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Shear capacity of post-installed anchors according to ACI318 and TS500
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ABSTRACT

ARTICLE INFO

Applications of strengthening works have accelerated gradually due to earthquakes
in recent years. Different strengthening methods are being used in order to bring the
structures with insufficient strength to those levels specified by current codes. In
most of the applications, the bonding between the new structural elements and the
concrete of the old structure is established with the chemical anchors. Although they
are used widespread in the practice, there are not any sufficient details in Turkish
Standards for the design and application of these anchors. In this work, a comparison
of ACI318 and the Turkish Standards for anchor shear strength is given. As the result,
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it has been concluded that there are vital differences between ACI and the Turkish
Standards and that an immediate revision is needed for the Turkish Standards.

Edge distance

1. Introduction

Anchors are used to maintain integrity of structural
elements that are separately constructed. They are fre-
quently used for connections especially between rein-
forced concrete - steel and reinforced concrete - rein-
forced concrete. Due to increase in the number of
strengthening applications of structures in recent years,
there is also a considerable increase the use of post-in-
stalled anchors (Yilmaz and Kaplan, 2009). In these ap-
plications both chemical and mechanical usages of an-
chor are possible, whereas chemical anchors are mostly
preferred, as they are more economical. Depending on
their direction and locations, these anchors may resist
shear or tension forces, or both of them.

In the literature, there exist many studies about an-
chors. In most of them, the tensile capacity of anchors are
studied. On the other hand, the concrete elements used
in those had a compressive strength greater than 30 MPa
in most cases (Cook et al., 1992; McVay et al., 1996; Pri-
mavera et al,, 1997; Fujikake et al., 2003; Zamora et al,,
2003). The experiments with a concrete compressive
strength lower than 20 MPa are a minor part of all the
literature (Ozkul et al, 2001; Eligehausen et al., 2006;
Giirbiiz, 2007; Kaya, 2007). Although tensile strength of

anchors are well-studied, research on shear strength of
anchors are limited in number (Fuchs et al., 199; Muratli
etal, 2004; Ozturan et al., 2004). The effects of edge dis-
tance and the spacing on the shear strength are re-
searched and it was observed that the shear strength is
proportional with the edge distance. ACI Committee 349
shear strength formula presents the estimated accepta-
ble lower limit for the test results of the work by Ueda et
al. (1990). The researchers, who evaluated the data base
for anchor experiments, which is compiled by ACI
Comitee 349 and 355, have observed that the concrete
edge distance in the direction of loading has a significant
effect on the shear strength of anchors. They have also
observed that the embedment depth and diameter have
a minor effect on the shear strength of anchor and that
there is not any linear relationship between the shear ca-
pacity of anchor and the compressive strength of con-
crete. (Algedra and Ashour, 2005).

In literature, various methods were presented to de-
termine the anchor shear capacity. However, in the re-
cent years, common approach is to find the capacities for
different failure modes separately and to take the lowest
strength as the anchor shear capacity into consideration.
In parallel with that approach, an important revision was
made after the 2002 version of ACI318 (2008) and the
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calculation methods for anchor tensile and shear capac-
ities were changed. On the other hand, even though there
isn’t any regulation in TS500 about the anchors, which
are post-installed in to the concrete, a separate section
about strengthening of structures was added to Turkish
Earthquake Code in 2007. In this section, it was referred
to formula of shear friction, which is given in TS500
(2000) for the shear capacity of anchor elements. In this
formula, which was not changed since the version of
TS500 in 1984, only the capacity that corresponds to
steel failure is taken into consideration. Weaker failure
modes caused by the failures in concrete are neglected.
However, the compressive strength of concrete in
strengthened structures in Turkey is extremely low and
the anchor workmanship is not sufficient in quality. Two
extreme cases in Fig. 1 clearly shows the possible lower
limits of anchor quality.

Fig. 1. Concrete quality and anchor workmanship in
some strengthened structures.

In this study, anchor strengths were calculated for dif-
ferent embedment depth, base concrete strength accord-
ing to ACI318 and TS500 standards. Both standards are
compared and some revisions are proposed for TS500.

2. Material and Method
2.1. ACI318 method
ACI318 identifies three different failure modes for the

ultimate case, when anchor shear capacity is reached:
Steel failure, concrete breakout and concrete pryout.

These failure modes are illustrated in Fig. 2. Generally it
can be expressed that in cases where the anchor bar is
near to free edge, the breakout and pryout capacities are
governing the anchor capacity, and in cases where this
distance is far, failure of the anchor bar is determining
the ultimate strength.

With consideration of the failure of steel, the anchor
strength can be calculated by Eq. (1).

Vsa =n*Ase *futa' (1]

Here, n represents the number of anchors in the
group, Ase represents the sectional area of the anchor
(mm?2) and fua represents the tension strength of steel
(N/mm?2).

When the failure is at concrete breakout mode, the
breakout capacity can be found by Eq. (2) for single an-
chor, and in Eq. (3) for group anchors.

Vo = 06(2) " Vo Fan(ea)™s, @)
Vo= 07 ()" Y@ Fen(ea)*s | 3)

Here, I load bearing length of anchor for shear, f',
specified compressive strength of concrete, do outside
diameter of anchor.

For pryout failure, the formula given by ACI318 is
shown for a single anchor in Eq. (4) and for group an-
chors in Eq. (5). Pryout capacity can be calculated de-
pending on the axial breakout capacity.

Vep = Kep * Nep (for a single anchor) (4)

Vepg = kep * Nepg - (for a group of anchors) (5)

Here, Nco nominal concrete breakout strength in ten-
sion of a single anchor, Nc,y nominal concrete breakout
strength in tension of a group of anchors, k¢ is a coeffi-
cient depending on the embedment depth, kc,=1.0 for her
<65 mm ; kep=2.0 for her =65 mm.

The capacity is calculated for three different failure
modes separately according to ACI318, and the failure
mode with the lowest strength is determining the ulti-
mate shear capacity. It is important to note that these
forces corresponds to capacity estimations. For design
forces ACI introduces capacity reduction factors also.

2.2. TS500 method

Turkish Earthquake Code references TS500 sliding
shear formula for calculation of the anchor shear capac-
ity. According to sliding shear formula in TS500, only the
failure mode of reinforcement is taken into considera-
tion. TS500 formula is given in the Eq. (6).

Vr::u*As*fydi (6)

u value is a constant depending on roughness of the sur-
face, As is the reinforcement area (mmz2), and fy« is the
design yield strength of reinforcement (N/mm?2).
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The lowest possible value of the friction coefficient is given as 0.6. Therefore, in this study, u=0.6 is used, in order

to determine anchor capacities according to TS500.
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Fig. 2. Anchor failure modes.

3. Parameters

Embedment depth, base concrete strength, free edge
distance and bar diameter are variable parameters. In

the scope of the study, the shear capacities of anchors be-
tween 12 mm to 24 mm bar sizes are determined per
ACI318 and TS500. The parameters used in the study are
shown in Table 1.

Table 1. Parameters used in the work.

Depth Concrete Compression Strength Edge distance Bar diameter
L C (MPa) ¢ (mm) d (mm)

10 8 50 12
15® 12 100 14
200 20 150 16
200 18

20

22

24

4. Shear Capacity of Anchors

Shear capacities of anchors with different diameter,
embedment depth and edge distance, which are calcu-
lated according to TS500 and ACI318, are compared in
Fig. 3 for base concrete strengths of 8, 12 and 16 MPa.
Each point on the curves corresponds to a different bar
size. Bar diameters from down to up are 12, 14, 16, 18,
20, 22 and 24 mm, respectively.

For anchors with edge distance equal to 100 mm
and less, the TS500 values are greater than those cal-
culated by ACI318 method in concretes with 8 MPa
compressive strength. Evaluation of anchors designed
per TS500 for 12 MPa concrete, all anchors with edge
distance less than 50 mm are unsafe according to
ACI318. While the edge distance increases to 100 mm,
anchors with smaller diameters, i.e. 16 mm and
smaller, can be safely designed by TS500. However,
the problem is the same for greater bar sizes. For C16
concrete class, TS500 design forces for edge distance
equal to 50 mm are not safe according to capacity de-
termined per ACI318. Greater edge distances results

in safer design loads. Accordingly, the decrease in con-
crete strength and the increase in reinforcement di-
ameter are negatively affecting the reliability of the
TS500 formula.

In Fig. 4, the ACI318 and TS500 design forces for
anchors are given for varying edge distances. These
graphics are given for three different embedment
depths (10®, 15® ve 20d) and for three different
reinforcement diameters (12, 16 and 20 mm). Edge
distance directly affect the capacity of anchor ac-
cording to ACI318 formulation, However, TS500
formulation results in the same capacity for differ-
ent edge distances. If the edge distance is great
enough, which corresponds to minority of actual
cases in practice, then TS500 gives safe results. For
example, for an anchor bar with 10® embedment
depth, the TS500 formula is on the safe side with
respect to ACI318, when the edge distance is
greater than 100 mm for 12mm bars installed in to
C8 block. This lower limit, which defines reliability
of TS500 formula, increases to 150 mm for ®20
mm bars.
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TS500 Shear Force (kN)
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Fig. 3. ACI318 - TS500 comparison of shear forces.
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ACI 318 Shear Force (kN)
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Fig. 4. ACI318 - TS500 shear forces with varying edge distances.
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5. Conclusions

In this study, ACI318 and TS500 methods, which are
used for determining anchor shear capacity, are com-
pared for low strength base concrete. Current Turkish
Earthquake Code (2007) references to sliding shear for-
mula of TS500 for anchor capacity.

In ACI318 method, besides bar diameter and steel
strength, concrete strength and the free edge distance of
anchor are effective parameters for shear capacity. How-
ever, in TS500 formula, the anchor strength is not af-
fected by concrete compressive strength and edge dis-
tance. As a result, the shear design of anchors with small
free edge distance or embedded to low strength concrete
according to TS500 may cause to misleading results.
Therefore, an immediate revision is needed either in
Turkish Earthquake Code or TS500.

From the results of this study, it is possible to con-
clude that TS500 formulae results in safe result for the
most of the cases while free edge distance is higher than
15®. Therefore, designers can utilize either TS500 or
ACI318 methods accordingly. However, it should be
noted ACI capacity reduction factors were not utilized
for this study. Use of those would definitely result in a
worse condition for TS500 approach.
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ABSTRACT

ARTICLE INFO

A newly designed hinge kit system (HKS) of a commercial refrigerator was subjected
to arobustreliability methodology during the design phase of the system. This meth-
odology included setting the overall parametric accelerated life test (ALT) plan of
product and identifying failure mechanisms and modes in field. The ALT included a
sample size equation to improve several of the HKS design parameters. Reliability of
the new HKS was targeted to be 10 years over B1. Failure sites in the HKS were iden-
tified through returned products from the field. The first ALT confirmed a failure that
occurred at the housing of HKS. The missing design parameters of HKS housing for
the refrigerator were that it had no support ribs in the original design. The support-
ing structure of HKS in the refrigerator was modified based on the action plan. Cracks
were identified in a second ALT that was generated in the torsional shaft. Due to it
having squared off corners, the HKS torsional shaft did not have not enough strength
to withstand repetitive stresses. The shaft was modified as a consequence of the
ALTs. The reliability of redesigned HKS is now guaranteed as B1 10 years. The design
methods - load analysis and three ALTs were very effective in identifying the missing
design parameters during the design phase. The robust design method presented in
this paper might be applicable to the other mechanical systems.
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Keywords:

Robustness

Parameter design
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Accelerated life testing

1. Introduction

When a consumer opens and closes a refrigerator
door, they should be able to accomplish this with mini-
mal effort. The hinges of a door are a component of the
door thatis subjected to repetitive use over the life of the
refrigerator. A new hinge kit system (HKS) was designed
for the refrigerator (see Fig. 1(a)) to improve the ease of
opening and closing the door for the consumer. The HKS
is shown in Fig. 1(b) consists of a kit cover, shaft, spring,
and oil damper, etc.

The functional loss of the original HKS had been re-
ported often by owners of the refrigerator. Thus, exact
data analysis was required to find out the root cause of
the defective HKS and what parameter in the HKS
needed to be redesigned.

Fig. 2 shows a damaged HKS which has two cracks
that appeared after a period of use. It was not known
under what usage conditions the failure occurred. When
comprehensive data from the field were reviewed, it was
concluded that the root cause of the HKS failure was a
structural design flaw-no round of torsional shaft. More-
over, due to the repetitive loading of the opening and
closing of the door, this design defect eventually led to
creating the cracks of HKS.

Robust design techniques, including statistical design
of experiments (SDE) and Taguchi methods (1978),
were developed by statisticians many years ago.
Taguchi’s robust design method uses parameter de-
sign to place the design in a position where random
“noise” does not cause failure and is used to deter-
mine the proper design parameters and their levels

* Corresponding author. Tel.: +82-42-936-1026 ; Fax: +82-42-936-2052 ; E-mail address: twinwoo@yahoo.com (S. Woo)
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(Taguchi and Shih-Chung, 1992; Ashley, 1992; Wil-
kins, 2000; Phadke, 1989; Byrne and Taguchi, 1987). The
basic idea of parameter design is to identify, through ex-
ploiting interactions between control factors and noise
factors, appropriate settings for the control factors that
make the system’s performance robust in relation to
changes in the noise factors. Thus, the control factors are
assigned to an inner array in an orthogonal array, and

the noise factors are assigned to an outer array. How-
ever, a large number of experimental trials in the Taguchi
product array may be required because the noise array is re-
peated for every row in the control array. However, for a sim-
ple mechanical structure, a lot of design parameters should be
considered in the Taguchi method’s robust design process.
Those products with the missing or improper minor design
parameters may resultin recalls and loss of brand name value.

Fig. 2. A view of damaged HKS after a period of use.

The purpose of this study was to present a robust re-
liability evaluation methodology to the HKS as mechani-
cal system subjective to repetitive loading in the com-
mercial refrigerator. The method includes
e setting overall parametric ALT plan for the product,

e analyzing the failure modes of the returned product
from the field, and

e improving the designs of the HKS using a tailored of
ALTSs with a sample size equation.

Nomenclature

AF  Acceleration factor

BX  Durability index

C1 Housing design of HKS

c2 Roundness of torsional shaft

F(t) Unreliability

F Force (kN)

F1 Impact force under accelerated stress conditions

FO Impact force under normal conditions
h Testing cycles (or cycles)
h" Non-dimensional testing cycles
KCP  Key Control Parameter
KNP Key Noise Parameter
Ls Target Bx life
(x = 0.01X, on the condition that x < 0.2)
M Moment around the hinge kit system (kN-m)
M Moment under accelerated stress conditions
Mo Moment under normal conditions
Ma Moment due to the accelerated weight (kN-m)
Moment due to the door weight (kN-m)
n Number of test samples
N1 Consumer door open/close force (kN)
r Failed numbers

S Stress

S1 Mechanical stress under accelerated stress
conditions

So Mechanical stress under normal conditions
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ti Test time for each sample (h)

TF  Time to failure (h)

X x=0.01-X (on condition that x < 0.2)

Greek symbols

n Characteristic life

Superscripts

p Shape parameter in a Weibull distribution
_ a ln(Tf)]

n Stress dependence (n = — [ T T)

Subscripts

0 Normal stress conditions

1 Accelerated stress conditions

2. Load Analysis and Bx Life

In the field, HKS parts of a refrigerator were failing
due to cracking and fracturing (Fig. 2) under unknown
consumer usage conditions. Field data indicated that the
damaged products might have had structural design
flaws, including sharp corner angles and not enough en-
forced ribs resulting in stress risers in high stress areas.
These design flaws combined with the repetitive impact
loads on the HKS could cause a crack to occur, and thus
cause failure consumer usage conditions, HKS were sub-
jected to different loads during the opening and closing
of the refrigerator door.

//"

Key Noise Parameters
N1: Customer Usage & Load Conditions
N2: Environmental Conditions

~

Pushing
Door

Input

Hinge Kit System

Close Door
Smoothly

Output

o

Key Control Parameters
C1: Hinge Kit Material & Size
C2: Torsional shaft

/

Fig. 3. Robust design schematic of HKS.

Fig. 3 shows the robust design schematic overview of
the HKS. Depending on the consumer usage conditions,
HKS were subjected to different loads during the open-
ing and closing of the refrigerator door.

Because the HKS is a relatively simple structure, it can
be modeled with a simple force-moment equation (see
Fig. 4). As the consumer opens or closes the refrigerator

door, the stress due to the weight momentum of the door
is concentrated on HKS.

The number of door closing cycles will be influenced
by specific consumer usage conditions. The door system
of the refrigerator were required to be opened and
closed between three and ten times a day in the Korean
domestic market.

Ma=Waxa M=FxR

a
) - i S
/ 2 R/}
doo qj C - - V

A

MO = Wdoor xb

Fig. 4. Design concept of HKS.
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The moment balance around the HKS can be repre-
sented as

My=Wy, Xb=T,=FyxR. (1)

The moment balance around the HKS with an acceler-
ated weight can be represented as

My =My+My=W, Xb+W,Xa=T,

doo
=F, XR. (2)

Because Fpis impact force in normal conditions and F;
is impact force in accelerated weight, the stress on the
HKS depends on the applied impact. Under the same
temperature and efforts concept proposed by Karnopp

et al. (2000), the life-stress model (LS model) proposed
by McPherson (1989) and can be modified as

TF = A(S)™ = AT = A(F x R)™, (3)
The acceleration factor (AF) can be derived as
— ()" = ()" = (BB (R)"

AF = (50) - (To) - (FOXR) - (FO) ’ (4)

The characteristic life 7m.e from the Maximum Likeli-
hood Estimation (MLE) can be derived as:

=

21
Mo = Ziea— (5)
If the confidence level is 100(1 - &) and the number of
failure is r > 1, the characteristic life, 7., would be esti-
mated from Eq. (5),

B _ 2r B _ 2r _vn B
Ne = x2(2r+2) Mure = x2r+2) Zi:l b - (6)

Presuming there is no failures, p-value is o and
In(l/oz))2 (5 mathematically equivalent to Chi-Squared

value, . The characteristic life 770, would be repre-
sented as:

p_ _2r p_ 1 B
T]a - ng(z) ?=1ti - %Zyﬁlti . (7)

Eg. (6) is established for all cases r > 0 and can be re-
defined as follows:

B _ 2r n B
Na = X2 (2r+2) “i=1 ti

for=0. (8)

To evaluate the Weibull reliability function, the
characteristic life can be converted into L; life as fol-
lows:

Lp

B
R(t)=e_(ﬂ) =1-x. 9)

After logarithmic transformation, Eq. (9) can be
expressed as:

Ly (In2)n*. (10)

If the estimated characteristic life of p-value «,
N«, in Eq. (8), is substituted into Eq. (10), the By life
equation can be obtained:

B _ 2 1 \yn B
LBX - x3(2r+2) (lTl l—x) Zi:l ti ! [11)
If the sample size is large enough, the planned

testing time will proceed as:
notl (12)

The estimated lifetime (Lgpx) in test should be
longer than the targeted lifetime (L"sx) :

2

B
LBX x3(2r+2)

IR

() nnf = L5 (13)

Then, sample size equation is expressed as fol-
lows:

2 B\ B
n 2 M 11 <LBX> . (14)
2 (mg)\ n

However, most lifetime testing has insufficient
samples. The allowed number of failures would not
have as much as that of the sample size.

Yt =3 tf + (n—r)hf = (n—r)hF. (15)

If Eq. (15) is substituted into Eq. (13), the By life
equation can be modified as follows:

1 *
15, > () —r)hf = L. (16)

x3(2r+2)

Then, sample size equation with the number of
failure can also be modified as:

x5@r+2) 1 Lpx k
nZ az (lnﬁ)(T) +T. (17)

From the generalized sample size Eq. (17), we can
proceed lifetime testing (or parametric ALT testing) un-
der any failure conditions (r > 0). Consequently it also
confirm whether the failure mechanism and the test
method are proper.

Fora 60% confidence level, the first term y2(2r + 2)/2
in Eq. (17) can be approximated to (r + 1) proposed by
Ryu and Chang (2005). And if the cumulative failure rate,
x, is below about 20 percent, the denominator of the sec-
ond term In(1/(1 — x)) approximates to x by Taylor ex-
pansion. Then the general sample size equation can be
approximated as follows:

nZ(r+1))1—C(LETX)B+r. (18)
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If the acceleration factors in Eq. (4) are added
into the planned testing time, Eq. (18) will be mod-
ified as:

nZ(r+1)i(L*LX)B+r. (19)

h

The reliability of the new HKS was targeted to be 10
years over B1. Based on the customer usage conditions,
the normal range of operating conditions and cycles of
the product (or parts) were investigated. Under the
worst case, the objective number of cycles and the num-
ber of required test cycles can be obtained from Eq. (19).

ALT equipment can then be conducted on the basis of
load analysis. In ALT testing, the missing parameters in
the design phase can be identified.

3. Laboratory Experiments

Generally, the operating conditions for the HKS in a
refrigerator were approximately 0-43 °C with a relative
humidity ranging from 0% to 95%, and 0.2-0.24g’s of ac-
celeration. The closing of the door occurred an estimated
average of 3 to 10 times per day. With a life cycle design
point for 10 years, HKS incurs about 36,500 usage cycles
(Table 1).

Table 1. Operating cycles of the HKS.

Number of operations (times)

Item
1 day 10 years
Normal Worst Normal Worst
HKS 1-3 10 10,950 36,500
For the worst case, the impact force around the HKS 5 sec

was 1.10 kN which was the maximum force applied by
the typical consumer. The impact force for the ALT with
accelerated weight was 2.76 kN. Using a stress depend-
ence of 2.0, the acceleration factor was found to be ap-
proximately 6.3 in Eq. (4). The test cycles and the num-
bers of samples used in the ALT were calculated from Eq.
(19).

For the B1 life, the required target x was 0.01. The test
cycles and test sample numbers calculated in Eq. (8)
were 34,000 cycles and six units without failure, respec-
tively. ALT was designed to ensure a B1 of 10 years life
with about a 60% level of confidence that it would fail
less than once during 34,000 cycles. Fig. 5 shows the ex-
perimental setup of the ALT with labelled equipment for
the robust design of HKS. Repetitive stress can be ex-
pressed as the duty effect that carries the on/off cycles
and shortens part life (Ajiki et al,, 1979). Fig. 6 shows the
duty cycles for the impact force F.

Fig. 5. Equipment used in accelerated life testing and
controller: (a) ALT Equipment; (b) Controller.

4 sec

34,000 ALT
Mission Cycles

Fig. 6. Duty cycles of the repetitive impact load F on
HKS.

The control panel was used to operate the testing
equipment - the number of test time, starting or stopping
the equipment, and the other. When the start button in
the controller panel gave the start signal, the simple
hand-shaped arms held and lifted the refrigerator door.
As the door was closing, it was applied to the HKS with
the maximum mechanical impact force due to the accel-
erated load (2.76 kN).

Fig. 7 shows a photograph comparing the failed prod-
uct from the field and from 1staccelerated life testing, re-
spectively. As shown in the picture, the shape and loca-
tion of the failure in the ALT were similar to those seen
in the field. Fig. 8 represented the graphical analysis of
the ALT results and field data on a Weibull plot. The
shape parameter in the first ALT was estimated at 2.0.
From the Weibull plot, the shape parameter was con-
firmed to be 2.1.

The defective shape of the ALT was very similar to
that of the field. From the Weibull plot, the shape param-
eters of the ALT and market data were found to be simi-
lar. As supported by two findings in the data, these meth-
odologies were valid in pinpointing the weak designs re-
sponsible for failures in the field, which determined the
lifetime.
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Fig. 7. Failed products in field and crack after 1st ALT: (a) Failed products in field; (b) crack after 1st ALT.
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Fig. 8. Field data and 15t ALT on Weibull chart.

The fracture of the HKS in both the field products and
the ALT test specimens occurred in the housing and sup-
port of the HKS (Fig. 9). The missing design variables of
the HKS in the design phase came from no support struc-
ture. The repetitive applied force in combination with
the structural flaws may have caused the fracturing of
the HKS. The concentrated stresses of the HKS were ap-
proximately 21.2 MPa, based on finite element analysis.
The stress risers in high stress areas resulted from the
structural design flaws of not having any supporting ribs.

The corrective action plans was to add the support ribs
(Fig. 10). Applying the new design parameters to the fi-
nite element analysis, the stress concentrations of the
HKS decreased from 21.2 MPa to 18.9 MPa. Therefore,
the corrective action plan had to be made at the design
stage before production.

The design target of the newly designed samples
were more than the target life of a B1 of 10 years. The
confirmed values of AF and b in Fig. 8 were 6.3 and 2.1,
respectively. The recalculated test cycles and sample
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size in Eq. (19) for reliability target of B1 of 10 years The torsional shaft of the HKS was modified by giving it
were 41,000 and six units, respectively. Based on the BX more roundness from R0.5mm to R2.0mm at the corner
and sample size, three ALTs were performed to obtain of torsional shaft (see Fig. 12). Finally, the redesigned
the design parameters and their proper levels. In the sec- HKS could withstand the high impact force during clo-
ond ALTSs the crack of torsional shaft occurred due to its  sure of the door. With this design change, the refrigera-
sharp rounding and repetitive impact stresses (Fig. 11). tor could also be opened and closed more comfortably.

Fracture ‘

l“f | A\

LA support) | ’
A s/
i ./

Fig. 11. Cracked torsional shaft of HKS.
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RO.5 P20

Fig. 12. Redesigned torsional shaft of HKS.

Table 4 and 5 show the design parameters confirmed  for a longer period without failure. Fig. 13 shows the
from a tailored set of ALTs and the summary of the re- graphical results of the ALT plotted in a Weibull chart.
sults of the ALTs, respectively. With these modified pa- Over the course of the three ALTs, the B1 life of the sam-
rameters, the refrigerator door could be smoothly closed ples was guaranteed to be 10.0 years.

Table 4. Vital parameters based on ALTs.

CTQ Parameters Unit
KNP N1 Impact force MPa
Crack C1 Supporting structure =
KCP
C2 Corner roundness of torsional shaft mm

Table 5. Results of ALT.

1st ALT 2nd ALT 3rd ALT
Initial Design Second Design Final Design
In 41,000 cycles, 3,000 cycles: 2/6 Crack 12,000 cycles: 4/6 Crack 41,000 cycles:
HKS has no crack (HKS Housing) (Torsional shaft) 6/6 OK

HKS Structure

Material and Supporting rib Roundness corner of torsional shaft

specification C1: No - 2 supports C2: RO.5mm — R2.0mm
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Fig. 13. Results of ALT plotted in Weibull chart.

4. Conclusions

To improve the reliability of a newly designed hinge
kit system in refrigerators, robust methodologies - set-
ting overall parametric ALT plan of product have been
utilized, identifying the failure modes and mechanism in-
vestigation of fractured HKS in field, conducting a series
of accelerated life testing, and redesigning the HKS based
on the ALT. Based on the products that failed both in the
field and in the ALTSs, the primary failure of the HKS oc-
curred due to fracturing of the HKS housing.

The missing design parameters in the design phase of
the refrigerator were the housing of HKS. The corrective
action plans included adding supporting ribs to the HKS.
Based on second set of ALTs, cracking occurred in the
torsional shaft. The additional key design parameter of
the failed torsional shaft was the corner roundness. After
a sequence of ALTs, the proper values for the design pa-
rameters were determined to meet the life cycle require-
ments - B1 of 10 years, respectively. Inspection of the
failed product, load analysis, and three rounds of ALTs,
indicated that the newly designed mechanical HKS was
greatly improved using the new robust design meth-
odologies. Case studies on the design flaws also were

suggested by Woo and Pecht (2008), Woo et al. (2009a;
2009b; 2009c; 2009d), Woo et al. (2010a; 2010b), Woo
et al. (2011), Woo (2015), Woo and O’Neal D (2015),
Woo and O’Neal D (2016).
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1. Introduction

A dynamic ground motion is defined as in-phase (uni-
form) if the motion propagates in the same direction
with the same phase and infinite velocity. However, if the
motion propagates in the same direction with the oppo-
site phase and infinite velocity, the case of the motion is
defined as anti-phase (Adanur, 1998). The anti-phase
ground motion may occur due to the fact that the direc-
tions of the earthquake waves are changeable. This
ground motion is particularly effective in the structures,
which have large structure-foundation interface or long
spans. For example, bridges, long pipelines, nuclear
power plants and dams. The behaviour of arch dams sub-
jected to the anti-phase dynamic effects is the aim of this
study.

In the anti-phase ground motion, quasi-static dis-
placements occur in addition to dynamic displacements.
Inertia forces cause dynamic displacements whereas rel-
ative movements of the support points according to each
other at the structure-foundation interface cause the quasi-
static displacements (Dumanoglu and Severn, 1984; Bay-
raktar and Dumanoglu, 1998). The determination of the
quasi-static displacements requires the deformed shape

of the structure to be calculated for a given unit displace-
ment of each support point of structure-foundation in-
terface. The quasi-static displacements are time-depend-
ent and cause stresses to be added to the dynamic
stresses. There are no quasi-static effects for in-phase
ground motion due to the rigid body motion.

Different earthquake waves have been recorded in
soil surface of each abutment of Ambiesta dam dur-
ing same earthquake (Calciati, 1979). This shows
that the earthquake record might be different at dif-
ferent points. This situation also indicates that the
propagation of the earthquake waves can be differ-
ent direction for both banks. Arch dams conduct re-
actions induced by water pressures on its surface to
the foundation rock at their banks by arc effects.
Therefore, a strong ground motion can cause relative
movement of the abutments of arch dams. This situation
can disturb the stability of the arch dams and cause their
collapse.

In this study, the response of a selected arch dam is
investigated by considering relative movements of their
abutments according to each other when there is no wa-
ter in the reservoir. The foundation and banks of the
dam, which are usually of hard rock, are assumed to be
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rigid. The possible amplitude variations of the earth-
quake waves are neglected. In the other words, it is as-
sumed that the earthquake waves propagate with the
same amplitude. The response of the dam determined
for anti-phase dynamic effects is compared with that of
in-phase (uniform).

2. Equations of Motion

The equation of motion for dynamic effects is given by
the equation,

Mb+Co+Kv=F, (1)

where M, C and Kare mass, damping and stiffness matri-
ces, respectively. ¥, v and v are total acceleration, veloc-
ity and displacement vectors, respectively. F is external
load vector. The degrees of freedom of the system may
be separated into two groups. First group is associated
with degrees of freedom of the structure-foundation in-
terface. Second group is related to degrees of freedom of
the structure. The former will be denoted as the vector
v, and the latter as v,. Here, suffix g denotes "ground de-
grees of freedom" and suffix r denotes "response degrees
of freedom". According to this explanation, Eq. (1) can be
expressed as follows;

M. Myg] (% Crr Crg] (v K Krglgvr
by e+l coltad+ e lb)=0 @

In the absence of external forces applied directly to
the structure, F becomes zero-vector as shownin Eq. (2).
It is also possible to separate the total displacement vec-
tors as quasi-static, v, and dynamic, v,, into two groups
which are shown as;

Ur Vsr Var
{Ug} = {Usg} + {Udg} ’ (3)
Inthe Eq. (3), itis clear that v, is zero. So, v, is equal
to v,. Substituting Eq. (3) into Eq. (2), the equation of
motion of the dynamic component of the response de-
grees of freedom can be written as;
Mrrijdr + Crri]dr + Krrvdr = _MrrRrg vsg ’ (4)
where R,, contains r vectors (ground displacement
shape vector) that describe the displaced shape of the
structure when a unit displacement is given to the single
ground degrees of freedom while all after ground de-
grees of freedom are held fixed. r vector owing to in-
phase motion is obtained for positive unit displacement
assigned to the ground degrees of freedom where in-
phase motion effecting. However, r vector owing to anti-
phase motion, is obtained for positive and negative unit
displacements assigned to right and left bank ground de-
grees of freedom, respectively. From Eq. (4), dynamic

components of the total displacement vectors are calcu-
lated by mode superposition technique as

var = X ;Y (1), (5)

where i is mode number, ¢; is ith mode vector and Y;(t)
is the time-dependent modal amplitude of the response.
Quasi-static components of the total displacement vec-
tors are obtained as

Vg = 1 V1(T1,8) + 1054 (T5,8) + -+, (6)

where v, is referred to displacements of the acceleration
records of ground motion. This is calculated from twice
integration of the acceleration records. z; is referred to
arrival time from a certain reference point of ground mo-
tion to ith support point. Total displacements, v,, are ob-
tained by summing up quasi-static and dynamic dis-
placements as follows;

Uy = Vg + Var - [7)

3. Numerical Example

In this study, arch dam Type 5, which was suggested in
the symposium on Arch Dams (Arch Dams, 1968), is se-
lected as an example for anti-phase dynamic effects. This
dam is a standard double curved structure. The view in
plan and the vertical crown cross-section of the idealised
arch dam is shown in Fig. 1. The dimensions of the arch
dam are in unit. The height of the dam is chosen as 120 m
to obtain realistic results. The other dimensions of the
dam are determined according to this size. An axonomet-
ric view of the finite element mesh of the whole dam is
shown in Fig. 2. In the finite element mesh of the arch dam,
164, eight-node, 3D solid elements are used.

The material of arch dam is assumed to be linearly elas-
tic, homogenous and isotropic. The elasticity modulus,
mass density and Poisson's ratio of the dam are taken as
2x1010 N/m?, 2446.48 N/m3 and 0.15, respectively. The
solution time step is 0.001. The damping ratio is chosen as
%5. The program MULSAP (Dumanoglu, 1988) is em-
ployed in the response calculations. Pacoima Dam record
S16E component recorded during the San Fernando
Earthquake, February 9, 1971 shown in Fig. 3 is chosen for
the ground motion. The component considered is applied
in the upstream-downstream direction for both in-phase
and anti-phase situation as shown in Fig. 4.

The response of the arch dam chosen for both situa-
tions is examined. The absolute maximum nodal dis-
placements are obtained at arch sections. Fig. 5 shows
reference lines of the arch sections. Figs. 6 and 7 give the
displacements at the arch sections. The displacements
calculated in the middle plane of the dam for anti-phase
dynamic effect are considerably greater than those of in-
phase dynamic effect.

The absolute maximum stresses obtained on the direc-
tion x-x,y-y and z-z at section [-I shown in Fig. 5 are given in
Table 1 for upstream face and Table 2 for downstream face.
These tables contain the response of the dam for both in-
phase and anti-phase dynamic effects. The stresses are
given at the centroid of the elements. The stresses calcu-
lated for anti-phase dynamic effect are different from those
of in-phase. In particular, the stresses on the direction x-x
have its maximum value around the axis of symmetry of the
dam.
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Fig. 1. The view in plan and the vertical crown cross-section of arch dam Type 5.

Fig. 2. The axonometric view of 3D finite element mesh of arch dam Type 5.
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Table 1. The absolute maximum element stresses on upstream face at section I-1.

The Absolute Maximum Element Stresses (MPa)

Element Oz Gy Ozz

Number In-Phase Anti-Phase In-Phase Anti-Phase In-Phase Anti-Phase
10 3.39 1.48 0.81 0.29 3.96 2.21
16 1.69 0.36 0.71 0.39 2.62 1.79
24 1.18 1.80 0.69 0.90 2.08 2.19
34 2.30 5.77 1.07 0.26 1.57 2.03
46 5.10 6.49 0.39 0.25 3.15 1.92
58 7.72 3.02 0.39 0.29 3.93 0.80
70 7.72 3.02 0.39 0.29 3.93 0.80
82 5.10 6.49 0.39 0.25 3.15 1.92
94 2.30 5.77 1.07 0.26 1.57 2.03
106 1.18 1.80 0.69 0.90 2.08 2.19
116 1.69 0.36 0.71 0.39 2.62 1.79
124 3.39 1.48 0.81 0.29 3.96 2.21

Table 2. The absolute maximum element stresses on downstream face at section I-I.

The Absolute Maximum Element Stresses (MPa)

Element o 27 %

Number In-Phase Anti-Phase In-Phase Anti-Phase In-Phase Anti-Phase
9 1.27 0.82 3.05 2.05 1.88 0.86
15 2.01 1.62 1.62 1.97 2.76 1.84
23 421 2.50 2.03 1.45 1.57 2.00
33 4.17 4.30 1.39 1.54 1.81 1.69
45 2.38 431 0.10 0.60 2.34 1.01
57 2.68 1.54 0.48 0.25 2.59 0.29
69 2.68 1.54 0.48 0.25 2.59 0.29
81 2.38 431 0.10 0.60 2.34 1.01
93 4.17 4.30 1.39 1.54 1.81 1.69
105 4.21 2.50 2.03 1.45 1.57 2.00
115 2.01 1.62 1.62 1.97 2.76 1.84

123 1.27 0.82 3.05 2.05 1.88 0.86
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4., Conclusions

The response of arch dams is presented for anti-phase
dynamic effects when there is no water in the reservoir.
The dynamic effect can cause relative movements of the
banks of the arch dams according to each other. This situ-
ation can disturb their stability and cause their collapse.
The quasi-static displacements occurred during the anti-
phase ground motion change significantly the response of
the arch dams. On the numerical results presented, it is
seen that the displacements increase due to the anti-phase
dynamic effects and the stresses have the maximum value
around the axis of symmetry of the dam. Consequently, it
may be stated that the response of arch dams itself should
be considered but not overlooked for anti-phase dynamic
effects. However, it should be investigated the effects
taken into considering fluid-structure interactions in fur-
ther studies.
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The utilization of time histories of earthquake ground motion has grown considera-
bly in the field of earthquake engineering. It is very unlikely, however, that recordings
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range of magnitudes and distances at 8 earthquake sources zones of Thilisi region
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tion of earthquake ground motion at a given site of the city of Thilisi; (ii) the esti-
mation of acceleration time histories at a given site using the direct method of en-
gineering seismology considering soil conditions based on the theory of the re-
flected waves and (iii) calculation of horizontal and vertical acceleration elastic re-
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consists of multiplying deterministic modulating function with a stationary process
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elastic response spectra can be widely applied in the practice of earthquake engi-
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1. Introduction

In the practice of earthquake engineering an earth-
quake effect quantitatively is classified according to the
seismic scale and by the building code. For this purpose
in the seismic scale are used Peak Ground Acceleration
(PGA), Peak Ground Velocity (PGV) and Peak Ground
Displacement (PGD).

In the building code the seismic action usually is rep-
resented by an elastic ground acceleration response
spectra and the ground acceleration time-histories.

It should be noted that, each earthquake represents
individual process, which is generated under certain ge-
ographic and geological conditions, its destructive effect
first of all depends on the seismic source magnitude and
the epicentral distance. The normalized elastic response
spectrum shape or outlines of the spectral curves of dy-
namic coefficient depends on the earthquake generation

mechanism and ground response in the site of interest.
Therefore, the elastic response spectra defined accord-
ing to the recorded accelerograms in different regions,
differ from each other and reflect only local site condi-
tions.

The time-histories dynamic analysis provides the eval-
uation of seismic demand of structures using the recorded
and artificial or simulated accelerograms that give infor-
mation on earthquake intensity, its frequency content and
duration, i.e. it does not exclude time factor as it occurs in
the response spectrum analysis.

Proceeding from the regulations on seismic action
basic conception given in the Eurocode 8 (European
Standard EN 1998-1:2004), selection of the elastic re-
sponse spectrum shape in the country or part of the coun-
try is possible from the certain country National annexes
that are worked out by local Authorities. In accordance
with the recommendations suggested by Eurocode 8
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deep geological data of the construction site should be
considered and the horizontal and vertical elastic re-
sponse spectra should be computed taking into account
the seismic sources and the earthquake magnitudes gen-
erated from them.

In general, lack of the strong earthquake records sta-
tistic package creates certain problems for the elastic re-
sponse spectra and the normalized dynamic coefficient
spectral curves elaboration. Note that, an example of
such problems is the capital of Georgia - Thilisi city.

For Thilisi city records of the strong earthquakes data
are limited. During last 100 years at the territory of Tbi-
lisi city about hundred weak earthquakes took place. Lo-
cal strong earthquake occurred only on April 25, 2002,
under the central part on the city with magnitude M=4.5
and recorded on the bedrock peak horizontal accelera-
tion of 0,11g, which was amplified to the range of 0.20 to
0.30g due to dynamic response of surface soil deposits.

It is evident that, on the basis of the weak and rare
earthquakes real records formation of the seismic action
specified regional model is impossible. In such condi-
tions the most straightforward procedure is to generate
ground motion time histories using of regional earth-
quake sources zones parameters and classification ac-
cording to the soils seismological and geological proper-
ties spread at Thilisi city territory.

At the same time, according to the Georgian building
code (Building Code, PN 01.01.-09, 2009) Thilisi city is
located in the seismic zone of intensity 8 degree by the
MSK-64, with a maximum horizontal acceleration equals
0.17g and a return period of earthquakes 2500 years
(2%/in 50 years). The normalized spectral dynamic co-
efficient is determined for grounds of hard (I), medium
(I1) and soft (I1I) categories and without special investi-
gations its maximum value for all three categories
grounds is accepted equal to 2.5.

It should be noted, that from the earthquake source
zones of Thilisi region (within 50 km) at the territory of
the city are expected the earthquakes with magnitudes
M=5.0_7.0 and corresponding seismic generated kine-
matics of shifting as reverse and dextral strike slip. It fol-
lows from this that it is necessary to define more pre-
cisely given in the National code the normalized spectral
curves of dynamic coefficient considering the data of
Thilisi region seismological and geological properties of
the grounds spread at city territory. In such conditions
it is important simulation of the expected regional spa-
tial seismic action in the form of the acceleration time-
histories and elaboration the acceleration elastic re-
sponse spectra and the three components spectral
curves of normalized dynamic coefficient for various
sites of Thilisi city.

The objective of this study is to develop a methodol-
ogy for simulation ground motions and evaluation the
three components of acceleration elastic response spec-
tra and the three components normalized spectral
curves of dynamic coefficient at any site for Thilisi city
territory considering the regional seismological charac-
teristics and geological conditions for the site of interest.

The proposed approach includes three main topics:

o the stochastic simulation of earthquake ground mo-
tion at a given site of the city of Thilisi;

e estimation of acceleration time histories at a given
site using the direct method of engineering seismology
taking into account a soil properties based on the theory
of the reflected waves

e calculation of the horizontal and vertical acceleration
elastic response spectra and corresponding the normal-
ized spectral curves of dynamic coefficient for main sites
of Thilisi city territory.

2. Stochastic Simulation of Earthquake Ground Motion

For simulation of possible seismic ground motions on

the territory of Thilisi city in this paper is employed the
discrete nonstationary Gaussian stochastic process rep-
resented as (Rekvava and Mdivani, 2010)
Ay (0) = Ei(t) X, (1), i=123), (1)
where Ag4i(t) determines of ground acceleration in the di-
rection of three principal orthogonal axes with zero
cross correlation between of components; Ei(t) is the de-
terministic normalized envelope function or modulating
function; Xi(t) represents a typical realization of the sta-
tionary filtered white-noise process.

Normalized stationary random function with zero
mean and unit-variance is characterized by K(7) function
of correlation as

K@) = ej_alrl(cos w,T+ aj/w; sinwjltl) , (2)

where «a is correlation coefficient characterizing band-
width of the process ; @wis circular process frequencys; j
represents an ordinal number of process .

The modulating function Ei(t) is defined in terms of
so-called Berlag impulse and with | Ei(t)|max=1 is given by

E;(t) =etexp(l—et), (3)

where & controls the shape of the envelope function and
determines the effective duration and process nonsta-
tionarity.

Generalizing the form in Eq. (1), the horizontal and
vertical components of the process can be written as

Agy(t) = koyet exp(1 — et)xy (t) ,
Agy (t) = noyet exp(1 — t)x,(t) ,

Ag3(t) = vazetexp(l — et)x3(t) , (4)

where oiis a mean square value of acceleration in the di-
rection of principal axes and denotes random process in-
tensity that is defined by its variance; k, n da v are cor-
rective factors of the value of the horizontal and vertical
components which are accordingly equal to 1.0, 0.85 and
0.7.

Thus, the formulation in Eq. (4) is completely deter-
mined with fixed values of dominant frequency «j us-
ing three parameters: ¢, ¢and owhich are depended on
regional seismological and geological conditions or in
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the simple form on the earthquake magnitude, hypocen-
tral distance, dominant frequency and ground character-
istics at the site.

On the basis of proposed stochastic ground motion
model formulated in Eq. (4) the software package AC-
CSIM (Rekvava and Mdivani, 2011), was developed,
which allows to generate the multiple artificial acceler-
ograms of the predicted earthquakes.

3. Parameters Estimation

For estimation of macro-seismic intensity for terri-
tory of Thilisi city from the earthquake sources zones of
Thilisi region the two various expressions are applied
(Javakhishvili et al.,1998):
for small earthquakes (Ms<6)

Iy, = 1.5M, — 3.4lgR + 3.1, (5)
for strong earthquakes (Ms>=6)
Iry = 1.5M; — 4.7lgR + 4.0, (6)

where Msis surface-wave magnitude; R=(A2+h?)1/2is hy-
pocentral distance; A is epicentral distance; h is focal
depth.

The resulting equation for larger horizontal values of
peak horizontal acceleration is defined by (Smit et al,
2000)

log PGAy, = 0.72 + 0.44M, — log R — 0.00231K + 0.28p, (7)

and

K =+/42 + h2 + 452, (8)

where p is 0 for 50-percentile values and 1 for 84-per-
centile.

Empirical relations between the surface-wave magni-
tude of the earthquake and a hypocentral distance de-
rived for shallow-focus near-source earthquakes under

an average soil site conditions are given by the following
formula (Mikhailova and Aptikaev, 1996)

IgT = 0.15M + 0.25lgR + C; + C, + 0.2, 9)

where C1 is parameter of fault mechanism (C1=-0.1 for
reverse, C1=0 for strike slip, C1=0.1 for dextral strike
slip); C2—coefficient of influence not taken into consider-
ation factors that is equal to 1.11;

Duration of the ground motion is computed by

IgD = 0.15M, + 0.50lgR + C; + C, + 0.30, (10)

where C1 is parameter of fault mechanism (C1=-0.25 for
reverse, C1=0.0 for strike slip, C1=-0.12 for dextral strike
slip; €2=-0.15 for hard ground; C2=0 for medium ground;
C>=0.15 for soft ground; a mean value of ratio C3 is equal
to 1.3.

The calculated parameters for the borderline terri-
tory of Thilisi city are listed in Table 1. It should be noted
that for computation of PGA has been used 84-percentile.
On the basis of empirical data the more intensive hori-
zontal component of PGAn: is obtained 1.28 times greater
than other one and the vertical component is 2/3 of the
maximum horizontal component.

For 10 sites of Thilisi city territory (350 square Kkilo-
meters) were also determined (Fig. 1) minimum hypo-
central distances, PGA for 2% and 1% probabilities of be-
ing exceeded in 50 years, values of the dominant periods
and duration of oscillation. As an illustration in Table 2
are given parameters generated from the high potential
seismic generating zone #3 which is situated to the
north-west of Thilisi region. Note, that values of PGA in
Table 2 correspond to 2% probability of being exceeded
in 50 years and are by 15% less than computed for 1%
probability of being exceeded in 50 years.

The main parameter w; of the ground motion model has
been determined based on the Eq. (9) using the expres-
sion:

w; = 2m/T;. (11D

Table 1. Quantitative characteristics of the predicted ground motion on the borderline of Thilisi city.

Zone R It T D PGAm PGAn2 PGAn3
(km) (deg) (sec) (sec) (m/sec?) (m/sec?) (m/sec?)
From focus with M=5
2 10.6 7 0.13 1.63 2.11 1.65 1.41
5 8.38 7 0.12 1.45 2.20 1.72 1.47
From focus with M=5.5
7 10.7 8 0.15 2.06 2.38 1.86 1.59
From focus with M=6
4 11.2 8 0.18 2.66 2.53 1.98 1.69
6 10.0 8 0.18 2.51 2.57 2.01 1.72
8 16.0 7 0.2 3.18 2.38 1.86 1.67
From focus with M=6.5
1 29.4 7 0.28 5.42 2.32 1.81 1.55
From focus with M=7
3 16.3 9 0.28 5.08 2.81 2.20 1.88




96 Rekvava and Mdivani / Challenge Journal of Structural Mechanics 2 (2) (2016) 93-100

The value of the correlation degree characterizing pa-

rameter oo was evaluated based on the analysis of the g ‘ ..)

Georgian earthquakes records data (Rekvava and Mdi- W o
vani, 2011) depending on @ and for 1(x), 2(y) and 3(z) - [ e Tl @ local construction site
components consists of / ~ \\\—’ fo F(

a; = 0.204w;; a =0.253w;; a3 =041w;. (12)

The mean square value of acceleration ¢ was accepted
considering that

Ui=PGAi/3 , l=1,2,3 (13)

The parameter ¢ is determined on the basis of the
given duration of intensive iscillations above-mentioned

Thus calculated parameters are represented in Table 3,
but mean square values of the horizontal and vertical ac-
celerations for earthquake generated from the high poten-

records and is equal to

& =0.02w; . (14) tial seismic generating zone #3 are given in Table 4.

Table 2. Quantitative characteristics of the predicted ground motion for the concrete sites of Thilisi city.

Site
Zone M Parameters 1 > . 4 5 . ; . . 1
Ruin, km 15.6 20.0 21.2 23.3 18.1 21.6 25.1 26.8 30.0 33.7
PGAm, (m/sec?) 2.83 220 2.69 2.65 2.77 2.69 2.62 2.58 2.53 2.47
PGA#z, (m/sec?) 2223 2:1l3 2.10 2.07 2.16 2.10 2.04 2.02 1.98 1.93
’ ’ PGA#3, (m/sec?) 1.89 1.81 1.80 1.77 1.85 L7 1.74 1.72 1.69 1.65
T, sec 0.281 0.299 0.303 0.31 0.291 0.305 0.316 0.321 0.331 0.34
D, sec 498 5.63 5.8 6.08 5.35 5.86 6.3 6.52 6.9 7.31

Table 3. Parameters for generation of regional synthetic accelerograms.

wj o1 o2 53 &) At=0.04T;

doms (sect) (sec?) (sect) (sec?) (sec)) (sec)

From focus with M=5

2 48.3 9.85 12.1 19.8 0.97 0.005

5 52.3 10.67 13.1 21.4 1.05 0.0048
From focus with M=5.5

7 41.8 8.53 10.5 17.1 0.84 0.006
From focus with M=6

4 34.8 7.1 8.7 14.3 0.7 0.007

6 34.8 7.1 8.7 14.3 0.7 0.007

8 31.4 6.4 7.9 12.9 0.63 0.008
From focus with M=6.5

1 22.4 4.5 5.6 9.2 0.45 0.011

From focus with M=7
3 22.4 4.6 5.6 9.2 0.45 0.011
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Table 4. Mean square values of accelerations for concrete sites from Zone 3.

Mean square value Probability Site
of acceleration of exceeding
(m/sec?) in 50 years i Z g = e © J 8 i 1
2% /50 94 91 90 88 92 90 87 84 84 82
O1 1% /50 109 104 103 102 106 103 100 97 97 95
2% /50 73 71 70 69 72 70 68 67 66 64
G2
1% /50 85 81 81 79 83 80 78 77 76 74
2% /50 63 60 60 59 62 60 58 57 56 55
o3
1% /50 72 70 69 68 71 69 67 66 65 63
4. Determination of Multilayer Ground Motion based
on the Theory of Reflected Waves 2%Ai(6) V2 2%Ai(®) _ 0 (15)
- ’

Method of the multiple reflected waves gives a possi-
bility to determine for a certain concrete territory by ge-
ologic profile conformity to natural laws of seismic oscil-
lation of the multilayer ground surface, under motion of
bedrock as foundation according a law of given acceler-
ogram.

For analytical drawing of accelerogram of the ground
surface oscillation let consider, a wave picture at any
time in the ground area, with different thickness and
horizontal borderline. It is accepted an assumption that
the ground is elastic and waves are propagated in the
vertical direction (Fig. 2). In the form of seismic influ-
ence in this case is used recorded on the bedrock accel-
erogram from the database of ground motions with
known earthquake (Rekvava and Mdivani, 2011).

ground surface

[.'P__-I 1.\ T i "-2-'
H| [ N

bedrock

Fig. 2. Design model of non-homogeneous ground.

A o(t)

In the Fig. 2 are accepted following designations:
A{. (t) is value of the wave function at the t time on the
bottom level of the i-th layer; A7 (t) is value of the wave
function at the t time on the top level of the i-th layer;
A, (t) is the given relationship of the movement on the
level of bedrock.

For any i-th layer of ground the wave equation of
shear oscillations can be written as (Napetvaridze,
1973):

atZ St ayz
where 4;(t) is the displacement of ground i-th layer par-
ticles; t is the time; y represents the coordinate of parti-
cle oscillation in the vertical direction; Vs is the velocity
of the shear wave propagation in the ground area.

Solution of the Eq. (15) on the top of the i-th layer at
the t time is given by
AT(E) = a ATy (t—Tiy) + B AL(E—T),  (16)
where a;_, ; is the factor of refraction under passing of
wave from i-1-th to i-th layer; f5; ;_; is the factor of wave
reflection on the borderline between i and i-1 layers;
7, represents the time of wave passage in the i-th layer
T, = H;/V,;, where H; and V,; are accordingly the thick-
ness of ground layer and the velocity of the shear wave
propagation in the i-th layer).

a and B factors are defined by

A1 = 2pi-1 Vo1 /(Pi-1Veic1 + PiVsi) (17)

Bii-1 = Vapi — picaVeio1)/(Vaipi + Vey—1pica),  (18)

where p; is a density of i-th ground layer.
Hence, finally solution of the direct problem of engi-

neering seismology can be represented by the recurrent
relations as (Napetvaridze, 1973):

A = A{(t 1),

A1) = ap ALt — 1) + B ALt —1y),

A3 (t) = az 1 A7(t —71) + 32,114]; (t—13),

AL () = a3 AL (t = 3) + Bo3Ab (¢ — 1),

AT = i AT (= Timy) + B AL (E— 1),

AL = 1q ATy (= Tign) + B AT(E— T0),

A () = an-1nAn_ 1 (6 — Ty y) + Bn,n—1A£(t —Tn),

Aﬁ(t) = an+1,nA;+1(t —Tpe1) t ﬁn,n+1A2(t -1,). (19)
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Value of the wave function from the bottom of i-th
layer on the level of y;can be calculated according to

A O =al(t-FE)+ A - H=-y/Ve).  (20)

Thus, the developed algorithm of solution the direct
problem of engineering seismology is realized by the soft-
ware package GAFART (Rekvava and Mdivani, 2011).

5. Simulation Results for Thilisi City Sites

The computer code ACCSIM was used for generation
of the horizontal and vertical components of synthetic
accelerograms corresponding possible seismic source
zones of Thilisi region, given in Table 1. Discrete step of
the simulated accelerograms was taken equal to 0.04T.
When assessing the probabilistic mean acceleration elas-

tic response spectra and the normalized dynamic coeffi-
cient spectral curves for all sites, which are presented in
Fig. 1, the required number of realizations was reduced
for each synthetic accelerogram up to 20 realizations.
The most novel aspect of this extension is elaboration of
proper the three-components normalized dynamic coef-
ficient spectral curves, which are computed for a 50
years exposure time and 2% and 1% probabilities of ex-
ceeding.

In Table 5 are represented values of the probabilistic
mean normalized spectral dynamic coefficient of syn-
thetic motion, generated from the source zones N3 and
N6 for the sites situated in the center of Thilisi city.

As an example, Fig. 3 shows pairs of the probabilistic
mean elastic acceleration response spectra for 5%
damping and the corresponding spectral curve of nor-
malized dynamic coefficient of synthetic motion, gener-
ated from the source zone N3, for site 18 of soft soil char-
acteristics for 2% in 50 years.

Table 5. Maximum values of normalized dynamic coefficient for 2%/50 and 1%/50 years.

Site
N1 N2 N5 N7 N8 N10
Zone M Axes
Bmax ﬂmax Bmax ﬂmax Bmax Bmax
2% 1% 2% 1% 2% 1% 2% 1% 2% 1% 2% 1%
X 2.5 2.7 2.4 2.5 2.5 2.8 2.4 3.0 2.5 3.0 2.4 2.6
3 7 y 1.8 2.2 2.0 2.4 2.6 3.0 2.2 2.6 2.5 2.5 2.5 2.7
z 2.2 3.0 2.7 3.0 1.8 3.0 2.1 2.2 2.6 2.8 1.8 2.3
X 2.6 3.0 2.0 2.9 3.0 3.7 2.4 2.5 2.6 3.2 2.3 2.5
6 6 y 2.5 2.7 2.0 2.5 2.5 3.0 2.2 2.5 2.5 3.0 2.3 2.5
z 3.0 3.4 2.5 2.7 2.7 3.0 3.3 3.5 2.5 2.8 2.0 2.5
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Fig. 3. Generated from zone #3 for site #8: (a) x,y,z components of acceleration response spectra;
(b) spectral curves of normalized dynamic coefficient for 2% in 50 years.
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Using the software GAFART was studied an influence
of a typical earthquake and local geological conditions
upon forming the elastic acceleration response spectra
for the abovementioned sites. With that and in view from
the data set (Rekvava and Mdivani, 2011) was selected
five recorded on the bedrock accelerograms (EL Centro-
1940, M=6.7, Santa Barbara-1980, Montenegro-1979,
M=7.0, Friuli 1976, M=6.0, and Tbilisi-2002, M=4.5),
which are different from each other by parameters of
PGA, dominant period and duration, but by the magni-
tude and epicentral distance are close to predicted earth-
quakes characteristics for Tbilisi region.

Considering the soil profile properties (thickness,
density, shear wave velocity) of these sites, received
from geological test, on the basis of the abovementioned
recorded ground motions were calculated the three
components of time-histories on the ground surface of
the sites. Then at the final phase of analysis the three
components of spectral curves of normalized dynamic
coefficient have been plotted. Table 6 displays the effect
of local soil condition on the dynamic coefficient.

Table 6. Maximum values of normalized dynamic coefficient from different earthquakes.

Site
Zone Earthquake Component N1 N2 N5 N7 N8 N10
Bmax Pmax Pmax Prmax Prmax Prmax
2.2 3.0 3.0 2.5 3.0 2.5
1 EL Centro y 2.2 3.0 3.0 2.5 3.0 2.5
z 2.2 3.0 3.0 2.5 3.0 2.5
X 2.7 3.5 4.0 3.0 2.5 2.7
2 Santa Barbara y 2.7 3.5 4.0 3.0 2.5 2.5
z 2.7 3.5 4.0 3.0 2.5 2.4
X 2.5 3.5 2.5 3.0 4.0 2.5
3 Montenegro y 2.0 3.0 3.0 3.7 3.0 2.5
zZ 3.0 2.5 2.7 3.0 2.0 3.0
X 2.4 3.0 3.5 3.0 3.0 2.8
4 Friuli y 2.7 33 3.0 2.8 2.5 2.7
zZ 1.8 3.0 2.3 2.3 2.5 2.5
X 2.5 2.0 2.1 2.5 2.3 2.3
5 Thilisi y 2.5 2.2 3.1 2.0 2.5 2.5
zZ 2.3 2.3 2.4 3.0 2.1 2.2
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Fig. 4. Three components acceleration response spectra: (a) and spectral curves of normalized dynamic coefficient;
(b) for site #8 resulting from the accelerogram calculated at the free surface from recording "Tbilisi- 2002" of the
depth z=-43.1m.
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Fig. 4 displays the effect of local soil condition on the
normalized dynamic coefficient for the concrete site '8
under action of Tbilisi-2002 records.

According to the obtained results was computed
value of the relative seismic factor or soil amplification
factor as the ratio of the maximum accelerations of the
ground surface layer to the bedrock. The analysis shows
that in the given soil properties of the sites under inves-
tigation the seismic factor is changed from 1.5 to 2.6.

6. Conclusions

The complex approach of simulation ground motion
and construction the horizontal and vertical acceleration
elastic response spectra and corresponding normalized
dynamic coefficient spectral curves are proposed, which
account for the location of the earthquake source zones
and seismological and geological characteristics of the
Thilisi region territory and concrete construction sites of
the Thilisi city.

Based on the empirical relations and characteristics
of the earthquake source zones the values of mean accel-
erations of ground motion for 2% and 1% probabilities
of being exceeded in 50 years expected in the sites of Tbi-
lisi city has been determined and appropriate probabil-
istic horizontal and vertical acceleration elastic response
spectra and normalized spectral dynamic coefficients
are calculated which can be used in seismic design and
analysis of structures.

On the territory under examination for the concrete
construction sites in result of experimental research the
dynamic parameters of soil geological layers are deter-
mined and based on the theory of reflected waves the
ground motion for the sites of Thilisi city horizontal and
vertical acceleration elastic response spectra and nor-
malized spectral dynamic coefficients are calculated and
their corrected shapes considering the local sites condi-
tions for medium (II) and soft (III) categories of soil are
constructed.

The value of the relative seismic factor as the ratio of
the maximum accelerations of the ground surface layer
to the bedrock, in the given soil properties of the sites
under investigation, is changed from 1.5 to 2.6.

Maximum values (2.6-3.0) of spectral dynamic coeffi-
cient determined and based on the stochastic ground
motion model under medium and soft ground conditions
are up to 1.04-1.2 times larger than given in the Building
code (2.5).

Maximum values (2.7-4.0) of spectral dynamic coeffi-
cient obtained from the solution of direct problem of en-
gineering seismology under medium and soft ground
conditions are 1.08-1.6 times greater than determined in
the Building code (2.5).
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ABSTRACT

ARTICLE INFO

Mankind has been using different kind of materials to build shelters and after then
more specific structures throughout the history. If the stone is accepted as a primitive
construction material; wood, concrete and steel has spread to the construction his-
tory. However, from both of the supply and demand view, it is possible to say that
defining the best solution to the construction necessities and constraints is vastly
ambiguous. In other words, making decision with respect to infinite parameters is an
important task. The level of uncertainty in the optimality based definition of framed
building types is relatively high and need to be carefully analyzed. Therefore, in order
to select a proper construction technique, combination of fuzzy AHP (analytic hier-
archy process) and evaluation based on fuzzy MOORA (multi objective optimization
by ratio analysis) has proposed a new useful method, in which FAHP is used for cal-
culating priority weight of criteria and the MOORA is implemented for obtaining the
final ranking of construction techniques. In addition, for expressing the applicability
of the offered model, it is supported by a case study. In the rating of framed building
types; cost, performance, time, fire, corrosion, esthetics and recycling is considered
as important factors. As a result, this model is easy to understand and simple to im-
plement in various areas. Also, this method is applicable for the choosing of proper
alternatives in different selection problems.
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1. Introduction

Lots of parameters should be considered in the com-
parison of framed building types such as reinforced con-
crete, steel or wooden constructions. Common failure ti-
tles in this comparison may be summed as calculation of
cost and determination of seismic performance with re-
gards to discrete structural elements. However, evalua-
tion of any kind of structure should be positioned on a
holistic way.

Reinforced concrete is a combination of concrete and
steel bars that work together against dead/live loads and
seismic forces. It has been the most common construc-
tion technique with respect to its many assumed ad-
vantages. Low construction cost based on its material
puts reinforced concrete forward beyond the others.

Another technique is steel construction that is preferred
mostly for tall buildings and industrial structures. Steel
has the highest strength through reinforced concrete
and wood. Similarly to the steel construction technique,
wooden construction has a significant tensile and flex-
ural behavior in addition to its weight advantage and fire
resistance disadvantage. Wood is the oldest construction
material and has still a wide application field which
evolved on modern approaches.

As it is seen in the above brief, all these construction
techniques have some advantages and disadvantages. It
is the main problem to determine which one of them is
the most preferable technique. Strictly speaking, there is
no absolute answer to this question. Because necessities
and constraints can only point the most appropriate con-
struction technique. Furthermore, commercial purposes
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could mislead the demanders. However, a rough survey
on the main construction parameters could lead a gen-
eral preference feasibility for both of the supply and de-
mand sides.

Decision making has become one of the most im-
portant activities in the modern world today despite be-
ing attacked by diverse sophisticated technology deci-
sion tools. Technology alone sometimes cannot to de-
liver a decision without assuming human understood
ability. Human capabilities with a good insight are con-
sidered to extend effective decision making to access a
decision. One of the important decision making tools that
was introduced in early seventies is multi criteria deci-
sion making theory.

The theory of decision making has formed a basis for
more reasonable decision making especially in the situ-
ation where multiple criteria need to be calculated. The
combination of multi criteria decision making (MCDM)
with fuzzy logic can be efficiently implemented for solv-
ing decision problems with diverse criteria (Sanchez-
Lozano et al,, 2015).

Framed building types are compared with each other
and our view was based on seven criteria. These are the
three common construction types which we can select
for this study:

e Reinforced concrete construction
e Steel construction
e Wooden construction

In this study, framed building type selection is defined
as fuzzy integrated model. In order to, relevant criteria
are determined as follows:

Construction cost

Structural performance

Construction time

Fire resistance

Corrosion resistance

Architectural esthetics

Recycling

The purpose of this study is determination of the best
framed building type for any supply and demand sides.
For this reason, practical information was obtained from
a sufficient number of civil engineer scholars. Many pref-
erence parameters were presented and also their new
suggestions were asked. After the review of collected re-
sponses, these seven titles were determined and the
study has been performed on them. First of all, the
weights of criteria are calculated by using fuzzy AHP. Af-
ter that, the ERP systems are ranked according to three
different parts of fuzzy MOORA method.

2. Fuzzy Set Theory

Zadeh (1975) proposed fuzzy theory as a mathemati-
cal theory for first time. It is possible to create relation-
ship between uncertainty and vagueness in real life
world problems by using fuzzy theory. If X be the uni-
verse of discourse X = {x;, x,, ..., x,,}, a fuzzy set d of X is
characterized by a membership function p;(X), which
maps each element x in X to real number within the in-
terval [0,1]. The function values p;(x), the stronger de-
gree of membership for x in 4 (Kaufman and Gupta,
1991).

3. Methods
3.1. Fuzzy AHP

AHP is one of the most important MCDM methods for
modeling erratic problems in diverse areas. Fuzzy AHP
was introduced to eliminate the defects of traditional
AHP and to facilitate adoption to real life problems
(Buckley et al.,, 2001). Chang (1992) proposed a fuzzy
AHP based on the extent analysis method which is
widely used in supplier selection problems (Kilincci and
Onal, 2011; Ertugrul and Karakasoglu, 2007) by using of
triangular fuzzy numbers for pairwise comparison scale
of fuzzy AHP. The steps of FAHP are as follows (Buckley
etal, 2001):

i. Build fuzzy triangular judgment matrix

The fuzzy triangular matrix A = (a;;)nk.nk 1S @ closed
interval, where pairwise comparison judgments express
by a;; = (I;j, m;j, u;;) fuzzy numbers.

u;; = upper bound, m;; = median, l;; = lower bound,
iL,j=12,..,n
n; = the number of klevel indicator system

ii. Calculate comprehensive judgment matrix

The af; = (uf;, m{;,[{;) elements, express the fuzzy

number which determined by decision makers t =
1,2, ..., T with comparing the indicators i and j.

1
® = multiplication principle of triangular fuzzy number.

iii. Calculate comprehensive fuzzy degree

The comprehensive fuzzy degree S; calculates as fol-
lows:

n n, n -
Si=Xk Ml-,-®(2i="1 XL MU) : (@)

iv. Calculation of indicator weight

The best scalar measure of indicator C; is as follows:

d'(C;) =minV(s; = S5)), (3)
where 0<V(S;>5)<1,ij=12..,n. V(5 >5)
shows the possibility degree of §; = §;.
L L <u:
V(S = §) = p(d) = {mwo~(mj-1) * T=T . (4
0 , others

The single level indicator weight:
W' = (d'(€C),d'(C), ..., d"(C,)). (5)

The normalized indicator weight:
W = (d(Cy),d(Cy), ..., d(Cy)), (6)
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3.2. Fuzzy MOORA

The using of multi objective optimization by ratio analy-
sis (MOORA) was commenced by (Brauers and Zavadskas,
2006) based on recent research. This multi criteria decision
making method start with matrix X which it's elements x;;
express ith alternative of jth criterion (i =
1,2,..,mandj = 1,2, ...,n); in addition, the fuzzy MOORA
method consists of three parts such as fuzzy ratio method,
fuzzy reference point and fuzzy multiplicative form.

i. Fuzzy ratio method

Step1: Decision matrix is acquired according to the Ta-
bles 4 and 5:

~ [xillx{nllxill] [xin'x{rrluxi‘n]
X = : : . (7)

[x‘fnll xml’ x#ll] o [xrlnn' x;nm’ x#m]

Step2: In this part, we normalize decision matrix since it
enables us to compare alternatives with each other more
accurately (Liu and Liu, 2010).

= (el x4 )i =12, ,mij = 1,2,,m,  (8)
l
xi<
X5 = L 9)
Gl + () + ()
X = u (10)
Jzz, ) ()
XW = *ij (11)

ij \/Z.{Zl[(xll]) +(xm

Step3: In this step, calculated weights of criteria from
AHP are used to form weighted and normalized fuzzy
matrix (Vatansever, 2013).

1~7L'j= (Ufj' ij U)

[ I

m __
vij = wixjj’
vl = wix. (12)

Step4. Summarizing ratio y; calculate for each ith alter-
native as follows (BaleZentis et al., 2012):

~ _ VI =~ ~
Pi =251 Vi — Xi—ge1 Uijs (13)
where g = 1,2, ...,n denotes number of criteria to be
maximized. On the other hand, g + 1, ..., n denotes num-

ber of criteria to be minimized.

Step5. In this step, fuzzy numbers change to non-fuzzy
numbers by BNP equation and the amounts of BNP are
calculated for each alternative. As a result, the alterna-
tives with highest values are favorable for choosing.

u_ .1l m_.1l
yi =i )+ -y
BNp Gy = PROT0D

3

(14)
ii. Fuzzy reference point

Fuzzy ratio system plays major role in the fuzzy refer-
ence point approach. The maximal objective reference
point 7 is obtained as well as second step of fuzzy ratio
method. The fuzzy maximum or minimum of the jth cri-
teria are calculated as follows:

x] (maxx maxx maxx ) J<g

ij l] ,

(15)

ij ,mmx{?*,mmx“*) j>g

9?1 (mlnx

The every element of normalized matrix is calculated
and final sort achieved based on deviation from the
referelnce point and the Min-Max metric of (Liu et al,
2014; Balezentiene and Streimikiene, 2013):

min(max (7, %)), (16)
i j

iii. The fuzzy multiplicative form

Overall utility of ith alternative is obtained as follows:
(17)

where Ai = (Al'l'AL'Z’AB) = H]‘gzl fU ,i = 1,2, ., M ex-
presses the criteria of the ith alternative to be maximized
g = 1,2,...,n being the number objectives to be maxim-
ized and where B; = (Bj,Bi,Bi3) = [I}- g4, % ex-
presses the criteria of the ith alternative to be minimized
with n — g being the number of objectives to be mini-
mized. We need to eliminate fuzzy numbers of overall
utility U/ to rank the alternatives. The alternative with
higher BNP is favorable for choosing (Balezentiene and
Streimikiene, 2013).

4. Framed Building Characteristics - Decision Criteria

Framed building types are evaluated through the fol-
lowing decision criteria as: Construction cost, structural
performance, construction time, fire resistance, corro-
sion resistance, architectural esthetics, recycling.

4.1. Construction cost

Construction cost of and type of structure actually de-
pends of many other parameters. While the expense for
structural material could be said that has the main por-
tion, it is more complex than this evaluation. Because
production, transport and installation stages totally
specify the initial construction cost. Installation cost re-
garding qualified labor (especially for steel and wooden
construction) should not be neglected. Reinforced con-
crete has a significant advantage on this parameter. It is
also obvious that this parameter is generally assumed as
one of the most important preference criteria.
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4.2, Structural performance

Any type of building is expected to have a high struc-
tural performance against dead/live loads and seismic
forces. Substantial properties of construction materials
that affect their structural performance could be defined
as compression/tensile/flexural strength, ductility and
stiffness. However, especially for seismic performance,
strength/weight proportion is the main factor. Repeated
reversible forces are highly subjected to the structural
elements’ weight and reinforced concrete structures re-
cede into background considering their excess weight.

4.3. Construction time

Steel and wooden construction types are ahead of re-
inforced concrete construction considering this parame-
ter. Because steel and wooden structural elements are
pre-fabricated, these techniques could be applied inde-
pendent of climate conditions. However, reinforced con-
crete construction is executed totally on the field. Rain,
snow, hot&cold weather conditions prevents the labor
and also concrete casting while steel and wooden con-
struction is based mostly on the mounting of prefabri-
cated elements.

4.4. Fire resistance

Despite some possible precaution methods, fire is cru-
cial for firstly wood and then steel. One can say that car-
bonization delay the collapse of wooden structures, it is
obvious that wood gets affected and damaged faster than
steel. Additionally, reinforced concrete should not be as-
sumed in a similar way as steel construction. Owing to
the concrete cover on the steel rebar, reinforced con-
crete has the highest fire and high temperature re-
sistance in comparison to steel and wooden structures.

4.5. Corrosion resistance

Traditionally, corrosion has a significant negative ef-
fect on metal materials. Steel construction has the big-
gest disadvantage regarding to this parameter although
many precaution methods against corrosion are availa-
ble. However, similarly as the fire protection, they in-
crease the construction cost and should be taken in con-
sideration without these additional solutions. For rein-
forced concrete structures, concrete cover on the steel
rebar decrease corrosion effect. Moreover, corrosion is
an undesirable situation for wooden structures, lifetime
of timber is affected more by other negative factors.

4.6. Architectural esthetics

This parameter has actually a subjective aspect and
esthetical look ranking could be applied based on the
common opinion. However, most important indicator of
architectural esthetics should be the diversity level of ar-
chitectural design. Especially regarding to the low
weight and high tensile/flexural strength of steel and
wood materials; much number of extraordinary designs
are possible than reinforced concrete construction.

Moreover, natural look of wooden construction brings
an additional positive value than the other techniques.

4.7. Recycling

Nowadays, recycling has been one of the most im-
portant arguments in all mankind productions. Despite
the long lifetime of buildings, recycling should be consid-
ered for material selection. Furthermore, exhaustion of
natural sources is possible to be implemented in this
evaluation. Hence, steel is the foremost material regard-
ing to its recycling capability.

5. Illustrative Example

The useful data have been acquired from the survey
throughout civil engineer scholars and it was seen
that the level of uncertainty in the selection of framed
building types is relatively high and need to be care-
fully analyzed. Therefore, in order to select a proper
construction technique, combination of fuzzy AHP
(FAHP) and evaluation based on fuzzy MOORA (multi
objective optimization by ratio analysis) has proposed
a new useful method, in which FAHP is used for calcu-
lating priority weight of criteria and the MOORA is im-
plemented for obtaining the final ranking of framed
building types. Fig. 1 shows the hierarchical structure
of the model. Decision making group, which has a sig-
nificant background in this field, selected 7 main cri-
teria. This group also confirmed the convenience of
three construction types as our alternatives. In this
study, linguistic variables are used then they are con-
verted into triangular fuzzy numbers (Table 1). Ac-
cordingly, a systematic approach based on combina-
tion of fuzzy AHP with fuzzy MOORA is proposed to
determine the best construction technique. Table 2
shows the comparison of 7 decision criteria with each
other. The abbreviations are; equally important: EI,
moderately important: MI, important: I, very im-
portant: VI, much more important: MMI. The weights
of criteria that were calculated by FAHP is presented
in Table 3.

5.1. Determination of criteria weights

In this section, the fuzzy scale of Chang (1996) is used
through fuzzy AHP for calculating the weights of criteria.

Table 1. The fuzzy scale of Chang (1996).

Linguistic variables Fuzzy scale Response scale
Equally Important (1,1,1) (1,1,1)
Moderately Important (2/3,1,3/2) (2/3,1,3/2)
Important (3/2,2,5/2) (2/5,1/2,2/3)
Very Important (5/2,3,7/2) (2/7,1/3,2/5)
Much More Important (7/2,4,9/2) (2/9,1/4,2/7)
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Table 2. Pairwise comparison matrix of criteria.

Reinforced Concrete
Construction

Steel Construction

The Best
Framed Building Type

Fig. 1. Hierarchical structure of the model.

Wooden Construction

5.2. Selection of the framed building type

SP CT FR cC AE CR R

SP - MI I El 1 1 MI
CT - I MI 1 1 1
FR - I MI El 1
o - 1 1 1

AE - MI El

CR - MI
R -

Fuzzy MOORA is used for the selection of framed

building types. While Chen’s fuzzy linguistic scale is
used which is shown in Table 4, fuzzy evaluation ma-
trix for framed building types are as in Table 5. After
calculation the rank of systems were acquired, the
ranking of framed building types are given on Table 6.

Table 4. Chen's fuzzy linguistic scale (Chen, 1992).

Table 3. The weights of criteria calculated by FAHP.

Criteria w

Structural Performance 0.23
Construction Time 0.26
Fire Resistance 0.1

Construction Cost 0.26
Architecture Esthetics 0.05
Corrosion Resistance 0.05
Recycling 0.05

Linguistic variables Fuzzy scale
Very Low (VL) (0,0,0.1)
Low (L) (0,0.1,0.3)
Medium Low (ML) (0.1,0.3,0.5)
Medium (M) (0.3,0.5,0.7)
Medium High (MH) (0.5,0.7,0.9)
High (H) (0.7,0.9,1)
Very High (VH) (0.9,1,1)
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Table 5. Fuzzy evaluation matrix for ERP system types.

SP CT FR CC AE CR R
Reinforced Concrete Construction ML ML VH MH ML MH ML
Steel Construction VH MH MH ML M M VH
Wooden Construction M MH ML ML VH VH MH

Table 6. Comparison between system types based on criteria.

SP CT FR CC AE CR R
Reinforced Concrete
. (0.1,0.3,0.5) (0.1,0.3,0.5) (0.9,1,1) (0.5,0.7,0.9) (0,0.1,0.3) (0.5,0.7,0.9) (0.1,0.3,0.5)
Construction
Steel Construction (09,1,1) (0.5,0.7,0.9) (0.5,0.7,0.9) (0.1,0.3,0.5) (0.3,0.5,0.7) (0.3,0.5,0.7) (0.9,1,1)
Wooden Construction (0.3,0.5,0.7) (0.5,0.7,0.9) (0.1,0.3,0.5) (0.1,0.3,0.5) (0.9,1,1) (09,1,1) (0.5,0.7,0.9)

Table 7. Normalized aggregated ratings for each alternative.
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According to the calculations based on FAHP method,
steel construction is selected as the best solution (1st)
throughout the considered framed building techniques.
Wooden and then reinforced concrete constructions are
the 2nd and 34 in the final ranking.

6. Conclusions
The main objective of this study was to propose com-

prehensive criteria to evaluate framed building types by
using fuzzy AHP and valuable ranking of framed building

types by using fuzzy MOORA. This paper contributes to
civil engineering literature as well as the validity of de-
veloped criteria for framed building types based on the
guidance of scholars. It is possible to consider different
parameters and different weight ratios to seek the opti-
mal solution. Another parametric evaluation of construc-
tion techniques will yield new results. However, this pa-
per has an importance to enlighten the related studies
and make scholars discuss on the selection of framed
building types. Choosing of a suitable construction tech-
nique is a difficult MCDM problem that includes both
quantitative and qualitative objectives. It is difficult to
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measure the performance of the existing construction
types, which we managed to do that by getting help from
civil engineer scholars. This study, proposed a fuzzy in-
tegrated model that can assess and choose the best
framed building type by using of FAHP and FMOORA
methods. Implementing of a practical decision making
method for assessment and evaluating construction
techniques is the major contribution of this study. For

the next studies, this integrated method can be adjusted
to diverse MCDM problems.

The proposed model may be used to evaluate alterna-
tives successfully through various selection problems.
Future researches may try to extend this study as an in-
tegration of more fuzzy integrated MCDM techniques to
solve many other decision making problems on many
other disciplines.

Table 8. Weighted normalize fuzzy decision matrix.
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Table 9. The fuzzy ratio method.

Vi BNP Rank
Reinforced Concrete Construction (-0.032,-0.053,-0.079) -0.05447 3
Steel Construction (0.073,0.043,-0.001) 0.038578 1
Wooden Construction (0.017,-0.018,-0.041) -0.01409 2

Table 10. The fuzzy reference point approach.

sp cT FR cc AE CR R max d(F;,Xy)  Rank

Reinforced
Concrete 0.583011 0 0 0.46188 0.588103 0.204939 0.541289 0.588103 3
Construction
Steel

. 0 0.373002 0.23495 0 0.418854 0.349285 0 0.418854 1
Construction
Wooden

0.381209 0.373002 0.541289 0 0 0 0.23495 0.541289 2

Construction
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Table 11. The fuzzy multiplicative form.

Reinforced Concrete Construction

Steel Construction

Wooden Construction

(0.001,0.09,2.25)

(0.081,0.833,8.82)

(0.027,0.5,6.3)

U; BNP Rank
0.780333 3
3.244778 1
2.275667 2
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ABSTRACT ARTICLE INFO
North Anatolian Fault (NAF) is one from the most important strike-slip fault zones in Article history:

the world and located among regions in the highest seismic activity. The NAFZ ob- Received 23 April 2016
served very large earthquakes from the past to present. The aim of this study; the Accepted 16 June 2016

important parameters of Gutenberg-Richter relationship (a and b values) estimated
and this parameters taking into account, earthquakes were examined in the between
years 1900-2015 for 10 different seismic source regions in the NAFZ. After that esti-
mated occurrence probabilities and return periods of occurring earthquakes in fault
zone in the next years, and is being assessed with Poisson method the earthquake
hazard of the NAFZ. The 10 different seismic source regions are determined the rela-
tionships between the cumulative number-magnitude which estimated a and b pa-
rameters with the equation of LogN=a-bM in the Gutenberg-Richter. A homogenous
earthquake catalog for Ms magnitude which is equal or larger than 4.0 is used for the
time period between 1900 and 2015. The database of catalog used in the study has
been created from International Seismological Center (ISC) and Bogazici University
Kandilli observation and earthquake research institute (KOERI). The earthquake
data were obtained until from 1900 to 1974 from KOERI and ISC until from 1974 to
2015 from KOERI. The probabilities of the earthquake occurring are estimated for
the next 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 years in the 10 different seismic
source regions. The highest earthquake occur probabilities in 10 different seismic
source regions in the next years estimated that the region Tokat-Erzincan (Region 9)
99% with an earthquake occur probability for magnitude 6.5 which the return period
24.7 year, 92% with an earthquake occur probability for magnitude 7 which the re-
turn period 39.1 year, 80% with an earthquake occur probability for magnitude 7.5
which the return period 62.1 year, 64% with an earthquake occur probability for
magnitude 8 which the return period 98.5 year. For the Marmara Region (Region 2)
in the next 100 year estimated that 89% with an earthquake occur probability for
magnitude 6 which the return period 44.9 year, 45% with an earthquake occur prob-
ability for magnitude 6.5 which the return period 87 year, 45% with an earthquake
occur probability for magnitude 7 which the return period 168.6 year.

Keywords:

North Anatolian Fault Zone
Earthquake hazard
Poisson method

Seismic source regions

1. Introduction geophysical fields etc. Atthe same time, the satisfactory
evaluation of earthquake hazard was one of the major

The earthquake hazard of regions represented a pos- problems of engineer seismology. The appraisal of earth-
sible potential or level of expected hazard and caused quake hazard of the territory is realized using essential-
by geological structure features, tectonic movements, ity and probabilistic methods. The indifferent information
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of some parameters and random character of seismic
events were caused the probabilistic analysis of earth-
quake hazard evaluation included some models of seis-
mic sources, the earthquake return periods, the seismic
signal attenuation, and distance addiction, and much un-
certainty. Although in the obligation analysis of earth-
quake hazard evaluation the uncertainty was not be-
lieved, just the extreme seismic effect is estimated in the
real territory, using near earthquake source with con-
stant magnitudes. (Zaalishvili, 2012).

The probabilistic evaluation described first by Cornell
which used in most earthquake hazard analysis, and usu-
ally receivable for four important information (Reiter
1991).

o Description of earthquake source regions

e Description of recurrence characteristic for each re-
gion

¢ Evaluation of earthquake effect

e Description of hazard at the territory.

The amount, sizes, and location of future earthquakes
were determined a true approach by probabilistic esti-
mates. (Bazzuro and Cornell, 1999).

In the past years, stochastic models of earthquake oc-
currence have been recommended (Kagan, 1996). The
firstly reasons for the stochastic model formulation, the
small number of parameters evaluated, the different of
regions could be applied and the about ease with which
hazard although a few sources might be combined. The
hazard evaluation most important for earthquake fore-
casts knowledgeable determinations in of earthquakes
hazard and exigency responsibility (Kagan, 2010). The
occurring randomly in time, space and magnitude have
long been determined by earthquake events. According
to an assumption, earthquakes estimated a stochastic
process free sequence of events space and extrication all
of the energy at a point, space and in time. The happen-
ing of a next event was not attached to at the time, size
or location of the last or no of the proceeding events. The
detached supposition pleased the Poisson process. In ac-
cordance with the Poisson process, if a large earthquake
consisted on at a point in time, the likelihood of another
large event occurred in the near future is not changed
(Anagnos and Kiremidjian, 1988). The Poisson model
was well definitional earthquake occurrence which used
for determined of the earthquake hazard analysis exten-
sively in the time (Cornell, 1968).

The different researchers have applied the Poisson
models in the world. The Poisson distribution used for
determined the statistical distributions of earthquake
numbers by Kagan (2010). The negative binomial distri-
bution (NBD) has got a higher variance than the Poisson
law, which could be shown (Kagan, 1973a; 1973b). The
generalized Poisson distributions could be used to about
earthquake numbers (Cornell, 1968). The some arbi-
trary compounding distributions from the empirical ob-
servations on the earthquake sequences which deter-
mined earlier for earthquake occurrences for the com-
pound Poisson process models (Moharir, 1992) and
compound Poisson models determined as alternatives to
the Poisson process model (Singh 1983). The earthquake
sequences which used estimating seismic risk relate to
Poisson model (Molchan et al, 1970). Lenord et al.

(2001) and more extensively and appropriated method
based on the Poisson distribution which assumed different
unknown variances for the frequencies, equal to the means.

The NAFZ has been the highest earthquake activity
among regions in the world. Most large earthquakes
have occurred on this fault system in Turkey. A lot of
studies have been made to evaluate of earthquake haz-
ards in the NAFZ. Semi-Markov method is applied for
earthquakes larger than 5.5 magnitude occurred be-
tween 1900 to 1986 years (Altinok, 1988). Oncel et al.
(1996) and Mantyniemi and Kijko (1991) studied earth-
quake risk using maximum likelilhood method. The
earthquake hazard parameters are estimated with Kijko
and Sellevoll method (Bayrak et al,, 2011). Tirker and
Bayrak (2015b) determined the earthquake hazard us-
ing the Bayesian method in the NAFZ. Also, Bayrak and
Tiirker investigated the earthquake hazard using differ-
ent statistics methods in different areas of Turkey (Bay-
rak and Tiirker, 2015a; 2016a; 2016b).

The aim of this study; the important parameters of
Gutenberg-Richter relationship (a and b values) esti-
mated and these parameters taking into account, earth-
quakes were examined in the instrumental period for 10
different seismic source regions in the NAFZ. After that,
estimated occurrence probabilities and return periods of
occurring earthquakes in fault zone in the future years
(10, 20, 30, 40, 50, 60, 70, 80, 90 and 100), and is ap-
praised with Poisson method the earthquake hazard of
the NAFZ.

2. Data and Seismic Source Regions

In this study; is used the instrumental earthquake cat-
alog by Bayrak et al. (2009). A homogenous earthquake
catalog for Ms magnitude which is equal or larger than
4.0 is used for the time period between 1900 and 2015.
The catalogs contain the origin time, different magni-
tudes scales (Mp-body wave magnitude, Ms-surface wave
magnitude, M;-local magnitude, Mp-duration magnitude,
and Mw-moment magnitude), epicenter and depth infor-
mation of earthquakes. The database of catalog used in
the study has been created from International Seismo-
logical Center (ISC) and Bogazici University Kandilli ob-
servation and earthquake research institute (KOERI). The
earthquake data were obtained until from 1900 to 1974
from KOERI and ISC until from 1974 to 2015 from KOERI.

We prepared a homogenous data catalog for that pe-
riod fulfill the basic requirement of homogeneity of Ms
magnitude using relationship which is equal or larger
than 4.0, and used only instrumental part of the earth-
quake catalogue. We applied decluster on the earth-
quake catalog. Earthquake catalogs were frequently de-
clustered which using a pioneer to modeling the residual
events as a substantiation of a spatially inhomogeneous
in temporally homogeneous Poisson process (Luen and
Stark, 2012).

We updated different nine seismic sources defined by
Bayrak et al. (2011). We divided Region 3 given by Bay-
rak et al. (2011) into two different source regions con-
sidering Diizce Faults is a different source. Finally, 10 dif-
ferent seismic source regions shown in Fig. 1 are defined
to study earthquake hazard parameters of NAFZ.
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Fig. 1. a) The 10 different seismic source regions are shown on the North Anatolian Fault Zone (NAFZ);
b) The epicenter of Ms>4.0 are shown with different symbols. The NAFZ is demonstrated on Turkey map.

We divided into 10 different seismic source regions
based on epicenter distribution, tectonics, seismicity and
focal mechanism solutions as shown in Table 1.

3. Tectonic in the North Anatolian Fault Zone

The tectonic and seismicity of Turkey which were
formed with plate movements in between African, Ara-
bian, Eurasian and Anatolian (McKenzie, 1972; Alptekin,
1978; Dewey 1986; Sengor, 1979; Sengor et al.,, 1985).
Many the large earthquakes occurred on the North Ana-
tolian fault zone along which Turkey is moving west-
ward. The North Anatolian Fault Zone (NAFZ) from tec-
tonism the East Anatolian convergent zone and the Hel-
lenic Arc occurred that the motion of Asia Minor is com-
pensated by the completion of oceanic crust (McKenzie,
1972). The NAFZ has been a dextral strike-slip fault zone
(Ketin, 1948) extending about 1200 km (Bozkurt, 2001)
across northern Turkey and marking the boundary be-
tween the Anatolian and Eurasian plates (Ketin, 1969;
Sengor et al., 1985; Barka, 1996; Saroglu, 1988). Devel-
oping hard localization in a usually westerly widening
right-lateral kerogen in northern Turkey commonly
along an interface arranging subduction-expansion ma-
terial to its south and older and rigid continental base-
ments to its north was occurred in the NAFZ.

Table 1. Seismic source regions.

Region Region Name
1 Saroz Gulf
2 Marmara Sea
3 [zmit-Sakarya
4 Sakarya-Diizce
5 The Southern Branch of NAF
6 The Southern of Marmara
7 Diizce-Tosya
8 Tosya-Erbaa
9 Tokat-Erzincan
10 The East of Erzincan

Morphologically different and seismically active ex-
tends from the Gulf of Saros in the northern Aegean Sea
from Karhova, paralleling approximately the southern
Black Sea support and keeping a rather ordinary dis-
tance of some 100 km to the coast, connecting the Ae-
gean taphrogen (Sengor et al., 2005) with the East Ana-
tolian high plateau (Kogyigit et al., 2001; Sengor et al.,
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2003). The fault occurred roundly 13 to 11 Ma ago in the
east and propagated westward. It achieved the Sea of
Marmara no earlier than 200 ka ago, though shear con-
cerned deformation in a wide zone there had anyway in-
troduced in the late Miocene (Sengér et al,, 2005). The
NAFZ starts around Karliova triple junction in the east,
and it runs NW to Vezirkoprii that it makes a left bend
and constant westward. Around Kargj, it makes another
left bend and then runs in an SW direction (Bozkurt,
2001). The NAFZ is 85+5 km (Bozkurt, 2001; Sengor et
al,, 2003). Along of the NAFZ, the right-lateral slip has a
rate of 24+1 mm/yr (McClusky et al., 2000; Flerit et al,,
2004; Reilinger et al., 2006).

The western part of the NAFZ is an in the Marmara Sea
region and the NAFZ divided into a complex fault struc-
ture, however, the eastern part of the NAFZ is a narrow
strike-slip zone. The transition of the strike-slip regime
in the east into a stress regime with N-S extension
formed from this branching. The next, if the predomi-
nant E-W purposed graben structures in Western Anato-
lia could accountable, the Aegean region could have been
typical. The northern branch of NAFZ is the most active
fault zone in the Sea of Marmara according to the south-
ern branch of NAFZ. The North branch exists as a zone
comprised of boundary faults, normal faults and reverse
faults in the Sea of Marmara. The NAFZ is young (~5 Ma)
and has about 85 km of cumulative displacement (Hu-
bert-Ferrari et al.,, 2009).

The NAFZ has been devastating earthquakes along
with both historical and instrumental periods so the
most active fault zone in Turkey. Historical investiga-
tions of major earthquakes along the NAFZ have re-
vealed that in the twentieth century, ruptures migrated
westward after the 1939 Erzincan earthquake in eastern
Turkey (Barka and Kadinsky-Cade, 1988; Barka, 1996).
This fault observed a lot of earthquakes of Ms=7.0. In the
instrumental period, the earthquakes in the NAFZ mi-
grated from east to west and this process have begun
with 1939 Erzincan earthquake (Ms=7.8).

4. Method

The Poisson method used one of the most common
models to estimate the earthquake occurrences. Accord-
ing to the Poisson model was not affected since passing
the time by the formation of a previous earthquake, dis-
tribution of waiting time by the formation of the next
earthquake (Ozdemir et al., 2000). The Poisson model is
especially important for large earthquakes.

The sequence of events forms a Poisson process
where the occurrence of a subsequent event did not de-
pend on time, size or location of the last any of the pre-
ceding events. N(t) as the number of events in the inter-
val (0,t) the counting sequence (N(t), t>=0) is Poisson
provided.

e‘)‘s(ls)k

P{N(t+s)—N(t) =k} = o

k=012,.; 2>0. (1)

This relationship has been used as a model of the
earthquake process in the Poisson process (Lomnitz,
1966).

The interval times for the Poisson process {T1, T>,
Ts,......, Tn} should be exponentially distributed with
probability density function fr(t) or f,,(m)and cumula-
tive distribution F;(t) or F,,(m) given.

fr(t) = Ae~?t t=>0,1>0, (2)

Frt)=1—e* t>0,1>0, (3)
where 4 is the rate of occurrence of events. The Guten-
berg-Richter relationship describing the number of
earthquake events, N(m), of a given magnitude, m or
greater in time t was given.

Log N(m) = a— bm, (4)

where a and b are earthquake hazard parameters. Thus
for a given magnitude of exceedance the frequency of oc-
currence.
A1) = e®~Fm My S M S Myygy, (5)
where m, and m,,,, are the lower and upper bound
magnitudes respectively. The lower magnitude arises
from practical considerations. The upper magnitude is
determined by the maximum earthquake capacity of a
fault.

The earthquake hazard parameters for investigated
area with the Poisson method were calculated using dif-
ferent equations.

a = a- log (b *In10), (6)
a, =a-logT, (7)
a,’=da-1logT. (8)

T in this equation shows period for the next years and
calculated for 100 years. The normal frequency value
was used for annual average the number occurring of
earthquakes which were shown by the following equa-
tion.

N(M) = 10%-b*M 9)

N(M) value indicated determining of the earthquake
risk and has been calculated according to the seismic pa-
rameters.

R(M)=1— e NOD-T, (10)

T value in this model was different from other models
and used to calculate of the earthquake occurring risk.

The return periods according to the Poisson model was
calculated for the next years using the following equation.

1

o) = -1 (1)

NM)®
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The risk rate of the Poisson process is equal to the
constant implying that the probability of occurrence of
an earthquake in a future small increment of time, At, re-
mains constant regardless of the size of the last event or
the elapsed time since its occurrence.

5. Chi-Square Test for Poisson method

The chi-square test has used the fact that, conditional
on the total number of events and the add distribution of
the numbers of events in the probabilities.

The test statistic is;

2 _ vk (WNg=2)?
X - k=1 ’}‘L

k={1,....K}. (12)

If the hypothesis for applied Poisson method was
true, the distribution of X? was determined from the Chi-
square with K-1 degrees of freedom. The chi-square test
involved choosing the number of intervals K. The chi-
square test investigated only at the change of the ob-
served number of events across intervals.

6. Results and Discussions

The NAFZ is one of the most seismically active regions
of the Turkey and has been affected large earthquakes in
the past years. The Poisson method is applied in order to
check the potentiality of the different seismic source re-
gions in the NAFZ for the future earthquake hazard. For
this purpose, a homogeneous and complete seismicity da-
tabase of the instrumental period during is used in 10 dif-
ferent seismic source regions in the examined region. For
this aim; a and b parameters of Gutenberg-Richter rela-
tionship, the annual occurring number of earthquakes, re-
turn periods and earthquake risk in the next years.

The 10 different seismic source regions are estimated
a and b parameters with equation (Egs. (4) and (5)) of
LogN=a-bM in the Gutenberg-Richter which are deter-
mined the relationships between the cumulative num-
ber-magnitude in shown Fig. 2. The earthquake hazard
parameters are estimated for the 10 different seismic
source regions of the NAFZ and shown in Table 2.

The b value is lower than the local mean value of 1.0,
which indicates that the data consists of the larger earth-
quake and high differential crustal stress in the region
(Wiemer and Katsumata, 1999; Wiemer and Wyss, 2002).

Table 2. The earthquake hazard parameters are estimated for 10 different seismic source regions on the NAFZ.

Region Region name a bxtoy a/b a' a1 ar' N Mgbs,
1 Saroz Gulf 4.75 0.63040.08 7.53 3.66 1.75 1.66 65 7.3
2 Marmara Sea 5.00 0.68840.09 7.26 3.79 1.92 1.78 53 7.3
3 {zmit-Sakarya 4.92 0.68510.09 7.18 3.79 1.92 1.79 59 7.8
4 Sakarya-Diizce 4.68 0.61140.07 7.65 3.60 1.68 1.60 87 7.2
5 The Southern Branch of NAF 5.64 0.85910.1 6.56 4.39 2.64 2.39 44 7.0
6 The Southern of Marmara 5.56 0.73140.06 7.60 4.39 2.56 2.39 117 7.2
7 Diizce-Tosya 4.53 0.54840.05 8.26 3.51 1.53 1.51 54 7.3
8 Tosya-Erbaa 4.42 0.617+0.1 7.16 3.34 1.42 1.34 20 7.1
9 Tokat-Erzincan 4.18 0.50140.05 8.34 3.21 1.18 1.21 44 7.9
10 The east of Erzincan 5.12 0.65140.04 7.86 4.01 2.12 2.01 94 6.8

The b values which is one of the most important earth-
quake hazard parameters are estimated using Eq. (4)
with Poisson method for 10 different seismogenic source
regions of the NAFZ. The map of estimated b values is
plotted (Fig. 6). The estimated b values for the 10 differ-
ent regions of the NAFZ vary between 0.501 and 0.859.
The highest b value is observed in region 5 covering the
Southern Branch of NAFZ, while the lowest b value is ob-
served in region 9 covering the Tokat-Erzincan. The a/b
values are estimated with Poisson method for 10 dif-

ferent seismogenic source regions. The map of esti-
mated a/b values is plotted (Fig. 7). The highest a/b
value is observed in region 9 covering the Tokat-Erzin-
can. The lowest a/b value is observed in region 5 cover-
ing the Southern Branch of NAFZ.

We plotted the maps of the occurrences probability of
the earthquakes and return periodsin the 6.5, 7.0, 7.5 and
8.0 magnitudes in next 100 years, respectively that
shown in Figs. 8 and 9. The calculated changes between
regions observed from a region to another region, clearly.
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Fig. 5. The return periods are estimated for the 10 different seismic source regions.




118 Tiirker and Bayrak / Challenge Journal of Structural Mechanics 2 (2) (2016) 109-121
‘(;; b values
9 *
4
2 i
=) .
g E
= e
2 i
E :
26 28 30 32 34 36 38 40
Longitude (Degrees)
Fig. 6. The map of estimated b values are plotted for 10 different seismic source regions of the NAFZ.
’“? a/b values
[}]
841
o
)
a
o 40—
o°
2
5 39+ ;
- 30 32 34 36 38 40

N
[¢)]
N
[o})

Longitude (Degrees)

Fig. 7. The map of estimated a/b values are plotted for 10 different seismic source regions of the NAFZ.

Ms=6.5

Latitude (Degrees)
N
T

| \
34 36
Longitude (Degrees)

w

Q

g

(=)}

@

=

[+}]

T

2

® T T

= 26 28 30 32 34 36 38 40
Longitude (Degrees)

A

& -

39

Latitude (Degrees)
N
o

T
38 40

| | |
LA 7
™= »
T— I —
30 32 34 36

Longitude (Degrees)

[\e]
[+)]

28

S
—
|

(93]

Latitude (Degrees)
s
i

Fig. 8. The maps of the occurrences probability of the earthquakes in the 6.5, 7.0, 7.5 and 8.0 magnitudes are plotted

o
|

2

| | |
m Y \
T \ | | \
6 28 30 32 34 36 38

Longitude (Degrees)

in next 100 years, respectively.




Tiirker and Bayrak / Challenge Journal of Structural Mechanics 2 (2) (2016) 109-121 119

a
—

Latitude (Degrees)
W TN
[{e] o

N
D
N
o]
w
o

32

Ms=6.5

EGS#5}!55&3}233#5;535&2‘5

34 36 38 40

Longitude (Degrees)

=Y
—_

Latitude (Degrees)
w £
[is} o

]
[o)]
]
[s4]
w
o

32

Ms =7.0

34 36 38 40

Longitude (Degrees)

w

o

541

[

=

o 40

o

2

% 39

] | I

26 28 30 32 34 36 38 40
Longitude (Degrees)

S
—A

39

Latitude (Degrees)
o

n_
[}

28 30 32

Ms=8.0

SREEEEMUSREERIREELLE

34 36 38 40

Longitude (Degrees)

Fig. 9. The maps of the return periods in the 6.5, 7.0, 7.5 and 8.0 magnitudes are plotted for in next 100 years, respectively.

The probabilities of the earthquake occurring are es-
timated for the future 10, 20, 30, 40, 50, 60, 70, 80, 90
and 100 years in the 10 different seismic source regions
and are shown in Fig. 3. The highest earthquake occur-
ring probabilities in 10 different seismic source regions
in the next years estimated that the region 9. We are es-
timated annual occurring number of earthquakes (N(M))
using Eq. (10) for 10 different seismic regions which are
shown in Fig. 4. The region 9 is observed 0.0644 annual
occurring number of magnitude of 6 magnitude, 0.0406
annual occurring number of magnitude of 6.5 magni-
tude, 0.0256 annual occurring number of magnitude of 7
magnitude, 0.0161 annual occurring number of magni-
tude of 7.5 magnitude, 0.0102 annual occurring number
of magnitude of 8 magnitude. If region 2 observed
0.0223 annual occurring number of magnitude of 6 mag-
nitude, 0.0115 annual occurring number of magnitude of
6.5 magnitude, 0.0059 annual occurring number of mag-
nitude of 7 magnitude.

Earthquake recurrence times (return periods, Q(M))
estimated using the parameters of Gutenberg-Richter re-
lationship and are shown in Fig. 5. The region Tokat-Er-
zincan (Region 9) is estimated for the future 100 years
using Egs. (9) and (11), respectively. The region 9 is es-
timated 99% with an earthquake occur probability for
magnitude 6.5 which the return period 24.7 year, 92%
with an earthquake occur probability for magnitude 7
which the return period 39.1 year, 80% with an earth-
quake occur probability for magnitude 7.5 which the re-
turn period 62.1 year, 64% with an earthquake occur
probability for magnitude 8 which the return period 98.5
year. For the Marmara Region (Region 2) in the next 100
year is estimated that 89% with an earthquake occur
probability for magnitude 6 which the return period 44.9
year, 45% with an earthquake occur probability for mag-
nitude 6.5 which the return period 87 year, 45% with an
earthquake occur probability for magnitude 7 which the
return period 168.6 year.
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In the past, Bayrak and Tirker (2015b) estimated an
earthquake occurrence probability (in the next 100
years) in region Tokat-Erzincan using the Bayesian
method for the NAFZ. In this study, we are estimated the
same of results. Both the Bayesian method and the Pois-
son method are estimated an earthquake occurrence
probability with most probably in the region Tokat-Er-
zincan for the next 100 years in the NAFZ.

7. Conclusions

In this study, The NAFZ was estimated earthquake
hazard parameters (a and b values and their different
values of Gutenberg-Richter relationship) in the future
years for instrumental catalog during complete seismic
catalogue with M¢>4.0. For this aim, the annual occur-
ring number of earthquakes, return periods and earth-
quake risk were estimated in the next 100 years. a and b
values for this time period were estimated to be equal to
0.501 and 0.859, respectively. b values were observed
the data form of larger earthquakes and high diversity
crustal stress. We were applied the chi-square test for
estimated values with Poisson method. Therefore, we
were tested to the accuracy of the Poisson method. Ac-
cording to the chi-square test was applied for Poisson
method and significance level estimated as a=0.05 in this
study. Also, whole estimates were determined with
Matlab program. Maps were plotted using GMT program.
The annual occurring number of earthquakes were esti-
mated for magnitudes 6.5, 7, 7.5 and 8 at region 9 while
6, 6.5 and 7 atregion 2 in the NAFZ. This values were es-
timated respectively in region 9, 0.0644 for magnitude 6,
0.0406 for magnitude 6.5, 0.0256 for magnitude 7,
0.0161 for magnitude 7.5, 0.0102 for magnitude 8. In re-
gion 2, 0.0223 for magnitude 6, 0.0115 for magnitude
6.5, 0.0059 for magnitude 7, 0.0031 for magnitude 7.5.
Also, the return periods were estimated for magnitude
6.5,7,7.5,and 8 at region 9, while 6, 6.5 and 7 at region
2. This values were estimated in region 9, respectively
which 24.7 years for magnitude 6.5, 39.1 years for mag-
nitude 7, 62.1 years for magnitude 7.5, 98.5 years for
magnitude 8. Their earthquake risk values were esti-
mated respectively, 99%, 92%, 80% and 64%. If region
2, 44.9 years for magnitude 6, 87 years for magnitude
6.5, 168.6 years for magnitude 7. Their earthquake risk
values estimated respectively, 89%, 45% and 45%.
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ABSTRACT

ARTICLE INFO

In order to study the dynamic response of the soil-structure system and the contact
performance between soil and structure under cyclic loading, a Suspensory Ring Test
Apparatus was designed by the authors, and a series of tests had been carried out.
The physical properties of the test silt were that p=1.59g/cm3, wr=14.26%,
w1=21.77%. In the paper, The Suspensory Ring Test Apparatus was introduced
firstly. Then, the test data were analyzed in two aspects, that was (1) the damage
mechanism of the soil-structure system, (2) the factors which affected on contact per-
formance between silt and concrete structure under cyclic loading, such as moisture
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content, loading frequency, roughness, and so on. Finally, some conclusions were also

proposed.

1. Introduction

Soil and Structure Interaction (SSI) is very important
to study the dynamic response and damage of under-
ground structure, where the description of contact per-
formance between soil and structure is a key problem.
Now, there have been many research fruits on the aspect.
For example, Potyondyj (1961), as a pioneer, studied the
Skin friction performance between various soils and
construction materials using direct shear apparatus.
Yoshini and Kishida (1981) designed a ring torsion ap-
paratus for evaluating friction between soils and metal
surfaces. Desai et al. (1985) discussed the mechanical
properties of Soil-structure interface under cyclic load-
ing. Zhang and Zhang (2003) designed an apparatus
called TH-20t Cyclic Shear Apparatus for Soil-structure
Interface, and many experimental studies have been car-
ried out using this apparatus. Westgate and Dejong
(2006) researched the evolution of sand-structure inter-
face response during monotonic shear using particle im-
age velocimetry. Zhang et al. (2008) developed a 3D soil-
structure interface test apparatus. Li and Li (2010) de-
veloped a test apparatus which was patient of unre-
stricted deformation of soil in interface area along shear
direction. Cai et al. (2010) and Li et al. (2012) improved

their test apparatus to research the contact performance
between soil and structure respectively. We know that
the mechanical performance of material is affected by
loading velocity, so, we think loading frequency maybe
affect the mechanical performance of material, due to the
earthquake includes many different frequency waves.
But the literatures about the influence of loading fre-
quency on contact performance between soil and struc-
ture are very few. At the same time, these above research
did not considering the soil’s deformation during test. In
order to study the dynamic performance of soil and
structure system comprehensively, based on DYS-200-1-
05 shaking table system, we designed a Suspensory Ring
Test Apparatus (Li et al,, 2013). Using the apparatus, the
dynamic performance of silt and concrete structure sys-
tem was researched, and some conclusions were pro-
posed in this paper.

2. Suspensory Ring Test Apparatus

The suspensory ring test apparatus was designed by
reforming the DYS-200-1-05 shaking table system. Fig. 1
is its Skeleton drawing. The DYS-200-1-05 shaking table
system include the output power system which provide
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the horizontal force and the table system to fix the test
structure, where the low frequency can reach 0.5Hz, the
vibration displacement can arrive 40mm, and the maxi-
mum vertical loading is 100kg. The table system is con-
nected to the output power system with connector and
dynamic force sensor. During testing, the structure
board was fixed on the table, the suspensory ring con-
tainer was hanged above the structure slab, and the con-
tact area between soil and structure would be not
changed due to the size of structure slab was larger than
the diameter of the container. The suspensory ring con-
tainer was made of latex film around with several alumi-
num ring, thus the soil can horizontal deform in test. The
diameter of two containers was 150mm and 100mm

respectively, and the aluminum ring’s size was 3mmx5mm
(thicknessxheight) with 5mm space. The displacement
sensor 1 (DIS1) was located on the structure board, the
displacement sensor 2 (DIS2) lied on the lowest alumi-
num ring contact the structure, and the displacement
sensor 3 (DIS3) lied on the aluminum ring near the low-
est one, parallel to the interface between soil and struc-
ture. Then, the two shear deformation SD1=DIS1-DIS2
and SD2=DIS2-DIS3 stand for the shear deformation on
contact interface between soil and structure and that on
soil body respectively. The vertical external force can be
input on the top of the soil with additional weight. The
dynamic force sensor was a MCL-Z force sensor, used to
record the force history along the interface.

Steel Frame

Contector

Container

Displacement Sensor

Force Sensor

/llll

T

Structure Board

Fig. 1. Skeleton drawing.

The apparatus’ features and applications include the
following aspects. Firstly, the vertical force on the inter-
face was constant, and the horizontal force paralleled to
the interface can be carried out by different frequency.
Secondly, the shear distortion of the test soil was consid-
ered, thereby, the relationship between destroy of soil-
structure system and that of soil can be studied in test.
Thirdly, the influence of some factors including the load
frequency and velocity on the contact performance be-
tween soil and structure can be researched.

Fig. 2 is the relation between loading frequency and
ratio of force to displacement in different assembling
stage, where there is nothing on the shaking table at stage
I, the structure board has been fixed on the shaking table
at stage II, and the container has been hanged above the
structure board at stage III. As shown in Fig. 2, the ratio
of force to displacement at stage Il is consistent with that
at stage 111, thus, the friction is very low between the

container and the structure board, and the incremental
force could only be caused by the soil in container during
test. So, the shear force along the interface is SF=Fi-Fi.

3. Overview of the Experiments

In order to study the response of the soil-structure
system and the contact performance between soil and
structure under cyclic loading systematically, a series of
tests had been carried out by using the suspensory ring
test apparatus designed by the authors. The test soil was
silt, whose physical properties were that ps=1.59g/cm3,
wp=14.26%, wi=21.77%, c=6.26kPa, and ¢=34.96°. One
of the test structures was a plain concrete board (STR1),
the other was concrete board covered with reinforcing
net of 20mm with the diameter of 2.0mm (STR2). Table
1 shows the test cases.
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4. Analysis of Test Results
4.1. Mechanism of silt-structure system

Fig. 3 is a typical record curves under 0.5Hz loading,
where the moisture content of silt is 14.3%. Fig. 4 is the
shear deformation curve deduced from Fig. 3. From Fig.
3, we find that the increasing of the displacements is
slower than that of shear force along the interface be-
tween soil and structure. Fig. 4 indicates that the shear
deformation on the interface between soil and structure
is different to that on soil, the shear deformation on the
interface increases fast with the increasing in shear force
until the destruction, but, the shear deformation on the
soil is basically unchanged. Finally, the damage of the
silt-structure system is taken place on the interface be-
tween soil and structure. But, the other test data repre-
sent that the shear deformation on the soil can be larger
than that on the interface when the loading frequency
reached a certain value, we will talk about it in the fol-
lowing.

As shownin Fig. 5, the SD2/SD1 is related to the mois-
ture content of soil and the loading frequency, which in-
dicate that the SD2/SD1 increase and then decrease with
the increasing in loading frequency, and the peak value
of SD2/SD1 increase with the increasing in moisture
content of soil. Because SD1 and SD1 stand for the shear
deformation on contact interface between soil and struc-
ture and that on soil body respectively, the system dam-
aged will be found in soil when SD2/SD1>1.0.

Fig. 6 is a typical hysteresis loop, where the moisture
content of silt is 14.3%. Fig. 6 presents that the develop-
ment of the deformation can be divided into three phases.
First, the size of hysteresis loop is very small, and its long
axis is almost horizontal, where the shear force and
shear deformation are all low. Second, the shear force in-
creases quickly, and the long axis of hysteresis loop turns
into vertical direction. Third, the shear deformation is
larger and larger with the increasing in shear force, and
the size of hysteresis loop also become large to a value,
and its long axis is going to horizon again. So, the damage
of the soil-structure system will be occurred between the
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second phase and the third phase, and that the energy
dissipation may be used to study the contact perfor-
mance because of the hysteresis loop represents the en-
ergy dissipation during deformation under cyclic loading.
Fig. 7 is a typical relationship between energy dissipa-
tion and number of loading cycle which also indicate that
the development of deformation of the soil-structure

0.4

system includes three phases. Fig. 8 shows that the mon-
ocycle energy will decrease and the number of cycle will
increase with the increasing in loading frequency to
cause the soil-structure system damaged. So, the total
energy dissipation will be employed in order to elimi-
nate the influence of the number of cycle in the following
study.
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Fig. 3. Typical record curves.
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Fig. 4. History curve of shear deformation.

4.2. Influence of moisture content
and loading frequency

Fig. 9 presents the relation between the total energy
dissipation and the moisture content, and Fig. 10 is the
relation between the total energy dissipation and the
loading frequency. The two figures indicate that the total
energy dissipation causing the system to damage will de-
crease with the increasing in moisture content and the
loading frequency, which can be fitted with formula of
y=axb respectively. From Fig. 9 and 10, we also find that
the relations among the total energy dissipation, mois-
ture content, and loading frequency were coupling.

4.3. Influence of contact size and roughness
on interface

Table 2 shows the total energy dissipation on differ-
ent case under different loading frequency, including
contact diameter with 150mm, 100mm, and different
roughness of STR1, STR2. From Table 2, we find that the
total energy dissipation on different cases all decrease
with the increasing in loading frequency, the total energy
dissipation on large contact size case are larger than that
on small contact size case, and the influence of roughness
are also obvious which present that the total energy dis-
sipation on STR2 are less than that on STR1.
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Table 2. Total energy dissipation on different cases.

Case Freq. /Hz D=150mm and STR1

D=100mm and STR1 D=150mm and STR2

2.0 11.31 3.71 3.24
2.5 11.03 2.29 6.59
3.0 7.90 1.49 14.56
3.5 4.15 0.79 2.61
4.0 211 1.84 4.44
5.0 1.97 1.49 1.85
6.0 2.24 0.97 2.18

5. Conclusions REFERENCES

In this paper, the dynamic response of the soil-struc-
ture system and the contact performance between silt
and structure under cyclic loading was studied, using a
Suspensory Ring Test Apparatus designed by the au-
thors, where the physical properties of the test silt were
that p=1.59g/cm3, wp=14.26%, w1=21.77%. Firstly, the
Suspensory Ring Test Apparatus was introduced. Then,
the test data are analyzed and some conclusions were
gained. (1) The increasing of the displacements is slower
than that of shear force along the interface between soil
and structure. (2) The damage position of the soil-struc-
ture system was different when the loading frequency
and moisture content were different. (3) The factors af-
fected on contact performance between silt and concrete
structure under cyclic loading were studied, such as
moisture content, loading frequency, contact size, and
roughness.
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ABSTRACT

ARTICLE INFO

In this study, a series of experimental study was conducted to investigate the effect
of anchor bars on steel frame systems where the connections were provided by an-
chor bars between frame and infilled walls. Seven one over four scaled specimens
having one story and one bay of frames were tested. Experimental study was carried
out by damage-controlled and incrementally applied load up to loading cracks. The
test results relieved that with the help of using anchor bars the capacity of energy
absorption with initial stiffness were increased. It has been found that the frames
without using anchor bars failure at the loading edge, the crushing behavior of in-
filled walls and separations at free edges were occurred. These observed failure be-
haviors replies with tensile cracking for the frames having anchor bars. There for it
should be underlined that anchor bars have a significant effect on improving the be-
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havior of the frames.

1. Introduction

Infilled walls mainly defined as a wall which separates
the place from each other. Infilled walls directly affect
the structural behavior. Although infilled walls affect the
structural behavior of buildings, it has not been consider
for the structural design analysis (Budak, 1997). This
may be explained by the difficulties and the non-practi-
cal calculation methods which were provided by the
available literature.

In the available literature considerable research has
been conducted particularly the behavior of infilled
walls under the impact of lateral loading. For this pur-
poses the capacity of infilled walls load-carrying capaci-
ties, ductile, stiffness and energy absorption properties
were examined. Performed studies generally used hys-
teretic and cycling loadings were applied (Oztiirkoglu et
al,, 2015; Aksoy et al., 2015; Ozdemir et al., 2014; Yakut
etal., 2013; Peynirci, 2007; Kara, 2006; Celep etal., 2003;
Ataman, 2003; Orbay, 2001). Depending on the increases
by loads some regions between frame and infilled walls
are separated, and cracks occurred atinside of the infilled

walls. Since separations and cracks depending on the
changing loads occurred between infilled walls and the
frames where infilled walls are in contact with those
cracking regions; friction forces appear. Beside of oc-
curred friction forces, damping provided by infilled walls
increase overall strength and stiffness with energy ab-
sorption (Budak, 1997). Up to a certain value of slippage,
slipping of anchor bars provides ductility and the capac-
ity of energy absorption (Yalciner et al.,, 2015).

In Turkey, lessons learned from previous earthquake
show that most of the constructed buildings with infilled
walls cause ductile problems, non-adequate lateral stiff-
ness for the damaged buildings (Kiziloglu, 2006). In or-
der to repair and strengthening of such buildings against
to further expected earthquakes, it has been began to use
anchor bars for infilled walls (Tekeli et al., 2014; Ozen et
al,, 2014; Erdem et al., 2004).

In contrast to previous studies in this study the behav-
ior of steel frames constructed with infilled walls by us-
ing anchor bars were examined. It is believed that in-
filled walls with anchor bars provide better stability of
the structural systems under the applied lateral loads.
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2. Assumptions of the Current Study

The assumptions done for the current study were
listed below:
e Monolithicloading has been applied until the cracking
loading. Thus applied lateral loading of infilled walls dis-
tributed as diagonal that because of the bending behav-
ior of the system an effective experimental program was
performed.
e The placing of anchor bars at column-beam joints
were done according to the conventional densification.
e The infilled model was preferred as slenderness
walls. This may be explain by the bending behavior for
the infilled walls which are having slenderness ratio less
than 20.
e For the trial test four millimeter diameter of aggre-
gate was used according to the described guideline by
ACLI. In order to observe the cracking patterns seven mil-
limeter diameter of aggregate were selected for the real
tests.
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NOTE : Dimensions are in cm.

e For ¢4 millimeter diameter of anchor bars were se-
lected to provide the ratio of total area of anchor bars to
area of infilled walls which was 0.8 (Phan et al,, 1995).

3. Experimental Program and Setup
3.1. Experimental program

In this study, seven one over four scaled specimens
having one story and one bay of frames were tested.
While the material of the infilled walls was done by in-
place concrete, the frame was constructed with steel
profile. Fig. 1 shows the connections between frame and
infilled walls provided by anchor bars. All specimens
were cured for seven days. The characteristic properties
for the samples were given in Table 1. The tests were
ended until the defined damaged degree was provided
where the loading program was done by using incremen-
tal loading and damage-controlled.
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Fig. 1. Demonstration of test specimen.

3.2. The setup of the experimental study

Fig. 2 shows the setup for the performed experi-
mental study. Steel frames with infilled walls were hold
with the help of its own weight at the setup platform and
the loads were applied to the edge of the frame.

The damage degree to the cracking loading consti-
tutes the linear curvature region of load-displacement
and separation of walls at free support. In this study the
considered cracking loading was not limited by initial
cracking or interface surface cracking. The loading was
continued until tension and cross cracking occurs at the

surface of the infilled walls, crushing occurs at fixed sup-
port and edge failure-crushing, separation of infilled
walls at free supports.

After obtaining the damage to the cracking load while
the load constant since the displacements were contin-
ued and the behavior of the system exceed the plastic re-
gion in order to be able to discuss the contribution of the
anchor bars the experimental tests were ended.

The expectation until the occurring of the cracking
loading was initial cracking or interface cracking, tensile
or cross cracking, crushing of walls supports and edge
failure-crushing and separation of walls at free supports.
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Table 1. Characteristics of test specimens.

Frame without Infilled Wall

Steel Frame

Esteel frame=198000 MPa
Vsteel frame=7,25€-6 kg/mm3

Usteel frame=0,30

First Test Specimen

Steel Frame

Esteel frame=198000 MPa
Vsteel frame=7.25€-6 kg/mm3
Usteel frame=0.30

Infilled Walls

Einfilled wais=17300 MPa
Yinfilled walls=2.20e-6 kg/mm3
Vinfilled walls=0.20

Oinfilled wals=11.14 MPa

Frame with Infilled

Second Test Specimen

Steel Frame

E'steel frame=198000 MPa
Vsteel frame=7.25€-6 kg/mm3

Usteel frame=0.30

Infilled Walls

Einfilled walls=13400 MPa
Yinfilled walls=2.20e-6 kg/mm3
Vinfilled walls=0.20

Oinfilled wals=3.57 MPa

Walls

Third Test Specimen

Steel Frame

E'steel frame=198000 MPa
Vsteel frame=7.25€-6 kg/mm3

Usteel frame=0.30

Infilled Walls

Einfilled wats=19300 MPa
Yinfilled walls=2.20e-6 kg/mm3
Uinfilled wals=0.20

Oinfilled wals=15.10 MPa

Forth Test Specimen

Steel Frame

E'steel frame=198000 MPa
Vsteel frame=7.25€-6 kg/mm3

Usteel frame=0.30

Infilled Walls

Einfilled wanis=18900 MPa
Yinfilled walls=2.20e-6 kg/mm3
Vinfilled walls=0.20

Oinfilled wals=13.95 MPa

Frame with Infilled

Steel Frame

Esteel frame=198000 MPa
Vsteel frame=7.25€-6 kg/mm3

Usteel frame=0.30

First Test Specimen Infilled Walls

Einfiled wans=18900 MPa
Yinfilled walls=2.20e-6 kg/mm3
Uinfilled wals=0.20

Oinfilled wals=13.95 MPa

Anchor Bars

Eanchorbar=123000 MPa
)/anchorbar=7.80€-6 kg/mm3

Uanchor bar=0.30

Walls + Anchor Bars

Steel Frame

Esteel frame=198000 MPa
Vsteel frame=7.25€-6 kg/mm3

Usteel frame=0.30

Second Test Specimen Infilled Walls

Einfiled wans=16500 MPa
Yinfilled walls=2.20e-6 kg/mm3
Uinfilled wals=0.20

Oinfilled wals=10.49 MPa

Anchor Bars

Eanchorbar=123000 MPa
Yanchorbar:7.809-6 kg/mm3

Vanchor bar=0.30

Note: E: Modulus of Elasticity, y: Density, v: Poisson’s Ratio and o: The average compressive strength of infilled wall
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Fig. 2. Experimental setup.

4. Experimental Results

For each samples load-displacement curves were ob-
tained and by using those results the capacity of energy
absorption with initial stiffness were calculated. At the
obtained load-displacement curve since initial stiffness
was calculated at the 1.50 mm displacement, the capac-
ity of the energy absorption was also calculated based on
these quantities.

Table 2 gives the obtained load-displacement curve
with cracking patterns occurred at cracking load. Based
on obtained test, results initial stiffness with capacity of

energy absorption summarized in Table 3.

By using the material constant of the concrete infilled
walls damage level occurred until to the cracking load-
ing, with the assumption of the plane strain, stress-based
evaluation was done by calculating the shear stresses oc-
curred at infilled walls. Obtained tests results for the av-
erage shear stresses were summarized in Table 4.

In this study also plane stresses were recorded by in-
stalling the strain gauges to the anchor bars. The inter-
action between the frames lends to bending and the slip-
page of the infilled walls was investigated. The installed
strain gauges are shown in Fig. 3. Table 5 also shows the
transferred loads to the infilled walls and plane stresses
passes to anchor bars.

Table 3. Displacement-based evaluation of the test specimens.

Energy Absorption Capacity Initial Stiffness
Frame With Infilled Wall Systems Load (N)
(Joule) (10-3) (N/m) (109)

Frame without Infilled Wall 4264 3.23 2.80

First Test Specimen 71906 59.05 57.35

Second Test Specimen 17896 15.51 15.96
Frame with Infilled Walls

Third Test Specimen 34695 27.98 29.69

Forth Test Specimen 84323 69.35 131.06
Frame with Infilled Walls + First Test Specimen 82752 71.26 72.12
Anchor Bars Second Test Specimen 70892 59.75 56.72
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Table 2. Load-displacement curves of the experimental specimen and the damage pattern in cracking load.
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*Table 2

125000

Steel Frame With Infilled Wall+Anchor Bars

Interface Surface Cracking Tensle Cracking at

1000

(2,44, 97137

| =

CONGRETE DAFILLED WALL
i

. & 75000
First Test < /
Specimen K

Cross Cracking

STEEL FRAME
40:% 40 mm SO 1D SQUARE STEFL

0000 /
25000

a

0 09 12

Displacement (mm)

aoa], NS LN A
Imerface Suface Cracking |

Tensile Cracking at
" The Average Shear Strength=39,23 MPa

Free Sepport

NOTE: Dimensions are in cm

Frame with

Infilled Walls
+ Anchor Bars

120000

Steel Frame With Infilled Wall~Anchor Bars

Tensle Cracking at
Interface Surface Cracking Fre= Suppost

(277, BY765)

el N

-
Second Test g /
Specimen S5

Displacement (mm})

f 77
4% Interface Suface Cracking //

¥
NOTE: Dimensions are in cm.
The Average Shear Strength=48,25 MPa

Table 4. Stress-based evaluation of the test specimens.

. . Cracking The Average Shear Strength The Average Compression
Frame With Infilled Wall Systems .
Load (N) (MPa) Strength of Infilled Wall (MPa)

Frame without Infilled Wall - - :

First Test Specimen 104156 61.77 11.14

Second Test Specimen 20640 33.51 3.57
Frame with Infilled Walls

Third Test Specimen 57693 83.25 15.10

Forth Test Specimen 120992 66.68 13.95
Frame with Infilled Walls + TS s EfpeEe 97137 59.23 20.44
Anchor Bars Second Test Specimen 89765 48.25 10.49

5. Discussions of the Test Results

When the obtained results of load-displacement
curve and the capacity of energy absorption were exam-
ined, the tests results 1.52 times less for infilled walls
without anchor bars, 20.28 for times of frame without in-
filled walls. The test results of the capacity of energy ab-
sorption are summarized in Fig. 4.

When the tests results consider for the initial stiffness
the obtained results for the initial stiffness was 1.18
times was more for the anchor system compare to
frames without anchor bars and 23.13 times compare to
frames without infilled walls at the displacement of 1.50

mm and the load corresponding to cracking load. The
test results of the initial stiffness are summarized in Fig.
5.

As shown in Fig. 6, it has been found that there have
been no significant differences for the obtained results of
shear stresses between the frame with infilled walls hav-
ing anchor bars and the infilled walls frames not having
anchor bars. According these results steel frames trans-
fers the loads uniformly and provide adequate confine-
ment.

Obtained results of the plane stresses and transferred
normal loads passes through anchor bars having fixed
support and free support are shown in Table 6.
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Fig. 3. Installation of strain gauges.

Table 5. Transferred loads to the infilled walls and plane stresses passes to anchor bars.

Frame with Infilled Wall

Systems Plane Stresses Passes to Anchor Bars Transferred Normal Loads to the Infilled Walls
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In Fig. 7 for the first sample plane stresses of the an- approximately 56% more for the fixed support compare

chor bars at the fixed support were approximately 25% to free support. For the second sample these values re-
more compare to free support. For the second sample duced to 43% at the fixed support compare to free sup-
these results were approximately achieved to 43%. port. According to results with the help of anchor bars

At the first sample with the help of anchor bars plane stresses occurred at the steel frame systems suc-
transferred normal loads to the infilled walls was cessfully were distributed.
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Fig. 4. Test results of the energy absorption capacity.
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Fig. 5. Test results of the initial stiffness.
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Fig. 6. Test results of the average shear stresses.
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Table 6. Obtained results of the plane stresses and transfer normal loads passes through anchor bars
having fixed support and free support.

Frame with Infilled Wall )
Systems Plane Stresses Passes to Anchor Bars Transferred Normal Loads to the Infilled Walls
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6. Conclusions

Test results indicated that placed anchor bars for the
steel frames remarkable increase the capacity of the en-
ergy a sorption and initial stiffness. It has been found
that average shear stresses were not change signifi-
cantly. These may be explained by the rigidity of the steel
frames and the applied load until to the cracking loads.
While the behavior of the edge failure/wall crushing oc-
curred at the applied load on the edge of the infilled walls
frames not having anchor bars, the separation of the
walls occurred at free edges. This behavior was replaced
with tensile cracking for infilled walls frames having an-
chor bars. As a results it can be concluded that the be-
havior of the system obviously improved by anchor bars.
It is believed that obtained results may provide the
guideline for the earthquake codes.
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