ti,) was calculated as 0.8 sec using Eq. 3 [69], in which L is the length
of the tank in motion direction, g is gravitational acceleration, and Dy is the depth of the
fluid at rest inside the tank.

L
Ti =2 V9-Dmean (3)
Visual comparison of the presented images belonging to the experiment and numerical model
showed that the numerical model can simulate the sloshing process in the tank with
acceptable accuracy. For a detailed quantitative analysis image processing tools were utilized
to detect the left side wave height (i.e., instantaneous water level at the left edge of the tank)
during the sloshing. Frames were exported from the video captured with a 60-fps rate. Firstly,
masking was utilized to detect only red pixels. Secondly, the masked image was converted
into a black-white image. Edge detection and corner detecting were applied on the frames to
calculate the y coordinate of the top-left edge of the white-colored fluid domain (Figure 4).
After all, pixels were counted automatically, and pixel coordinate was converted to water
depth values. On the other hand, a probe was placed at the left side of the tank in the CFD
model to calculate water depth during the analysis. The timeseries of water depth values from
the image processing of experimental results and those from the CFD analysis are presented
in Figure 5. As seen, a fair agreement between the experimental and numerical results is
evident. In Figure 5b, relative errors of CFD results for minima and maxima extreme values
due to image process results were given using bar and triangle, respectively. Extreme values
(i.e., minima and maxima) were calculated using MATLAB signal processing tools for first
35 sec after the initial motion. This experimental setup and validation procedure were also
used to model spherical particle behavior under sloshing event [70].

- 2
I

Figure 4 - Image processing procedure a) importing raw image, b) masking un-red pixels,
¢) converting grayscale and denoising, and d) converting black& white.
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Figure 5 - a) Water depth at the left-hand side of the tank during the test 1 was calculated
via image process and CFD. Image process and CFD results were presented with black
and red lines, respectively. Yellow and red dots show minimum and maximum extremes for
image process and CFD results, correspondingly. b) Relative errors of CFD results for
minima and maxima extreme values due to image process results were given using bar and
triangle, respectively.

2.2. CFD Model Analysis for Rectangular Type Clarifier

Rectangular type clarifiers include various pieces of equipment inside for process,
sedimentation, and flow control (i.e., inlet baffles, flights, weirs, drive chains or belts, rails,
monitoring probes, water, and sludge level sensors, scum collectors). This equipment is
sensitive and vulnerable to hydrodynamic impacts. In the following sub-sections, first, the
geometry of the operating conditions simulated by the numerical model is identified. Second,

an earthquake-induced sloshing model is defined which was run using historical earthquake
signal datasets.

Mesh and model characteristics are summarized in Table 1 for CFD models. Mesh quality
effect on sloshing behavior calculation was performed by Gandara et. al. (2021) with an 800
mm tank and various mesh size. In their study, experimental tank volume / mesh number
ratios were taken between 0.79x107% — 2.26 x 107® m3/element. Improved mesh
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quality (0.79 x 107® m3/element ratio) was sufficient to represent the sloshing behavior
inside a rectangular tank [71]. During the modelling calculations in scope of this work
experimental tank volume / mesh number ratio was employed as 1.56 x 1078 m3/element.

Table I - Mesh and Model Characteristics

Validation Model Real Scale Clarifier Model
Mesh Type Uniform Quadratic Uniform Quadratic
Mesh Size (m) 0.0025 0.01
Number of Mesh 1002240 11648000
Dimension 3D 3D

2.2.1. Geometry Selection and Operating Conditions

To examine the earthquake-induced hydrodynamic pressure values acting on vulnerable
equipment inside a rectangular clarifier, firstly, a characteristic tank geometry representing
the average dimensions due to the standards was prepared. According to the average values
of the ranges given by Metcalf & Eddy (2003), the prototype clarifier dimensions were
chosen as L=30 m, W=6 m, and Dycan=4 m. The sloshing period (T») for the selected clarifier
dimensions was calculated as 9.58 s using Eq. 3. The average operation flow rate was taken
as 0.125 m?/s to satisfy the typical value of overflow rate, which is approximately 60 m*/m?
/day [27]. Water was assumed as clear water (i.e., no sludge inside the tank), and the
temperature was chosen as 20 °C to configure physical parameters belonging to water.

A perspective view of the model domain with essential equipment inside and layout of
numerical probes (shown as red dots) included in the model is presented in Figure 6. Still
water level (SWL) was selected as 4.35 m from the tank bottom. The inlet boundary was
pointed on the left-hand side, and the outlet weir was marked on the right side. The probes
labeled as 1 and 2 are located in the front and back of the velocity reducing (pressure break)
panel. Probes 3 and 4 are installed in front and behind of the outlet weir, respectively. The
labeling of the monitoring probes for scrapers was based on the direction of the flow; the
ones starting with the “u” code represent the near-surface location (z = 4.3 m), and the ones
beginning with the “d” code represent the near-bottom (z = 0.8 m) points. The number
sequence is given in the streamwise direction. Odd numbers indicate the upstream side of the
obstacles, and even numbers indicate the downstream probes. The probes are shown as red
dots in Figure 6.

The model representing operating conditions was run until the model’s mass average kinetic
energy value became stable. It took 6000 s (in the model time) to reach the steady-state
conditions in the model environment. This value corresponds to four computer calculation
days. When the model output stabilized, the earthquake analyses were initialized with the
numerical model, using the steady-state operating conditions as an initial condition. In Figure
7, the flow pattern is plotted at the longitudinal centerline of the clarifier for stable (steady
state) operating conditions. As seen in Figures 7a and 7b, representing t=3000 s and t=6000
s, respectively, the model became stable.
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Figure 6 - The centerline of the longitudinal cross-section of the model includes
fundamental elements and calculation probes. The red dots in subfigures b and c indicate
the numerical probes. In subplot a, the green circles correspond to the locations where the

analyses were carried out/presented in Fig 7.
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Figure 7 - Flow pattern inside clarifier under operating conditions a) t = 3000 s, b) t =
6000 s.
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2.2.2. Earthquake Induced Sloshing Model

The general moving object model which is a rigid body with any kind of motion that is either
user-prescribed or dynamically coupled with the fluid flow was selected to simulate clarifier
response to the seismic motion. The hydrodynamic response of the rectangular type of
clarifier under the earthquake-induced sloshing effect was investigated by accepting the
model that has stabilized under the operating conditions as the initial condition. The clarifier
was assumed to be a rigid moving element with equipment inside and would move
simultaneously with the ground motion. The ground motion time series was created using
velocity-time data from two well-known earthquakes, i.e., Chi Chi (1999) and Kocaeli
(1999). Earthquake signals were downloaded from the Pacific Earthquake Engineering
Research Center (PEER) Ground Motion Databases (PGMD).
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Figure 8 - Ground motion signals of a) Chi Chi (1999) and b) Kocaeli (1999) earthquakes.

In Figure 8, the time series of the ground motion velocities for Chi Chi (Figure 8a) and
Kocaeli earthquakes (Figure 8b) were used directly (without any denoising or smoothing
operation) in the model to define the prescribed one-directional motion to the clarifier.
Although both Chi Chi and Kocaeli earthquakes have close maximum peak acceleration
values (0.361 and 0.349 g, respectively), the specific energy density of the Kocaeli
earthquake (1.0334 m?%/s) is approximately 12 times higher than that of the Chi Chi
earthquake (0.08812 m?%sec) (PEER-PGMD). During the earthquake-induced sloshing
simulations, the operational flow rate input was stopped for the sake of simplification in the
model, assuming a power outage during the earthquake.

3. ANALYSIS OF THE RESULTS

As stated above, the steady flow conditions were used as the initial condition. Then on top of
the steady flow conditions, two different earthquake characteristics were applied. The
hydrodynamic response of the clarifier was investigated under these two characteristic cases.
The clarifier’s center is represented by point ull, which was nearly located at the center of
the scraper group (Figure 6). On the right-hand side, in the streamwise direction, point 4 was
located near the outlet weir. Point 1 was located at the front side of the pressure break weir
near the inflow.
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In Figure 9, the temporal variations of water surface fluctuations at these three locations (i.e.,
points 1,ull, 4) under the effect of two characteristic earthquakes (i.e., Chi Chi and Kocaeli)
are given. As seen from Figure 9, the sloshed wave heights, which are presented for points 1
and 4, were higher than the center point (i.e., ull). This result implies that the hydrodynamic
forces acting on the clarifier at both edges are more critical than at the center zone, as also
observed in the experiments. Second, the magnitude of extreme waves in Figure 9 is
proportional to time variation of earthquake acceleration. Since the specific energy density
belonging to Kocaeli earthquake is higher than the one in Chi Chi (Figure 8), the developed
extreme sloshing waves do not attenuate rapidly, and the wave damping process takes
markedly longer in the former case.
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Figure 9 - Water surface displacement under a) Chi Chi earthquake b) Kocaeli earthquake
for monitoring points left side (1 — dashed line), center (ull — red line), and right side (4 —
grey line) of the clarifier on cross sectional view. Points are marked with green circle on
Fig. 6. The insets show the time-intervals where the analyses were given in Fig. 10 and 11.
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In Figure 10, water surface displacement values which were presented in Figure 9a and b for
Chi Chi and Kocaeli were analyzed using MATLAB signal processing tools and were plotted
in frequency domain. Fast Fourier Transformation (FFT) was applied during this conversion.
Natural frequencies for the first ten modes of the rectangular clarifier were calculated and
marked up Figure 10 with blue circles.
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Figure 10 - Sloshing wave height magnitude in frequency domain a) Chi Chi earthquake c)
Kocaeli earthquake for monitoring points left side (1 — dashed line), center (ull — red line),
and right side (4 — grey line) of the clarifier on cross sectional view. Points are marked
with green circle on Fig. 6. Blue marks are the natural frequencies for the first 10 modes of
the clarifier. Earthquake response velocities are in frequency domain for b) Chi Chi and d)
Kocaeli.

In Figures 11 and 12, clarifier responses to Chi Chi and Kocaeli earthquakes are presented
for the selected time intervals. On these charts, the normalized pressure distributions (P/P.)
were denoted by solid pink circles. Normalization was carried out based on the pressure value
(P), which arises during the normal operation of the system (Pw), i.c., before the earthquake
starts. It is evident from Figure 11 that for the case of Chi Chi earthquake, the individual
instantaneous extreme pressure values were observed at the right and left-hand sides of the
pressure break weir. In Kocaeli case, the instantaneous extreme pressure values in Figure 12
similarly concentrated around the pressure break weir. However, it is also worth mentioning
that since the specific energy density of Kocaeli earthquake is significantly higher compared
to Chi Chi, the same situation was observed in a more pronounced manner for this case.
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The instantaneous high-pressure values around scrappers are distributed unevenly under the
sloshing condition of Kocaeli earthquake, differing from Chi Chi earthquake. When the
relationship between velocity vectors and the emergence of extreme pressure zones are
evaluated, it can be concluded that the extreme pressure values arise when two coherent flow
domains converge to and diverge from each other.

In Figure 13, the average of maximum three normalized pressure values (P/P,) observed,
occurring around each component (i.e., scraper and weirs), are presented; P is the time-
averaged pressure value and Py is the hydrostatic pressure at calculation point. In line with
Figures 11 and 12, the pressure values are quite high in the vicinity of the weirs. Besides,
other extremes, which were not captured in flow domain analysis given for consecutive time
steps (in Figures 11 and 12, only visualization was made for a certain time interval) presented
in Figures 11 and 12, were calculated exactly at the center of the clarifier.

4. DISCUSSION AND RECOMMENDATION

Sloshing is a non-negligible governing factor in the design of wastewater treatment plants
and the treatment capacity and efficiency, especially in high earthquake risk zones. Necessary
measures should be taken to prevent/diminish any potential damages of equipment, which
are vulnerable to earthquake-induced sloshing, inside the clarifiers. Limit situations should
be determined considering earthquake-induced sloshing effects, and the standards should be
formed according to these limit situations (e.g., freeboard, risk of damage for the sensitive
equipment). This study was conducted to highlight the significance of the sloshing in
clarifier. It was also aimed to present a fundamental knowledge which may aid in design of
rectangular type clarifiers under earthquake conditions. The assumptions made in the model
approach (RANS as turbulence model, surface tension, surface roughness) and mesh quality
cause the model to calculate underestimated wave heights than the experiment, especially at
peak values. In addition, the analysis of the test results with the image processing technique
causes the splashes that occur during agitation to be detected as a continuous fluid phase.
This causes a 13% relative error in the peak value at the 10" second of the analysis.

Previous studies on sloshing show that there is a relationship between natural frequency and
sloshing wave. A similar relationship is also observed in this study as depicted in Figure 10.
However, an important finding is that there is a delay caused by scrapers in the relationship
between the sloshing and the natural frequencywhich becomes more evident as the
earthquake intensity increases so that the correlation between the natural frequency and the
sloshing wave decreases (Figure 10b. Kocaeli). This relationship reflects the facts that the
natural frequency of the clarifier is related to the properties of the fluid and the tank and the
sloshing wave height is related to the amplitude of the liquid surface displacement caused by
an external excitation. However, the presence of scrapers in the tank can introduce a delay in
between natural frequency and the sloshing frequency, particularly as the intensity of the
disturbance (such as an earthquake) increases. The scrapers can cause additional damping in
the system, which can affect the natural frequency and the sloshing wave height.

The effect of compressibility, adhesion interaction with wall surfaces, cohesion and air
entertainment were neglected during the calculations. These parameters have effects on the
sloshing behavior and on the model results. Air compressibility can affect the amount of air
entrapped in the liquid, which can change the overall weight and volume of the liquid. Water
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compressibility, on the other hand, can change the density of the liquid and affect the pressure
on the container walls. These factors can affect the amplitude and frequency of the sloshing
motion, as well as the stability of the liquid.

Adhesion and cohesion forces can affect the behavior of the liquid in several ways:

e Adhesion forces can increase the amplitude of the sloshing motion by creating a
sticking effect between the liquid and the container walls. This can cause the liquid
to cling to the walls and move with them, leading to larger sloshing motions. For
the future studies it is recommended to examine this phenomenon more closely.

e  Cohesion forces can decrease the amplitude of the sloshing motion by creating a
resistance to motion within the liquid. This can bring about enhancement in
temporal lag between tank motion and wave. However, further effort is needed to
investigate this aspect of the phenomenon.

The effect of the neglecting adhesion can be clearly seen, especially in the differences
between the results of image processing and CFD analysis. In video images the splashes and
the water droplets could be identify as water domain during the calculations. Additionally,
lack of air entrainment during the modelling was affected the phase changing, air entrapping
and variation in fluid density.

During sloshing, the hydrodynamic pressure at the bottom of a tank can vary greatly
depending on the amplitude and frequency of the sloshing motion. The pressure can fluctuate
significantly as the fluid in the tank moves back and forth. The highest pressure occurs at the
location of the bottom of the tank when the fluid surface is at its highest point. The pressure
can also vary depending on the properties of the fluid, and the geometry of the tank. In
addition, the frequency of the sloshing motion and the amplitude of the sloshing can also
greatly affect the pressure distribution inside the calculation domain. When all of these
governing parameters (flow domain, fluid properties, and sloshing characteristics) are
adequately reproduced in the model domain, the resulting pressure values will always be
within an acceptable error of the actual values. Image processing techniques are used here to
capture sloshing wave height and fluid motion, as well as to investigate sloshing dynamics
in the literature. In order to perform a more precise analysis and obtain accurate results, it is
recommended that the scalar variables (e.g., pressure) and kinematic variables (e.g., velocity)
must be measured with non-intrusive measurement devices in the future studies.

The primary objective of the experimental effort was to determine the capabilities of the
turbulent model, initial and boundary conditions of the code. In the rectangular-type clarifier
response under the seismic condition scenario, real-scale tank geometry was used, which was
larger than the tank in the validation section. Geometric scale-up can have a significant effect
on the results of a CFD model.

It is a standard practice to employ model tests to evaluate various types of tanks, while
quantifying their efficiency in the field. 1/25 to 1/70 is the optimum scale for model testing
[72]. Jeon et. al., (2008) disclosed that scales between 1/25 and 1/50 are reasonable scales in
terms of keeping the governing forces reasonably proportional. Nevertheless, 1/100 can be
regarded as too small [73]. Froude scaling is a commonly employed scaling law in a sloshing
model test [72]-[74]. To compare the scaling effect in a more efficient manner, the CFD
analysis of the experimental system was repeated by scaling up the model by a factor of 107
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using Froude scaling (geometrical scale=1/107). The scaling was carried out according to the
dimensions and time scale as stated in the sloshing model test procedure document [74]. The
reason for choosing a scaling factor of 107 in Froude scaling is that the ratio of the length of
the experimental tank (Lp=0.28 m) (and thus the validation model) to the tank length in the
clarifier models (Lm=30 m) is Lm/Lp=107. Figure 14 presents the effect of scaling on the
sloshing wave height (water depth at the left side of the tank) and pressure value in time. The
values are compared for the point presented in Figure 5. Furthermore, maximum errors of
28% for wave height and 20% for pressure have been calculated. By conducting experimental
studies in a larger tank environment and scaling up the experiments, these error rates can be
further reduced.
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Figure 14 - Comparative graphics for off scaled (black solid line) and scaled (107x — red
dashed line) a) water depth b) P/Po.

In this study, two historical earthquakes were considered as characteristic drivers to produce
a sloshing effect in a typical clarifier. The characteristic earthquakes with similar periods
were selected to make an efficient direct comparative analysis. It should be noted that the
earthquake with various periods would results with different sloshing effects than the ones
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presented here. The presented results should be evaluated within this perspective, as a
realistic demonstration of the earthquake-induce sloshing process.

Sloshing waves are superimposed at the center of a clarifier. The resulting wave height and
pressure can be affected by the amplitude, frequency, and phase difference of the individual
waves (Figure 13). The superposition of waves can result in destructive interference, which
can either amplify the total wave height and pressure at the units and causes failure of non-
structural elements. The superposition of waves is a complex phenomenon, and it is
influenced by many factors such as the properties of the fluid, the geometry of the tank, and
the type of excitation (such as harmonic or random).

It is recommended that further parametric studies are performed to investigate the impact of
the earthquake characteristics on the hydrodynamic pressures acting on the clarifiers. It is
also suggested that the results of these parametric analyses are used to generate a set of non-
dimensional empirical relationships between the earthquake parameters (such as the peak
period, PGA, etc.) and the sloshing-induced loads on clarifier components. Besides, a
characteristic clarifier with typical specific dimensions obtained from [27]was selected, and
the modeling study was conducted for the clarifier with these dimensions. However, it should
be noted that even under the identical period, different clarifier dimensions would lead to
different loads on the equipment in the clarifier. Hence, it is recommended that the influence
of clarifier dimensions on the emerging hydrodynamic loads under the sloshing effect are
investigated.

5. CONCLUSION

In this study, a numerical model, which was validated against an experiment, was undertaken
to simulate earthquake-induced sloshing in a clarifier. Once the model validation was
accomplished, the following conclusions were drawn from the CFD analysis of a clarifier
with typical full-scale dimensions, with which the hydrodynamic loads on equipment in the
clarifier were analyzed under two historical earthquake signals.

1) From the spatial distribution of wave height within the clarifier obtained by the numerical
model, it was seen that wave heights due to sloshing were higher near the edge sides of the
tank compared to those in the center. This primary finding can be interpreted as the sloshing-
induced forces acting on the clarifier and the equipment located at both edges being more
severe than the center zone.

2) The simulations showed that the instantaneous extreme pressure values intensified around
the pressure break weir. It was also seen that this situation becomes more pronounced as the
enhanced specific energy density of the earthquake enhanced.

3) The findings revealed that the characteristics of the extreme waves (i.e., sloshing duration
and wave heights) which were generated during the sloshing were well correlated with the
time variation of earthquake accelerations. In other words, the higher waves generated under
the high acceleration sloshes in the clarifier had relatively longer durations and damped
significantly later. Once it is considered that the duration can be a significant factor in fatigue
and causing damage to devices in the clarifier, the meaning of this finding is recognized
better. This finding is in good harmony with the pertinent findings in the literature.
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4) It was seen that under the influence of the sloshing, the extreme pressures are generated at
the locations where two coherent flow domains with opposite flow directions meet each other
within the clarifier.

5) The analysis of pressure domains indicated that the weirs are exposed to a higher-pressure
effect compared to the scrapers. This finding shows that the weirs are more sensitive under
the earthquake-induced sloshing event compared to other components. Hence, special
attention should be given to these vulnerable units at the design stage for the clarifier. The
results presented on pressure are based on the results of a numerical model that has only been
validated against water level measurements and not some dynamic pressure measurements.
As a result, these results contain some errors due to a variety of factors (numerical schemes,
air entrapment, compressibility, etc.) and require additional investigation.
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Harg¢larin Taze Hal ve Zamana Bagh Sertlesmis Hal
Ozelliklerine Etkileri
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Kalsiyum aliiminat ¢imentolar1 (KAC) bir onarim malzemesinden beklenen; hizli sertlesme, iyi
yapisma, mevcut betonla uyumluluk, boyutsal kararlilik ve korozyon direnci gibi 6zellikleri saglamaya
aday bir alternatif baglayicidir. Hidratasyon {iriinleri arasinda suda ¢dziiniir kire¢ olmamasi da 6nemli
bir avantaj olarak goriilebilir. Ancak KAC’in zaman igerisinde ortam kosullarina bagli olarak faz
yapisinda meydana gelebilen doniisiim reaksiyonlari, bu ¢imento ile iiretilen betonlarda dayanim
kaybina neden olabilmektedir. Bu ¢alismada KAC’m hidratasyon siirecindeki doniigiim
reaksiyonlarindan kaynaklanan problemlere ¢6ziim sunmak, taze hal 6zelliklerini gelistirmek ve uzun
donemde dayanim gelisimini kararli hale getirmek amaglanmistir. Buna bagli olarak, farkli mineral
katki kaynaklarinin (SiO2 ve CaSOs), KAC ile birlikte kullaniminin harg kivam, priz siiresi ve reolojik
ozelliklere etkileri incelenmistir. Sertlesmis halde aginma dayanikliligi ve zamana baglh basing ve
egilme dayanimi gelisimleri belirlenmistir. Deneysel ¢aligmalar sonucunda, %16 SiO: katkilt ve %50
CaSO4 katkili KAC igeren harglarin, taze hal 6zelliklerinde kullanim alanlarmma uygun geligmis
ozellikler kazandirabildigi ve hidratasyon siirecinde kararli iiriinler elde ederek zamana bagli bir
mukavemet kaybina ugramadan, 400 giinliik periyot sonunda dayanim gelisimi gosterdigi sonucuna
ulagtlmigtir.

Anahtar Kelimeler: Kalsiyum aliiminat ¢cimentosu, mineral katki, taze hal 6zellikleri, reoloji, mekanik
dayanim.
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ABSTRACT

Effects of Mineral Additive Substitution on the Fresh State and Time-Dependent
Hardened State Properties of Calcium Alumina Cement Mortars

Calcium aluminate cements (CAC) are a candidate alternative binder to provide the requirements of a
repair material such as accelerated hardening, good adhesion, compatibility with existing concrete,
dimensional stability and corrosion resistance. The absence of water-soluble hydrated lime among the
hydration products can also be accepted as an important advantage. However, the transformation
reactions that may occur in the phase structure of the CAC depending on the ambient conditions over
time may cause a loss of strength in the concrete produced with this cement. In this study, it is aimed
to provide solutions to the problems arising from the conversion reactions in the hydration process of
CAC, to improve the fresh state properties and to stabilize the strength development in the long term.
Consequently, the effects of using CAC blended with different mineral additives (SiO2 and CaSO4) on
the mortar consistency, setting time and rheological properties were investigated. In the hardened state,
abrasion resistance and time-dependent compressive and flexural strength developments were
determined. As a result of the experimental studies, it was concluded that the CAC mortars containing
16% SiO2 and 50% CaSOs4 additives can provide improved properties in their fresh state, and they also
demonstrate an improvement in strength after 400 days by obtaining stable products during the
hydration process without any time-related strength loss.

Keywords: Calcium aluminate cement, mineral additive, fresh state properties, rheology, mechanical
strength.

1. GiRiS

Kalsiyum aliiminat ¢imentosu (KAC) hizli dayanim gelisimi (tiinel kaplamasi vb. yerlerde),
yiiksek sicaklik direnci [1], karbonatlagsma direnci [2], [3], siilfat ve asit direnci saglamasi
nedeniyle bircok endiistriyel uygulamada (refrakter malzeme {iretimi, boru imalat,
kanalizasyon ingaatlarinda, endiistriyel zeminlerde, atik su uygulamasinda ve aginmaya karst
direnci nedeniyle baraj dolu savaklari vb.) yiiksek maliyetine ragmen tercih edilmektedir [1],
[3], [4]. KAC’m belirli kosullarda basing dayaniminin 150 MPa’a kadar ulasabildigi ve
yiiksek dayanimli malzeme olarak kullanilabilecegi rapor edilmistir [3], [5]. Ayrica 0°C’den
daha diisiik sicakliklarda bile hizli dayanim kazanma yetenegi, soguk havada beton
dokiimiinii de miimkiin kilmaktadir [6].

Yukarida bahsedilen bir¢ok avantaja ragmen, sicak ve nemli kosullar, ilerleyen yaslardaki
faz doniistimiine bagli olarak gdzenek hacminde artis [3] ve dolayisiyla basing dayaniminda
diisiislere neden olabilmektedir [1], [7]-[9]. 20 °C’nin altindaki sicakliklarda KAC’in ana
hidratasyon iiriinii CAH;o’dur. 20 °C’nin iizerindeki sicakliklarda ana hidratasyon iiriinleri
ise CoAHg ve AH3’diir. KAC’1n yiiksek erken dayanimi, baskin hidratasyon iiriinleri olan
altigen hidratlarin (CAH;p ve C2AHg) olusumuna baglanmaktadir [8]. Bununla birlikte,
CAH,o ve C;AHg’in yar1 kararl oldugu ve asagidaki Denklem 1 ve 2’ye gore zamana bagl
olarak daha kararli C3AH¢ ve AHj’e [8]-{10] doniistiigii bilinmektedir (Denklemlerdeki
kisaltmalarin ¢imento terminolojisindeki karsiliklari su sekildedir; C:CaO, A:AlLOs, H:H,0).

3CAH,, - C3AHg + 2AH; + 18H (1)

3C,AHg » 2C3AH, + AHs + 9H @)
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Kararsiz CAH;o ve C,AHg’in kararli C3AHe’ya doniisiimilyle, gozeneklilikte bir artis ve
dolayistyla dayanimda bir azalma meydana gelir [9], [11]. C3AHs ve AH3 baglarmin, esit
gozeneklilikte bile CAHio ve C;AHg’den daha zayif oldugu diger arastirmacilar tarafindan
da belirtilmistir [12], [13]. Doniisiim reaksiyonlari sonucu olusan basing dayanimindaki
kararsizlik nedeniyle, KAC’1n tasiyici sistem yap1 elemani olarak kullanimi bazi iilkelerde
kisitlanmustir [3], [7].

S/C orani 0.4’{in altinda olmasi durumunda, yukarida belirtilen doniigsiim reaksiyonlarinin
onemli 6l¢iide azaldigi ve gozeneklilikteki artisin daha diisiik seviyelerde kaldigi bildirilmis
[14], [15] olmasma ragmen; diisiik S/C orami da, iglenebilirlik problemlerine yol
acabilmektedir. Bu baglamda KAC’in taze hal davranislarini inceleyen ¢aligma sayisi
oldukc¢a sinirlidir [16], [17]. KAC’1n, suya ilk temastan sonra yaklasik 15 dakikada iginde
belirgin bir islenebilirlik kaybina ugradigi rapor edilmistir [18].

KAC’1n doniisiim reaksiyonlart nedeniyle, literatiirdeki ¢alismalar ¢ogunlukla sertlesmis hal
davranislarina yogunlasmigtir. KAC faz doniistimiiniin engellenmesi iizerine yapilan énceki
caligmalar, kiirleme sicakligin1 kontrol ederek C3;AHs olusumunu arttirmayr ve silikat
kaynag1 dahil ederek dogrudan C,ASHs olusumunu tesvik etmeyi amaglamaktadirlar [19],
[20]. Zaman i¢inde mekanik performansa iligkin bu kaygimin {istesinden gelmek igin
kimyasal ve mineral katkilar kullanilarak yari1 kararli hidratlarin doniisiimiiniin ortadan
kaldirilmast i¢in bazi dnlemler alinmaya ¢alisilmistir [17], [19], [21]-[24].

KAC’a ciiruf ilavesinin 40 °C’de su altinda kiirlenen hamurlarda dayanim kaybini 6nledigi
belirlenmistir. Ciirufun doniisiim reaksiyonlarini 6nleme yetenegi, camsi faz igerigi ve bazik
cozeltilerdeki ¢dziinme yetenegine bagli olan hidrolik aktivitesi ile iliskilendirilmistir [1],
[25], [26]. Literatiirdeki ¢alismalarda [27], [28], C2ASHg hidrat olusumunun, 20°C ve
40°C’de, %50 oraninda ciiruf ikamesi ile iki tip ticari KAC (Ciment Fondu ve Secar 71) i¢in
dayanim gelisimini iyilestirdigi rapor edilmistir. Kalsiyum aliiminatlarin, nem varliginda,
stratlingite olarak bilinen C,ASHs’i olusturmak tizere clirufun amorf silisi ile reaksiyona
girerek yar1 kararli hidrat doniistimiinii engelledigi bildirilmistir [25], [29]. KAC’a dogrudan
silis dumani veya nanosilika eklendiginde, birka¢ dakikada ¢ozelti i¢inde biiyiik miktarda
silikat iyonu ¢dziindiigii belirtilmistir [30]. Ilerleyen asamada C,ASHg kararli fazinin
olusumu ile basing dayanimindaki azalmanin biyiik Olciide Oniine gecildigi
degerlendirilmistir [19], [20], [24]. Majumdar ve Singh [31] benzer sekilde KAC ile silisli
malzemelerin ikamesinin, baglayici tiirlerine ve ikame oranlarina bagl olarak dayanim
geligimini arttirdigt sonucuna varmuglardir. Silikat iyonlarinin, ugucu kiil veya silis
dumanindan olusan KAC tabanli ikili sistemde stratlingite olusturma yetenegi, baska
calismalarda da rapor edilmistir [20], [32], [33].

KAC’a CaSO; eklenmesi ile ilgili, literatiirde sinirli sayida ¢alisma bulunmaktadir [3].
KAC’a eklenen CaSO4 miktarinin, hidrat fazlarinda farkliliklara yol agmamasina ragmen
etrenjit tiretim miktarlarim1 degistirerek KAC bazli ¢imentolu malzemelerin mekanik ve
mikroyapisal 6zelliklerinde farklilasmaya neden oldugu vurgulanmistir [34]. Son ve digerleri
[3] KAC’a CaSO4’lin eklenmesinin, etrenjitin dogrudan olusumu ile kararsiz CAHjo
doniistimiinii engelledigini bildirmiglerdir.

Bu ¢alismada KAC harcina iki tiir mineral katkinin (SiO, ve CaSQy) farkli oranlarda ikame
edilmesinin; taze hal, kisa ve uzun donemli sertlesmis hal 6zelliklerine etkileri arastirilmistir.
Bu baglamda iiretilen harglarin ¢esitli uygulama alanlarinda kullanilabilirlikleri kivam,
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reolojik parametreler, priz siiresi parametreleri dikkate alinarak degerlendirilmis olup,
sertlesmis hal 6zelliklerini incelemek iizere 400 giin boyunca basing ve egilme dayanimi
gelisimi analiz edilerek eklenen katki tiirii ve oraninin KAC tizerindeki etkisi tartisilmistir.

2. DENEYSEL CALISMALAR
2.1. Amag¢ ve Kapsam

Calismada, katkisiz, SiO; ve CaSOq katkili KAC harglarin taze hal 6zellikleri ve uzun donem
mekanik etkilerinin arastirilmasi ile KAC’1n giiniimiizdeki kullanimini sinirlayan sebeplerin
Ontine gecilmesi amaglanmistir. KAC’a iki farkli mineral katkinin iki farkli oranda eklenmesi
ile taze hal ozelliklerinin gelistirilmesi, buna bagl olarak sahadaki uygulama alanlarinin
arttirtlmasina yonelik calismalar yapilmasi; aym1 zamanda uzun dénemde dayanimda
belirsizlige neden olan hidratasyon siirecinin, iki farkli mineral katkinin kullanimiyla yeni
stabil fazlar olusturup bloke edilmesi ve katki miktarinin arttirilmasina bagli olarak uzun
donemli dayanim gelisiminin saglanmasi hedeflenmistir. Bu kapsamda mevcut literatiir
bilgileri kullanilarak; stratlingite faz olusumunun en yiiksek seviyeye ulastigi aralik olan %8
ve %16 oraninda mikro silis [6], [35]; etrenjit fazinin en yogun hacimde goézlemlendigi %30
ve %50 oraninda anhidrit al¢1 [3], [36]—[38] eklenmesi ile harglar hazirlanmistir.

2.2. Kullanilan Malzemeler, Karisim Oranlari, Karisimlarin Hazirlanmasi ve Kiir
Islemi

Deneysel ¢alismalarda yaklasik %40 ALOs igerigine sahip KAC kullanilmistir. Tablo 1°de
cimentonun fiziksel ve mekanik 6zellikleri sunulmustur. Silika kaynag: olarak; 15 mikron
boyutunda, %99 saflik oranina sahip silisyum dioksit (SiO,) katkis1 kullanilmgtir. Ozgiil
ylizey alam ve gergek yogunluk degerleri sirastyla 400-1000 m?/g, 2400 kg/m? oldugu iiretici
firma tarafindan beyan edilmistir. 136.14 g/mol agirliginda, 2960 kg/m? yogunlugunda, 1460
°C erime noktast ve %99 saflik oranina sahip anhidrit kalsiyum siilfat katkis1 (CaSOs) toz
halinde temin edilmistir. Cimento harglarinda en biiyiik tane boyutu 4 mm olan ince agrega
kullanilmuistir. Agrega elek analizi sonuglarina gore; 4 mm’den %100, 2 mm’den %64, 1
mm’den %32, 0.5 mm’den %16, 0.25 mm’den %12, 0.125 mm’den %8 oranlarinda agrega
gegisleri belirlenmistir. Agreganin 6zgiil agirlik, su emme ve incelik modiilii degerleri
sirastyla 2.7, %1.7 (agirlikga) ve 3.9°dur.

KAC harglarinin karisim oranlari Tablo 2’de sunulmustur. “KAC” kodlu karisimda mineral
katki kullanilmazken, SiO, katkist baglayici oranin %8 ve %16’s1 oraninda, CaSO, katkisi
ise baglayict oranin %30 ve %50’si oraninda kullanilmistir. Tiim harglarda KAC hidratlarinin
doniisiim oraninin orta seviyede olmasini saglamak i¢in su/baglayici orani1 0.5’de [39] ve ince
agrega/baglayici orani 3.0’de sabit tutulmustur.

Harg karisimlar1 EN 196-1 standardina gore hazirlanmistir. Harclarin taze hal deneyleri bir
sonraki bolimde agiklanmustir. Egilme ve egilme sonrasi basing deneyleri i¢in her seriden
EN 196-1 standardina gére 105 adet 40*40*160 mm? prizmatik numune ve asinma deneyi
i¢in 71x71x71 mm? boyutlarinda 15 adet kiip numune hazirlanmigtir. Numuneler dékiimden
bir giin sonra kaliptan ¢ikarilarak, deney giiniine kadar 20+5 °C (%60+20 BN) kosulunda
bekletilmistir.
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Tablo 1 - KAC in kimyasal ve fiziksel/mekanik ozellikleri

Kimyasal Ozellikler Fiziksel ve Mekanik Ozellikler

CaO (%) 36.20 | Ozgiil agirhk 3.25
AlLO3 (%) 39.80 | Ozgiil yiizey (Blaine) m*/kg 300
Fe,03 (%) 17.05 | Priz baslangic1 (dk) 280
Si0, (%) 3.60 Priz sonu (dk) 295
MgO (%) 0.65 Hacim sabitligi (mm) 1
SO;3 (%) 0.04 0.045 mm elek bakiyesi (%) 23
Kizdirma kaybi (%) | 0.30 6 saatteki basing dayanimi (MPa) 47
CI' (%) 0.009 | 24 saatteki basing dayanimi (MPa) | 70
S% (%) 0.01

Tablo 2 - Karisim oranlart (kg/m’)

Karistm | Cimento| Mineral |(Baglayici| Kum | Su |Su/Baglayici Kum/Baglayici
kodlar1 (kg) katki (kg) (kg) (kg) | (kg) *ok *%
KAC 521 0 521 1563 | 261 0.5 3.0
%38 Si0; 477 42 519 | 1556 | 259 0.5 3.0
%16 SiO; 434 83 517 | 1549 | 258 0.5 3.0
%30 CaSO4 | 363 156 519 | 1556 259 0.5 3.0
%350 CaSO4 | 259 259 518 | 1551 | 259 0.5 3.0

*Baglayici= Cimento + Mineral katki

**Su/Baglayict ve Kum/Baglayici degerleri agirlik¢a oran degerleridir.

2.3. Deney Yontemleri

Harg¢ karigimlarmin islenebilirligi, ASTM C1437 [40] standardina gore mini ¢okme konisi
ile ol¢iilmiis olup, detaylar1 yazarlarin 6nceki ¢caligmasinda [44] bulunabilir. Harglarin kivam
degerleri ve belirlenen kivamdaki priz siireleri 20°C’de TS EN 196-3’e [41] uygun Vicat
sondasi ve ignesi yardimiyla belirlenmistir.

Reolojik dl¢iimlerde 8 mm ¢apinda bilyeli 6l¢iim diizenegine sahip (Ball measuring system
— BMS) Physica MCR 51 reometresi kullanilmis olup, detayli bilgiler Felekoglu (2009)’da
[42] bulunabilir. Calisma kapsamindaki taze harglarin akma egrilerini ¢ikartmak igin
“Rheoplus” yazilimi ile Sekil 1b’de gosterilen kayma hizi makrosu hazirlanmistir.
Hazirlanan harglar iginde bilye, 1. asamada 5 s"lik sabit bir kayma hizinda dondiiriilerek elde
edilen akma egrilerinden, statik (durgun halden ilk harekete gecis) esik kayma gerilmeleri
(7o, statik) belirlenmistir. Bu makrodaki 4. ve 5. agamalara kiyasla, 2. ve 3. agamalardaki akis
egrilerindeki degiskenlik daha fazladir. fleride yapilan histerezis alan1 hesabinda séz konusu
degiskenligin kaynag1 degerlendirilecektir. S6z konusu degiskenlik nedeniyle dinamik esik
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kayma gerilmesi (EKG) ve viskozite degerleri 2. ve 3. agsamalar yerine, 4. ve 5. asamalardan
elde edilmistir. Bunun sebebi, taze harglarin baslangic Olgiimlerinde olusabilecek
degiskenligi azaltmaktir [43]. 4. ve 5. agamadaki akma egrisi verileri Herschel Bulkley (HB)
modeli yardimiyla analiz edilerek, bir sonraki paragrafta verilen reolojik parametreler
hesaplanmistir. HB bagintis1 Denklem 3’de sunulmustur.

T = Tp,dinamik +b ]'/p 3)

burada t: herhangi bir kayma hizinda (Sekil 6’daki y ekseni degiskeni) kayma gerilmesi (Pa),
To,dinamik: Dinamik esik kayma gerilmesi (Pa), y: Kayma hiz1 (1/s) (Sekil 6’daki x ekseni
degiskeni), b ve p, HB modelinin katsayilart olup detayli bilgiler Keskinates ve Felekoglu
(2018)’de [44] bulunabilir. Dinamik esik kayma gerilmesi (Todinamik), sifir kayma hizinda
model denkleminin degeridir ve HB modeli analiz sonucu elde edilen egrinin y-eksenini (t)
kestigi nokta olarak tanimlanmistir. Bu deger (To.inamik), Statik esik kayma gerilmesi (7o statik)
degerinden farkli olup, dogrudan verilerden degil, modelden alinan bir biiyiikliiktiir.

Kayma gerilmesi uygulama metodu (macro)

Toplam siire ~500s

(b)

Sekil 1 - a) BMS ile donatilmis reometre, b) Uygulanan kayma hizi makrosu ve akis
egrilerini elde etmek i¢in kullanilan adimlar [49].

320
=@750

(@) (b)

Sekil 2 - (a) Bohme cihazi ¢izimi (1: Karsi agirlik, 2: Test hatti, 3: Yiikleme agirligi, 4.
Numune tutucu, 5: Numune, 6: Déner disk, boyutlar mm dir), (b) Asinma deneyi icin
kullanilan Bohme cihazi
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40x40x160 mm? boyutlu prizma numuneler iizerinde egilme ve egilme sonrasi basing
deneyleri; 1, 3, 7, 28, 90, 180 ve 400 giinlerin her birinde egilme deneyi i¢in 3 ve basing
deneyi i¢in 6 numune sonucunun ortalamasi alinarak belirlenmigstir. Egilme dayaniminin
tespiti 3 noktali deney ile mesnet agikligi 100 mm ve yiikleme hiz1 5 mm/dk olacak sekilde
yapilmistir. Egilme deneyi sonucu iki par¢aya ayrilan numuneler iizerinde 40x40 mm?’lik
ylizey alani ve 244 kgf/s yiikleme hizinda basing deneyleri gergeklestirilmistir.

Calismadaki harglardan 71x71x71 mm? boyutlarinda olusturulan kiip numuneler, dokiimden
28 giin sonra aginma deneyine tabi tutulmustur. Yiizeysel asinma deneyi i¢in Bohme yiizeysel
asinma cihazi kullamilmistir (Sekil 2). TS EN 14157 (2017)’ye [45] uygun gerceklestirilen
asinma deneyin detaylari literatiirde [46]—[48] bulunabilir.

3. BULGULAR VE TARTISMA
3.1. Taze Hal Sonuclari
3.1.1. Yayilma Deneyi Sonuclart

Taze har¢larin yayilma degerleri, hem katki tiirlinden hem de dozajdan etkilenmistir (Sekil
3). Sabit su/baglayici oraninda, SiO; katkili harclarin yayilma cap1 degeri referans harg olan
%100 KAC baglayicili harctan daha yiiksek iken (%5-18), CaSOs katkil harglarin yayilma
cap1 degerleri daha distiktiir (%19-21). Ayrica katki orani arttik¢a yayilma ¢ap1 degerlerinin
bir miktar diistiigii, dolayisiyla islenebilirligin azaldig1 belirlenmistir. Ozet olarak; SiO,
katkisinin diigiikk kullanim oranlarinda islenebilirlik {izerinde olumlu etkisi goriilmiistiir.
CaSOy katkisinin ise daha az yayilma davranigi gerektiren onarim uygulamalarina daha
uygun oldugu gézlemlenmistir.

3.1.2. Kivam Deneyi Sonuclari

Harg¢larin kivam tayinlerinde Vicat aleti sondasinin harg igine batma seviyeleri Sekil 4°de
gosterilmistir. Kesik koni kalip i¢inde bulunan harcin toplam yiiksekligi 36 mm’dir. Gerek
yayllma deneyi gerekse Vicat kivam deneyi, benzer islenebilirlik oOl¢iim teknikleri
oldugundan, Sekil 3’deki har¢larin yayilma ¢ap1 degerleri ile Sekil 4’deki batma seviyesi
degerleri benzer egilim gostermektedir. Referans “KAC” harcina kiyasla SiO, katkili
harglarda, Vicat sondasmin batma seviyesi daha yiiksek iken, CaSO4 katkili har¢larda sonda
batma seviyesi azalmigtir (Sekil 4). Her iki mineral katk: ilavesinde de, katki orani arttik¢a
Vicat sondasinin batma seviyesinin diistiigli belirlenmistir.

3.1.3. Priz Deneyi Sonuclart

20 °C’de olgiilen priz baslangi¢ ve bitis siireleri Sekil 5’de gosterilmistir. Referans KAC
harcina kiyasla; SiO; katki ilavesi harglarin priz baglangi¢ ve bitis siirelerini arttirirken,
CaSOy katkisi harglarin priz baglangic siirelerini azaltmistir. Ancak priz bitis siireleri igin
CaSO0s katki dozajinin etkili oldugu goriilmiistiir. KAC bazli ¢imentolu malzemelere eklenen
nanosilikanin, KAC klinkerinin hidratasyonunu bir miktar geciktirebildigi o6nceki
calismalarda da rapor edilmistir [19], [50]. Deneysel bulgularda, SiO, katkisi ilavesi benzer
sekilde priz siirelerini arttirmigtir. Referans KAC harcina kiyasla, %30 CaSO4 ikamesi priz
bitis stiresini arttirirken, %50 CaSOs ikamesi ile priz baslangic siiresi kisalmistir.
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Literatiirdeki bir c¢aligmada [51], KAC-CaSO4li sistemlerde normal doniisiim
reaksiyonlarinin olusmadigi ve genellikle olusan ilk {iriiniin etrenjit oldugu belirtilmistir. Bu
acidan disiiniildiigiinde etrenjitin bilylik miktarlarda suyu baglama yetenegi, hizli kuruyan
ve hizli sertlesen betonlar liretmek igin avantajli olabilir. Yapilan baska bir ¢aligmada ise
[52], KAC-CaSO0; ikili sisteminde CaSO4 miktar arttik¢a, priz siiresinin arttigi bildirilmistir.
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CaSO0q, etrenjit olusumuna bagl ani prizi 6nlemek igin genellikle Portland ¢imentosuna
eklenir. Bircok yazar [6], [8], [53] CaSOys ilavesi ile bir bariyer, yani bir “etrenjit tabakas1”
olustugunu iddia etmektedir. Portland ¢imentosunda miktar1 gorece olarak az olan C3A’nin
ylizeyinde su ve iyonlarin tasimnmasini sinirlayan yari gecirgen bir etrenjit tabakasi
olustururlar. Etrenjit olusumu, katkili harglarin hidratasyonu ve dolayisiyla priz baslangig ve
bitis siireleri ile yakindan iligkilidir [36]. Bu agidan bakildiginda, KAC’l1 sistemlerde yiiksek
aliiminat igerigi de dikkate alinarak erken yaslarda CaSOy katkili harglarda etrenjit olusum
potansiyelinin ¢ok daha fazla olacagi degerlendirilmistir. CaSO4 katkili harglarn priz
baglangic ve bitis siirelerinin diger harglardan (katkisiz KAC ve SiO; katkili harglar) daha
kisa olmasinin bu mekanizma ile iliskili oldugu diisiiniilmektedir. Yang ve digerleri (2019)
[21] KAC’daki hidratasyon siirecinin, ¢ozeltideki Ca™ ve AI(OH)™ iyonlarimn
konsantrasyonu tarafindan yonetildigini bildirmistir. Bu nedenle s6z konusu iyonlarin
konsantrasyonu SiO, katkilt harglarda diiserken, CaSO4 katkili harglarda artis
gostermektedir. Dolayisiyla bu iyonlardaki konsantrasyonlarin diigmesi priz siirelerinin
uzamasina neden olurken, iyonlarin konsantrasyonun artmasi priz siirelerinin daha kisa
olmasi seklinde yorumlanabilir. Sonug olarak KAC harcina kryasla, SiO, katkili harglardaki
daha uzun priz siireleri ve CaSO, katkili harglarda daha kisa olan priz siireleri, Ca™ ve
Al(OH)* iyonlarinin konsantrasyonunun priz siireleriyle ters orantili olmast ile agiklanabilir.

3.1.4. Reometre Deney Sonuclari

KAG, SiO, ve CaSOj katkili harglarin Herschel-Bulkley (HB) egrileri ve model katsayilari
sirastyla Sekil 6 ve Tablo 3’de sunulmustur. Sadece %50 CaSOs katkili harcin diisiik
islenebilirligi nedeniyle (Sekil 4), bu karisima ait kayma gerilmesi degerleri reometrenin
gerilme kapasitesi olan 2850 Pa’it asmustir. S6z konusu har¢ icin akma egrileri elde
edilememistir (Sekil 6 ¢ ve d). Hem kayma hiz1 artisinin goriildiigii ¢ikis egrisi boliimi (Sekil
1b 4. asama) hem de kayma hiz1 azalisinin goriildiigii inis egrisi boliimii (Sekil 1b 5. asama)
HB modeli ile analiz edilmistir. Tablo 3’de goriildiigii tizere genel olarak 5. asamaya kiyasla
4. agamaya ait dinamik esik kayma gerilmesi ve nihai viskozite degerleri daha yiiksektir.
Ancak 4. asamadaki “KAC katkisi” ve “KAC-%30 CaSOj” harglart igin R katsayilari
oldukga diisiiktiir (sirastyla 0.29 ve 0.16). Bu nedenle reolojik parametrelerin kararli rejime
ulastigir 5. asamadaki verilerin HB ile modellenmesi daha anlamli goriinmektedir. Tablo
3’deki diger tiim serilerin 5. asamadaki HB modeli korelasyon katsayilari (R) 0.85’den biiyiik
oldugundan, HB yodnteminin modelleme i¢in uygun bir yontem oldugu soylenebilir. 5.
asamadaki HB analiz sonuglarina gore; referans KAC harci ile SiO; katkili har¢larin dinamik
esik kayma gerilmesi ve nihai viskozite degerleri birbirine oldukg¢a benzer iken, %30 CaSO4
katkili harcin dinamik esik kayma gerilmesi ve nihai viskozite degerleri KAC harcina kiyasla
oldukga yiiksektir. Diger taraftan, SiO, katkis1 ikame oranin %8’den %16’ya arttirilmasi,
dinamik esik kayma gerilmesi ve nihai viskozite degerlerinin bir miktar yiikselmesine neden
olmustur. %16 SiO; katkili har¢ i¢in p<l oldugundan psddoplastik davranis sergileme
egiliminde iken, diger tiim harglar igin p>1 oldugundan dilatant davranis gdsterme
egilimindedir.

Statik esik kayma gerilmesi (durgun halden akisi baslatmak icin gerekli olan minimum
kayma gerilmesi), genellikle dinamik kayma gerilmesinden (tiksotropik yap1 bozulduktan
sonra akisi korumak i¢in gerekli olan minimum kayma gerilmesi) daha yiiksek degerdedir.
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Bunun nedeni, statik kayma gerilmesinin bozulmamus, iyi baglanmis bir mikro yapiya,
dinamik kayma gerilmesinin ise orselenmis taze harc yapisina karsilik gelmesindendir.

Referans KAC harcina kiyasla; SiO; katkili har¢larin hem statik EKG hem de dinamik EKG
degerleri daha diisiik iken, CaSOy4 katkili harglara ait degerler daha yiiksektir. Ayrica SiO;
katk1 orani artis1 (%8’den %16’ya) statik EKG degerini diisiiriirken, dinamik EKG degerinin
artmasina neden olmustur. %50 CaSOs katkili hargta reometrenin kayma gerilmesi sinir
degerini astig1 i¢in veri almamamasi, %30 CaSO, katkili har¢tan daha yiiksek statik ve
dinamik EKG degerlerine sahip oldugu seklinde yorumlanabilir. Bu nedenle CaSO4 katki
oraniin artigtyla, hem statik hem de EKG degerlerinde artislar oldugu degerlendirilmistir.

Tablo 3 - KAC ve katkili har¢larin Herschel Bulkley Modeli ile hesaplanan reolojik

parametreleri
Karisimlar ve analiz Statik esik kayma | Dinamik esik kayma b p R viskozite
agamalart* gerilmesi (Pa) gerilmesi (Pa) (Pa.s)
(70, statik) (o, dinamik) (iss™)
IKAC katkisi (4. asama) 81.5 0.33 1.92 | 0.29 9.4
IKAC katkisi (5. agsama) 2193 59.2 330 | 1.15 | 0.87 8.9
KAC-%8 SiO, (4. asama) 1853 66.6 249 | 1.27 | 0.96 9.7
KAC-%8 SiO; (5. asama) 48.3 317 | 1.27 | 098 9.8
IKAC-%16 SiO, (4. asama) 832 90.6 325 | 1.19 | 097 11.4
IKAC-%16 SiO; (5. asama) 61.8 16.25 | 0.67 | 0.98 10.8
IKAC-%30 CaSOy4 (4. asama) 2850 -3960.6%* 4344.10| 0.01 | 0.16 332
IKAC-%30 CaSOy4 (5. agsama) 272.1 634 | 1.32 | 0.89 332
KAC-%50 CaSO4 (4. asama) X X X X X
KAC-%50 CaSO4 (5. asama) * X X X X X

* 4. ve 5. asamalar Sekil 1’den goriilebilir. ** Fiziksel olarak anlamsiz veri. ***x: Cihaz kapasitesi asildigindan
veri almamamugtir.

Akma egrisinin ¢ikig ve inis egrileri arasinda kalan alan “histerezis alani” olarak
tanimlanabilir. Histerezis alani, malzemelerin kayma hizi degisimi karsisinda yapisal olarak
yumusama (structural breakdown) veya toparlanma (structural recovery) ozelliklerinin
belirlenmesinde kullanilmaktadir. Calisma kapsamindaki harglarin histerezis alanlart i¢in
kayma gerilmesi-kayma hiz1 egrileri Sekil 7°de gosterilmektedir. Verilen grafiklerde kirmizi
gizgiler 2. ve 3. asamalardaki kayma hiz1 artis1 ve azalisini, mavi ¢izgiler ise 4. ve 5.
asamalardaki kayma hiz1 artis1 ve azaliginin goriildiigii ¢ikis ve inig egrilerini gostermektedir.
Tiim harglarda kirmizi ¢izgi daha yukarida oldugundan pozitif histerezis alanlar yani yapisal
yumusama (structural breakdown) davranigt hakimdir. Bu durum, har¢larin reometre
sondasinin ucundaki bilyeye uyguladiklar: kayma gerilmelerinin diismesiyle agiklanabilir ve
har¢larin tiksotropik 6zellik gosterdigi sOylenebilir. Pozitif histerezis alanlari, bu harglarin
kayma hiz1 artis ve sonrasinda azalisi ile bilyeye uyguladiklar: kayma gerilmesinin azaldigini
gostermektedir.
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Tiksotropi ile iliskilendirilebilecek artan ve azalan egriler arasindaki histerezis alanlart hem
2-3 hem de 4-5 asamalar (Sekil 1) i¢in hesaplanarak Tablo 4’de verilmistir. KAC harcina
kiyasla SiO, katkili harcin histerezis alan1 daha kiigiik iken, %30 CaSO4 katkili hargta daha
biiyiiktiir. S6z konusu durumun, katkilarin kullanim oranlar1 arttikca daha belirgin hale
geldigi tespit edilmistir. Sekil 4’deki kivam performanslart géz 6niine alindiginda, kivam
performansi ile histerezis alanlari arasinda dogru orantili bir iliski oldugu gézlenmektedir.

Tablo 4°deki ilk gidis doniis hareketlerindeki (2. ve 3. asamalar) histerezis alanlari, ikinci
gidig-doniis hareketinden (4. ve 5. asamalar) daha biiyiiktiir. Bu durum siirekli kayma hizi
etkisi altinda kalan harglarda, gidis ve doniis sirasinda davranigin birbirine yakinlasmasi ile
aciklanabilir. ilk inis ¢1kis asamalar1 olan 2-3 asamalarinda, bilye hareketlendikten sonra kum
taneciklerinin ¢imento hamurundaki taneler arasi elektrostatik etkilesimi kirdigt
diistiniilmektedir. Boylece ikinci inis ve ¢ikis asamalari olan 4-5 agamalarinda elde edilen
histerezis alani, 2-3. agsamada elde edilene kiyasla daha kii¢iik olmaktadir.
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Sekil 7 - KAC ve mineral katkili har¢larin histerezis alanlart (a) KAC, (b) %8 SiO, (c)
%16 SiO; ve (d) %30 CaSOy (kirmizi ¢izgi 2-3 ve mavi ¢izgi 4-5 asama verilerini ifade etmektedir)
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Tablo 4 - Taze harglarin histerezis alanlari (Pa/s)

Karigim kodu 2. Ve'3. asamalar arasindaki 4. Ve‘S. a$amalar arasindaki
Histerezis alani (Pa/s) Histerezis alani (Pa/s)

KAC katkisiz 889 200

KAC-%S8 SiO, 444 131

KAC-%16 SiO, 250 91

KAC-%30 CaSO4 1868 1625

KAC-%50 CaSO4 * *

* Veri alinamamigtir.

Tiim taze hal sonuglar i¢in genel bir degerlendirilme yapildiginda, islenebilirlik 6zelligi
(yayilma ve kivam) yiiksekten diisiige dogru harglar sirasiyla; %8 SiO», %16 SiO,, KAC,
%30 CaSO4 ve %50 CaSOs seklindedir. Eklenen katki tiirii ve oranina bagl olarak, pratikte
kullanilan katkisiz kalsiyum aliiminat ¢imentosuna kiyasla, hizli sertlesmesi istenen veya
akict kivam gerektiren tamir ve onarim harci uygulamalarina uygun malzemeler
gelistirilmesi agisindan farkli alternatif ¢6ziimler kazandirilabildigi goriilmektedir.

3.2. Sertlesmis Hal Sonuclar:
3.2.1. Basin¢ Deneyi Sonuclart

Katkisiz ve katkilit KAC harglarmin zamana gore basing dayanimi geligimleri Sekil 8’de
gosterilmigtir. Referans KAC harcinin basing dayanimi 3. giinde en yiiksek degere ulasmis
ve sonrasinda 180. giine kadar zamanla kademeli olarak azalarak sabitlenmistir. Referans
KAC harcinin 400. giindeki basing dayanimi, 3. giindeki degerine gore %47 oraninda
diistiktiir. Diger katkili harglarin basing dayanimlari, 28 giine kadar siirekli artis gostererek
62-73 MPa seviyelerine ¢cikmistir. Ancak bekleme siiresi uzadik¢a “%8 SiO,”, “%16 SiO,”
ve “%30 CaSO4” katkili harglarin basing dayanimlarinda sirastyla %27, %12 ve %9
mertebelerinde distisler goriilmiistiir. Diger taraftan, %50 CaSOs katkil1 harglarin 28 giindeki
basing dayanimi 62 MPa seviyesine ulagmis ve bekleme siiresinin daha da artmasiyla diisiis
olmadig1 tespit edilmistir. 400. giindeki katkili harglarin basing dayanimlar1 dikkate
alindiginda, yiiksek oranda mineral katki kullanilan harglarin (%16 SiO, ve %50 CaSOs)
diisiik oranda mineral katki kullanilan harglara (%8 SiO; ve %30 CaSO.) kiyasla, basing
dayanimi degerlerinin %8-9 seviyesinde daha yiiksek oldugu belirlenmistir. Katkisiz referans
KAC ve katkili harclarin (%8 SiOa, %16 SiO,, %30 CaSO4 ve %50 CaSO4) 400. giindeki
basing dayanimi kiyaslandiginda, katkisiz harca gore katkili harclarin sirastyla %35, %46,
%44 ve %57 mertebelerinde daha yiiksek degerlere sahip oldugu belirlenmistir.

Yukaridaki paragrafta ayrintili sekilde incelenen basing dayanim gelisim verilerinden su
genel sonucun c¢ikartilmast miimkiindiir: Mineral katki tiirlinden bagimsiz olarak erken
donemde (28. giine kadar) diisiik katki oranli har¢larin basing dayanimlart daha ytiksek iken,
uzun dénemde (180. giin ve sonrasi) yliksek katki oranli harglarin basing dayanimlart daha
yiiksektir. Literatiirdeki bir calismada KAC’a %2, %4, %6 ve %8 oranlarinda CaSQOy4
eklenmesiyle ve oranm artisiyla, 3. ve 7. giindeki basing dayanimlarinin azaldigi rapor
edilmistir [3]. KAC ile yapilan bagka bir ¢alismada ise [54], 28. giin sonuglarina gore,
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kalsiyum siilfat igerigi arttikca goézenekliligin diismesiyle basing dayanimlarinda artis
gozlenmistir.

KAC i SiO, ve CaSO4 eklenmesinin, yart kararli fazlardan (CAHo ve C,AHs) kararli
fazlara (C3AHs ve AH3) doniisiim oranimi azalttifi degerlendirilmistir. Ayrica sirasiyla
stratlingite (C2ASHg) ve etrenjit fazlarini olusturarak KAC’m uzun vadeli dayanimini ve
yapisal bitiinliigiinii korumasi agisindan etkili oldugu sdylenebilir. Bu konuda yapilan
ayrintili mikroyapi incelemeleri yazarlarin onceki ¢alismasinda [55] sunulmustur. Sonug
olarak, uzun dénemde (400. giin) 6zellikle %8 SiO, ve %50 CaSO; ilavesi ile olusturulan
katkili harglarda, stritlingite ve etrenjit olusumuyla basing dayanimi kaybinin mertebesini
onemli Olciide azalttigi disinilmektedir. Bir baska deneysel c¢aligmada, KAC bazhi
¢cimentolu malzemelere eklenen nanosilikanin, C;ASHg olugsmasina neden olarak C;AHes’ya
faz gecisini engellemede 6nemli bir rol oynadigi rapor edilmistir [19], [50]. C;ASHg’in,
C3;AHg’dan daha diisiik bir yogunluga sahip oldugu ve i¢c gozenekleri doldurdugu
belirtilmistir. Bu da nanosilikanin KAC bazli ¢imentolu malzemelere dahil edilmesinin
yiiksek dayanima katkida bulunacagi seklinde yorumlanmustir [52].

3.2.2. Egilme Deneyi Sonuclar

KAQC harglarimin egilme dayanimlari, 3. giine kadar zamanla artmis ve sonrasinda 28. giinde
azalarak sonraki yaslar igin yaklasik olarak sabitlenmistir (Sekil 9). KAC harglarinin 400.
giindeki egilme dayanim, 3. glindeki degerinden %33 oraninda daha diisiiktiir.

Katkili har¢larin egilme dayanimlari, 28 giine kadar artig gostererek maksimum seviyelerine
ulagmustir (9.2-10.3 MPa). Ancak bekleme siiresi uzadik¢a (28. giinden 400. giine) “%8
Si0,”, “%30 CaSO4” ve “%50 CaSO4” katkili harclarin egilme dayanimlarinda sirasiyla
%11, %8 ve %18 mertebelerinde diistisler goriilmistiir. Diger taraftan, %16 SiO, katkili
harcin 28 giindeki egilme dayanimi 8.7 MPa seviyesine ulasmig ve bekleme siiresinin daha
da artmastyla (400. giinde) diisiis olmadig: tespit edilmistir.

400. giindeki sonucglarda katki dozajinin etkisi incelendiginde; SiO, katki orani arttik¢a
(%8’den %16’ya) egilme dayanimi %8 oraninda artarken, CaSO. katki orami arttik¢a
(%30’dan %50’ye) egilme dayanimi %11 oraninda diistiigii belirlenmistir. Katkisiz (KAC)
ve katkili harglarin (%8 SiO», %16 SiO,, %30 CaSOs4 ve %50 CaSOy) 400. giindeki egilme
dayanimlar kiyaslandiginda, katkisiz harca gore katkili harglarin sirasiyla %14, %23, %32
ve %17 mertebelerinde daha yiiksek degerlere sahip oldugu belirlenmistir. Ayrica, 90. giine
kadar diisiik katkilt SiO, harglarm (%8 SiO,) egilme dayanimi daha yiiksek iken, 180. giin
ve sonrasinda yiiksek oranda SiO; katkili har¢larin (%16 SiO») egilme dayaniminin daha
yiiksek oldugu tespit edilmistir. Ote yandan, genel olarak diisiik oranda CaSO, katkili
harglarin (%30 CaS0O,) egilme dayanimlarinin, yiiksek oranda CaSO, katkilt harglara (%50
CaS0y) kiyasla daha yiiksek oldugu goriilmiistiir.

Bir malzemenin mekanik 6zellikleri, gozenekliligi ile dogrudan iliskilidir. Gozeneklilik
arttiginda basing dayanimi azalir [56]. Sekil 8 ve 9’da goriildiigii gibi KAC har¢larin basing
ve egilme dayanimlarini azaltan en onemli etkenin, gergekte engellenemeyen doniisiim
reaksiyonlart sonucu goézeneklilik artisi oldugu degerlendirilmistir. Bu ¢alismadaki
karigimlara ait porozite analizi ile ilgili detayl bilgiler yazarlarin 6nceki ¢alismasindan [55]
bulunabilir.
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Sekil 9 - KAC ve mineral katkili har¢larin zamana bagl egilme dayanimi gelisimleri

KAC harcinda mekanik dayanimlarin diismesine neden olan bu yiiksek goézenekliligin
nedeninin; KAC’m iki ana hidratasyon Uriinii, altigen faz olan CAH;o ve C,AHg’in uzun
stireler boyunca kiibik hidrogarnet fazina (C3sAHs) [57] doniisiim reaksiyonlarinin olabilecegi
diistiniilmektedir. Ding, Fu ve Beaudoin [58], fazlarin goreli hacimlerindeki farkliliklarindan
yola ¢ikarak go6zeneklilikteki artigt aciklamistir. Buna goére; CAHjo’'un Cs;AHg’ya
doniistiiriilmesi, hacmin yaklasik %50’ye diigmesiyle sonug¢lanirken, C;AHs’in kiibik faza
doniistiiriilmesi, reaksiyona giren lriinlerin orijinal hacminin yaklagik %65 oraninda
azalmasi ile sonuglanmigtir. Bu nedenle, doniisiim olayinin en biiyiik etkisi, gozeneklilikteki
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artig ve bunun sonucu olarak dayanimdaki azalmadir. Silika (SiO,), yar1 kararl1 hidrat fazlarla
(CAHi0 & C,AH;) asagidaki Denklem 4 ve 5’de gosterildigi gibi strétlingite bilesimi
(C,ASHz5) olusturma potansiyeline sahiptir:

2CAHyo + S - C,ASHg + AHs + 9H @)
C,AHg + S —» C,ASHg (5)

Bu caligmadaki SiO; katkisi, uzun donemde referans KAC harcinda meydana gelen doniisiim
reaksiyonlarint strétlingite olusumu ile engelledigi icin gozeneklilik artisinin meydana
gelmedigi ve boylece SiO; katkili harglarda dayanim kayiplarinin referans KAC harcina
kiyasla daha diisiik seviyelerde kaldig1 degerlendirilmistir.

3.2.3. Asinma Deneyi Sonuclari

28 giinliikk katkisiz ve katkili KAC harglarinin aginma kaybi degerleri Sekil 10°da
sunulmustur. Mineral katki tiirli ve oranlarinin sonuglar {izerinde etkisi su sekilde
degerlendirilmistir: %30 ve %50 oranlarinda CaSO, katkist iceren harglar, %8 ve %16 SiO,
kullanilarak olusturulan harclardan daha diisiik asmma kaybi1 degerlerine sahiptir. Katki
dozaj1 etkisinin aginma iizerindeki etkisi incelendiginde; SiO» katki oraninin %8’den %16’ya
artisiyla asinma artarken, CaSOs katki oraninin %30’dan %50’ye artisiyla aginma miktari
azalmigtir. KAC harcina kiyasla, %8 SiO» ve %50 CaSO4 katkili harglarin aginma kaybi
degerlerinin sirasiyla, %9 ve %32 daha diisiik oldugu tespit edilmistir.

Yukaridaki sonuglar iki mekanizma ile agiklanabilir: 1) Atis [59], mineral katki kullanimu ile
¢cimento matrisi-agrega gegis bdlgesinin giiclendigini ve bdylece daha iyi asinma direncinin
olustugunu bildirmistir. Buna gore, bu ¢alismadaki referans KAC harcina kiyasla katkili
harclarin, daha iyi agrega-baglayici ara ylizey Ozellikleri olusmasimi saglayarak asmma
direncini gelistirdigi sOylenebilir. 2) Literatiirde [60] gecirimlilikteki diigiisle asinma
direncinde artis oldugu belirtilmistir. KAC’a kiyasla, SiO, ve CaSO, katkilarinin daha kii¢iik
tane boyutlu olmasinin (daha yiiksek 6zgiil yiizey alan1 (Boliim 2.2)), bosluklar i¢in dolgu
etkisi olusturdugu ve bdylece gozenekliligi diisiirerek katkili harclarin aginma direncinin
arttig1 diistiniilmektedir.

Bu ¢aligmadaki ile ayni aginma deneyi standardi (TS 699 [61], TS 2824 [62], TS EN 1338
[63]) ve Portland ¢imentosu (PC) kullanilarak ayni karigim oranlart ile gergeklestirilen
calismalarda; asinma kaybi degerlerinin 23 g/50 cm? (basing dayanimi 49 MPa) [64] ve 35
g/50 cm? (basing dayanimi 61 MPa) [65] araliginda oldugu bildirilmistir. Ayrica Felekoglu
ve digerleri [66] tarafindan benzer karisim oranlarinda PC ve %2 ¢elik lifli kendiliginden
yerlesen harcin (basing dayanimi 48 MPa) asinma kaybi degeri 37 g/50 cm? olarak
bildirilmistir. PC ve iri agrega kullanilarak beton karigimlarda aginma kaybi 27 g/50 cm?
(basing dayanimi 37 MPa) [67] ve 57 g/50 cm? (basing dayanimi 65 MPa) [68] olarak
raporlanmistir. Bu ¢alismadaki asinma kayb1 degerlerinin 32-47 g/50 cm? araliginda oldugu
dikkate alinirsa, bu sonuglarin literatiirdeki degerlere yakin, hatta bazilarindan daha iyi
oldugu soylenebilir. Ayrica aginma direncinin; su/¢imento orani, agrega tipi ve ozellikleri,
hava siiriiklenme, kiir yontemi gibi faktorlerden etkilendigi [60] ve bu nedenlerle sonuglarda
farkliliklar olabilecegi diisiiniilmektedir.
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Sekil 10 - KAC ve mineral katkili har¢larin asinma kaybi degerleri

3.2.4. Basing - Egilme - Asinma Dayanimlar: Arasindaki Iliskiler

KAC, %8 Si0, %16 SiO,, %30 CaSO4 ve %50 CaSO; harglarina ait egilme dayanimi/basing
dayanimi oranlar1 sirasiyla; 0.10-0.20, 0.11-0.16, 0.12-0.17, 0.16-0.19, 0.14-0.19
araligindadir. Bu sonuglar mineral katki ikamesinin egilme dayanimi/basing dayanimi
oranlarindaki degiskenligi azalttigin1 gostermektedir. Portland ¢imentosu ile iiretilen beton
icin egilme dayanimi/basing dayanimi oranmmin yaklasik 0.11-0.23 arasinda degistigi
bilinmektedir [69]. Caligma kapsamindaki KAC ve mineral katkili har¢larin tim egilme
dayanimi/basin¢ dayanimi oranlarmin 0.10-0.20 arasinda kaldig1 ve Portland ¢imentosu ile
iiretilen betonlarla benzerlik gosterdigi tespit edilmistir.  Asinma kaybi ile basing ve egilme
dayanimlar1 arasindaki 28. giin sonuglarina gore elde edilen iliskiler Sekil 11°de verilmistir.
Beklendigi iizere aginma kaybi ile egilme dayanimi arasinda giiclii negatif bir korelasyon séz
konusudur. Ancak bazi aragtirmacilar [59], [70], [71] basin¢ dayanimu yiiksek olan Portland
¢imentolu beton karigimlarinin asinma dayaniminin da yiiksek oldugunu bildirmelerine
ragmen, bu ¢alismada asinma kaybi ile basing dayanimi arasinda herhangi bir iliski tespit
edilememistir. Bu sonug, ilk 28 giinde KAC’da meydana gelen faz degisimlerinin egilme
dayanimindan ziyade basing dayaniminda daha etkili oldugunu gostermektedir. Basing
dayanimi numunenin tiim kesitine etki eden gerilme iizerinden belirlenirken, egilme
dayanimi numunede tek bir noktada olusan gerilme iizerinden hesaplanmakta (ii¢ noktali
egilme deneyi igin) ve bu nedenle faz doniistimlerinin basing dayanimi iizerindeki etkisinin
daha baskin olabilecegi diistiniilmektedir. Ayrica numunelerdeki olusabilecek mikro
catlaklar; basing gerilmeleri etkisinde kapanma egiliminde oldugundan, basing dayanimi
iizerindeki etkisinin, egilme dayanimi ve asmmma kaybina kiyasla daha az oldugu
degerlendirilebilir. Diger bir ifadeyle; mikro ¢atlaklarin egilme dayaniminda olusacak ¢ekme
gerilmesinin biiylikliigline ve asinmada olusacak parga kopmalarina etkileri nedeniyle, basing
dayanimina kiyasla egilme dayanimi ve aginma kaybi iizerinde daha etkili oldugu seklinde
yorumlanabilir.

Bir bagka g¢alismada yukaridaki hipotezi giiglendirecek bulgular su sekilde sunulmustur:
Asmma-egilme dayanimi iligkisinin, egilme-basing dayanimu iliskisinden daha kuvvetli
oldugu bildirilmistir [65]. Bu sonug yazarlar tarafindan su sekilde agiklanmigtir: Malzemede
olusan par¢a kopmalarinin (asinma) genellikle gekme dayaniminin ya da gekme birim uzama
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kapasitesinin asilmasindan dolay1 oldugu, ancak basing durumunda ise boyle bir durum s6z
konusu olmadig1 ve bu durumun asinma ile egilme dayanimi arasinda daha kuvvetli bir
iliskinin elde edilmesini sagladig1 degerlendirilmistir.

Ozet olarak, egilme dayanimi ve asinma kayb1 benzer davranis gosterirken basing dayanimi
ile asinma kaybi arasinda net bir iliski elde edilememistir. Ancak s6z konusu hipotezleri
gliclendirmek i¢in daha genis kapsamli ¢aligmalara ihtiya¢ vardir.

® Asinma-Basing ) Asinma-Egilme

Basing dayanimi (MPa)
3

0.60 0.70 0.80 0.90 1.00
Asinma kaybi (g/cm?)

Sekil 11 - KAC ve mineral katkili harglarin aginma kaybi ile basing ve egilme dayanimlari
arasindaki iliski

4. SONUCLAR
1) Taze hal deneylerinin sonuglar1 degerlendirildiginde;

- SiO; katkili harclarin diger harglara kiyasla daha fazla yayilma davranisi gosterdigi, daha
akict kivama sahip oldugu ve prize daha ge¢ baslayip daha geg bitirdigi belirlenmistir. Bu
bulgular dikkate alindiginda, SiO, katkili kalsiyum aliiminat ¢imentolu harclarin saha
uygulamalarinda, zemin tesviye betonu olarak kullanimi baglaminda diger harglara kiyasla
en elverisli yapida oldugu diisiiniilmektedir.

- CaSOy katkili harglarin ise daha yogun ve viskoz yapiya sahip olmasi, ayni zamanda prize
daha erken baslayip daha erken bitirmesi g6z Oniine alindiginda; tamir, onarim harci,
yapistirict gibi hizli servise sokulmasi gereken uygulamalarda en etkili segenek oldugu
sonucuna vartlmstir.

2) Katk tiirti, katki dozaj1 ve zaman etkileri altinda basing dayanimlarinda asagidaki gibi
sonuglar elde edilmistir.

- Referans KAC harcinin basing dayanimi 3. giinde en yiiksek degere ulasmistir, ancak 400.
giindeki basing dayanimi, 3. glindeki degerine gore %47 oraninda diistiktiir.

- Katkili harglarin basing dayanimlari, 28 giine kadar siirekli artig gostererek 62-73 MPa
seviyelerine ulagsmasina ragmen, bekleme siiresi uzadikg¢a “%8 Si0,”, “%16 Si0,” ve “%30
CaS0y” katkili harglarin basing dayanimlarinda sirasiyla %27, %12 ve %9 mertebelerinde
azalma meydana gelmistir. Ancak %50 CaSO; iceren harcin basing dayaniminda bekleme
stiresinin daha da artmasiyla diisiis olmadig tespit edilmigtir (62 MPa).
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- 400. giinde ytiksek mineral katkili harglarin (%16 SiO, ve %50 CaSO,) diisiik mineral
katkilt harglara (%8 SiO, ve %30 CaSO,) kiyasla, basin¢ dayanimi degerleri %8-9 daha
yiiksektir. Katkili harglarin (%8 SiOa, %16 Si0,, %30 CaSO4 ve %50 CaSO4) 400. giindeki
basing dayanimlari, katkisiz referans KAC harcina gore sirastyla %35, %46, %44 ve %57
mertebelerinde daha yiiksektir. Her iki katkinin da uzun vadeli basing dayaniminda (bu
calisma i¢in 400 giine kadar) doniisim kaynakli basing dayanimi kaybini 6nlemede etkili
oldugu sonucu elde edilmistir.

3) Asinma deneyi sonuglarina gore; referans KAC harcina kiyasla, %8 SiO; ve %50 CaSO4
katkili harglarin aginma kaybi degerlerinin sirasiyla, %9 ve %32 daha diisiik oldugu tespit
edilmistir. CaSO4 katkili harglar, SiO, katkili harglardan daha diisiik asinma kaybi
degerlerine sahiptir. Ote yandan katki dozaji artisiyla; SiO, katkili harglarda asinma kayb1
artarken, CaSOy katkili har¢larda azalmaktadir.

4)Asmma kaybi ile egilme dayanimi arasinda giiglii negatif korelasyon tespit edilmis, ancak
asimma kaybi ile basing dayanimi arasinda belirgin bir iligki gdzlenmemistir.
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Calismada, 2018 Tiirkiye Bina Deprem Y&netmeligi’nde (TBDY) plastik donme agisini esas
alan performans diizeyleri, ASCE/SEI 41-17’deki asilma olasilig1 esaslt kolon hasar sinirlari
ile karsilastirilarak degerlendirilmistir. Bunun i¢in enkesit boyutu, eksenel kuvvet diizeyi,
kesme etkisi, sargi/boyuna donat1 orani ve beton dayanimi bakimindan farkli 6zelliklerde
4725 kolon oOrnegine ait karakteristik plastik donme acilart igin sayisal kargilagtirmalar
yapilmistir. Enkesit boyutu, eksenel kuvvet diizeyi ve sargi orani, TBDY ve ASCE
yaklagimlar1 arasinda onemli farklarin olugmasina sebep olan parametreler olmustur.
TBDYye gore elde edilen performans diizeyleri, incelenen elemanlarin biiyiik boliimii i¢in
ASCE’de 6ngoriilen olasiliksal risk diizeylerini saglamistir. Ancak, 6zellikle TBDY-2018
kosullarin1 saglamayan elemanlar igin ASCE’deki sinirlarin ¢ok asilabildigi ve belirli
Ozellikteki elemanlarda asirt giivenli sonuglar elde edilebildigi belirlenmistir.
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ratio, longitudinal reinforcement ratio and concrete strength. Cross-section size, axial load
ratio and confinement ratio were the parameters that caused significant differences between
the BECT and the ASCE approaches. The performance levels obtained from the BECT
fulfilled the probabilistic risk levels stipulated in the ASCE for the majority of the
investigated elements. However, it has been determined that the risk limits in the ASCE can
be exceeded especially for the elements non-compliant with the BECT-2018 and extremely
safe results can be obtained for certain elements.

Keywords: RC column, seismic performance level, plastic rotation angle, probability based
damage limit.

1. GIRiS

Yaklagik 25 yil once gelistirilmeye baglanan performans esasli deprem miihendisligi
yaklagimi giiniimiizde olduk¢a yayginlasmis ve birgok iilkenin deprem yonetmeliklerinde
genis yer bulmaya baslamistir. ilk donemlerde mevcut binalarin deprem giivenliklerinin
belirlenmesi ve giiclendirme ihtiyaglarinin degerlendirilmesi amaciyla kullanilan bu
yaklasim bugiin tasarim amaciyla da kullanilmaktadir. Ozellikle Tiirkiye’de yiiksek binalarin
ve deprem riski yiiksek bolgelerdeki 6zel 6neme sahip binalarin tasariminda performans
esasl yaklagimlarin kullanilmasi zorunlu hale gelmistir [1]. Performans esasli yaklagimlar
temel olarak belirli bir deprem etkisi altindaki binada sekildegistirme taleplerinin
belirlenmesine ve bunlarin ¢esitli hasar diizeylerini temsil eden sinir degerleri ile
kargilagtirilmasina dayanmaktadir [2-4]. Bu yaklasimda, deprem taleplerinin ve performans
diizeyinin degerlendirilmesinde kullanilacak ve hasar diizeyini temsil edecek sekildegistirme
parametresi ¢ok bilyiik 6nem arz etmektedir. Bugiin bu konuda yiiriirliikte olan standartlarda
hasar  diizeylerini  degerlendirmede eleman uclarindaki  beton/donati  birim
sekildegistirmeleri, teget-kiris (chord) donme acis1 ve plastik donme agis1 gibi biiyiikliiklerin
kullanildig1 goriilmektedir [1,5,6]. Bu biiyiikliikler genel olarak birbiriyle iliskili ve temel
mekanik prensipleri cergevesinde belirlenebilen biiyiikliklerdir. Ancak betonarme
elemanlarin deprem davranisinin ¢ok sayida parametreye gore degiskenlik gdstermesi
nedeniyle soz konusu biiyiikliiklerin deneysel ¢alismalarla desteklenmesi gerekmektedir.
Eurocode 8 [5]’de esas alinan teget-kiris agisi ve ASCE standartlarinda [6-8] esas alinan
plastik donme agis1, deneysel ¢alismalardan elde edilebilen biiyiikliikler oldugu i¢in bunlar
oldukca genis kapsamli deneysel veri tabanlarina dayandirilmistir. Buna karsilik, beton ve
donat1 birim sekildegistirmelerinin deneysel ¢alismalardan elde edilmesindeki zorluklar
nedeniyle, bu parametrelere ait kriterler yeterli deneysel veritabani ile dogrulanmasi
yapilamadan daha ¢ok mekanik prensiplerine dayandirilmaktadir.

Tiirkiye’de ilk olarak 2007 deprem yonetmeliginde (TDY-2007 [9]), mevcut betonarme
binalarin degerlendirilmesi ve gliglendirilmesi amaciyla yer verilen performans esasl
yontemlerde, hasar diizeyi kontrol parametresi olarak beton ve celik(donat) birim
sekildegistirme degerlerinin kullanilmas1 Ongorillmistiir. Hasar diizeylerinin  birim
sekildegistirme talepleri {izerinden degerlendirilmesi yaklasimi igin Priestley ve Calvi [10]
ile Priestley ve Kowalsky [11] tarafindan direkt deplasman esasl tasarim cercevesinde
onerilen smir durumlarindan yararlanilmistir. TDY-2007°deki yaklagimda, yigili plastisite
(plastik mafsal veya dogrusal olmayan yay gibi) kabulii ile yapilan analizlerden elde edilen
plastik donme talepleri, enkesit moment-egrilik iliskilerinden yararlanarak birim
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sekildegistirme taleplerine donistiiriilmektedir. Bu agamada enkesit analizleri i¢in detayli
malzeme (sargili/sargisiz beton ve peklesmeli donatt modeli) modelleri ve belirli bir plastik
mafsal boyu kabulii kullanilmaktadir [9]. Esasen birim sekildegistirme talepleri yayili
plastisite yaklasimlari ile enkesit analizine gerek kalmadan dogrudan belirlenebilse de bu
analizlerin zorlugu ve ilgili araglarin yetersizligi nedeniyle TDY’de y181l1 plastisite yaklagimi
one ¢ikarilmustir. Ongoriilen prosediirde eksenel kuvvet ve sargilama durumunun hasar
sinirlari tizerindeki etkileri moment-egrilik iligkileri ile biiyiik 6l¢iide gézoniine alinmakla
birlikte, donat1 burkulmasi ve histeretik etkiler (dayanim ve rijitlik azalmast vb.) birim
sekildegistirme kapasitelerinde getirilen kisitlamalar ile dolayli olarak dikkate alinmaya
caligtlmistir [11]. Ancak kesme kuvvetinin ve donati detaylarindaki g¢esitli yetersizliklerin
hasar diizeylerine etkileri ihmal edilmistir. Sucuoglu ve Acun [12], TDY-2007’de 6ngoriilen
hasar smurlarini, diisiik eksenel kuvvet ve kesme kuvveti etkisindeki betonarme kolonlar
iizerinde gergeklestirilen deneysel gozlemlerle karsilastirarak degerlendirmistir. Sargi
donatist bakimindan yonetmelik ile uyumlu ve yetersiz iki grup iizerinde yapilan
kargilagtirmalar sonucu, yonetmelikte ongdriilen hasar sinirlarmin giivenli tarafta kaldigi ve
deney sonugclar1 ile uyumlu oldugu gosterilmistir [12]. Kazaz ve Giilkan [13], stinek perde
elemanlar igin gerceklestirdigi calismada, deneysel sonuglara goére kalibre edilen sonlu
eleman modelleri kullanarak belirlenen birim sekildegistirme talepleri ile enkesit analizinden
elde edilen birim sekildegistirme kapasitelerini karsilastirmustir.  Donati  birim
sekildegistirmelerinde benzer sonucglar elde edilirken, beton birim sekildegistirmelerinde
sonuglarin ¢ok degisebildigi gosterilmistir. Ayni ¢alismada, incelenen perde elemanlarda
yonetmelikteki sargi kosullart saglanmasina ragmen TDY-2007"deki birim sekil degistirme
kapasitelerinin Ozellikle kesme kuvveti diizeyi arttikca oldukga gilivensiz tarafta kalan
sonuglar verdigi rapor edilmis ve birim sekildegistirme sinirlarinin kesme kuvveti diizeyine
bagli olarak giincellemesi Onerilmistir [13]. Sonlu eleman modelleri ile enkesit analizi
sonuglarmnin benzer cergevede karsilastirildigi bir diger ¢alisma Ozdemir vd. [14] tarafindan
kolonlar iizerinde yapilmistir. Calismada, plastik mafsal bolgelerindeki ortalama beton ve
donat1 birim sekildegistirmelerinin belirlenmesinde iki yaklasimin biribiriyle oldukca
uyumlu sonuglar verdigi gosterilmistir. Ancak 6zellikle yiiksek eksenel kuvvet etkisindeki
kolonlarda TDY-2007’deki beton birim sekildegistirme sinirlarinin giivensiz sonuglar
verebildigi rapor edilmistir [14].

2018 yilinda yiirtrlige giren Tirkiye Bina Deprem Yonetmeliginde (TBDY-2018 [1])
onemli bir degisiklige gidilerek hasar kontrol parametresi ile ilgili biiytiklik, taleplerin
belirlenmesinde kullanilan analiz yaklagimina baglanmistir. Buna gore, hasar smirlarimin
birim sekildegistirmelerle Ol¢iilebilmesi i¢in taleplerin de fiber model veya sonlu eleman
modeli analizi gibi dogrudan birim sekildegistirmelerin belirlenebildigi yayili plastisite
yaklagimlarinin kullanilmasi zorunlu hale getirilmistir. Buna alternatif olarak da enkesit
analizine dayali yigili plastisite yaklasimlar1 (plastik mafsal vb.) ile hasar
degerlendirmelerinin plastik donme acis1 iizerinden yapilmasi Ongdriilmiistiir. Her iki
durumda da performans diizeylerine ait hasar sinirlar1 icin TDY-2007’de oldugu gibi beton
ve donati birim sekildegistirme sinirlari referans alinmigtir. Yeni getirilen plastik donme agisi
ile degerlendirmede, plastik mafsal hipotezi ve kesit moment-egrilik iliskilerinin kullanildig:
mekanik prensiplerine dayanan yaklasim benimsenmistir. Ancak plastik donme
kapasitelerinin hesabinda donati siyrilmasindan kaynaklanan donme degerlerini de g6zoniine
almak amaciyla Biskinis [15] ve Fardis [16]’de 6nerilen amprik ifadelerden yararlanilmustir.
TBDY-2018’de ayrica, mevcut binalarda karsilasilabilecek donati detay: yetersizliklerinin
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ve yiksek kesme kuvvetinin hasar diizeyleri {izerindeki etkileri de basitlestirilmis sekilde
g6zOniline alinmaya baslanmistir [1]. Cansiz vd.[17] kolonlar iizerinde gerceklestirilen
deneysel bir ¢aligma kapsaminda, TBDY-2018’de plastik donme kapasitesi i¢in dngoriilen
yaklasimi degerlendirmistir. Donat1 burkulmasi ve sargili beton ezilmesi gibi dayanim
azalmasina sebep olan hasarlar referans alinarak yapilan degerlendirmelerde, TBDY-2018’de
ongoriilen plastik donme kapasitelerinin genel olarak giivenli oldugu, ancak eksenel yiik
diizeyi yonetmelik st simirma yaklastiginda giivensiz durum olusabildigi rapor edilmistir
[17]. Deger ve Basdogan [18], TBDY-2018’deki yigili plastisite yaklagimmin belirli
ozellikteki betonarme perde elemanlarda kullanimma yonelik olarak, genis kapsamli
deneysel veri tabanina dayanan bir ¢alisma gergeklestirmistir. Perdelerin deneysel i¢ kuvvet-
sekildegistirme bagmtilarinin istatistiksel olarak degerlendirildigi calismada, eksenel yiik ve
kesme kuvveti diizeyine bagl olarak karakteristik modeleme parametreleri ve performans
diizeyleri igin hasar sinirlar1 dnerilmigtir [18].

ABD sismik degerlendirme standartlarinda diger standartlardan farkli olarak, yapisal eleman
tirleri (kolon, kiris vb.) i¢in tersinir tekrarli yiikler altindaki i¢ kuvvet-sekildegistirme
davranisini temsil eden karakteristik modelleme parametreleri dnerilmekte ve performans
diizeylerini temsil eden hasar sinirlart bu parametreler iizerinden tanimlanmaktadir [6-8].
Kolonlar i¢in Sekil 1°de sematik olarak gosterildigi gibi, egilme ve eksenel kuvvet tagima
kapasitelerine ait karakteristik smirlar esas alinarak tanimlanan moment-dénme (M-0)
bagintilar1 kullanilmakta ve bu sinirlar mevcut deneysel veri tabanlarindan istatistiksel olarak
belirlenmektedir. ABD standartlarinin  2017°den 6nceki versiyonlarinda [7,8], M-6
bagmtilarina ait karakteristik donme agilar1 igin deneysel sonuglara ait dagilimlardan elde
edilen alt smir degerlerinin esas alinmasi benimsenmistir (Sekil 1a). Boylece medyan
degerlere gore olusabilecek en biiyilk sapmalarin goz oniine alinmasi ve gilivenli tarafta
kalinmasi amaglanmistir. Cesitli deneysel ve sayisal ¢alismalarda, ASCE 41-06 [7] ve ASCE
41-13[8] versiyonlarina gore elde edilen kolon modelleme parametrelerinin oldukga giivenli
sonuglar verdigi gosterilmistir [12,14,19]. Ancak, s6z konusu parametrelere gore belirlenen
performans diizeylerinin ger¢ceklesme olasiliklarinin ¢ok degisken olmasi ve birgok durumda
asir1 giivenli sonuglar vererek olumsuz giliglendirme kararlarina sebep olmasi nedeniyle,
ASCE 41-17’deki yaklasim gelistirilerek kolonlar i¢in belirli asilma olasiliklarinin esas
alindig1 modelleme parametreleri ve performans diizeylerinin kullanimina gegilmistir [6,20-
22]. Yeni yaklasimda, modelleme parametreleri i¢in deneysel verilere dayanan regresyon
bagmtilar1 gelistirilmis ve bu bagint1 degerleri ile deneysel sonuglar arasinda olusan hatalarin
(farklarin) kiimiilatif dagilimlari esas alinarak, hedeflenen asilma olasiliklarina bagh
modelleme parametreleri ve performans diizeyleri gelistirilmistir (Sekil 1b). Pratikte,
deneysel sonuglara gore gilivensiz durum olugma olasiligini ifade eden asilma olasiliklarinin
kullanimu ile hem performans degerlendirmelerinde asir1 giivenli sonuglardan kaginilmasi
hem de sinirli sayida test sonuglarina dayanan durumlar igin riskin kontrol altinda tutulmasi
hedeflenmistir. Eyitayo ve Elwood [23]’da, ASCE’deki eski ve yeni yaklasim, ACI 369 [24]
veri tabanindaki siinekligi yetersiz kolonlar i¢in karsilastirmali olarak degerlendirilmistir.
S6z konusu ¢aligmada [23], ASCE 41-17°de dnerilen yeni yaklasim ile dnceki versiyonlarda
ozellikle yiiksek kesme kuvveti etkisindeki elemanlarda karsilasilan agir1 giivenli sonuglarin
daha makul diizeye geldigi ve modelleme parametrelerinin beklendigi gibi, test sonuglarinin
medyan degerleri ile oldukg¢a uyumlu oldugu gosterilmistir.

Yapisal elemanlarla ilgili deneysel veri tabanlarinin zenginlesmesiyle, hasar kontrolii
amaciyla kullanilan biiyikliikler i¢in ¢ok parametreli regresyon bagintilarinin kullanimi
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yayginlasmaktadir. Bununla birlikte Onerilen bagintilarin halen deneysel sonuglarla
korelasyonlarinin ¢ok diisiik oldugu ve bu nedenle bazi durumlarda giivensiz sonuglar elde
etme olasiliginin yiiksek olabildigi goriilmektedir [15,22,25]. Bu baglamda, TBDY 2018’de
yer alan ve diger standartlardan 6nemli Olciide farkliliklar iceren yeni yaklagimlarin da
dogrudan deneysel veri tabanlari ile veya veri tabanlarina dayanan sayisal yaklasimlarla
degerlendirilmesi biiyiik 6nem arzetmektedir.

A
Egilme kapasitesi __

St medyan . o
g Egilme kapasitesi ve eksenel
< kapasiteye ait donme acilar icin
% alt smur; o deneysel sonuglarn dagilunlar
g medyan
= Eksenel kapasite

(gdcme) sinirt

alt sinr

! i Artik kapasite

Dénme (0)

(a) ASCE 41-17 éncesi versiyonlarda esas alinan yaklagim

,,,,,, Egilme kapasitesi ve eksenel kapasiteye ait
. hata donme acilan icin hata kiimiilatif dagilimlar

(hata=deneysel deger-gelistirilen baginti degeri)

1.0
0.5

Egilme kapasitesi
sinirt

Moment (M)

Eksenel kapasite
(gogme) s >

i Artik kapasite

Dénme (0)

(b) ASCE 41-17 versiyonunda esas alinan yaklasim

Sekil 1 - ASCE de kolonlar igin kullanilan karakteristik modelleme parametreleri

Bu ¢alismada, TBDY-2018’de plastik donme agisini referans alan performans diizeylerinin
(hasar smnirlarinin), ASCE/SEI 41-17de kolonlar igin Onerilen asilma olasilif1 esash
performans kriterleri ile karsilastirilarak degerlendirilmesi amacglanmigtir. Bunun igin,
enkesit boyutlari, eksenel kuvvet diizeyi, kesme etkisi, sargi donatisi orani, boyuna donati
orani ve beton dayanimi bakimindan farkli 6zelliklerdeki kolon 6rnekleri iizerinde TBDY ve
ASCE yaklasimlarindan elde edilen karakteristik plastik donme acilar1 karsilastirilmustir. iki
standartdan elde edilen sonuglar arasinda énemli farkliliklara yol agan parametreler ortaya
konmustur. Ayrica, deneysel verilere dayanan ASCE yaklasiminda, gesitli hasar diizeyleri
icin verilen olasiliksal sinirlar referans alinarak, TBDY deki performans kriterlerinin risk
diizeyleri degerlendirilmistir.
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2. TBDY-2018 PERFORMANS DUZEYLERI

TBDY-2018’¢ gore mevcut ve yeni yapilacak yapilarin performans degerlendirmesinde
onemli farkliliklar bulunmakla birlikte, genel olarak {i¢ temel performans diizeyi
tantmlannustir. Bunlar Sinurli Hasar (SH), Kontrollii Hasar (KH) ve Gogmenin Onlenmesi
(GO) performans diizeyleridir. Bu performans diizeyleri, taleplerin belirlenmesinde
kullanilan analiz yontemine bagli olarak dogrudan beton ve donatt birim
sekildegistirmelerine gore veya eleman ucundaki plastik donme agilarina gore
belirlenebilmektedir. Bu biyiikliikler i¢in yonetmelikte Ongoriilen performans diizeyi
sinirlart Tablo 1’de verilmistir. Bu c¢aligmada, plastik donme agilarina ait sinirlarin
degerlendirilmesi amaglandigindan sadece onlara ait agiklamalara yer verilmistir.

Tablo 1 - TBDY performans diizeylerine ait birim sekildegistirme ve plastik donme sinirlari

Performans diizeyleri

Hasar kontrol Stmirlt Hasar Kontrollii Hasar Gb'gmgnin Onlenmesi

parametresi (SH) P. diizeyi (KH) P. diizeyi (GO) P. diizeyi

2"/ &M 1657 | () 1 /05t (e£°/ €£°/65°)

- Beton 0.0025 0.75*5?0 0.0035 + 0.04,/w,,, <0.018 (Dikd.tirtgen ke.sit)

Birim (€0) 0.0035 + 0.07,/w,, <0.018 (Dairesel kesit)
sekildegistirme [ Donatt -
(&) 0.0075 0.75%80 0.40%gg,
Plastik dénme (6,) 5 2 L,
oy 0 0.75%950 s [(¢u — Ly (1 - o.sL—) + 4.5¢udb]

Tablo 1’de; &, boyuna donati kopma birim uzamasini, L, enkesitin egilmeye c¢alisan
yiiksekliginin yarisi olarak alinan plastik mafsal boyunu, Ls kesme ac¢ikligini, dy kesitteki
ortalama donati gapini, ¢y kesitin akma egriligini, ¢y GO sinir durumuna ait beton veya donat
sinir birim sekildegistirmesine goére belirlenen maksimum egriligi ifade etmektedir. w,,,
betondaki sargi etkisini ifade eden katsayidir ve (1) bagintis1 ile belirlenmektedir.

f,
— yw
Wye = O(sepsh,min? (1)

Burada, ag. (2) bagintisi ile belirlenen sarg1 donatisi etkinlik katsayisini, psmin dikdortgen
enkesit i¢in (3) bagintisi ile belirlenen iki yatay dogrultudaki hacimsel enine donati oraninin
kiiciik olanini, fy enine donatinin akma dayanimini, f. sargisiz beton basing dayanimin
gostermektedir.

= (1-3k) (150 (1-3) @
psn = 52 3)
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(2) ve (3) bagntilarinda; s enine donati araligini, b, ve h, sargi donatisi eksenlerinden dl¢iilen
sargili beton boyutlarin, a; etriye kolu veya ¢iroz tarafindan mesnetlenen boyuna donatilarin
eksenleri arasindaki uzakligi, Aq enine donati alanini ve by enine donatrya dik dogrultudaki
cekirdek boyutunu (en distaki enine donati eksenleri arasindaki uzaklik) géstermektedir.

TBDY’ye gore SH performans diizeyinin saglanabilmesi i¢in eleman ucunda plastik donme
olusmamast sart: bulunmaktadir. KH performans diizeyi, GO performans diizeyine ait plastik
donmenin ¥ { alinarak belirlenmekte, boylece ileri plastik sekildegistirmelerin sinirlanmasi
ve elemanlarm onarilabilir kalmas1 amaglanmaktadir. GO performans diizeyi ise elemanin
egilme kapasitesinde dnemli bir azalmanin olugmasini engellemek amaciyla kesiti olusturan
malzemelerin birim sekildegistirme kapasitelerine gore belirlenen bir sinir1 ifade etmektedir.
Bu smir plastik donme degeri, detayli malzeme modelleri ile hazirlanmis kesit moment-
egrilik bagintist iizerinden smir birim sekildegistirme degerlerine (£5°,£80) bagh olarak
belirlenir. Beton ve donati birim sekildegistirmelerinden GO sinirin1 tanimlayan ¢, egriligine
gecis Sekil 2°de sematik olarak gosterilmistir.
Betonda veya donatida Gécmenin Onlenmesi
smir durumuna ilk ulagildigi egrilik degeri Sargili beton modeli

Moment (M) \
Eksenel basing kulvveti (N) : sabit o . -}~
......... Gergek | o

——Ideallestirilmisg

veya

Donati modeli

G, 4 ETE

pEgrilik (¢)

Sekil 2 - TBDY-2018'de Gégmenin Onlenmesi (GO) simrina ait egriligin belirlenmesi

Sekil 2’de M, enkesit akma momentini, N kolondaki eksenel basing yiikiinii, o ve o, sirastyla
beton ve donatidaki gerilmeleri ifade etmektedir. My akma momenti i¢in TBDY’deki tanim
esas alinmistir. Buna gore 0.0035°1ik beton birim kisalmasi veya 0.01’lik donat1 uzamasina
karsilik gelen moment degeri kullanilmustir. () egriliginden plastik dénme agisina (6,99)
gecis icin plastik mafsal hipotezi ¢ergevesinde temel mekanik prensipleri kullanilmaktadir.
Ancak tersinir tekrarlt yiiklerden kaynaklanan donati siyrilmasinin etkisi de amprik bir ifade
ile plastik donme agisina eklenmektedir (Tablo 1). TBDY-2018de, mevcut yapilarin
performans degerlendirmesinde yeni yapilacak yapilardan farkli olarak, kesme kuvvetinin
belirli diizeyi astig1 durumlarda Tablo 1’de verilen plastik donme agis1 sinirlarinda belirli
oranda azaltma uygulanmaktadir.

3. ASCE/SEI 41-17 KOLON MODELLEME PARAMETRELERIi VE
PERFORMANS DUZEYLERI

ASCE’de kolonlarin tersinir tekrarli yiikler etkisindeki davranist i¢in Sekil 3’deki
karakteristik 67, 9},’ ve ¢ modelleme parametreleri ile tanimlanan moment-dénme bagintilar
kullanilmakta ve performans diizeylerine ait sinirlar bu bagint1 esas alinarak verilmektedir
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[6]. Bu bagintida, 87 eclemanin egilme (yatay yiik) kapasitesinde Onemli azalmalarin
basladig1 plastik donme agisini, 9},’ elemanin diisey yiik tasima kapasitesini kaybettigi
(eksenel gégme) plastik donme agisini, ¢ ise eksenel gdogme kapasitesine ulasmis elemandaki
kalan (artik) egilme kapasitesi oranini ifade etmektedir. ASCE’deki bu parametreler, eksenel
kuvvet diizeyi, kesme kuvveti diizeyi, sargt donatisi orani ve malzeme 6zellikleri bakimindan
farklilik gosteren dikdortgen ve dairesel enkesitli kolonlara ait deneysel veri tabanina
dayanarak belirlenmistir [20,21,24,26]. 1lgili ¢aligmada, deneysel yatay yiik-yatay
yerdegistirme verilerinden plastik donme agisina gegmek igin plastik mafsal yaklagimi esas
alinmustir [20]. 67 agis1 i¢in kolonun maksimum egilme (yatay yiik) dayanimi sonrast %20
azalmaya karsilik gelen plastik donme degeri ve 9},’ acist icin ise kolonun eksenel kuvvet
(yik) tasima kapasitesinin sonlandig1 plastik donme degeri esas alimmistir. Mevcut test
verileri iginde eksenel kuvvet tagima kapasitesinin rapor edilmedigi veya deneyin daha erken
sonlandirildigi durumlarda, maksimum egilme dayanimi sonrasi %75 azalmaya karsilik
gelen plastik donme agilari eksenel gogmenin baslangici olarak kabul edilmistir [20].

(M/My) 10
—

A

1.0

IC » Donme (0)

»
>

-

Sekil 3 - ASCE 41-17 kolon moment-donme bagintist i¢in modelleme parametreleri ve
performans diizeylerine ait plastik donme agilar [6]

Tablo 2 - ASCE 41-17 modelleme parametreleri ve performans diizeyi simirlari [2]

Performans diizeylerine ait plastik donme
Moment-Dénme bagintisina ait karakteristik degerler acilari (rad)
(modelleme parametreleri)
(Aderans yetersizligi bulunmayan dikdortgen enkesitli
elemanlar igin)

Hemen Can Gogme
Kullamm p. | Giivenligi p. Onleme p.
diizeyi (9;,0) diizeyi (9',;5 ) | diizeyi (05’7 )

6 (rad) | 0.042 — 0.043- + 0.63p, — 0.023: > 0.0
N . N1 f,
ESO.S 1s¢ 05/(5*@;7) 0.01 0 ls*ga
b N . . . . » b b
6y, (rad) 0.5<E<0.115e lineer interpolasyon <0.005 0.5*6, 0.7*6,
AL 0.7 ise 0
c 0.24-0.40-"-> 0.0
‘;—yz 0.2; ANf >0.1; 0.0005< p, <0.0175 ve 0},’ > 07 olmalidir
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Ilgili ¢alismada [20], testlerden elde edilen 6,* ve 6,” degerleri igin sargi, eksenel kuvvet,
kesme kuvveti oran1 ve malzeme Ozelliklerini igeren lineer regresyon bagintilari elde
edilmistir. Regresyon bagintilar1 ile deneysel sonuglarin farki igin hazirlanan kiimiilatif
dagilimlar esas alinarak, 6,° ve 6,” parametrelerinin deneysel degerlere gore asilma (giivensiz
durum olusma) olasiliklar1 %50 ile sinirlandirilmistir (Sekil 1b). ASCE 41-17°de dikdortgen
enkesitler icin ongoriilen modelleme parametreleri ve performans diizeylerine ait plastik
donme acilar1 Tablo 2’de verilmistir. Bu bagintilar donati detaylar1 nedeniyle aderans
yetersizligi bulunmayan elemanlara ait olup, aderans yetersizlikleri bulunan elemanlar ve
dairesel olan enkesitler i¢in farkli bagmntilar 6ngorilmiistiir [6].

Tablo 2°de; A, briit enkesit alanini, Vy akma (plastiklesme) momentine karsilik gelen kesme
kuvvetini gostermekte ve kesit akma momentinin (My) kesme agiklig1 Ls’ye boliinmesi ile
belirlenmektedir. Akma momenti i¢in TBDY-2018’deki tanim kullanilmistir. p; gézoniine
alman dogrultudaki enine donati oranin1 géstermekte ve b enkesit genigligi olmak tizere (4)
bagintist ile belirlenmektedir.

pt= Aa/bs @)

V: kesitin kesme kuvveti tagima kapasitesini gostermekte ve (5) bagntist ile
belirlenmektedir.

_ Ashfyd 0.5/fc N
Vo= Ko [otgor (2229 4 A(M/Vd 14t Jf_) 0.8ACJ )

Burada ku deplasman siinekligi talebine bagli katsayidir, calismada 1.0 alinmustir. d enkesit
faydali yiiksekligini, oo enine donatinin etkinligini ifade eden katsayidir (s/d <
0.75 ise 1.0,s/d = 1.0 ise 0 alinir, ara degerler i¢in dogrusal interpolasyon uygulanir). A beton
Ozelligini ifade eden katsayidir, hafif beton i¢in 0.75, normal beton i¢in 1.0 alinmaktadir.
M/Vd, kesite etkiyen momentin, kesme kuvveti faydali yiikseklik carpimima oranini
gostermektedir (ASCE’ye gore 2 <M/Vd< 4 olmalidir) [6].

Egilme dayaniminda 6nemli azalmanin bagladig1 karakteristik sinir1 ifade eden 6, agisinin,
malzeme 6zellikleri ile birlikte eksenel kuvvet diizeyi, sargi orani ve kesme kuvveti diizeyine
bagli oldugu, eksenel gdgmeye karsilik gelen 6, agisinin ise malzeme 6zellikleri ile birlikte
eksenel kuvvet diizeyi ve sargi oranina bagli oldugu goriillmektedir (Tablo 2). ASCE’de
%50’lik asilma olasiligina karsilik gelen modelleme parametlerinmn yam sira 6,° ve 6
donme agilarmin %10, %25 ve %40’lik asilma olasiliklarini saglamalart igin bu
parametrelere uygulanmasi gereken katsayilar da verilmistir (Tablo 3)[6]. Bu katsayilar ile
farkli risk diizeyleri i¢in degerlendirmeler yapilmasina olanak saglanmustir.

Tablo 3 - Farkli asima olasiliklar: i¢in modelleme parametresi katsayilart

Modelleme Asilma olasilig1 katsayist

parametresi % 40 agilma olasiligi | %25 asilma olasilig1 | %10 asilma olasilig
6," (rad) 0.80 0.62 0.47
6, (rad) 0.80 0.70 0.50
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ASCE 41-17°de, Hemen Kullanim (Immediate Occupancy-10), Can Giivenligi (Life Safety-
LS) ve Gogme Onleme (Collapse Prevention-CP) olmak iizere ii¢ performans diizeyi
tanimlanmistir (Sekil 3) [6]. 10 ile deprem sonrasi yapinin kullanimini engellemeyecek
diizeydeki hasar diizeyi ifade edilmektedir. Bu sinir plastik donme agis1 6,° degerinin %151
alinarak belirlenmekte ve 0.005 rad ile sinirlanmaktadir. LS ile kismi veya toptan gdgmenin
baslangicina gore belirli bir giivenligi iceren hasar diizeyi ongdriilmektedir. CP ile ise diisey
yiiklerin tasinmaya devam ettigi ancak gécmeye karsi giivenligin kalmadigi hasar diizeyi
ifade edilmektedir. LS ve CP diizeylerine ait sinirlar, kolonun eksenel gogme sinirini ifade
eden 6, degerinin sirasiyla % 50’si ve % 70’1 alinarak belirlenmektedir. LS diizeyine ait
oran, @, agisinin %10’luk, CP diizeyine ait oran 6,° agisinin %25’lik asilma olasilig1 esas
almarak belirlenmistir [6]. Bu asilma olasiliklari ile tiim elemanlarda eksenel gégmeye karsi
risklerin kontrol altinda tutulmas1 hedeflenmistir. Yiiksek eksenel kuvvet/kesme kuvveti, cok
diisiik sargt diizeyi vb. durumlarda ecksenel kapasite ve egilme kapasitesi birlikte
sonlanabilmekte, bu durumda s6z konusu asilma olasiliklar1 ayn1 zamanda egilme kapasitesi
icin de gegerli olmaktadir.

4. PARAMETRIK SAYISAL iNCELEME

Caligsmada, kolon hasar diizeyleri iizerinde etkili olmasi beklenen enkesit boyutu, eksenel
kuvvet (yiik) diizeyi, boyuna ve enine donati (sargi) orani, kesme etkisi ve beton dayanimi
icin parametrik incelemeler yapilmistir. Parametrelere ait degiskenler hem mevcut yapilarda
karsilagilan bazi yetersizlikleri hem de TBDY-2018’e¢ uygun tasarimlari temsil edecek
sekilde secilmistir. Enkesit boyutlarinin etkisini gozlemek icin alanlar1 yaklasik ayni,
boyutlar1 1/1, 1/2 ve 1/3 oraninda olan enkesitler se¢ilmis ve dikdortgen kesitlerin hem zayif
ve hem giiglii eksendeki egilmelerini igerecek sekilde bes farkli enkesit boyutu incelenmistir
(Sekil 4). Beton basing dayanimi igin 14, 20 ve 30 MPa olmak iizere ii¢ farkli beton kalitesi
g6z0niine alinmistir. Boyuna donati i¢in kolon minimum ve maksimum donati oranlarmin
arasini temsil edecek sekilde p;=0.011, p,=0.023, p3=0.039 olmak iizere ii¢ farkl: alternatif
incelenmistir (Sekil 4, Tablo 4). Sargi etkisinin incelenmesi amaciyla, 3 farkli enine donati
uygulamasi yapilmistir. Uygulamalarin birincisinde, sadece seyrek yerlestirilmis dis etriye
kullanilarak disiik diizeyde sargi durumu temsil edilmis, diger iki uygulamada ise ¢iroz
kullanimi ve etriye Ozellikleri degistirilerek orta ve yiiksek diizeyde sargilama
olusturulmustur (Sekil 4, Tablo 4).

Diisiik ve orta diizeyde sargi durumlar1 TBDY-2018’e gore yetersiz kalirken, yiiksek diizeyde
sargl tiim yonetmelik kosullarini saglamaktadir. (N/f:A.) oraninin 0.10-0.70 arasinda degisen
yedi farkli degeri i¢in eksenel kuvvet etkisi incelenmistir. Kesme kuvveti etkisinin
incelenmesi amaciyla kesme agikligi/faydali yiikseklik (a/d) orani 3.5 ile 11.5 arasinda
degisen bes farkli durum g6zoniine alinmigtir. Bunun i¢in kolonlarin tekil yiik etkisinde
konsol sistem oldugu kabul edilerek her bir enkesit boyutu i¢in sabit birer a/d degeri elde
edilecek sekilde kolon boylari kullanilmistir. S(40/40)’lik enkesit i¢in kullanilan kolon
boylar1 Sekil 4’de gosterilmistir. Boylece her bir eleman boyutu igin farkl diizeyde kesme
etkinliklerinin incelenmesine ve farkli 6zelliklerdeki elemanlarin ayn1 diizeyde kesme etkisi
altinda karsilagtirilabilmesine olanak saglanmuistir.
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S(25/75)

-

Fes S(30/60)
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o o , $(40/40)
N R | — s0525) ' S(60/30)
=2
) ] [ ) 91 | _
v s o o s o Y ) ® 'y I e
| 25 | | 30 | | 75 | l 60 |
r |
a) Diisiik diizeyde sargt durumu (py;) i¢in donati detaylar
S(ZS‘/‘IS) 400mm
e P~
i _ S(30/60) g .
19 — S
: i L Lo | g
T i S(40/40) d=370mm El
e -t ‘ R | ; - 2
o : of| 2-lo--k -l '] g g &
! : — = el hal I
: ‘ S g g g z =
o |, e : ~ o g g :é 1‘
Ex o oo o o lo e 7 o
UG- SENE P R P B Wd=35  ad=SS5  @d=15  ald=95  ad-115
b) Orta ve yiiksek diizeyde sargi durumu ¢) S(40/40) "lik enkesitte farkli a/d
(pi2, pi3) icin donat detaylart degerleri icin kullanilan kolon boylari

Sekil 4. Enkesit boyutlari, donati detaylart ve S(40/40) lik enkesit icin kolon boylart

Tablo 4 - Kullanilan boyuna ve enine donatilar

Boyuna donati Enine donati
Kesitler | ) 3 1 2 3

Etriye | Ciroz | Etriye | Ciroz | Etriye | Ciroz

S(25/75)/S(75125) 14414 | 14420 | 14426 5¢8 5910

S(30/60)/S(60/30) 1214 | 12420 | 12426 | ¢8/200 | - #8/120 | 448 | $10/60| 4410

S(40/40) 12414 | 12420 | 12426 448 4910

Donati orami (%) p, P2 p3 Pu Po Pa
(p=A4/bh)
_ 1.10 2.30 3.90 0.07-0.20 0.33-0.50 0.98-1.57

(ptiAsh/bS)

TBDY-2018’¢ gore kesme kuvvetinin hasar sinirina etkisi sadece mevcut yapilarin
degerlendirilmesinde gbézoniine alinmakta, yeni yapilacak yapilarda bu konuda bir madde
bulunmamaktadir. Mevcut yapilarda (6) bagintisi ile tanimlanan elemandaki kesme kuvveti
orant %65’1 astiginda plastik donme acgilarina ait simnirlar bir kesme katsayisi ile

azaltilmaktadir.

Vo/bdfy (6)

173



Tiirkiye Bina Deprem Yonetmeligindeki Performans Diizeylerinin Betonarme Kolonlar ...

Burada V. elemanin kesme tasarim dayanimini, fi betonun ¢ekme dayanimimi ifade
etmektedir. Calismada V. elemanin moment tagima kapasitesinin (M,) kesme ag¢ikligina (L)
oran1 alinarak hesaplanmis, ¢cekme dayanimi fi; ise karakteristik basing dayanimina bagh
olarak TS500 [27]’den belirlenmistir. Elemandaki kesme kuvveti oranina gore hesaplanan
kesme katsayist Sekil 5°de gosterildigi gibi 0.5 ile 1.0 arasinda lineer olarak degismektedir.
Calismada incelenen elemanlardaki kesme kuvveti oranlari (a/d)’ye bagli olarak Sekil 5°de
verilmistir. Grafikten goriildiigii gibi, a/d oranmin kiigiilmesiyle TBDY’deki kesme
katsayisinin etkinligi ve uygulandigi eleman sayisi 6nemli 6lgiide artmistir (Sekil 5). Yeni
yapilacak yapilarda kesme katsayist uygulamasi bulunmamasi nedeniyle TBDY-2018
tasarim kosullarimi saglayan elemanlarda, kesme katsayisi icermeyen hasar sinirlart da
belirlenerek ASCE ile ayrica karsilastirilmistir.

13.50

Kesme katsayisi
11.50 . 1.0
9:50 B 0.5 D —
% 750 0.65 1:30 Ve/bdfce
5.50
3.50 -
1.50
0 04 0.65 038 1213 1.6 2 24
Ve/bdfu

Sekil 5 - Incelenen elemanlarda TBDY-2018 e gére kesme kuvveti diizeyinin ve kesme
katsayisinin degisimi

TBDY-2018¢e gore hasar sinirlariin hesabi i¢in gerekli moment-egrilik analizlerinde beton
ve donati i¢in yonetmelikte onerilen modeller kullanilmistir [1]. Calismada incelenen ii¢
farkli sargt durumu igin S(40/40) enkesitinde elde edilen sargili beton hesap modelleri ile
sargisiz beton modeli ve boyuna donati modeli Sekil 6’da 6rnek olarak gésterilmistir.

_ 600
foe =40MPa f;
40 [ e Pr3 £a=0045 | -
f g
[~ fee =30MP _ y
£ 30 [f-o P Pu £ 200 |17
= © £a=0.029 = B £, =420MPa
g 5 = foc =20MPa ; 2 f. =504MPa
= Pt1 T 200 £y = 0.0021
3 10 €£4=0.010 3 ‘ €n = 0.008
§ P € = 0.08
Sargisiz i
0 4 beton 0 €sy | Esh Esu _L
o 0.0035 0.02 0.04 0 0.03 0.06 0.09
Beton birim kisalmasi (g;) Donati birim uzamasy/kisalmas: (&)
a) Beton (S40/40, f,=20MPa) b) Betonarme donati ¢eligi (B420C)

Sekil 6 - S(40/40) enkesiti icin kullanilan beton ve boyuna donati hesap modelleri
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Calisma kapsaminda 5 farkli enkesit, 7 eksenel kuvvet diizeyi, 5 kesme kuvveti diizeyi, 3
sargl1 orant, 3 boyuna donat1 orani ve 3 farkli beton dayanimi i¢in yapilan kombinasyonlar
sonucunda 4725 kolon elemant olugturulmus ve ilgili beton/donati modelleri kullanilarak
moment-egrilik analizleri gergeklestirilmistir. Kesit analizleri i¢in ¢aligma kapsaminda
gelistirilen excel tabanli yazilim kullanilmigtir. p»=0.023’liik boyuna donat1 oranina sahip
S(40/40) kesiti iizerinde {i¢ farkli sargt durumu ve ii¢ farkli eksenel kuvvet diizeyi icin elde
edilen moment-egrilik bagmtilar1 Sekil 7°de verilmistir. Ayrica bes farkli enkesit boyutu igin
N/f.A=0.40"1ik eksenel kuvvet diizeyinde elde edilen moment-egrilik bagintilar1 Sekil 7°de
karsilastirilmigtir. Her bir grafikte TBDY deki Gogmenin Onlenmesi (GO) sinirina ait egrilik
degeri (¢y) isaretlenmis ve s6z konusu egriligin belirlenmesinde etkili olan malzeme birim
sekildegistirmesi (€.9° veya £.5°) de belirtilmistir.

500 500
) SDu(EcGO)
400 0 9u(&™) 400 0 9™
G N/AL. T N/Af.
< 300 —o1  Z300 — 0.1
= — 0.4 = — 04
= =
£ 200 —( /0-7) £ 200 T/o.)7
S S(40/40 g S(40/40
= = -
GO _
100 . Biriye:g8/20 |Ponrend 100 &P 00128 Biriye:g8/12
29 = 0.0068 CirozYok [P . . I 30 = 00320 Ciroz 4¢8
0 0
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
Egrilik (1/m) Egrilik (1/m)
a) pr; i¢in farkli eksenel yiik dizeyleri b) p:» i¢in farkli eksenel yiik diizeyleri
N/AL, co
500 —_— . ® pule: )
— 01 800 H H0) P2, P2
— 0.4 =
400 — N/AL = 0.4
2 2 600 [ s@osso)
Z 300 w z
= o svu(scm) =3 B S(40/40)
-] 0 Pules ) % 400 - (6073
£ 200 S(40/40) g . =3 S(60130)
§ E° © T S(75/25)
Go_ 200
100 [/ °=0.0180 Etriye:810/6
&% =0.0320 Giroz: 4810
0 0
0 0.05 0.1 0.15 0.2 025 0 0.05 0.1 0.15 0.2 0.25
Egrilik (1/m) Ezrilik (1/m) .
¢) py3 i¢in farkli eksenel yik dizeyleri d) Farkl1 kesit boyutlar: igin

Sekil 7 - Farkli sarg diizeyi, eksenel kuvvet diizeyi ve enkesit boyutlari icin moment-egrilik
bagintilart ve TBDY-2018 e gére Gé¢gmenin Onlenmesi sinwr egrilikleri (f.=20 MPa,
a/s=7.5, psi¢in)

ASCE modelleme parametreleri kullanilarak gesitli kolon elemanlart i¢in moment-plastik
donme bagmtilari (ideal-plastik kabulii ile) olusturulmus ve bunlar {izerinde TBDY’den elde
edilen KH ve GO performans diizeyi sinirlari isaretlenerek Sekil 8-10’da gosterilmistir. Bu
grafiklerde, her bir parametrenin (enkesit boyutu, eksenel kuvvet diizeyi vb.) ve parametreler
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P2=003
N/AS, =0.40

— pi,1 = 0.0013
— piz = 0.0098

TBDY
ASCE
) epK’:‘
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Sekil 8 - Kesme kuvveti diizeyi (a/d) ve sargi oraninin ASCE modelleme parametreleri ve

TBDY 65", 950 degerleri iizerindeki etkisi

TBDY ASCE 9 ep®
800 — f,=14MPa 800 — N/A£=01
— £.=20MPa — N/AL-04
— £.=30MPa — N/AL=07
600 600
E S(40/40) S(40/40)
& 400 0--, H 400 '
: o0 . 00~ .
—0—0g, ——o—r----.
. p.=0.024 ! N Seae f.=20 MPa
200 [N Py = 00042 200 ! p,=0.024
IRRS o/d=175 i \ . pra= 0.0042
1 N \\ 1 Ay .
[N N/AL=0.4 H LS Sy @d=75
0 3 . :
0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.08
0, (rad) 6, (rad)
a) Farkli malzeme dayanimlar igin b) Farkl1 eksenel yiik diizeyleri igin
800 — p, = 0.012 800 EEe— — S(75/25) ==
— p=0.024 \‘ — S(60/30) =2
600 — p3=0.040 40 5\ S(40/40) -
©0-. \ — s(30/60) [}
B | oo $(40/40) N X — S(25/75) H
=z \
S 400 \ 400 AU
. —eo-+ {oNe] ‘\\ \ f.= 20 MPa
= ——e0--% f.= 20 MPa = TR 0220023
200 i p2=0.0042  20p N, Y pr2 = 0.004
H a/d=175 W N a/d=175
\ N/AL =04 R N/AL=04
0 ! 0 -
0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.08
0, (rad) 6, (rad)
¢) Farkli donati oranlari igin

d) Farkli kesit tipleri igin

Sekil 9 - Beton dayanimi, eksenel kuvvet diizeyi, boyuna donati orani ve kesit boyutunun
ASCE modelleme parametreleri ve TBDY 65", 050 degerleri iizerindeki etkisi
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icin sec¢ilen degiskenlerin moment-plastik donme davranisina etkileri goézlenebilmektedir.
ASCE’de eksenel gocmeye karsilik gelen karakteristik sinirin referans alinmasi nedeniyle,
yeterli sargt donatist bulunan ve diigiikk eksenel kuvvete maruz elemanlarda, dayanim
azalmalarina ragmen egilme kapasitesi sinirinin 6tesinde dnemli bir donme kapasitesi artist
saglandigi, buna karsilik diisik diizeyde sargili ve yiiksek eksenel kuvvete maruz

elemanlarda egilme kapasitesi ile birlikte eksenel kapasitenin de sonlandig1 goriilmektedir
(Sekil 8-10).

800 800 e fc =20 MPa
I \ a/d=75
\ \ N/AL, = 0.40
' 600 \
o : X — S(75/25)-£=
E i — S(40/40) -3
400 ' 400 \ _
i "@"l : _0_0\ ‘\ 5(25/75) EI
- ' ——ac™, ©
o~ | ! N TBDY
200 : : " 200 ‘\ 8 \\ ASCE
[ “ N \
P RN L
T T oY
g L& & . R 08,
0 002 004 006 0 002 004 006
6, (rad) 8, (rad)
a) py; i¢in b) py3 igin

Sekil 10 - Sargi orani ve kesit boyutunun ASCE modelleme parametreleri ve TBDY XH,
65° degerleri iizerindeki etkisi

4.1. TBDY 95 0 ve ASCE 65 Dénme Acilarimin Karsilastirilmasi

Bu béliimde, gbzoniine alian parametrelerin ASCE ve TBDY ’den elde edilen donme agilar1
iizerindeki etkileri karsilagtirmali olarak degerlendirilmis ve iki yaklasim arasinda 6nemli
farkliliga sebep olan parametreler ortaya konmustur. ASCE ve TBDY’de esas alinan
performans diizeyi (hasar simnir1) tanimlarinda 6nemli farkliliklar bulunmasi nedeniyle
kargilagtirmalar, her iki yaklasimda da benzer karakteristik sinir1 ifade eden TBDY 950 ve
ASCE 6 donme agilart i¢in yapilmistir.

4.1.1. Eksenel Kuvvet Etkisi

TBDY 950 ve ASCE 67 donme agilarinin eksenel kuvvet diizeyine gore degisimleri,
f—=20MPa, a/d =7.5 ve S(40/40) ozelliklerindeki kolon elemanlar1 i¢in Sekil 11’de
kargilagtirilmistir. Grafiklerde her bir eksenel kuvvet diizeyi i¢in {i¢ farkli enine donati (sarg1)
ve boyuna donat1 oranina ait sonuglar gosterilmistir. Genel olarak eksenel kuvvet degisiminin
plastik donme agilari tizerindeki etkisi ASCE’de TBDY’ye gore ¢ok daha belirgin olmustur.
ASCE 67 donme agis1 eksenel kuvvet etkisi ile hemen hemen lineer degisim gdstermis ve

beklendigi gibi eksenel kuvvet orani arttik¢a azalmistir (Sekil 11). Kesit boyutu ve diger
parametreler bu egilimi degistirmemistir.
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f,=20MPa —e— P1—Pu1

S(40/40y a/d="17.50 —e— 2= Prl
—e— P3—Pr1

0.04

ASCE-0," (rad)

10 20 30 40 50 60 70 10 20 30 40 50 60 70
N/ (Af) (%) N/ (Af) (%)
a) ASCE b) TBDY

Sekil 11 - Eksenel kuvvet diizeyinin 87 ve 950 tizerindeki etkisinin karsilastirilmasi

TBDY 950 acisiin eksenel kuvvet diizeyi ile degisimi ise, orta ve diisiik diizeyde sargi
durumunda ASCE ile benzer egilim gostermistir. Ancak yliksek sargi durumunda ve 0.40°lik
cksenel kuvvet diizeyinin altinda egilim dnemli 6l¢iide degismistir (Sekil 11b). Disiik
eksenel kuvvet diizeylerinde Gdgmenin Onlenmesi smirma ait egrilikte, yiiksek sargi
nedeniyle beton yerine donat1 birim sekildegistirme sinir (SSGO) belirleyici olmus, bu da
TBDY 950 acisini azaltmistir. Bu nedenle bu o6zellikteki elemanlarda TBDY ve ASCE
donme agilar1 arasindaki fark dnemli 6lglide artmustir.

Boyuna donati oranmin donme agilari {izerindeki etkisi degerlendirildiginde; her iki
yaklagimda da sarg1 diizeyi belirleyici olmus, ancak ASCE’de sargi orani artik¢a boyuna
donatinin dénme agilart iizerindeki etkinligi 6nemli 6l¢iide azalirken, TBDY’de genel olarak
bunun tersi egilim gerceklesmistir (Sekil 11). Bu egilim farki diger tiim parametrelere ait
sonuglarda da benzer sekilde gézlenmistir.

4.1.2. Enkesit Boyutunun Etkisi

TBDY 650 ve ASCE 67 donme agilarmin enkesit boyutlarina gore degisimleri, f=20MPa,
a/d=7.5 ve N/AF.=0.40 ozelliklerindeki kolonlar i¢in Sekil 12°de karsilastirilmustir.
Grafiklerde her bir enkesit boyutu igin ii¢ farkli boyuna donat1 ve enine donati (sarg1) oranina
ait sonuglar gosterilmistir. ASCE ve TBDY arasindaki 6nemli farklardan birisi enkesit
degisiminde goriilmektedir. Egilme dogrultusundaki enkesit yiiksekliginin artmas1 ASCE’de
85 agisi genel olarak arttirirken, TBDY deki 650 acisinda azalisa sebep olmustur. Ancak
bu egilimler tlizerinde sargi diizeyi oldukga etkili olmustur (Sekil 12).
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f;=20 MPa —e— pP1— P11 —o— P17 P13
a/d="7.50 —e— P2~ P11 —e—- P2—Pi3
N/ASf, =04 —o— P3—Pu1 —e— P3—Pi3

S(75/25) S(60/30)  S(40/40)  S(30/60)  S(25/75) S5(75/25)  S(60/30) ~ 5(40/40)  S(30/60) S(25/75)
Kesit Boyutu Kesit Boyutu

a) ASCE b) TBDY

Sekil 12 - Enkesit boyutlarinn 6] ve 650 tizerindeki etkisinin karsilastirilmasi

ASCE’de sarg1 diizeyinin artmasi enkesit degisiminin etkisini azaltmis, hatta en yiiksek sarg1
durumunda hemen hemen degisim olmamustir (Sekil 12a). ASCE yaklagiminda bu egilimin
olugsmasinda kesme diizeyini temsil eden (V,/V;) orani belirleyici olmustur. TBDY de ise
kesit yiiksekligi ile 950 degerindeki degisim, 6zellikle en disiik sargi durumunda farklilik
gostermigtir (Sekil 12b). TBDY yaklasimindaki egilimin olusmasinda donati siyrilmasi
nedeniyle ilave edilen donme acist belirleyici olmustur. Bu amagla kullanilan amprik
bagintidaki enkesit egriligi (¢u), kesit yiiksekligi artisina bagli olarak azalmis, bu da plastik
donme agisii 6zellikle yiiksek sargili durumda dnemli 6lgiide azaltmistir.

4.1.3. Kesme Kuvveti Etkisi

Kesme kuvveti diizeyinin etkisini gézlemek amaciyla, f-=20MPa, N/Af.=0.40, S(40/40)
Ozelliklerindeki elemanlarda TBDY 950 ve ASCE 6 agilarinin a/d oranima gére degisimleri
Sekil 13’de karsilastirilmustir. 95 0 degerleri, TBDY de mevcut yapilar i¢in dngoriilen kesme
katsayis1 uygulanarak elde edilmistir. ASCE’deki 6, donme agis1 kesme kuvveti diizeyini
igeren bir denklem ile belirlendiginden, a/d degeri biiyiidiikge genel olarak 65 degeri de
artmaktadir (Sekil 13a). Ancak bu degisimin 6nemli Olgiide sarg:1 diizeyine bagli oldugu
goriilmektedir. Yiiksek diizeyde sargi durumunda kesmenin daha az etkili oldugu, sargi
diizeyi azaldik¢a kesmenin 87 lizerindeki etkisinin 6nemli Olgiide arttigi gézlenmektedir.
TBDY’deki kesme katsayisi, a/d oraninin 9.5’dan kiigiik degerleri i¢in etkili olarak 9{,;0
degerini azaltmis, ancak ASCE’dekinin tersine, sargi diizeyi yiiksek olan kesitlerde donme
acis1 kesme katsayisi ile daha fazla azalirken, sargi diizeyi azaldik¢a donme kapasitesindeki
degisim oran1 diismiistiir.

TBDY-2018’¢ gore tasarlanan yeni bina elemanlarinda kesme Kkatsayisi uygulamasi
bulunmamasi nedeniyle, ¢alisma kapsaminda incelenen kolon elemanlarda beton dayanimu,
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Sekil 13 - Kesme kuvveti diizeyinin 95 0 ye 0y iizerindeki etkisinin karsilastirimast
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Sekil 14 - TBDY-2018 tasarim kogullarmni saglayan elemanlarda kesmenin 950 ve 6y

tizerindeki etkisinin karsilastirilmasi
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sarg1 oran1 ve eksenel ylik diizeyi bakimindan TBDY-2018 tasarim kosullarini saglayan
elemanlar i¢in kesme etkisi ayrica degerlendirilmistir. Bunun i¢in 6rnek olarak ii¢ farkli
enkesit boyutu ve iki farkli eksenel yiik diizeyi icin kesme katsayis1 uygulanarak ve
uygulanmaksizin elde edilen 956 degerleri ASCE ile karsilagtirilmistir (Sekil 14). TBDY-
2018 ile uyumlu elemanlarda dahi yiiksek kesme kuvveti oranlari igin (a/d<5.5) ASCE plastik
donme agilarinda azalma oldugu ve eksenel kuvvet diizeyine bagli olarak kesmenin
etkinliginin arttig1 goézlenmektedir (Sekil 14). TBDY’de mevcut binalar i¢in kullanilan
kesme katsayisinin tasarim kosullarini saglayan elemanlarda uygulanmasi durumunda ise

donme acilarindaki azalmanin ASCE’dekine oranla ¢ok daha fazla oldugu goriilmektedir
(Sekil 14).

4.1.4. Beton Dayaniminin Etkisi

Calismada g6z Oniine alinan {i¢ farkli beton dayanimi i¢in elde edilen sonuglar, S(40/40)
N/A£=0.40 ve a/d=7.5 6zelliklerindeki elemanlar i¢in Sekil 15°de karsilagtirilmistir. Beton
dayanimi degisiminin ASCE 6} plastik dénme agis1 iizerinde 6nemli bir etki yapmadigi, buna
karsilik TBDY 950 donme acis1 tizerinde sargt diizeyine de bagli olarak etkili olabildigi
goriilmektedir (Sekil 15). Ozellikle orta diizeyli sargi durumunda, beton dayanimi artigina
bagli olarak TBDY 9{,; 0 d6nme acilarinda 6nemli azalma ger¢eklesmistir.

S(40/40) a/d=17.5 —e— P1=Py1 e P1ITP2 —e— P1—Pi3
N/Af,~04 —*— P2=Ppui == o P2=Pr2 —e— Py i3
—e— P3—Pr1 o P3— Do —o P3—Pi3
0.03 0.03
=) _,_4_::;::-:;-:.:?::5
g =er N S pat 2
=002 o =1
:8=' e
(==
A
0.01
B
s o
0 0
14 20 30 14 20 30
Beton Dayanimi (MPa) Beton Dayanimi (MPa)
a) ASCE i¢in b) TBDY igin

Sekil 15 - Beton dayaniminin 950 ve Oy iizerindeki etkisinin karsilastiriimas:

4.2. ASCE41-17 Referans Alinarak TBDY Performans Diizeylerinin Degerlendirilmesi

Bu boéliimde, farkli dzelliklerdeki 4725 kolon elemani igin elde edilen TBDY 950 ve 651
degerleri, ASCE’de karakteristik donme agilar1 igin verilen asilma olasiligi smirlart ile
kargilagtirilarak degerlendirilmistir. Degerlendirmelerde, ASCE’ye gore %50’lik asilma
olasilig1 i¢in verilen modelleme parametrelerinin (65 ve 9{,’ ) yani sira Tablo 3’deki katsayilar
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kullanilarak belirlenen %10, %25 ve %40’lik asilma olasiliklarma karsilik gelen sinirlar
(O30, 02975, g2 H40 o gLN10 h%25 b0y ve ASCE’de en diisik hasar diizeyini
temsil eden Hemen Kullanim (10) performans diizeyine karsilik gelen sinir da g6zoniine
almmustir.

ASCE’de egilme kapasitesine ait karakteristik sinir1 ifade eden plastik donme agis1 6 ile
TBDY deki 950 ve 6" donme agilarinin karsilastirilmasi Sekil 16°da verilmistir. Bu
grafige gore, %50’lik sinirin (siyah ¢izgi) lizerindeki noktalarin temsil ettigi elemanlarda
TBDY ve ASCE degerlerinin esit oldugu, bu sinirmn altinda kalan elemanlarda ise TBDY
95 0 degerlerinin, ASCE’de 6ngoriilen %50’lik agilma olasilig1 diizeyini saglayamacagi ifade
edilebilmektedir. TBDY ye gore hesaplanan 6,',30 degerlerinin %83’ii ve 65" degerlerinin
%93°1, % 50’lik asilma olasiligimi saglamistir (Sekil 16a,b). TBDY ile belirlenen her iki
donme agisi i¢in de %50’lik olasiligi saglamayan elemanlarin ¢ok biiylik bir bolimiini
eksenel yiik diizeyi N/A f. =0.60-0.70 olan ve zayif ekseninde egilmeye maruz dikdortgen
enkesitli (60/30 ve 75/25) elemanlar olusturmustur (Sekil 16a,b). Incelenen elemanlarin, Bg 0
degerleri icin %33’iinde ve 9{,“’ degerleri i¢in %53’iinde, ASCE’deki %10’luk asilma
olasilig1 sinirin da altinda kaldigi goriilmektedir. Hatta sinirli sayida (%4) elemanda,
TBDY ’ye gore ileri hasar diizeylerini tanimlayan 95 0 ve 95” donme agilarinin, ASCE’deki
en diisiik hasar diizeyi olan Hemen Kullanim simirnmn (8,°) da altinda oldugu goriilmektedir

(Sekil 16a,b). Bu elemanlarin da biiyiik boliimiinii diisiik eksenel yiike ve giiclii eksende
egilmeye maruz elemanlar olusturmustur (Sekil 16a,b).

M/M;
A
-2 — 00 %0 @ NAR=0.1 eNALi=04 oNAf=07
— 6,0 —— 9,010 o N/A£=02 ©N/Af=0.5
(R ® N/A£=03 ®N/Af=0.6
L de
8
0.05 0.05

0.04 0.04
T TBDY kosullarini
= saglayan elemanlar TBDY kosullarini
=20.03 * saglayan elemanlar
>
=
2
< 0.02 0.02

0.01 0.01

0 : o0 B
0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05
TBDY-0,%0 (rad) TBDY- 0% (rad)
L KH
a) TBDY - 6,%C igin b) TBDY - 8,57 igin

Sekil 16 - Tiim kesitler icin TBDY Bgove HgH ile ASCE 6y degerlerinin karsilastirimast

182



Kaan TURKER, Cengiz GULTEKIN

Tilim elemanlarin karsilastirildig1 grafiklerde, eksenel yiik diizeyi, sargi donatis1 detaylar1 ve
beton dayanimi bakimindan TBDY-2018’e uygun olmayan elemanlar ¢ikarilarak, sadece
gilincel tasarim kosullarimi saglayan 600 elemanin karsilastirmasi grafik icinde ayrica
gosterilmistir (Sekil 16). Bu tiir elemanlar icin TBDY’deki 950 dénme agisinin genel olarak,
ASCE 67 plastik donme agisina gore daha diisiik elde edildigi, sadece zayif ekseninde
egilmeye maruz S(75/25) ve S(60/30) boyutlarindaki 51(%8) elemanda %50°lik asilma
olasiliginin saglanamadig1 goriilmektedir. TBDYdeki 95” donme agis1 i¢in ise 35(%6)

elemanda %40’lik smirin asildigr goriilmektedir. 950 agist i¢in incelenen elemanlarin
yaklagik yarisinda, 95” acist i¢in yaklagik %’tinde ASCE’deki % 25°lik agilma olasiligt
siniriin saglandig goriilmektedir (Sekil 16).

ASCE olasiliksal sinirlarina gore risk diizeyi yiiksek ve asir1 giivenli elemanlarin 6zelliklerini
ortaya koymak amaciyla her bir parametreye ait degiskenler igin ASCE’deki 9;'%40 sinirini

9 0>9a%40 9(;(")<9a,%10 I
asan ve siniriin altinda kalan eleman sayilart (n”P P =" ) lgili
parametreye/degiskene ait toplam eleman sayilarina (n”) oranlanarak Sekil 17-18’de
gosterilmistir. Ornegin, N/Af.=0.10’luk eksenel yiik diizeyine maruz toplam 675 eleman
icinde %40°lik asilma olasiligini saglamayan eleman orani %13 (88/675) elde edilirken,
0.70’1lik eksenel yiik diizeyi i¢in bu oran %70 (473/675) olarak elde edilmistir. Bu
grafiklerden, her bir parametrenin biribirine gore etkinlikleri ve go6zoniine alinan
degiskenlerin etkisi gozlenebilmektedir. Buna gore, tiim parametrelerdeki degisimin etkili

oldugu goriilmekle birlikte, enkesit boyutu ve eksenel yiik diizeyi en belirleyici parametreler
olmustur (Sekil 17-18).

a,%10
917

Egilme dogrultusundaki enkesit yliksekligi azaldik¢a %40°’lik asilma olasiligini saglamayan
eleman sayisinin arttig1, buna paralel olarak %10’luk olasilig1 asmayan agir1 giivenli eleman
sayisinin azaldig1 goriilmektedir. Benzer sekilde eksenel yiik diizeyi arttikca %40’ lik agilma
olasiligini saglamayan eleman sayist artmis, %10’luk olasilifi asmayan eleman sayisi
azalmstir (Sekil 17-18). Kesme kuvveti diizeyi artisi, beton dayaniminin azalist ve boyuna
donat1 oraninin artig1 da yiiksek riskli eleman sayisimi belirli dl¢iide artiric1 etki yapmustir.
Sargi orani bakimindan ise diisiikk diizeyli sargmin belirgin olarak asir1 giivenli eleman
sayisinda artisa sebep oldugu goriilmiistiir (Sekil 17-18).

80% 070 0.69
B~ 70%
A 01
3 50% 759 0.44 0.45 0.43
a;‘bn. 40% o 031 B9 T
A 30% 0.24
sEnill Hly: ‘ Till |
& 10% I I
0%
NN qﬁ"\ u@ @\'\Q 2?4 “’ NN -\é\‘.o‘ A\gf & «“’ &
N/A, LSRR ald £, °
Enkesit boyutu D.(.mat.l S_f".gl_
diizeyi diizeyi

Sekil 17 - ASCE olasiliksal simirlarina gére yiiksek riskli (950 > 9; 640 ) eleman
sayilarmin oransal karsilastiriimast
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Sekil 18 - ASCE olasiliksal simirlarina gore asurt giivenli (950 < 0;,1 610
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Sekil 19 - Tiim kesitler icin TBDY Hgéve 0K ile ASCE 6} degerlerinin karsilastirilmasi

ASCE’de eksenel yiik tagima kapasitesinin sonlandig1 (eksenel gogme) sinir1 ifade eden 9{,’
degerleri ile TBDY’deki 9{,; O ve BI’,(H sinirlart tiim kesitler i¢in Sekil 19°da karsilagtirilmistir.

Bu karsilastirma ile ASCE sinirlari referans alimarak TBDY deki Kontrollii Hasar (KH) ve
Gog¢menin  Onlenmesi  (GO) smurlarinin - eksenel gdogmeye gore  giivenilirlikleri
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degerlendirilmistir. TBDY 65° ve 65 donme agilari i¢in %50’lik asilma olasiliginin
saglanamadig1 elemanlarin sayisi1 sirasiyla 378 ve 204 olarak belirlenmistir. Bu elemanlarin
hemen hemen tamaminin N/Af=0.70’lik eksenel yiik diizeyinde oldugu goriilmektedir
(Sekil 19). 95 0 acis1 icin elde edilen degerlerin %851, %25°lik asilma olasiligini saglanstir.
Bu sinirin ayn1 zamanda ASCE’deki Gégme Onlenme (CP) performans diizeyini ifade ettigi
gdzéniinde bulunduruldugunda, TBDY *deki GO smirinin biiyiik 6l¢iide olasiliksal ASCE CP
sartin1 da sagladig: ifade edilebilmektedir. Bununla birlikte, 6zellikle yiiksek eksenel yiike
maruz %8 oraninda eleman i¢in %50°1ik olasiliksal sinirin dahi saglanamadigi belirlenmistir.

ASCE 41-17°de Can Giivenligi (LS) performans diizeyi i¢in tanimlanan plastik donme agis1
(955), eksenel gdgmeye gore %10’luk asilma olasiligr 6ngoriilerek belirlenmektedir. Buna
gore TBDY’deki KH smir1 ile ASCE’deki LS st (Sekil 19b  yesil cizgi)
karsilagtirildiginda; incelenen elemanlarin %83iinde, TBDY’de 6ngoriilen Kontrollii Hasar
sinirinin eksenel gogmeye gore %10’luk asilma olasiligint sagladigr goriilmektedir. Ancak
yiiksek eksenel yilke maruz %4 oraninda elemanda, %50’lik olasiksal sinirin dahi
saglanamadig belirlenmistir.

TBDY-2018 tasarim kosullarini saglayan elemanlar bakimindan degerlendirildiginde;
TBDY deki 9{,;0 donme acist i¢in hemen hemen tiim elemanlarda eksenel gogmeye gore
%25’lik asilma olasihgnin saglandigi, TBDY deki 65" donme agis1 igin ise eksenel
goemeye gore %10°luk asilma olasiligimin saglandigr goriilmektedir (Sekil 19). Buna gore
TBDY-2018 uyumlu elemanlarda TBDY’deki KH smirmmn, ASCE’de LS smirt igin
ongoriilen risk diizeyini sagladig1 ifade edilebilmektedir. Bununla birlikte, TBDY deki
05" ve 6 0 d6nme agilarinin ¢ok biiyiik béliimiiniin %10’luk asilma olasihgindan ¢ok daha
giivenli oldugu goriilmektedir. Asirt giivenli olan bu elemanlarin gogunlugunu diisiik eksenel
yiike ve gii¢lii eksende egilmeye maruz kolonlar olusturmustur.

5.SONUCLAR VE ONERILER

TBDY-2018’de plastik donme agisini esas alan performans diizeyleri (hasar smurlari),
ASCE/SEI 41-17°deki asilma olasilig1 esasli kolon performans kriterleri ile kargilagtirilarak
degerlendirilmistir. Calismada enkesit boyutu, eksenel kuvvet ve kesme kuvveti diizeyi, sarg1
donatis1 orant, boyuna donati orani ve beton dayanimi bakimindan farkli 6zelliklerdeki kolon
orneklerine ait karakteristik plastik donme agilar1 tiizerinde sayisal karsilagtirmalar
yapilmistir.

Her iki standartda da egilme kapasitesine ait karakteristik sinir1 ifade eden TBDY 9{,;0 ve
ASCE 6 donme agilarinin karsilastirmasindan asagidaki sonuglara ulagilmgtir.

¢ Caligma kapsaminda incelenen elemanlarin ¢ok biiyiik bolimii (%83) i¢in TBDY plastik
donme agilar (9{,; ), ASCE’dekilere (85) gore daha diisiik elde edilmistir.

e incelenen tiim parametreler dénme agilari {izerinde farkli diizeylerde etkili olmakla
birlikte, iki standart arasindaki dnemli farklarin olugmasinda enkesit boyutunun ve eksenel
yiik diizeyinin etkisi belirleyici olmustur. Genel olarak, diisiik eksenel yiik ve giiclii eksende
egilmeye maruz elemanlarda TBDY, ASCE’ye gore ¢ok daha diisiik donme acilar1 verirken,
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yiiksek eksenel yiike ve zay1f eksende egilmeye maruz elemanlarda daha biiyiik donme agilari
vermistir.

e Sargi diizeyinin ve boyuna donati oraninin dénme acilari iizerindeki etkinligi bakimindan
TBDY ve ASCE sonuglari arasinda 6nemli egilim farklar1 gézlenmistir. ASCE’de sargt orant
arttikca boyuna donati oraninin dénme agilari {izerindeki etkinligi 6nemli 6lgiide azalirken,
TBDY’de genel bunun tersi egilim gergeklesmistir.

e TBDY ve ASCE yaklagimlar1 arasindaki farklarin olugmasinda, TBDY’de donati
styrilmasini temsil eden amprik ifadenin, ASCE’de ise kesme diizeyini temsil eden ifadenin
onemli derecede etkili oldugu belirlenmistir. Diger bir etken de, yliksek diizeyde sargili ve
diisiik eksenel yiike maruz elemanlarda, TBDY doénme agilarinin belirlenmesinde beton
kisalmasi yerine donat1 uzamasinin etkili olarak donme agilarini azaltmig olmasidir. Bu tiir
elemanlarda, ASCE’de gozoniine alinan bagimnti geregi eksenel yiik azalmasiyla orantili
olarak donme kapasitlerinde artis gortiliirken, TBDY’ye gore elde edilen donme agilarinda
ise azalma gorilmistiir.

e TBDY’de mevcut yapilar i¢in yiiksek kesme kuvveti durumunda uygulanmasi dngoriilen
kesme katsayisi yaklagimi, donme agilar tizerinde ASCE ile benzer egilimleri saglamakla
birlikte, sarg1 etkisini igermemesi nedeniyle, donme agilarindaki kesme etkisinin mertebesi
bakimindan iki yaklasim arasinda 6nemli farkliliklara sebep olmustur. Ayrica TBDY-2018’¢
gore, yeni yapilacak bina elemanlarinda kesme etkisinin gézoniine alinmamasina karsin,
ASCE’ye gore, yiksek kesme etkisi altindaki elemanlarda TBDY-2018 tasarim kosullari
saglansa dahi donme kapasitelerinin azaldig1 belirlenmistir.

TBDY performans diizeyleri i¢in ASCE’deki asilma olasiliklar1 referans alinarak yapilan
degerlendirmelerden asagidaki sonuglara ulagilmustir.

e ASCE’de, egilme kapasitesine ait karakteristik sinir1 ifade eden plastik donme agisina
(6;) gore yapilan degerlendirmelerde; TBDY ’ye gore elde edilen performans diizeylerinin,
ozellikle disiik eksenel yiike ve giicli eksende egilmeye maruz elemanlarin biiyiik
boliimiinde ASCE’deki risk diizeylerinin ¢ok altinda, asir1 giivenli oldugu belirlenmistir.
Bununla birlikte, 6zellikle yiiksek eksenel yiike ve zayif eksende egilmeye maruz elemanlar
icin yiiksek riskli durumlar olugabildigi goériilmiistiir. Giincel tasarim kosullarini saglayan
elemanlar i¢in ise yiiksek riskli elemanlarin orani biiyiik 6l¢iide azalarak %8’e diismiistiir.

o ASCE’deki eksenel gbgme kriterine (9},’) gore yapilan degerlendirmelerde; TBDY’ye
gore elde edilen performans diizeylerinin, TBDY-2018 tasarim kosullarina uygun elemanlar
icin ASCE’de ongoriilen risk diizeyi smirlarini sagladigi, hatta bu elemanlarm biiyiik
boliimiiniin asir1 glivenli oldugu belirlenmistir. Ancak, giincel tasarim kosullarini saglamayan
ozellikle yliksek eksenel yiike ve zayif eksende egilmeye maruz elemanlarda ASCE’de
ongoriilen risk diizeyinin 6nemli 6l¢iide asilabildigi gorilmiistiir.

ASCE yaklasiminin genis kapsamli deneysel veri tabanma dayandigi goézoniinde
bulunduruldugunda; TBDY deki plastik donme agisini esas alan yaklasimin, asirt giivenli
sonuglar dogurabilecegi gibi, aynt zamanda riskli sonuglara da sebep olabilecegi
anlagilmaktadir. Bu nedenle, TBDY’deki performans diizeylerinin 6zellikle bu ¢aligmada 6ne
¢ikan sonuglar dogrultusunda, mevcut deneysel veri tabanlart ile dogrudan karsilagtirmalar
yapilarak degerlendirilmesi gerektigi diisiiniilmektedir. Bununla birlikte kolon elemanlar
6lgeginde ve donme kapasiteleri gergevesinde yapilan bu tiir degerlendirmelerin, deprem
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donme taleplerini ve genel bina performansini da igerecek sekilde bina olgegine
genisletilmesi gerekmektedir. Ayrica cesitli sebeplerle aderans yetersizligi bulunan ve/veya
diiz yiizeyli donatilar iceren betonarme elemanlar i¢in benzer g¢alismalarin yapilmasi,
yonetmeligin mevcut yapilarla ilgili béliimiine 6nemli katkilar saglayacaktir.

Semboller

a; L : Kesme agikligi

aj : Yatayda bir etriye kolu veya c¢iroz tarafindan mesnetlenen boyuna
donatilarin eksenleri arasindaki uzaklik

Ac : Briit enkesit alan1

A : Boyuna donati alani

A : Enine donati alani

b : Enkesit genisligi

bo : GoObek betonu sargilayan etriyelerin eksenleri arasinda kalan kesit boyutu

bk : Cekirdek boyutu (en distaki enine donat1 eksenleri arasindaki uzaklik)

c : Eksenel gogme kapasitesine ulagsmis elemandaki artik egilme kapasitesi
orani

d : Enkesit faydal1 ytiksekligi

dy : Boyuna donat1 gap1

fe : Sargisiz beton basing dayanimi

fec : Sargili beton basing dayanimi

fot : Beton ¢ekme dayanimi

fy : Boyuna donat1 akma dayanimi

fu : Donati kopma dayanimi

fow : Enine donatiin akma dayanimi

h : Kesit yiiksekligi

hy : Gobek betonunu sargilayan etriyelerin eksenleri arasinda kalan kesit
boyutu

Kl : Deplasman siinekligi talebine bagl katsay1

L, : Plastik mafsal boyu

My : Enkesit akma momenti

M., : Moment tagima kapasitesi

N : Kolondaki eksenel basing kuvveti
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: Sarg1 donatist araligt

: Kesme tasarim dayanimi

: Kesme kuvveti tasima kapasitesi

: Akma momentine karsilik gelen kesme kuvveti
: Etkin sargi donatisinin mekanik donati oran

: Donat1 etkinlik katsayisi

: Sargi donatisinin etkinlik katsayisi

: Beton birim kisalmast

: Sargili beton maksimum birim kisalmas1

: TBDY Performans diizeylerine karsilik gelen sargili beton birim

kisalmalari

: Donat1 birim uzamasi
: Maksimum dayanima karsilik gelen donati birim uzamasi
: TBDY Performans diizeylerine karsilik gelen donati birim uzamalari

: Plastik d6nme

TBDY-2018 peformans diizeylerine karsilik gelen plastik donme agilari

: ASCE/SEI 41-17 peformans diizeylerine karsilik gelen plastik donme

agilari

: ASCE 41-17 kolon davranisin1 temsil eden karakteristik plastik déonme

agilari

: ASCE 6,* donme acisinin %10 ve %40°lik asilma olasiliklarina karsilik

gelen degerleri

: Beton 6zelligini ifade eden katsay1

: Boyuna donati orani

: ASCE 41-17ye gore kesitin egilme dogrultusundaki enine donati orani
: TBDY-2018’e gore enine donat1 orani

: Beton basing gerilmesi

: Akma egriligi

: Gogmenin Onlenmesi performans diizeyini tamimlayan egrilik
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