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ABSTRACT

EXPERIMENTAL STUDY ON EFFECTS OF GEOGRID
REINFORCED ZONE ON SEISMIC PERFORMANCE OF LOW -TO-
MEDIUM RISE BUILDINGS

This study aims to investigate the effectiveness and reliability of geogrialsais
reinforcing systemlIn order to prevent or minimize the earthquake impact on structures,
this study focuses on reducing the effect of earthquake loads by creating the geogrid
reinforceal zones. This system is composed of various layers of geogrnfjemations to
be able to eate a reinforced geogrid foundation under the structure. To present reliable
results through observing the ssitucture interactioandstructural behaviour angigital
comparisons via data outputs; an experimental setugestablished. \th this purmse in
mind, the seismic behavior of the two 1:10 scaled structure models without and with the
different geogrid reinforcement configurations under different eaattejgonditions were
studied. A series of shaking table testsevgerformed t@®valuate theseismic response of
the building models depending on the selected performance criteriaff€bes of geogrid
reinforced zone which is dependent on the number ebgyid layers on the seismic
behaviour of the lowise and medim rise buildigs were discssed with comparing test
results of the unreinforced and reinforced cases. Comparison results of the tests revealed
that the inclusion of the geogrid reinforcememthe sand can reduce earthquake impacts
by decreasing the tramitted seismienergy fromsoil to structure via the interlocking
mechanism between geogrid layers and soil. Significant improvements in reducing forces
of strong ground motions are able tokmageogrid reinforced soil systems an option to

improve seismi@erformance ofhe structues.



¥ZET

GEOGRKDKL B! ¢ L ENRK RIBRK L GE NAZNE ORTA
KATLI BKNALARI N SKSMKK PERFORMANSI
ETKKLERRENEYSEL OLARAK KNCELENME

Bu - adg grermoag r i dl er i n zemin gé-lendir me
gevenilirlijini nmaknadée mesilp@laami hegtkisnr | nde
°nl emek veya en aza I ndi r mek I - i depremgeog

yekl erinin eekhiasiodiakBanal mélem&s yapénéen al f
geogrid temel olukturabibmekhsyomnnkatemanl a
Veri -eéktél areyapeerdtnkdielne Kk z mmn n Ve yape:
karkeéel akt éewmal ak & gg ¥ eshuenhal bri | smbeakb oardaétnuav,ar d

ol uknmuwkrtudBu ama-1a, f arnkflig ¢gecgroind ad adn aotl & r
ol - ekl i i K yapeé model inin farkIl & deprem
Se-il en ngerkfroirtnear | er i ne bajl e ol ar ak bi i

dej er |l endi r nsar&mama-si ans €b étlr erstibketoéyrraipd kat man s a
olaakgeogri d donateée b°lgesinin al-ak ve ort
d o nlraét ke e dlomamdaxr uml ar én t est sonu-1|ar e k
Testlerin kar kélmamteérgmaogs o mu -d carr g&gedgridiel a v e
tabakal arée ile zemin ar asreaadalke mekpednaent | yeap
iletilen sismik enerjiyis ° n¢ ml e gpreim et kil er i ni azaltabi
Kuvvetli yer hareketlerinin etkisii n azalt él masé 1ile el de e
geogrid takviyeli zemin sistemiern i yapél ar én si smik perfo

°neml i bir se-enek haline getirebilir.
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1. INTRODUCTION

1.1. General

Methods of building structures have bedgwveloped more than ever befdrg the
help of advancing engineering capabilities and building technologies. In addition to this, it
is much safer, faster and reliable to conduct different engineeringsamadg well as
building constructions and improved material qualities. Evenvadpus solutions for
structural safety problems which are caused by phenomena like earthquake, fire, tsunami
etc. hazards are required. Even with multiple solutions anduiress, destructive effects
of significant earthquakes such as Haiti (2010), d4@@11), Nepal (2015), Turkey (2020)
could not be prevented. In Chang et al. (2002) study, it is expréssgeismic resistance
capacity can be improved by adding sheat Wadced frames or moment resistant frames,
however, this solution may cause reghstory accelerations for stiff buildings or, large
inter-story drift ratios for flexible buildings. Since the in&ory drift ratios and structural
performance criteria arstrictly defined in many earthquake codes as well as in Turkish
Building Seism¢ Code (2019), an answer to these eccentric demands, should not only
include the structure itself, but also other +structural parameters of construction site and
geologicalcharacteristics. Additionally, some vital buildings as fire stations, redspind
communication stationwhich may contain sensitive instruments that have crucial

importance after an earthquake, may include additionabktroturalprecautions

Concept of reducing strong ground motion impact covers a wide range of
applications. Fomstance, seismic isolation aims to decrease horizontal loads transferred to
building, via improving the damping ratio or changing the natural period of the structure.
Converional seismic isolation includes different systems, laminated bearingrubber
bearing and friction pendulum elements. Although the multiple opionghis method
have, it is generally expensiveélepenthg on experience levels at desigand
implementéion, and requires specialization to implement these solutions, especially in

deweloping countries.



Alternative ways were offered in many studies to provide-¢oat applications to
improve earthquake performance of the structural elements by usingdgeagerials, by
Omar et al. (1993), Yetimoglu et al. (1994), Alawaji (20(Pata et al. (2005), Edincliler
et al. (2017). Different geometrical configurations of geosynthetics were researched in
similar studies. Barely, these studies are generally @dedwia numerical analysis or

stick dependent on analyzing specific structulainents, such as foundations.

The @ntent of this study includes the experinatudyand evaluation of lovzost
geogrid reinforcd zone on seismic performance of kevmedium rise buildings under
different earthquake motions. Related studies of such systems were condwggedrab
reinforcedsand as Lamaé Yildiz (2003) and Edincliler et al. (2019).

In this context, experimeritatudes contain th@erformanceests é the laminar box
andthe seismic performance tests of the 1:10 scaled building modeds 3story and 5
story buildingswith and without thegeogrid reinforcement bgerforminga series of the
shaking table test Different geogridreinforcadl zoneswere createdto determine the
effects of the geogrid reinforcemamder destructive earthquake motioBgght different
scenarios of geogrid configuration were investigated to define seismic performance of the
test séups. In addition to this, eight perform@e criteria were determined, and a
parametric study was conducteddompare theesultsof all casesThus, it is aimed to
experimentally develop a display for the level of interlocking effestiveen soil and
geqyrid, as well as earthquake performandethe geogrid reinforcd zones in terms of

mentioned performance criteria

1.2. Problem Statement

Many numerical and some experimental researches were done for examining of
seismic performance of geogrid materials.cBimmaterial and geometry of the geogrid
element is quite changeable and has an impact on the behaviour of the soil, therefore the
structure; it is still relatively difficult to decide the characteristics of the setup within such a
combination pool. Additinally, the previousstudies lack of adea@e data on behalf of
providing the so#structure interaction, as well as providing experimental check of

numerical researchedhis study also aims to observe both superstructure and geogrid



reinforced soil at th@ame time. Thus, identifying the systeofdaminar box, soil type,
model structures and geogrid zone characteristics will improve the understanding and
application of similar techniques. Actualizing the image of an environment when a strong
ground motionoccurs will help to provide a realistexperiment to verify effectiveness of

such systems

1.3. Objective of the Thesis

The main purpose of this study is teterminethe influence of geogrid reinforde
zones orthe seismicbehaviour of lowrise andmid-rise structuresinder strong ground
motionsvia shake table test$his study is the first experimental study in the literature in
which the effects of geogrid reinforced zone on the reinforced soil and superstructure
model are investigated togeth&lentioned researches lacked such a characteastic
stayed on numerical basis, or either took only specific structural elements into attount.
this case, considering the geogrid reinforced area, it is possible to observe both the seismic

behavior of thdoundation and the sedtructure interaction.

This thesis consists of checking the outputs of the previous static experiments and
determining the contributions gkogridreinforcement, therefore their performances under
strong ground motionsBy using the experiences from thprevious numerical and
experimentaktudies a newtestsetup for the shaking table experinswasdesigned and
modeled to validate theffects of the inclusion of thgeogrid reinforcenent by observing
both soil and structural baviourunder thescaled real earthquake recarttss aimed to
evaluate the effects of tlikepthof the geogrid reinforcedoneon theseismic performance

of thelow-to-medium rise buildings.



2. LITERATURE REVIEW

2.1. Geogrid Material

A Geogridis defined asfia geosynthetic material consisting of cortedcparallel
sets oftensileribs with apertures of sufficient size to allow strtkeough of surrounding
soil, stone or other geotechnical matéri&eogrids are commercially available matisiia

primarily in three main categoriess displayed ifrigure2.1 (Koerner, 2005):

1 Unitized polyolefingeogrids
1 Coated yarmeogrids
1 Polyester rod (or strageogrids.

Since theone of theprimary functiors of the geogrids is reinforcement, type of
reinforcement applicains alsovariesto a very large range. In those applications where the
direction of the major stressase known,as walls and slopes, unidirectional, or uniaxial,
geogrids are used. In those where the applied stresses come from random directions, as in
pavements and foundations, bidirectional, or biaxial, geogrids are. Useaddition
geogrids have been used asiarprovement methodor increasing bearing capacity of
poor foundation soils in different ways; as a continuous layer, as multiple closebdspa
continuous layers with granular soil between layers and as mattresses consisting of three
dimensional intecomected cellslt is also mentioned to be used to stabilize and reinforce
multiple application areas; such as paved roads, pavements, umpadegdembankments
and slopes, reinforced wall$pundation and basal reinforcement, veneer cover soils
(Koerner, D05).

Furthermore, Koerner (2009)ighlighted some of the useful aspects of geogrid

reinforcement for foundation soil stability as;

1 Globalslope stability,
1 Bearing capacity,

1 Lateral extrusion (or squeebpeit).
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Figure2.1. Some types of geogrids: (a) Unitized polyolefin geogrids, (b)Coated yarn

geogrids, (c) Polymer rod (or strap) geogrids (iKee, 2005)

Geogrids are nearly always serving the primary function of reinforcement, making
their physical properties importanguch asype of structure, rib dimensions, junction type,
aperture sizeand thickness Density and oubf-plane bending stiffess and hplane
torsional stiffness parameters are other substantial paramiiechanical propentis of
geogrids can be summarized as; single rib and junction (node) strengtiwididgensile
strength, shear strengtanchorage strength from wallratectionsand anchorage strength
from soil pullout(Koerner, 2005)Since the utilization of geogridse case specific, many

forms of geogrids are still in development.



2.2. Geogrid Reinforcement

As mentioned in Sectior2.1, the primary function of g@ogrid materialsis
reinforcement.This genuine characteristic transfoigeogrid material into a subject of
multiple researches in the literature to explore the beneficial ways of geogrid usage.

Since the geogrid matials are completely produced apceferred depending on
their purpose of use, there are huge numbers of geogrid utilizations in the field, in truly
particular ways. Thereby, there are various studies accounting geogrid materials as their
subject, mainlydepending on their physical, chewlicor practical characteristics. In
addition, these studies also diverge depending on the experiments are numerical or
experimental. Although there are hybrid studies that extent both experimental and
numerical test setgp most commonly they differentiab@ased on that parameter, because
of the reason that experimental and numerical outputs of the same conditions are generally
have a degree of contrast with each other. Since the scope of this study extent an

experimentastudy, numerical studies are goittgbe reviewed in the following sections

2.2.1. Experimental Studies onGeogrid Reinforcement

Guido et al. (1986), introduced various configurations for geogrid reinfaoe
systems and completed a comparing study in betgeetextiles and geogrids, durirget
period of geogrids were becoming a useful member to be utilized in many fields of
construction site. The study on bearing capacity of geogrid and geotextile reinforced slabs
were a set of experimental laboratory motsits. According to the analysissudts, the
bearing capacity of an unreinforced earth slab is able to increase essentially with the
integration of either type atinforcement.

Study genuinely notes that; to properly use geotextiles as reinforcemetnfr
forces must beleveloped between soil layers and reinforcement itself to prevent sliding;
although for geogrids, it is the interlocking mechanism of the soil through the apertures of
the grid that generates an efficient anchoring effect. Theretaseproposed to detmine

failure mechanisms of geotextiles by fixed shear box tests and geogrids-byipeiéts.



Primarily, the type of the reinforcement is generally site specific and depends on the
purpose, however, for the same case, the griqgdagisd greater perforamce on behalf of

bearing capacity ratio, as igure2.2 andFigure2.3.
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Since geogrids are a specifieelent as a reinforcement material as noted in Section
2.1, while geotextiles have other multinctional usagereas(i.e. separation, drainage,
filtration). Geogrids are mentioned as a superior form of reinfoesd owing to the

interlocking of the soil surface with the grid membrane, compared to geotextiles.

Omar et al. (1993, addressed various studies of soil reinforcemémtjuding
geogridsoil reinforceanentson bearingcapacity of shallow foundatiorend conducted a
similar study about ultimate bearing capacity of shallow foundations onrearfdrced
with geogrid Former laboratory model studies were all conducted with geosynthetic
reinforcement with guare foundationshowever, their experimentalmodel tests were
carried out with also strip foundations supported by geogrid reinforced layers of sand

Example sketch of test setup is displaye#igure2.4.
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Figure2.4. Square and strip foundations supported by sand reinforced with layers of

geogrid q, load per unit are@maret al, 1993)



Two test series were conducted as reinforced and unreinforced cabesisa
variable number of geogrid layesge taken int@ccount It was displayed that, for a given
foundation, the applied load\) capacity increased withumber of geogrid layerf)),
along with an increase of the settlement at ultimate load, &gure 2.5. Therdoy, the
study displayed basiinformaion on geogrid soil reinforcement geometry, including depth
and width parameters for different foundation types.
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Figure2.5. Applied load per unit area vs. settlemfamtstrip foundationsléft) andsquare
foundationgright) (Omaret al, 1993)

Additionally, following conclusions are drawn from the experimental tests conducted

to investigate the study on bearing capacity on sand with geogrid reinforcementgOmar
al., 1993):

1 On the purpose of reaching maximum bearing capacity, effective depthbe
approximately & for strip foundations and 194for square foundation® ( width of
the foundationfFigure2.4),

1 For utilization of maximum &aring capacity, width of reinforcement layers shall be

approximately 8 for strip foundations and 495for square foundations,
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1 To utilize the first layer of geogrid properly, maximum depth of the first geogrid

reinforcement layer shabe less than B.

Yetimogluet al. (1994, conducted &ybrid study on bearing capacity of rectangular
footings an geogrid reinforced san@he studyinvestigated the effects of depth to the first
layer of reinforcement, vertical spacing of reinforcemawgérs, number of reinforcement
layers, sizeof reinforcement sheet and stiffness of reinforcement on bearing capacity.
Again, as in the previoustudes static vertical loads were appliefls the experimental
study, they operated an analytical study g finite element method and compared output

data.Their test setup can be seerFigure2.6.

While measuring the ultimate bearirmgpacity the study took into account the
settlementsvhich keep increasing withodurther increase in loads and abrupt changes in
the loadsettlement relationships. Ta@ompare applied loafbundation settlement
behaviour of both unreinforced and reinforced sands, bearing capacity(BGiB$ were

treated, as defined in Binquet ancelia 1975.
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As shown in Table 2.1, BCR of some significant cases were detected in a range of ~0
to ~3.9 for the experiméal comparison results. In contrast, expental test and
numerical analysis results displayed incompatibility with each other for many of the test
groups. For all investigated parameters (depth to the first layer of reinforcement, vertical
spacing of reiforcement layers, number of reinforceméagers, size of reinforcement
sheet and stiffness of reinforcement on bearing capacity), the results were different in

various ranges. Briefly, only two examples are displayed (Figure 2.7 and Figure 2.8).

Table2.1. Summary of test results for test groups of reinforced and unreinfsaoed
(Yetimogluet al, 1994)

Group 1 Group 2 Group 3
o6 ™ o076 ™8 u o6 ™
o T T oo T T oo T® T
067 1d 671 18 6 70 @3t
i 76 n i 70 n i 76 N
N|(percent) (kPa) 6 0 " |(percent) (kPa) 0 0 " |(percent) (kPa) 60"
(€8] ) 3 (4) (5) (6) (1) (8) 9) (10)
o 27 316 - 2.7 316 - 2.7 316 -
1 34 586 1.85 3.1 558 1.77 3.8 579 1.83
2[ 4.8 790 2.50 3.1 718 2.27 34 795 2.52
3| 4.8 1002 3.17 3.0 768 2.43 4.9 1081 3.42
4 3.9 1147 3.63 2.8 766 2.42 4.4 1225 3.88

Ratio of the settlement at failure to the width of footing.
Ratio of the ultimate bearing capacity of reinforced sand to the ultimate bearing capacity o
unreinforced sand.
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Overall, study verified that, both from the ttesetup and finiteelement analyss,
bearing capacity of rectangular footings could be increased significantly by incorporating
geogrid elements atifferent deptk in the foundation soil. Model tests clearly indicated
that the failure point at the settlemt may not be affected substatiyi by the geogrid

reinforcement, nonetheless; reinforcement configuration, vertical spacing of reinforcement
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layers, size of reinforcement sheet and specifically number of reinforcement layers are able

to have an appareaftfect on the bearing capacitf/foundation.

For the single layer reinforced cases, it is noted that there is an optimum embedment
depth for the first reinforcement layer, where the bearing capacity is at its highest value.
Experimental tests pointed puhat optimum depth is near 8.3This value also verifies
the findings of the study of Omat al.(1993).

Alawaji (200L) was studied otthe topic ofsettlement and bearing capacity of geogrid
reinforced sand over collapsible soil material. Possble improvement field®f geogrid
reinforced sanslwereresearcheaver collapsible sailThe purposevas tocontrol wetting
induced collapse settlememntodel tests werapplied within the study busing a circular

shell elementf 100 mm diameteawith acase specifigeogridmaterial(Figure2.9).
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Geogrid
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[_[g W e e ¥ = THS
T-Sand

Collapsible Soil
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1©L

D,

r
¥

IS

D. >
Figure2.9. Model Plate supported by geogrid reinforced sand over collapsible soll
(Alawaji, 2001).
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Figure2.10. Pressure settlement curves for geocgeitforced sand over collapsible soils
(Alawaiji, 20QL).

Variables of the study were width and depth ofdbkegrid layers during the tedts
determine reinforcement effectsn the deformation modulus, collapse settlement and
bearing capacity ratios. Since wegrinduced collapse settlement is defined as a leading
parameter to a low bearing capacity in arid and serdi regions in previous studies
geogrid reinforcement wassed as a remarkable way of improvement practice in terms of

such performance upgrades.

Outputs of the study mentioned that the impact of the geogrid reinforced sand system
was improved with higher geogrid width and smaller geogrid déptbure 2.10).
Depending on these parametdi® studyintroduced an economic form of sagdogrid

system.

Outcomes are mainly outlined in the analysis of the load settlement response of the

reinforced and unreinforced sand alkol@s (Alawaji, 20Q):

1 Integration of the geogrithto the systemimproves thdoad-carrying capacity and
decreases wettirigduced collapse settlement,
1 Geogrid reinforced sand over normal sand, depth of the saoa bake level can be

decreased,
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Effectiveness of geogrid layer improves with the decreased depth of geogrid layer,

1 Wetting induced collapse settlement was considerably decreased below the circular
loaded area, as a result of capping effects of geogritbregd sand.

1 Geogrid reinforcement imeases elastic modulus of the sand layer,

1 Recommended width of the geogrid shall be greater or equal to 4 times of the
diameter of the loaded area.

1 Real practical conditions (like namiform wetting or various boundarconditions)

may cause different fulbcale performance experiesce

Wang et al. (2015, investigated retaining walls witgeogrid reinforcement and
saturated backfikand checked seismiresponseby using a experimentatest setup with

laminar shear container mounted on shaking table.

Tests were conducted in a large scaled laminar shear confgigare 2.11) and
included both rigid etaining walls with geogrid reinforcement and soil retaining walls
without reinforcementA seismic dilatometer as used to measure wave velocities of the
test models and seismic response of the models were examined. Additional parameters
were also used tdefine seismic performance of these two modelsgirains of geogrids,
lateral displacementsf walls, wall accelerationsafter seismic impactseismic induced
settlements of backfill sandt surface levels, angdore water pressurdifferencesof the
backfill sand).As in many studies, scale factors wateo used in this particular study.
Laser displacemersensrs were installed during the experiment to measheevariation
of displacementgFigure2.12).
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Figure2.11. Laminar shear container mounted on shaking table ¢Wwaal, 2015)

Considering the results of the experimental maqded#though the geogrid
reinforcementaffected to improve seismic behavior and seismic resistance deformation
abilities for the reinforced cas,is found that longime high acceleratiomalues of the
far field had larger effects on the seismic response, thase in the near field.
Additionally, in the reinforced case, while improving the seismic stability of the wall,
geogrid layers in the middle levels had greater influence than latythes lower and higher

levels

Figure2.12. Installation of laser displacement met@iganget al, 2015)
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In Figure2.13, time histories of the lateral dispkroents are displayed for different
ground motions. Unreinforced wall (URW) and reinforced wall (RW) cases are plotted
under the strong ground motions, whé&F2 (Shifang earthquake in China, 2008, scaled
PGA: 0.3g), TAL(Taft earthquake in USA, middfar-field seismic wave, scaled PGA:
0.3g) and SR2(Songpan earthquake in China, 2008, scaled PGA: 0.3g). For the same
seismic intensity, it can be seen tlaeral displacements generated by SP and TA motions
are larger than the SF ground motion. The stugbfagned this by the specifications of the
input seismic motions and noted that seismic responses were stronger for the far field and
mid-far field casesTherefore; it is displayed that for the same earthquake records, lateral
displacement responses fdretreinforced case are weaker than the unreinforced case.
Thus, the presence of the geogrid reinforcement layers practically improved the lateral
displacenent performance caused by seismic movements and demonstrated a lateral

deformation resistance capatyl
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Figure2.13. Time histories of lateral displacements of the two model wall tops: (&) SF
(b)TA-1, (c) SP2 (Wanget al, 2015)

From the results of largescale shaking table tests time seismic rgponse of the
geogrid reinforcedigid retaining walk, the following result@are summarize(Wanget al,

2015)

1 Spectrum peak values of the Famrspectra were adjusted backwandhile Fourier
spectra of the walls presented similar symmetriisiribution, before testsin all
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earthquakecasesacceleration and spectrum responses of geogrid reinforces wall
werelessthan unreinforced watl
1 Middle-layer geogrids had the largest strains among other geogrid layers and had the

greatest effect while prading seismic stability to reinforced wdFigure2.14)
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Figure2.14. Strain amplitude distributions of geogrid layers along wall heights: &), SF
(b) TA-1, (c) -2 (Wanget al, 2015).

1 Geogrid reinforcement layers efitively decreased seismic deformations in the
reinforced wall and provided a resistance in terniatefal deformation capability
all cases. Therefore, geogrid reinforced wall models were parfgr better than
unreinforced wall models in terms of lateral displacements.

1 Specific seismic response parameters within this study verified the effect of
additional seismic resistance ldlyiprovided by the geogrid reinforcement.

1 Settlements of the bacdkfsurface level are directly dependent on the presence of the
reinforcement in the soil material. Surface settlement of the reinforced cases were
much smaller than unreinforced casesug,ithe reinforcements provided settlement

resistance ability for $&mic conditions.
2.2.2. Numerical Studieson Geogrid Reinforced Foundations
In the literature, ést models of geogrid reinforcememder static loads and the

effects of theparameters ofbearing capacity osettlementwere studiedNevertheless,

various appkation fields of geogrid reinforcement require extensive researches under
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dynamic loads, such as the cases in railway roads or super structureHmaseser,
conductingthe large scaled experimental model test is not possible for most of the cases.
Therely, few of the mentioned scenarios are researetitdd the help of computer aided

numerical models

Yildiz et al. (2006) studied on numerical analysis of circufaundatons supported
by geogrid reinforced sand. As the first experimental researttteesudy was conducted
in terms of bearing capacity parameter. Study concludedtibaeinforced soil material
improved the bearing capacity ratio and varipasameters for the geogrid configuration

was introduced in terms of improving bearing capacity.

Alamshahi and Hataf (2009) studied on bearing capacity of strip footings on sand
slopes reinforced with geogrid and gedchor materials. Again, various geormngc
parameters and configuration variations for geogrids were introduced to improve ultimate

bearng capacity and settlement characteristics of such footings.

Edincliler et al. (2017) conducted a parametric study on the seismic performance of
low and midrise buildings on geogrid reinforced sand by numerical modals.
comparative set of numerical stesl were performed on levise and miekrise models,
underdifferent ground motions and structural performances were evalldeddation
soil was reinforcedvith 12 geogrid layers by using finite element modelling software.
Total displacements, transmitt@ccelerations, earthquake induced axial and shear forces
and bending moment parameters were researched under different earthquake scenarios, for
each modelStudy showed that utilization of geogrid layers in soil reinforcement may
provide additional stality for the foundation soil.Although the results were showing
dissimilarities on behalf of structure height, the comrhehaviors of structural responses
displayed thathe reinforced cases reduced strong ground motion effects for the mentioned

parametes.

In addition,the study particularly concludes that in comparison of the output data in
terms of height of the structures, sgdogrid reinforcement isoted as more effective for
the lowrise structures, since the acquired earthquake response iseduatios are

comparatively higher for the lowse model.
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Edinclilerand Toksoy2019), conducted aumericalstudy on theeffects of geogrid
reinforcementon behalfof mitigating earthquake risks of meditnise buildingsunder
different strong ground aotions. Study notes that soils with a low bearing capacity may
have the undesired consequences such as excessive settlstnestyral damage,
deterioration in durability or performance lev&herefore the comparative results were
obtained via numericakimulations of mediumrise buildings on unreinforced and
reinforced sand materiaio be able to generate a compariddasically, effects of various
strong ground motion features and length of geogrid reinforcement material parameters are
researchedndintroduced A mid-rise (5story) building was modelled and foundation was
reinforced with 4 layers of geogrid materiéth this extent, Kocaeli earthquake (1999,
Yarimca StationMw: 7.6, PGA of 0.32g) and Gokceada earthquake (2014, Meteoroloji

Station,Mw: 6.5,PGA of 0.18g)motions were chosen as dynamic excitations.

Comparing the yhamic responses upon the performance irmgerof total
displacement and transmitted acceleration parameitersinforced and reinforced models

showed a significant differeeadhrough the applied reinforcement material.

Numerical analysis showed thitie geogridreinforced sand foundations dispéal a
superior performancewnith decreasingthe total displacement values under stronger
earthquakes (Kocaeli earthquake) as wel] #wey were superiorwith decreasing
transferred acceleration values (energy dissipation) under weaker earthquakes (Gokceada
earthquake).lt is stated that thenclusion of the geogrid material as a reinforcement in the
foundation soil is decreasing tranisted acceleration values, thereby, dissipating the

seismic energy.

2.3. Experimental Techniques

In experimental applications of earthquake engineering, theneaaoris techniques
to define characteristics of tested materials and behavioral aspectssystém; such as
soil element tests, reducedale model tests and fidtale field testdn most of the cases,
experimental test setups are vital to generaftéssructure interaction and to provide

realistic results in both static and dynamic respoesatiors.



22

As a geotechnicalvay of approach, to provide mentioneghlistic behaviour, ig
(shaking table) and 1§ (geotechnical centrifuge at N times grawfythe earth) tests are
two different practicesThese model testare able to display boundasffects of the
models as well as failure mechanisms ahlytical/experimental result verification
Additionally, physical test setupsgainststrong ground mton cases, brings along the
fundamental observation experience as well as output data, adiglotaiures and

response behavio@lafarzadeh, 2008hattacharyat al, 2012).

Bhattacharyeet al. (2012) defined some basic phasesd&signing 1g or multig
(centrifuge) testing environment, as follows;

1 Deduction of nondimensional parameters bynderstanding the governing
mechanisms of the simulated behaviour, both at model and prototype scale, thereby,
thinking the components of the experimental setup as a whole,

1 Provide conserved angroper scaling coefficients for the prototype, to generate
similar behaviour with the real model,

1 Identifying these scaling coefficients in case if they are relatively satisfied, violated

or require special consideration.

2.3.1. Centrifuge (N-G or Multi -G) Teds

Geotechnical centrifuge tests allow researchers to crenilarsstress strain levels
while testing al:N scaled model at N times gravity of earth, by centrifugal for€ggife
2.15). In these tests, linear dimensions are considered by a 1/N coefficient and the stress is
defined by a factor of unitydence, advantage of therdrifuge test setufs, it generates
reproduction of the similar stress darstrain level within the scope of scaled model
(Bhattacharyat al, 2012)
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Figure2.15. Schematic diagram showing the working principle of a geotechnical
centrifuge (Bhattacharyet al, 2012)

Centrifuge testing method provides output data over dynamic strong ground motion
models.It is one of the very early methods of gitgviesting however, for some specific
experimental conditionshere are debates about the centrifugal test resultesrms of
creating insufficient evidences of relation between prototype data and centrifugal data
even though the cost of the creatingttmodel isproportionally a small part of the total
research cost. In advance, main problems experienced in centrifuge tepissii@nable,
since there arparametershat are unabléo be measured because of the testing method.
For similar validationreasons, largscaled model tests are needed to generate precise
results (Schofield, 1981; Hushmaneét al, 1988; Turanet al, 2009; Ecemis and
Kahraman, 2012; Bhattachargtal, 2012)

2.3.2. Shaking Table(1-G Gravity) Tests

It was mentioned that model tesare abasic element to provide behavior of the
prototype, among complex parameters and it is also hard to conclude with an engineering
judgement on the topic. Since the aim of the model test is to simulate boundary conditions
of a prototype problem in smallscale model, model tests can be utilized to understand
the response in terms of different parameters and failure polisinvestigate such
parameters of the structures, shaking table tests are generally used under one times gravity
of earth(Figure2.16).
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Figure2.16. A manual shaking table scheme (Prastadl, 2004)

By the help of shakingables, large amplitude and multi axis input motions can be
analy2zd and fundamental assessments can be made from the observations of experimental
mechanisms of the failure point. Additionally, for precisely created test environments,
parameters like postarthquake settlements, foundation responses and liquefaction
condtions are possible to obtaiBhaking table also provides the environment to compact
the soil materialand space for instrumentation that generally does not affect overall
behavior of the setup in a large sc&@ce 1g gravitational field tests are pose of the
shake table preference, higher gravitational impact is not created in such setups. The main
advantage of the shaking table is the reproduction of the strong ground miaion
actuators and it is possible to create many different tegimgrorments by various
containers and instrumenigile measuring multiple parametéRrasacet al, 2004).

2.3.3. Soil Containers

Various types of soil containers are currently in use depending on their purpose and
what advantages or disadvantages are needed takiee by theresearcher Rigid
containers, rigid containers with flexible boundaries, rigid containgétts hinged end
walls, equivalent shear beam (ESB) containers, laminar containers and active boundary
containers are basic types of soil containers integdhnical earthquake experiments
(Bhattacharyaet al, 2012) Containers will be reviewed as rigid baontainers and

flexible containers, within the extent of this study.

2.3.3.1. Rigid Soil Containerd.iterature contains studies with both rigid sidand

flexible sided soil containers. Rigid sided containers have higher end wall shear stiffness
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thanthe flexible sided soil containers, regarding to their structure and purpose of usage. In
Table2.2, some of theigid sided containers are displayed from former studies. Since rigid
sided containers have a higher end shear stiffness from the soil or sand at the boundaries of
their walls, tey may influence the soil behaviour in the container, especially at higher
heights. Rigid sided soil container examples can be seéiigure 2.17 and schematic
diagram inFigure2.18.

Table2.2. Exampes of Rigid Containers that are used for shaking tatdecantrifuge
experiments in theterature (Bhattacharyet al, 2012)

Shape S'hak.mg L-B-Hmm) |L/H| Side - walls Base & end - walls Reference
direction
Adalier and
Rectangular 1-D 597-270-150 | 4.0 [Teflon Rough sand paper Elgamal (2002
Whitman and

R I 1-D -565-1 2.6 |No- il No- il
ectangulay 500-565-190 6 |[No-details o-details Lambe (1986)

Smooth plasti¢Base covered by sand

Rectangular 2-D 712-432-440 | 1.6 .
membrane glue mixture

Nget al. (2004)

Perspex and [Terram geotextile
wood plates [membrane

PTFE (poly-tetra-fluort
ethylene) sheets

Rectangulay 1-D |1,500-400-1,00p1.5 Norton (2008)

Rectangulair 1-D 450-240-400 | 1.1 |Perspex Dash (2010)
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Figure2.17. Examples of rigid container: (a) Rigid container used inrifege at the
HongKong University of Science antiechnology (HKUST) (Courtesy of Prof Charles
W.W. Ng). (b) Rigid box used in the small shaking table at the University of Bristol. (c)

Rigid box used in the shaking table at the University of Oxford (Btladgtyaet al, 2012)

End-wall

Direction of shaking

Base

! L

SIDE-VIEW

Side-wall

-

End-wall

Direction of shaking

L

PLAN-VIEW

Figure2.18. Schematic diagram of a rigid container (Bhattachatyal., 2012)
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Rigid soil containers simplgivide into two groups; rigid soil container with hinged

endwalls and rgid soil containers with flexible boundaries

Rigid containers with flexible boundaries, contains essential softvatidnaterials
such as sponge to provide adaptive conditions withinctir@ainer (Figure 2.19). As
mentioned, rigid boundaries limit the reflection of waves, which is, one of the limitations
of the rigid containers.Preveting such behaviour has the following advantages
(Bhattacharyat al, 2012)

9 Partial reduction in terms of wave reflection,

I Redution of lateral stiffness for the end wall.

Rigid container

S

—figuie matenal (0 g Oursesal, SPONQE)

sand paper

Figure2.19. Schematic diagran({left) andrigid container with flexible boundari@s the
Bristol Laboratory(right) (Bhattacharyat al, 2012)

There are malg two limitations of the rigid containers with flexible boundaries; the
endwall materials which create the actual boundary conditions by sponge or duxseal alike
materials are unknown and these materials only reduce wave reflection from the artificial
boundaries, thus, wave reflection from ewdll is not dissipatedBhattacharyaet al,

2012). Even so, there are some examples of the rigid soil containers with flexible

boundaries in the literature as displayed able2.3.
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Table2.3. Some Rigid Soil Containevith flexible end in the literature reviews
(Bhattacharyat al, 2012)

Shaking

Shape | Pl L-B-Hmm) |LUH| Side-walls| Base & end - walls Testing Reference
direction
Rectangulaf 1-D [4,270-910-1,22D3.5 Tempered Hinged to the box Shaking table Fishmaret al.
9 ' ' " |plate-glass 9 9 (1995)

Sponge (30 and 60 mn
Rectangular 1-D 450-240-400 | 1.1 |Perspex thick at top and bottorm Shaking tablel Dash (2010)
respectively)
Rectangular 1-D | 1,920-440-600| 3.2 |Acrylic plate |Sponge (50 mm thick)| Shaking tablel Ha et al. (2011

Rigid soil containers with higed enéwalls, contains hinges at the ewall base to
be able to create rotation, thereby reducing rigid wave reflection effects. To provide
nonequivalent movement of the opposing walls, they are tied by a tieNodetheless,
from the schematic demonation in Figure 2.20, it can be seen that hinges bring some

degree of flexibility to the system.

Deformation of soil container,

? Rigid wall ? 4

Shaking

Figure2.20. Schematic diagram of rigid container with hinged-eradls Bhattacharyat
al., 2012)

2.3.32. Flexible Sdl Containers.In real conditions, soil strata within the ground or

underneath a structure is considered with infinite lateral extend while test conditions have
finite boundaries. Thus, the reprodoat of similar conditions for the testing environment
hawe crucial importance. As displayed Figure 2.21, assumption of theoretical soil
deformation pattern along the soil layers, changes regarding the variation of shear modulus
with depth.
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Figure2.21. Soil layer of infinite lateral extent and finidepth subjected to a base shaking
(Lombardi and Bhattacharya012)

Since the displacement is constant at a particular horizontal plane and the amplitude
varies with depththe artificial soil column can be idealized as shear beam. Thus, working
principleof t he contai neBerinsouslilmi |baera migoredBE ud iesrp
According to this approach, it is intended tegstem behaves ashas an infinite lateral
extend.Thereby, soil container shall not absorb the energy generated by the strong ground
motions, due to the fact that soil container has dimension restrictions, unlike real
conditions.In addition, it is posible to face with inecurate dynamic response caused by
irregularities in Pwave propagation, if the boundary conditions of the contadioenot
fulfill the mentioned behavioufLombardi and Bhattacharya, 2012; Bhattachasyaal,

2012).

T777777777
Shear beam Euler-Bernoulli beam

Figure2.22. Shear beam and EulBernoulli beam behaviour (Bhattachastaal,, 2012)
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Flexible soil containers are basically divided into three groups; equivalent shear
beam containers, active boundaries contaered bBminar boxes (flexible containers),

which will beexplained, respectively.

The working mechanisnof the flexible sided soil containers is to divide walls into
smoothly moving parts as much as possible, thereby, creating an environment for the soil
to defam without the influence of exterior effects. Types of the flexible sided soil

containers are generally equivalent shear beam (ESB) boxes and laminar boxes.

Since the ESB boxes composed of consecutive rubber and metal layers, their end
wall stiffness isdirectly correlated to the rubber material used in each beam Kgekré¢

2.23). Example studies of ESB containers are briefly representédule2.4.

According to Schotld and Zeng (199 and Bhattacharyaet al (2012) the

boundary conditions of an ESB container shall meet the following conditions;

1 Boundary of the soil and wa#inds mst have the same dynamic stiffness values to
minimize energy reflection,

1 Boundary of the soil and walends must have the same friction to sustain
complementary shear stress,

1 The sidewalls should be friction free to present plane strain conditions.

Table2.4. Examples of Equivalent Shear Be@g5B) containers in the literature review
(Bhattacharyat al, 2012)

Shape dSirZil:ilgg L-B-Hmm) |L/H|1-g/N-g Reference
Rectangular 1-D | 2,000-750-1,750 1.1|1-g Carvalhcet al. (2010)
Rectangular 1-D 1,200-550-800 | 1.5|1-g Dar (1993)
Rectangular 1-D | 4,270-910-1,2270 3.5|1-g Fishmaret al. (1995)
Rectangular 1-D |4,800-1,000-1,200 4 (1-g Creweet al. (1995)
Rectangular 1-D 560-250-226 | 2.5|N-g Zeng and Schofield (1996)
Rectangular 1-D 800-350-600 | 1.3|N-g Madabhushiet al. (1998)




31

Figure2.23. Examples of equivalent shda@am container: ESB used in centrifuge testing,
University of Cambridgé left; Shear stek used in ig testing, University of Bristdl
right (Bhattacharyaet al,, 2012)

As mentioned the concept of the ESB boxes depends on the synchronization of
naturalfrequencies of both beams and soil in each level (Sekman, 2016). The stiffness of
the sdl material, on the contrary, can be variable for each beam level; making practical use
of ESB boxes limited and target specifiiqure2.24).

Equivalent Shear Beam Container

Displacement profile

Ring ——

Rubber

e — [ - Soil i

Container

Figure2.24. Schemat diagram showing the Equivalent Shear Beam container
(Bhattacharyaet al, 2012)

Design principle of an active bounda&ientainer depends on existence of external
actuators, which are connected to container at each lamingfeyate2.25). In this point
of view, they are similar to laminar boxek order to generate desired test model
condition, different pressure levels are applied ® ¢bntainer via these actuators. They
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are generally used in conditiorvghere the type of soil changes sharply during the shaking

(i.e. liquefaction applications).

Active container

wall

Bearing Base Ring Actuator 4
Figure2.25. Schematic diagram of the daimer- left, example of active boundaries

container- right (Courtesyof Professor Akihiro TakahashiBhattacharyat al, 2012)

To produce the mentioned behaviour in Sectib8.3.2;a laminar box can be
utilized. Laminar shear box allows easihiccessive layer to move on top of previous one.
Friction forces are minimizeby roller bearings of the system. Thus, each layer can move
according to soil material inside tobentainer(Jafarzadeh, 2004; Praseidal., 2004).

The most common design @rhinar boxes consists of a stack of laminates which are
independently suppatl via bearings and steel guides, connected to external frame. The
principle of the mechanism is to minimize the lateral stiffness of the container, in order to

generate an envinonent that the soil governs in the response of the setup configuration.
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Figure2.26. Details of a Laminar Shear Box (Prasaal.,2004)

The study of Cheungt al. (2013) noted that if a largescale homogeneous soil
sample is used in a laminar shear container, test provides bestdts in terms of
representation of the effective confining stresses and boundary conditions in free field soil.
Additionally, the study defines lamnar soi | box as nAflexible
excited using base excitations to replicate earthck e act i ons o nFigirdhe s o
2.27). The key ability in a laminar box is ability to allow constant shear deformation during
presenting adequate confinement. Thus, it provides more realistic represeotdlie free

field boundary conditions, which represented in Se@i@3.2.
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Figure2.27. Laminar box on a shake tahleight; Shear deformation of soil in a laminar

box subjected to earthquake motienh er e o i s -tefi(€hesngetah, POL3E t r a i r

Table 2.5, lists different types of laminar containers presented in the previous
literature reviews. Although laminar boxes can be circular, rectangusguare; common
shge choice of the laminar box is rectangular.Figure 2.28, two different types of
laminar boxes can be seen (Prastadl, 2004; Bhattacharyet al, 2012).

Figure2.28. Laminar container examples: Large laminar container used) itedting in
Tsukuba, Japan (left); Laminar container used in centrifuge, University of Cambridge
(right) (Bhattacharyatal., 2012)

The main purpose in the desightbe laminar container studies are summarized as

follows (Cheunget al, 2013);



the whole soil sample,

at various depths,

laminar box and equivalent numerical model responses.

To createa shear box that properly grant soil the capability of shear deformation for

To shake soisample via a shake table and acquire the respensated by the soil

To set a comparison betweehe experimental test responses of the soil with a

Table2.5. Examples of laminar conteersin the literaturgBhattacharyat al, 2012)

Shaking .
Shape direction L-B-Hmm) |L/H|1-g/N-g Design Reference

Rectangular 1-D | 900-350-470 |1.9]1-g |StAckoflaminae separated bl o (1997
bearing

Rectangular 1-D | 1,000500-1,00d 1 |1-g [teckoflaminae separated by o o gt al. (2004)
bearing

Circular 2-D [2280-2130 (D-H)1.1[1-g  |CONM@INErhangingonthe top) oy (1908)
lamina supported by frame

Rectangular 2-D |1,888-1,888-1,5201.2|1-g | 2Minae supported by afram ;oo oy chen (201
and move independently

Rectangular 1-D | a57-254254 |18|Ng |StEckoflaminae separated by, it al. (1994)
bearing

Rectangular 1-D | 710-355-355 | 2 |Nog |orackoflaminae separated b oo 1 et al (2007)
bearing

12-sided polygon 2-D | 584-500 (D-H) | 1.2|N-g  [02Ck Of laminae separated b o i o) (1998
bearing
Laminae are supported

Rectangular 1-D | 900-450-807 |1.1|1-g |"dividuallybybearingsand | oo (2000)
steel guide connected to an
external frame

Square 2-D [1,000-1,000-1,000 1 |1-g  |-3Minae are supported Jafarzadeh (2004)
individually by bearings

In the study of Chunxiat al. (2008),the main advantage of a laminar box described

as; true propagation of response waves over the range of teticzms) while basically

including the shear failerof the soil materialSome of therequirementsn the studyfor

the laminar containaaredescribed as follows;

1 The selfweight of the laminashouldbe light as possible and size of the box is large

enough to conduct large scale tests,

Each rigid frameof the should has sufficient stiffness, thereby, distortion of frames
can be ignored,

Since unidirectional deformation is the purpose of experimeatd$ tthat extent

laminar shear box, lateral deformations of the shear box should be restricted,
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The entie box should have enough durability to avoid any damage during a test,
The friction between layers should be reduced as much as possible to gererate fr
field soil specimen

The natural frequency of laminar box should be different of the model to avoid

resonance.

Based on experimental findings, comparison between model tests and numerical tests

shows that the good coherence between the numerical analyses and experimental test

results display the fact that the deformation of soil material in the lamiresar o0x

resembles a shear beam behaviour (Cheatrg, 2013). Thus|laminar box should meet

thecrucialperformance criteria which are affected by (Jafarzadeh,)2004

= =4 -4 -

Inertia effect of theateralwall masses of the box,
Friction effectinduced by theoller beaings and layer surfaces,
The effect of the&overingmembrane,

The effect of the walls of the bpauring an excitation

Since performance criteria are vital for laminar box, maintenance is important for

laminar shear boxes before establishig} setups. An example of disassembled version of

a laminar box is displayed Figure2.29. As well as this relatively small laminer shear box

when compared to this study, there are bigger shear boxes availathle literature
(Figure2.30).

Figure2.29. View of the disassembled parts of the laminar shear box (Jafarzadeh, 2004)
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Figure2.30. A largescaled laminar shear box, base plate,durthgshaking table
experimen{Thevanayagam and Ecemis, 2006).

As a result of the performed studiefiction effect was mentioned relatively
negligible, because of the ke bearingsbetween the frame layerg\lso, computed
resistance forces because of bearing friction and membrane effect was uniform along the
container depth and negligible, compared to the shear resistance of the soil nidmasial.
real soil profile simlation (as nentioned in Sectior2.3.32) and field loading purposes
within the experimental environment are possible to be regéhadacet al.,2004; Turan
et al.,2008).

2.3.33. The laminar box used in this studiyhe design principle ahe laminar boxs to

minimize lateral stiffness of the containerdasure that the soil governs the response of
the soil box systemThereby, a laminar shear box was utilized for the experiment t
provide such mechanisnior the aminar box, lie friction betweenframe layers are
expected taconvergeapproximately tazero. By doing so, the resistance between layers
decreases, thus, soil can deform freely accorttirtgenatural conditionsas it has infinite
lateral extendas menbned in Sectior2.3.32; without artificial exerimental boundary

restrictions. Thus, in this experiment, a steel framed laminar box was utilized to take
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advantage of minimized lateral impa&tidure2.31). The subjectedaminar soil container
was designed fahe former studies of Sekman (2016) and Goztepe (2016).

£ \ N2 IN 2

]

Figure2.31. Sideview of unidirectionallaminarbox utilized in this study{Sekman, 2016;
Goztepe, 2016)

The laminar box is formed of steel franayérs, roller bearings steel base plate,
side guides and internal membrane components. In total, there are 18 sliding layers and
324 roller bearings to provide sliding of the frame layers. Roller bearings abdrrub
stoppers were used to create a brgkimechanism for excessive movement of the layers.
Utilization of roller bearinggprovidedreduction in friction forces between layets/ six
roller bearings per laminate. Roller bearing shelters were construotadstainless steel.
Rubber strips were ated at both ends as of these shelters, as display@idure 2.32
(Sekman, 2016; Goztepe, 2016)
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Figure2.32. View of roller bearing shelter with rubber stripgpers on both side
(Sekman, 2016)

Performance criteria checks recommended by Pretsald(2004); Jafarzadeh (2004)
and Bhattacharyat al. (2012) were conducted, before the experimental tests for the
studies conducted with the mentioned laminar box.s&hperformance checks are

explained in the followingarts

1 Inertia Effect
Pulse absorption effect of the rubber stoppers, restricted thengas derailing of
roller bearings, resulting further inertia effect. The first layer of laminar box was wilded
steel the base plate, which is bolted to the shaking table. A membrane layer attached to the
box to prevent soil leakage through layerssdAlmembrane, sidewalls, roller bearings and
bearing shelters were cleaned and greased to decrease any faot®(6Ekman, 2016;
Goztepe, 2016

Since the inertia effect is contributed by the box méresneasured acceleratigo
is aimed to be less than the actual acceleration to prowsdeexiorshear beam behavior
mentioned inSection 2.3.3.2 caused bythe inertia effect.Considering thiseffect, a

specific correction factor can be applied for recorded acceleration to reduce/efiess
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of this parameterConsideringd andda as the mass of the saiiithin alayer level and

mass of the box lay, respectively, total dynamic forc® is given as,
O a a 8o (2.0

Since the desired behaviour is the transferring of whole force to the soil, if the soil

without contaiwr is considered,
O & e (2.2)
Equatingthe above two equations, actual acceleration in the soil lageras by

a a . (2.3)

@ acceleration of the soil without the influence of the container
@ measured acceleration
a weight of the soil in the container

a weight of total laminates
[ p® 80 (2.4

The influence coefficient was computed about 1.3 and this coefficient was normal up
to 1.5 Prasacet al, 2004 Sekman, 2016; Goztepe, 2016; Calikoglu, 2017).

9 Friction Effect
Static pullout tests were conducted tdede friction forces of the roller bearings to
determine the force threshold for initiation of layers. Tests were conducted via load cells of
50 kg load capacity by anchoring every layer at once, gradually. Medsiataxh forces
were the function of bbtthe coefficient of friction between the laminates and laminate
weight. Hencethe friction forces approximately increased as from top to down layers, as a

result of increasing weight, as displayedrigure2.33.
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Figure2.33. Measured friction forces from the pullout téSekman, 2016; Goztepe, 2016)

To cause anotion, maximum required force was measured as 69 N at the bottom
layer, while average of the layerrmes was 33 N. The average coefficient of friction was
measured as 0.07. Resistance near the bottom was 10.5 kN while laminar box was filled
with soil, goproximately 0.006 of this resistance was equal to static friction. Thus, the static
friction force waseglected (Sekman, 2016; Goztepe, 2016; Calikoglu, 2017).

1 Membrane Effect
Rubber membrane with 1.0 mm thickness was usdigeimentioned studie§igure
2.34). Since the sffness of the membrane was sufficiensijall, in conparison with soll
and stiffness of the membrane was particularly localized near themdsl of the laminar
box than the center of the setup, effect of the membrane was negligible (Sekman, 2016;

Goztepe, 2016)
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Figure2.34. A view of thin rubber membrane located inside the laminar box (Sekman,
2016; Goztepe, 2016).

1 BoundaryEffect
The performance of the boundaries of laminar box was investigated through a series
of shaking testsTo determinethe natural behaviour of the laminar box, a group of tests
were conducted without geosynthetic and soil material.
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3. MATERIALS AND METHODS

In the context of this studythe efficiency and effectivenesf the geogrid
reinforcement inclusion® the sanan the seismic performance of the kovmedium rise
buildings are examined. Thus, the mentionguirposeis researched through different
geogrid configurationfor the1:10 scaled three story and five story modelshis tegard,
materials andmethods section covers the information about shake table, measuring
instruments, soil material properties, geogrid reinforcement material and input ground

motions. The way of applications within every toprepresented in relatktitle.

3.1. Shaking Table Facilities

This experimental research was operatedhiking table test facilitieef Boj az i - i
University - Kandilli Observatory and Earthquake Research Institsit@king table of the
Institution is specified as uraxial hydralic shaking tablevhich is able to generatai-
axial horizontal vibration driven by a sergdrauliccompound The dimensios of the
tableare 3 m x 3 mwith a maximum 16ton payloadcapacity and able to condu2g
accelerationn horizontal directior(i.e. two times the acceleration of gravity). The shaking
table cargenerate stroke of +/12 cm (24 cmn total) which makes it suitable for seismic
implementationsThe actuatohas a 3stage serwwalve controlled by an analagnerloop
control system (displacement based), and a digital bader control system (acceleration
feedback based). It is controlled hige currently modified computebased software

system

3.2. Measuring Instruments

N3g capacity ac c eapacityoamcelé¢reneters veere cisedNiad the
experiments to measure the acceleration. Leuze ODSL 96B M/VB2RDS12 optical
distance sensorOPS) with 150- 1200 mm measur ement range
measurement accuracy were utilized for measuring digpkaas 27 - Channel dynamic

data logger was used for data acquisition. The sample rate for cyclic sinusoidal motions
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was taken as 1000 sarefdec and for earthquake motions, the sample rate was taken as
500 sample/sec

3.3. SandMaterial Properties

The soil materi al used i n t haregorapseit i mer
material that can be fouratound Istanbul regiorSand is cleaand dried in an isolated
space in the laboratorffhe grainsize distribution of the sand wadefinedcorresponding
to the American Standard Test MetH@&TM) of D422 as shown ikigure3.1.

According to the Unid Soil Classification System, the sandhis experiments
categorizechs poorly graded sand (SP) with the coefficient of curvature,as29 and
the coefficient of uniformit as G = 1.1. The quick triaxial test conducted by Cagatay
(2008) gives theinternal friction angle asi = 41.48. Specific gravity of sand was
obtained as 6= 2. 67 and b ulpkk = 4605 KN/ni. Whkei ngakinhum arsl 2

minimum void ratios of the sa were obtained am Sekman (2016)0.73 and 0.37,

respectively
The Grain-Size Distribution of the Silivri Sand
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Figure3.1. The GrainSize Distribution of the Silivri Sand
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3.4. Input Ground Motions

Multiple earthquake motions had been selected as inputs for shake tablagdests.
Sekman (2016) and Calikoglu (2017), similar strong ground motion reeends chosen
for this study.These are 1940 El Centro (Array #9 Station), 1995 Kobe (KJMA station),
and 1999 Ko c a ¢ karthquakesAlea, 1znik sstateort teaonal of the 1999
Kocaeli earthquake was taken into account to examinefaetreffect.In addition cyclic
sinusoidal motions were used with different frequend¢®$ Hz, 1 Hz, 2 HzZ3 Hz, 4 Hz, 5
Hz) and free vibration tests (3.93 Hz, 12.46 Hz, 18.35 Hz fstoB/ model and 2.33 Hz,
8.58 Hz, 13.34 Hz, 17.52 Hz, 19.90 Hz foistery model). Frequencies of the cyclic
sinusoidal motion were determined according to the modal frequenitti@sed from free
vibration testsMotion data of selected earthquakes were obtained from the PEER Ground
Motion DatabaséTable3.1).

Table3.1. Earthquakenotionsused intheexperimers (PEER Ground Motion Databage
KOERI Database)

Earthquake Event Year Station Magnitude PGA(g) |PGV(cm/sed) PGD(cm)
Imperial Valley-02 1940 | El Centro Array #9  6.95 0.32 31.74 18.01
Kobe, Japan | 1995 KIMA 6.90 0.82 77.83 18.87
Kocaeli, Turkey| 1999 Izmit 7.51 0.22 27.02 14.61
Kocaeli, Turkey| 1999 Iznik 7.51 0.12

For the mentionedarthquake recorgdacceleratioftime history graphs are displayed

in Figure3.2, Figure3.3 andFigure3.4 andFigure3.6.



46

El Centro Earthquake (1940) Acceleration Time History
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Figure3.2. Acceleration Time History of El Centro Earthquake (1940)

Kobe Earthquake (1995) Acceleration Time History
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Figure3.3. Acceleration TimeHistory of Kobe Earthquake (1995)
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3.5. Experimental Setup and Preparation

The laminar box was designed and construeiszbrding to previous studies in the
literature, to be able to generate tealized soHbox laminar interactiofSekman, 2016;
Goztepe, 2016)The dimensionsof the box arel.3 metes length @long theshake table
direction), 1.1 metes width (perpendiculato shake table directignand 1.0 meter depth
(Figure3.6). Dimensions were decided according to maximum load capacity of the shaking
table. Depending on the risk of potential torsion problems, geometry of the laminar box
was preferred as a rectangular shapsiead of a square geetrny (Sekman, 2016;
Goztepe, 2016).

+ ! FN/ '/a

Figure3.6. Perspective view of the Unidirectional Laminar Box used in this study

The laminar box consists of 18 laminate plates and 324 rollers with stoppers, base
plate, the protector/guide bars at each side and internal memlo@nponent, as
mentioned irdetail, inSection2.3.3.3(Sekman, 2016).

Within the scope of this studyperformance checks were repeated according to
performance criteria mentioned in Sect@f.3.3 Thus, inertiaeffect of the laminar box,
friction effect generated througiname layers membranestiffness effectand boundary

effectchecks were repeated to idate reliability of the laminar soil container.
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To control the performancef the laninar box boundaries, configuration of a setup
without soil material is presented Figure 3.7. Four accelerometers and four optical
distance sensoi®©DS) were placed on the front side of the laminar box. Acceletera
aresi gned as fAAO0O while ODS ar edAwgeptacedtas 0L
provide data from the shaking table for checking the given input. The rest of
accelerometers and displacement sensors are placed as displayed in the sketch. Cyclic
sinusoidal motions of 0.5 Hz with 0.05g, 1 Hz with 0.30g, 2 Hz witlo@.8 Hz with
0.60g, 4 Hz with 0.70g, and 5 Hz with 0.80g were executed to the laminar box, without
soil material. The performance check results displayed that boundaries of the laoxina

operated properly.
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Figure3.7. A sketch of hstrumentation layout of laminar box without SofFront view

In Figure 3.8 (a) and Figure 3.8 (b), the measured accelerations and displacement

results obtained frongyclic sinusoidal motion with 0.5z are displayed. It can be seen



that both acceleration and displacemextesdecreased from bottom to top, which means

both effects were diminished from bottom to top, as expected.
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Figure3.8. Acceleratiortime history(a), displacementime history(b) under 0.5 Hz

Cyclic Sinusoidal Motion.

In the experimental setugreparabns 3 ODS @ll outside the laminar box) and 11
Accelerometer (3 outside of the laminlox) as displayed inFigure 3.7. Rest of the
accelerometerA5, A6, A7, A8, A9, A10, All, Al2pre displayed irFigure 3.9 where

placement and height information of accelerometers can be seen.
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Figure3.9. Front section view (left) and top viginght) of instrumentations in the laminar

130 15 15

box filled with sand(Instrumentations inside the soil)

In order to evaluate the boundary effect, cyclic sinusoidal motions of 0.5 Hz (0.1g), 1
Hz (0.3g), 2Hz (0.59g), 3Hz (0.69), 4Hz (0.7g) and 5 Hz (0.8g); KbEagthquake (1999),
El Centro Earthquake §40) and Kobe Earthquake (1995) motions were app®ed
routine part of the free surface test®utput data of the accelerometers were put in
comparison to validate influence of box boundarkgyre 3.10). The @mparisons were
made by the datautputsof A6, A7, A8, A9 and A10 accelerometers, based upon their
same height level. As can be seen, approximatiEntical accelerationmotions were
obtainedfrom outputs sincethe mentionedorizontal leves were the ame Figure 3.10
displays the acceleration values of A6, A7, A8, A9 and A10 accelerometers for he given

0.5 Hz cyclic motion as well as, 1 Hz sinusoidal motion and Kobe earthquake (1995).
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Figure3.11. Measured friction forcesf the pullout test

Depending on the proper mechanic maintenance of the box, maximum force to start a
motion was measured as 69 N at the bottom layer, andgevef thelayer forces was
33.47 N. Since the maximum and average forces of the laminar container are the same with
previous studies of Sekman, 2016; Goztepe, 2016; Calikoglu, 2017; approximately 0.006
of this resistance was equal to static frict{igure 3.10) Thereby, the static friction force

was neglected.

3.6. Scaled Building Models

Effect of geogridreinforced zoneon the seismic performance léemedium rise
buildingswas plannedo be observedlhus, considering maximum allowable dimensions,
for the buildingmodel, by the help of previous studies, 1:10 scale factordetesmined
and test models were selected est@y and Sstay buildings which are used in previous
studies of Sekman (2016), Goztepe (2016) and Calikoglu (2@4gp, in literatue
reviews it is seen that 1:10 factor had been commonly used due to manufacturing
simplicity and reliability of calculationgHarris and Sabnis, 199 aterial characteristics
were not scaled, due to unavailability of such materials duringribduction process of
the test models.Scale factors for required parameters are describ8alte 3.2. Some
physical quatities, such astressand strain; remain the same even after scaldayr(s
and Sabnis, 1999; 1a1989.
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Table3.2. Scaling parameters of the building moflétrris and Sabnj4999 lai, 1989).

Parameter 1:10 Scaled Model/Prototype
Length L 1/10
Time v, pip
Mass , 1/100
Displacement L 1/10
Acceleration 1 1/1
Stress 1 1/1
Strain 1 1/1
Force 1/100

Characteristics of the buildings are summarized as such: High carbon steels columns
which dimensions are 26&m x 5cm x 0,5 cm. They are tied with metric eight bolts to
ground of the model. Weight blocks of the ground were made of St42 with a dimension of
30 cm x 30 cm x 2 cm. Four flanges were welded on every floor. Foundation was made of
same St42 steel withdimension of 35cm x 35cm x 2cm. The final height of thetdy
building was 135 cm without foundation and the final heajtthe 3-story buildirg was 81
cm without foundatiorfSekman, 2016; Goztepe, 2018 example view of Ztory and 5
story buildingtest models are presentedFigure 3.12. As displayed in the figure, instead
of two identical columns, only one column was placed per edge corners, since the two

columned structure was too rigid to observe theatfbf geogrid reiforcement.
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Figure3.12. Building models ofL.:10 Scale®-Story (left) ands-Story(right) structures

3.7. Geogrid Reinforcement Material

Since the concept of the proposed geogrid reinfoece system dependsn the

friction forces between soil and the reinforcement element, a geogrid element with a cellular

structure was utilized for the study to provide a locking mechanism in between the soil and

aperture sizef the geogrid, to generataahoring effect. Thereby, dissipating strong ground

motion impact bylocking mechanisnvia creating additional soil and geogrid layers, under

the structure is vital for the concept. These layers consist of identical geogrithshakie

same characteristi¢¥able3.3) and same geometry as displayeéigure3.13.

Table3.3. Properties of geogrid material usesbkoil reinforcemat.

Properties Specifications
Name 4 SPNB INRR
Material Polypropylene (PP)
Area weight 390 (g/m2)
Tensile strength Longitudinal 45 (kN/m)

Transverse 10 (KN/m)

— 5

Breaking elongation Longitudinal 10 (%)

Transverse 13 (%)
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Figure3.13. Geogrid samples which amsed in the experiment.

Additionally, fundamentals of determination of appropriate geogrid materials were
taken into account from the study conducted by Patral. (2005). Taking these
parameters into consideration; a commercially availgielegrid suithle to 1/10 scaled

models was used in the studies.

3.8. Applied Ground Motions

Fundamentally, 2 types of motions weapplied to test models in tlegperimers;
which are strong ground motion records and cyclic sinusoidal motions. Free vibration tests
displayed that cyclic motion frequencies are 3.93 Hz, 12.46 Hz, 18.35 Hzshory3
model and 2.33 Hz, 8.58 Hz, 13.34 Hz, 17.52 Hz, 19.90 Hz-&ory model budings. In
conformity with previous study of lai (1989); duratiparameterof the strong ground
motiors was scaled by 1:10 by multiplying duration with a scaling factdffrin Figure

3.14, Figure 3.15 Figure 3.16 and Figure 3.17, acceleratioftime history and response
spectrum figures are displayed.
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1EI Centro Earthquake Response Spectrum (5% Damping)
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Figure3.14. Accelerationi time history (left) and response spectrum (righteb€entro

6 Kobe Earthquake (1995) Acceleration Time History

Earthquake (1£0).

. Kobe Earthquake Response Spectrum (5% Damping)
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Figure3.15. Acceleratiori time history (left) andesponse spectrum (right) of Kobe
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Figure3.16. Acceleratiori time history (left) and response spectrum (right) of Kocaeli
Earthquake (1999)
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Figure3.17. Acceleratiori time history (left) and response spectrum (right) of Kocaeli
Earthquaké 1ZN Station record (1999)

3.9. Shaking Table Experiments& Instrumentation

To be able to fill laminar shear box with soil material, approximatelytéS of Silivri

Sand was used byumit weight of 16.5 kN/r In Figure 3.9, nearly 0.6 tons of sand was
used to reach each of the height levels. For the all height levels, compaction operation of
the soil was conducteslith a cylindrical rigid metablock (

Figure3.18).
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Figure3.18. Soil Sample Preparation and Compaction

The mentioned process was done for elsiel including the soil surface at the
foundaton level. Upon completion of the manual compaction of the soil material,
compactions with shaking table were done under 9 Hz sinusoidal motion to the system for
the 30 seconds (EHmam and Bathurst, 2004). &, soil surface was flattened to generate
a unform soil surface and elevatioAccelerometers inside the sailedisplayed inFigure
3.9. Additionally, A12 accelerometer sensor was the surface accelerometer. Even more, 5
ODS were used to measure story dispiaents(3 for 3-story), 3 ODS were used to
measure laminar box displments at different height levels and 1 ODS was used to
measure shake table displacement.

D24\ ™A
D23—- \_\ iALBZ
N
D21—- \_\ jAkk‘i
D20— i jﬁ
Shaking \ ﬁﬁq

Table oo [ “Aag

L ONAR

RN
D25 NA2'

Figure3.19. A sketch of test setup for theaprid reinforced soil system for thestory

model

Also, 6 acceleromter sensors were used for structure model -stoby model
building (4 for 3story), 3 accelerometers were used on laminar box and 1 accelerometer
was used on shaking table, for the Vehdesting phase. A sketch of the mentioned
instrumentation is displag in Figure 3.19. For the 3story model, D24 and D23 ODS
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sensors and A17 and Al18 accelerometer sensors are disabled while the rest of the setup

was renaining the same. The application of the setup is displayEidjate 3.20.

P

Figure3.20. Instrumentations of the test model, laminar box and shaking table

The parameters of the shaking table experiments incthéerumber of geogrid
layers (Nnumber) and the number of building storiég.the number of geogrid zone
differs from 1 to 4 layers, therefore creatingriousreinforcedsoil layers. Width of the
geogids are constant &5 cm x 55cm, square shapdNumber of building storiesaries
from 3 story to 5 story for thexperimental setufhe effects of the reinforced zone on the
seismic performance of the building models for the given parameters are medeaithin
this study.Thereby,effect of theheight of the structure ialso investigated through the
experimenrs, in terms ofeffectiveness of the geogrid zore.Figure3.21, an exanple of

thegeogrid reinforcemntplacementan be seen.
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Figure3.21. An example othegeogrid reinforcement configuration

In the designing phase géogrid reinforcement casdeur cases are taken into account
which are applicablevith the existing laminar boxn previous studies of Omat al. (1993)

and Yetimoglet al.(1994), various references foy0 andQualues are presented;

Q

(@}
Cs:
e

0 (3.1)

Where is;

'Q the depth of reinforcement below the bottom of foundation
0 the top layer depth of geogrid

0 number of geogrid layers

"Q the vertical spacing between consecutive geogrid layers
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Within the scope of this studyyhere is the width and length paratees for a
square shaped test model foundatoml G is the width of the geogrid layerillowing

parameters aradoptedor & 1 (Omaret al, 1993; Yetimogliet al, 1994)

AdO  p& X (3.2
oF6 T T (3.3)
5 pd X (3.4)
O T T (3.5

Since the mentioned parametpesfectlyfulfill the requirements to conduct this study,
they were alse@hosn because of the dimensions of the soil contauge also a limiting
condition for the experiments. Thumentioned parameters are applied to test setups

accordingly andjeogrid reinforcement caseg ajenerated, aspresented Figure3.22
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Figure3.22. Geogrid reinforce zonesfor all configurationcases
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For completion ofthe geogrid reinforcd zones the following parameters are

adopted as displayed rable3.4.

Table3.4. Adopted parameters for geogrid reinforcement layers

0 p 0 ¢ 0 o 0 T
(0)(s) 0,34 0,68 1,02 1,37
676 0,34 0,34 0,34 0,34
&6 1,57 1,57 1,57 1,57
a6 0,34 0,34 0,34 0,34

After completion of the geogrid layelgzement and instrumentation, free surface
tests are conducted, before placing the structure models on the reinforced soil. As
mentioned in SectioB.4and3.5, free suface tests contain 0,5 Hz (1g), 1 Hz (0,33 Hz
(0,59), 3 Hz (0,69), 4 Hz (0,79g), 5 Hz (0,8g¥inusoidali and Kocaeli(1999), El Centro
(1940) and Kobe Earthquake (1995) motiod$ese testsvere conducted for both
reference (without geogrid reinflement) setups and also, with reinforced setups. The
testsalso provided an additional mechanic compaction for the soil maieriaé laminar
box and subsidence amosrif the soil were noted, and soil was addédhere was an
excessivesoil subsidenceatio. The structure models were placed in the laminar box, after
the free surface tests, in all of the cadd®en, again, thewhole setup is excited withn
additional 9 Hz sinusoidanotion for the 30 seconds (Elmam and Bathurst, 20Q4pr an
additional compaction 6 the soil. The resonance research of the created case setups is
carried outindividually for each case. Thus, along with the compaction of the soil, a stable

soil-structure interaction is aimed to lgenerated

An example of the experiméal setup for the3-story modelbefore performing an

earthquake scenargan be seen iRigure3.23.



Figure3.23. An exampleof the 3story test setupeforeperfaming an earthquake

scenario

64
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4. EXPERIMENTAL TEST RESULTS

A series ofshaking table tests conducted to evaluate effects of geogrid reohforce
zones to evaluate geogmaaterial effecduring strong ground motions, in terms of various
parametersDifferent reinforcement zones were created with multiple layers of geogrid.
Two different 1:10 scaled-Story and 3story test models were utilized as a representation
of mediumrise and lowrise buildingsunder the effect aflentical strong ground motions
By 4 types of geogrid reinfordezone (N=1, N=2, N=3 and N=4) and 2 differembdels, 8
cases of experimental test scenarios were created, as displdydildd.1. Thereby, same
parameters were possible to be inigged throgh these case® create comparative
results. In this context, more than 300 tests were conducted and taken into aduohnt
basically contain laminabox performance testdaminar box and soil only tests, free

vibration tests, compactionstis, resonare scanning tests, and mentioned case tests.

There were also repeated tests to control accuracy of the models and setups. Among
all results, one record is used for each mentioned edtbeugh theshakingtable tests
were conducted for raatic PGA values of Kocaeli (012)), ElI Centro (0.8g) and Kobe

(0.89g) earthquakes anlith increasingdecreasindg® GA valuesof the same motions.

Table4.1. Experimental test setugefinitionsfor all cases bproposed Geogrid Reinforde

Zones, in the content of this study

Case ID Number Néz:ger: dOf Sir?gscgi((:jal Kocaeli Eq El Centro] Kobe Eq.|Kocaeli Eq
of Story Layers (N)| Motion (1999) | Eq. (1940] (1995) | I1ZN (1999
Reference -5 5 - 2.33 Hz
Case 1 5 1 8.58 Hz
Case 2 5 2 13.34 Hz
Case 3 5 3 17.52 Hz
Case 4 5 4 19.90Hz | 0.219 g'ggg 0749 | o012g
Reference -3 3 - 051¢g 0:89 g 0.89g 0.24¢g
Case 5 3 1 3.93Hz
Case 6 3 2 12.46 Hz
Case 7 3 3 18.35Hz
Case 8 3 4
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As mentioned in previous studies, top floor horizontal acceleration response,
foundation horizontal acceleration response and first floor story drift vafuesth 3 and
5-story model sucturesare obtained in terms of peak and root mean square (RMS)
response&alues.These two calculation methods were compared and a reduction percentage

was acquired for reinforced and unreinforced (reference) setups.

4.1. Soil Response to the Seismic Motions

To be able to understand response of the soil material under different seismic
motions, mentioned strong ground motion excitations were applied to soil. Response of
Silivri sand was obtained in this concept aadne materlavas used as soil deposit df a
setups. As displayed iRigure 3.9, A1 accelerometer was placed on shaking table, A5
placed in the first 2&m-level of the soil material, close to the foundation (below all
geogrid layers) and Al12 accelerometgxs placed nedhe surface of the soil, at t¢free
surface casespnly soil with laminar box response is displayedrable4.2. The values
were obtained under Koel, ElI Centro and Kobe earthquake motions wigal PGA

valuesand cyclic sinusoidal motion with 2 Hz (0.5g) for retnuctural models.

Table4.2. Soil response to the mentioned seismic motions

Soil Response to the Seismic Motion
o . Peak Acceleration (g) Acceleration Difference (%)
Sesimic Motions
Al A5 Al2 From Alto A5| From A5to Al3

Kocaeli Earthquake 0.2144 0.2076 0.3978 -3 92
El Centro Earthquake 0.3485 0.3290 0.5813 6 77
Kobe Earthquake 0.8812 0.8665 0.7485 -2 -14
Cyclic Sinusoidal Motion 0.4967 0.4784 0.7501 4 57

From deeper soil to surface, acceleration values weoeeased for lower level
accelerometer because of the energy dissipation of seismic wav@gedd.

A different comparison was done for all N setups and unreinforced case for the non
structural cae. Al accelerometer and Al2 accelerometer were cothparehe same
motions. Differences within the mentioned accelerometers in terms of RMS and peak
acceleration response values for the accelerometers are displayeabl?n4.3 and

comparison percentages were obtdif@ all N setups, thus, all cases.
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Table4.3. Acceleration reduction percentages frohtd A12 depending on free surface

tests of all case scenarios

Acceleration Reduction
Input Motion
Cases Difference from Al to A12 (%)
Kocaeli Earthquake El Centro Earthquake Kobe Earthquake Cyclic Sinusoidal Motio|
RMS Peak RMS Peak RMS Peak RMS Peak
Al 0.0336 0.2245 0.0442 0.3488 0.0755 0.8816 0.2423 0.4868
Unreinforced Al12 0.0465 0.4376 0.0587 0.5811 0.0923 0.8047 0.2252 0.7352
Difference (% 38.20 94.92 32.98 66.62 22.30 -8.72 -7.03 51.02
Al 0.0276 0.2141 0.0367 0.3512 0.0678 0.8768 0.2434 0.4883
N=1 Al2 0.0465 0.3405 0.0536 0.4191 0.0932 0.9371 0.3451 0.9144
Difference (% 68.73 59.03 46.23 19.32 37.61 6.88 41.79 87.26
Al 0.0323 0.2153 0.0401 0.3413 0.0655 0.8751 0.2292 0.5014
N=2 Al2 0.0553 0.3632 0.0594 0.4741 0.0944 0.9285 0.3229 0.9071
Difference (% 70.88 68.74 48.18 38.90 44.18 6.11 40.91 80.93
Al 0.0260 0.2114 0.0367 0.3470 0.0635 0.8710 0.2260 0.4682
N=3 Al2 0.0415 0.3328 0.0523 0.4557 0.0869 0.9027 0.3199 0.7891
Difference (% 59.26 57.37 42.36 31.33 36.78 3.63 41.57 68.56
Al 0.0254 0.2178 0.0419 0.3566 0.0714 0.8680 0.2473 0.5170
N=4 Al2 0.0383 0.3153 0.0573 0.4088 0.0944 0.9187 0.3105 0.7116
Difference (% 50.69 44.74 36.72 14.65 32.24 5.84 25.55 37.65

The common form among the all N cases display thamdLA12 accelerometers are
in increase since the Al12 is at a higher level and Al is on the shaking table itself. From the
difference peraetages, it can be seen that for Kocaeli motion, geogrid reinforcements were
dissipated the acceleration resporfeesionstructural casesrhe mosenergydissipation
was occurred at N=4 configuration of geogrid reinforcement, compared to unreinforced
ca®, on behalf of peak acceleratiamd RMS valuesN=1, N=2 and N=3 cases also
diminished the seismic energy. For Er@@ro motion, energy dissipation was occurred for
all cases, and N=4 case was the most efficient, along with N=1 case, in terms of peak
aceeleration responseend N=4 configuration was most effective from the point of RMS
values. For Kobe motion, most affeve case was N=3 configuration regarding to peak
acceleration response and N=3 and N=4 configurations were performing better when
compared to N=1 and N=2 in terms of RMS percentages. For the cyclic sinusoidal motion,
N=4 case was the most effectiwenfigurationand N=3 was performing better even tough
even though there is a slight increase in the responses in point of peak aooelerat
responsesN=4 case displayed better performance in terms of RMS values, even though
there is an increase in the respmni general, N=4 configuration displayed the most

efficient results in geogrid reinforcement for retnuctural cases
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4.2. Soil Responsef Vertical Accelerometers (A5A6-A11-A12)

As the accelerometer configuration displayedrigure3.10, response and behaviour
of the vetical acceleratioftime history data of the system is examined viaA&bAl1l-
A12 accelerometers, which are all in the same vertical axis within the soil deposit.

Evaluation of the vertical accetemeters are conducted through the accelerometers
accordingto geogrid reinforced andnreinforced cases. Since there are eight cases and
three main earthquakes, only the Kocaeli earthquake taken into adooGase 4for the
sake of brevity. Results dhe mentioned accelerometers are displayedrigure 4.1,

accordingly.
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Figure4.1. Comparison of acceleratigime histories of ABA6-A11-A12 accelerometers,
according to the Cas#¢and unreinforced cassder KocaelEarthquake

It can be observed through the vertical accelerometerstliiea¢ is early no
difference for the A5 accetometerfor the both unreinforced and reinforced casec&
the Case4 contans four layer of geogrid reinforcemermose to the surface, A5 is the
closest accelerometer to shaking talidsm the other hand, the fourth layer of geogrid

reinforcement stayander the A6 accelerometer and peak acceleration is reduced for this
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level araund 4%. Interms of A11 accelerometer, which stays above three layers of geogrid
reinforcement, nearly 9% of the peak acceleration was reduced. For the A12
accelerometer, whichs above all four layers of geogrid, nearly 7% of the peak

acceleration was reded, along with a clear reduction in acceleratiore history.

4.3. Unreinforced Soil with 5-Story Building

The mentioned three performance indicator parameters were evaluatédstory
building model under Kocaelgl Centro and Kobearthquakess disphyed inFigure4.2,
Figure 4.3 and Figure 4.4. Maximum value of foundation acceleration response was
measured as 0.35g, maximum tdmof acceleration response was measured as 0.81g and
maximum first floor drift was measured as 2.24cm for Kocaeli earthquak&imnMm
foundation acceleration response, top floor acceleration response and first floor drift of El
Centro earthquake is meastiras 0.44g, 1.15g and 2.3 cm respectivégditionally,
maximum foundation acceleration response, top floor acceleratiomssspad first floor

drift of Kobe earthquake is measured as 0.81g, 1.43g and 2.28 cm respectively.

(a) Foundation Horizontal Response (b) Top Floor Horizontal Response

(g

Acceleration (g)

Acceleration (g)
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Figure4.2. Horizontal acceleration response of foundation (a), Horizontal acceleration
response of top floor (b) and First floor drift es&ry building model under Kocaeli

Earthquake
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(a) Foundation Horizontal Response (b) Top Floor Horizontal Response
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4.4. Case 1i N=1 Geogrid Reinforced 5Story Building Model

The menbned threeperformance indicator parameters were evaluated -&iorfy
building model under Kocaeli, Kobe and El Centro earthquakpplied configuration
information was mentioned in Secti@®9 and configuratiorof geogrid reinforcal zones
for all configuration types was described kigure 3.22. For this case, N=1 layer of
geogrid was used for-&ory building model. Tests were conducted for all strong ground
motions and sinusoitianotions. Results are demonstrated for Kocaeli, EI Centro and Kobe

earthquakesespectively.

4.4.1. SeismicResponse of Case fbr Kocaeli Earthquake

Peakfoundationacceleration response reduction and top floor acceleration response
reduction were obtainedsd1.96% and 21.77% respectively. In addition to peak values,
root mean square reductions of the saneelacation responses were detected as 6.87%
and-10.39% respective)yas displayed inFigure4.5a andFigure4.5b. A reduction of the
first floor story drift was observed as 0.8886 peak value and 0.68% for RMS value, as
displayed inFigure 4.5¢c andFigure 4.5d. All performance parameters were summarized
and demonstratkin Table4.4. Maximum reduction of arias intensity was observed at the
foundation by 18.39%s inFigure4.5e. In additionas displayed ifrigure4.5f, base shear
and base moment of the test model at the foundationweerelreducedby a slight0.48%
and 0.63% respectively, in terms of peak values.
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Figure4.5. Foundation acceleration response (a), Top floor acceleration response (b), First
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Table4.4. Horizontal acceleration, Horizontal story drift, Arias intensity, Base Shear and

Base Moment reduction factors under Koc&aithquak (Case 1)

Case 1 under Kocaeli (PGA=0.21g) Earthquake

Foundation 1st Floor 2nd Floor 3rd Floor 4th Floor 5th Floor
RMS | Peak | RMS | Peak | RMS | Peak | RMS | Peak | RMS | Peak | RMS | Peak
Horizontal Acceleration (g)
Unreinforced] 0.0300 | 0.3257 | 0.0758 | 0.5536 | 0.0824 | 0.6674 [ 0.0663 | 0.5638 | 0.0602 | 0.4036 [ 0.0959 | 0.8013
Case 1 0.0279 | 0.2868 | 0.0807 | 0.5035 [ 0.0981 [ 0.6444 | 0.0682 | 0.4912 [ 0.0701 | 0.4909 | 0.1058 | 0.6268
Reduction (%) 6.87 11.96 -6.59 9.04 -19.05 3.45 -2.83 12.87 | -16.47 | -21.62 | -10.39 | 21.77
Horizontal Story Drift (cm)
Unreinforced - - 0.43 2.20 0.52 2.90 0.58 3.61 0.62 3.83 0.61 4.08
Case 1 - - 0.43 2.18 0.52 3.01 0.58 3.44 0.62 3.88 0.62 4.03
Reduction (% - - 0.68 0.88 0.71 -3.61 -0.10 4.75 -0.19 -1.35 -1.66 1.11
Arias Intensity (g-sec)
Unreinforced 0.0047 0.0303 0.0356 0.0229 0.0191 0.0468
Case 1 0.0039 0.0323 0.0478 0.0231 0.0240 0.0556
Reduction (% 18.39 -6.60 -34.33 -0.61 -25.23 -18.73
Base Shear (kN) Base Moment (kN-m)
RMS Peak RMS Peak
Unreinforced 0.55 3.41 0.38 2.39
Case 1 0.55 3.39 0.38 2.37
Reduction (% -0.92 0.48 -1.27 0.63

4.4.2. Seismic Response of Case 1 for El Centro Earthquake

Maximum reduction of peak acceleration response was observed in first floor by a
30.48%. Peak foundation acceleration response reduction and top floor acceleration
response reduction wenobtained a$.50% and29.4P%6 respectively. In addition to peak
values, root mean square reductions of the same acceleration responses were detected as
5.61% and 15.68% respectively, as displayed Higure4.6a andFigure4.6b. A reduction
of the first floor story drift was observed 821% for peak value and.28% for RMS
value, as displayed ifrigure 4.6¢c and Figure 4.6d. All performance parameters were
summarized and demonstratedTiable 4.5. Maximum reduction of arias intensity was
obsenred at thdirst floor by 46.19%6 as inFigure4.6e. In addition, as displayed Figure
4.6f, base shear and base moment of the test motle foundation leveterereduced by
a slight1.0%% and1.50% respectively, in terms of peak vakand 4.50% and 4.22% in

terms of RMS values, respectively.
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Figure4.6. Foundation acceleration response (a), Top floor acceleration response (b), First
floor acceleration response (c), (%) Redutid Case 1 (d), (%) Reduction of arias
intensity (e),(%) Reduction of base shear and base momeah@rEl Centro
Earthquale.
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Table4.5. Horizontal acceleration, Horizontal story drift, Arias intépsBase Shear and

Base Moment reduction factors under El Ceftasthquake (Case.l)

Case 1 under El Centro (PGA=0.35g) Earthquake
Foundation 1st Floor 2nd Floor 3rd Floor 4th Floor 5th Floor
RMS | Peak | RMS | Peak | RMS | Peak | RMS | Peak | RMS | Peak | RMS | Peak
Horizontal Acceleration (g)
Unreinforced| 0.0379 | 0.4450 | 0.0927 | 0.8326 | 0.0939 | 0.9076 [ 0.0793 | 0.5977 | 0.0658 [ 0.5300 | 0.1122 | 1.1553
Case 1 0.0358 | 0.4205 | 0.0723 | 0.5788 [ 0.0810 [ 0.7044 | 0.0626 | 0.4756 [ 0.0619 | 0.4389 | 0.0947 | 0.8148
Reduction (%) 5.61 5.50 22.04 30.48 13.71 22.39 20.98 20.43 5.93 17.18 15.66 29.47
Horizontal Story Drift (cm)
Unreinforced 0.39 2.32 0.51 2.99 0.55 3.37 0.60 3.79 0.58 3.88
Case 1 0.39 2.25 0.46 3.07 0.53 3.44 0.56 3.65 0.58 3.78
Reduction (% 1.28 3.21 8.87 -2.70 3.54 -2.01 5.95 3.81 -0.09 2.61
Arias Intensity (g-sec)
Unreinforced 0.0097 0.0578 0.0593 0.0423 0.0291 0.0847
Case 1 0.0077 0.0311 0.0395 0.0231 0.0232 0.0539
Reduction (% 20.03 46.15 33.42 45.25 20.35 36.35
Base Shear (kN) Base Moment (kN-m)
RMS Peak RMS Peak
Unreinforced 0.52 3.62 0.36 2.50
Case 1 0.50 3.58 0.35 2.46
Reduction (% 4.50 1.05 4.22 1.50

4.4.3. Seismic Response of Case 1 for Kobe BEhgquake

For the Kobe earthquake resulfsgak foundation acceleration response reduction
and top floor acceleration responseluetion were obtained a$5.18% and -3.17%%6
respectively. In addition to peak values, root mean square reductions of the same
acceleration responses were detectetla@®6 and28.2R% respectivelyas displayed in
Figure 4.7a and Figure 4.7b. A reduction of the first floor story drift was observed as
26.43% for peak value and 18.57% for RMS value, as display€egjume 4.7c andFigure
4.7d. All performance parameters were summarized and demonstrat€dbla 4.6.
Maximum reduction of arias intensity was observed at the first floor by 46.55% as in
Figure4.7e. In addition, as displayed Figure 4.7f, base shear and base moment of the
test model at the foundation leweérereduced by 6.74% and 3.31%spectively, in terms
of peak values and 16.71% and 15.69% in terms of RMS values, respectively.
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Figure4.7. Foundation acceleration response (a), Top floor acceleration response (b), First
floor acceleration response (c), (R¢duction of Case 1 (d), (%) Reduction of arias

intensity (e),(%) Reduction of base shear and base momeunnh{f@rkobe Earthquake
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Table4.6. Horizontal acceleration, Horizontal story drift, Arias intgnBase Shear and

Base Moment reduction factors under K&aethquake (Case 1)

Case 1 under Kobe (PGA=0.89g) Earthquake
Foundation 1st Floor 2nd Floor 3rd Floor 4th Floor 5th Floor
RMS | Peak | RMS | Peak | RMS | Peak | RMS | Peak | RMS | Peak | RMS | Peak
Horizontal Acceleration (g)
Unreinforced] 0.0508 | 0.6686 | 0.1865 [ 1.2613 | 0.2041 | 1.1296 | 0.1378 | 1.0246 | 0.1192 | 0.8427 | 0.1071 | 0.6432
Case 1 0.0427 | 0.5672 | 0.1200 | 1.3895 | 0.1343 [ 1.1983 | 0.1082 | 1.1252 [ 0.0944 | 0.9349 | 0.0768 | 0.6636
Reduction (%) 16.01 15.16 35.63 | -10.16 34.19 -6.08 21.49 -9.82 20.77 | -10.95 28.27 -3.17
Horizontal Story Drift (cm)
Unreinforced - - 0.28 2.26 0.55 3.08 0.59 3.83 0.67 4.52 0.68 5.17
Case 1 - - 0.22 1.66 0.43 2.68 0.49 3.55 0.56 4.43 0.60 5.27
Reduction (% - - 18.57 26.43 21.23 13.10 17.70 7.29 17.51 1.99 11.32 -1.88
Arias Intensity (g-sec)
Unreinforced 0.0149 0.1986 0.2401 0.1095 0.0819 0.0661
Case 1 0.0132 0.1061 0.1306 0.0843 0.0644 0.0432
Reduction (% 11.14 46.55 45.62 23.03 21.32 34.63
Base Shear (kN) Base Moment (kN-m)
RMS Peak RMS Peak
Unreinforced 0.54 5.01 0.39 3.02
Case 1 0.45 4.67 0.33 2.92
Reduction (% 16.71 6.74 15.69 3.31

4.5. Case 2 N=2 Geogrid Reinforced 5Story Building Model

The previously evaluated performance indicator parameters were evaluated for 5
story building model under KocaeliKkobe and El Centro earthquakes. Applied
configurationof geogrid reinforcé zonewasnotedin Section3.9 and geogrid reinforae
zones for all configuration types was describe&igure3.22. For this case, NZlayer of
geogrid was used for-&ory building model. Tests were conducted for all strong ground

motions and sinusoidal motions. Results are demonstrated for Kocaelnti @ed Kobe
earthquakes, respectively.

4.5.1. Seismic Response of Case 2 for Kocaeli Earthquake

For the Kocaeli earthquake results; peak foundation acceleration response reduction
and top floor acceleration response reduction were obtained as 125d%2.0%
respectively. In addition to peak valuegjot mean square reductions of the same
acceleration responses were detecteti7a®6% and29.28% respectively, as displayed in
Figure 4.8a and Figure 4.8b. A reduction of lte first floor story drift was observed as
0.50% for peak value andl1.29% for RMS value, as displayed kgure 4.8c andFigure
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4.8d. All performance parameters were sumgedt and demonstrated ihable 4.7.
Maximum reduction of arias intensity was observed affahadation leveby 19.56% as

in Figure4.8e. In addition, as displayed Figure4.8f, base shear and base moment of the
test model at the foundation lewekre reduced by-1.01% and-1.16% respectively, in
terms of peak values a®d80% and4.51% in terms of RMS values, resgiely.
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Figure4.8. Foundation acceleration response (a), Top floor acceleration response (b), First
floor acceleration response (c), (%) Reduction of @8k, (%) Reduction of arias
intensity (e),(%) Reduction bbase shear and base moment(flerKocaeli Earthquake
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Table4.7. Horizontal acceleration, Horizontal story drift, Arias intensity, Base Shear and

Base Moment reduction factors under Koc&aithquake (@se2).

Case 2 under Kocaeli (PGA=0.21g) Earthquake

Foundation 1st Floor 2nd Floor 3rd Floor 4th Floor 5th Floor
RMS | Peak | RMS | Peak | RMS | Peak | RMS | Peak | RMS | Peak | RMS | Peak
Horizontal Acceleration (g)
Unreinforced] 0.0311 | 0.3414 | 0.0773 | 0.5536 | 0.0829 | 0.6675 [ 0.0666 | 0.5638 | 0.0602 | 0.4037 [ 0.0967 | 0.8167
Case 2 0.0220 | 0.2953 | 0.0601 | 0.5012 [ 0.0739 [ 0.6428 | 0.0538 | 0.5044 [ 0.0566 | 0.5207 | 0.0800 | 0.6369
Reduction (%) 29.28 13.51 22.21 9.46 10.79 3.70 19.25 10.54 5.99 -29.00 17.26 22.02
Horizontal Story Drift (cm)
Unreinforced - - 0.44 2.21 0.53 2.90 0.58 3.61 0.62 3.83 0.61 4.08
Case 2 - - 0.34 2.22 0.52 3.03 0.55 3.50 0.58 3.84 0.59 4.21
Reduction (% - - 21.25 -0.50 0.85 -4.36 4.99 3.20 5.86 -0.44 4,12 -3.18
Arias Intensity (g-sec)
Unreinforced 0.0050 0.0303 0.0356 0.0229 0.0191 0.0488
Case 2 0.0040 0.0301 0.0455 0.0241 0.0263 0.0533
Reduction (% 19.56 0.85 -27.95 -4.88 -37.70 -9.24
Base Shear (kN) Base Moment (kN-m)
RMS Peak RMS Peak
Unreinforced 0.55 3.41 0.38 2.39
Case 2 0.51 3.44 0.36 2.41
Reduction (% 6.80 -1.01 4.51 -1.16

4.5.2. Seismic Response of Case 2 for El Centro Earthquake

The maximum pak foundation acceleration responseluation and top floor
acceleration response reduction were obtained4a8% and 19.24%respectively. In
addition to peak values, root meaquare reductions of the same acceleration responses
were detected as 28.06% and 26.76% respectively, as disjphalyaglire 4.9a andFigure
4.9b. A reduction of the firstlbor story drift was observed &8%6 for peak value and
25.790 for RMS value, as displayed #igure 4.9c andFigure 4.9d. All performance
parameters were summarized anchdastrated infable4.8. Maximum reduction of arias
intensity was obseed at thdirst floor level by 34.66% as inFigure4.9e. In addition, as
displayed inFigure 4.9f, base shear and base moment of the test naddbke foundation
level were reduced by-1.626 and-2.7®%6 respectively, in terms of peak values and
14.78%6 and12.5®%6 in terms of RMS values, respectively.
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Table4.8. Horizontal acceleration, Horizontal story drift, Arias intensity, Base Shear and

81

Base Moment reduction factors under El Ceianthquake (Ca&s2)

Case 2 under El Centro (PGA=0.35g) Earthquake
Foundation 1st Floor 2nd Floor 3rd Floor 4th Floor 5th Floor
RMS | Peak | RMS | Peak | RMS | Peak | RMS | Peak | RMS | Peak | RMS | Peak
Horizontal Acceleration (g)
Unreinforced| 0.0377 | 0.4401 | 0.0927 | 0.8326 | 0.0939 | 0.9076 [ 0.0793 | 0.5977 | 0.0658 [ 0.5300 | 0.1116 | 1.1493
Case 2 0.0276 | 0.4609 | 0.0587 | 0.6232 [ 0.0656 [ 0.8157 | 0.0558 | 0.5380 [ 0.0554 | 0.5001 | 0.0803 | 0.9281
Reduction (%) 26.76 -4.74 36.68 25.15 30.16 10.12 29.66 9.99 15.73 5.63 28.06 19.24
Horizontal Story Drift (cm)
Unreinforced 0.39 2.32 0.51 2.99 0.55 3.37 0.60 3.79 0.58 3.88
Case 2 0.29 2.26 0.46 2.96 0.48 3.45 0.51 3.85 0.53 4.11
Reduction (% 25.79 2.89 10.01 0.88 11.80 -2.20 14.00 -1.45 9.94 -5.90
Arias Intensity (g-sec)
Unreinforced 0.0095 0.0578 0.0593 0.0423 0.0291 0.0838
Case 2 0.0083 0.0378 0.0472 0.0341 0.0336 0.0709
Reduction (% 12.54 34.66 20.48 19.34 -15.51 15.34
Base Shear (kN) Base Moment (kN-m)
RMS Peak RMS Peak
Unreinforced 0.52 3.62 0.36 2.50
Case 2 0.44 3.68 0.31 2.57
Reduction (% 14.74 -1.62 12.57 -2.77

4.5.3. Seismic Response of Case 2 for Kobe Eaghake

Maximum reduction in peak foundation acceleration response and top floor
acceleration response were obtained as 5&448610.18%espectively. In addition to peak
values, root mean square reductiaighe same acceleration responses were detested a
39.23% and 14.80% respectively, as displayedrigure 4.10a and Figure 4.10b. A
reduction of the first floor story driftvas observed as 24.66% for peak value and 13.00%
for RMS value, as displayed Figure4.10c andFigure4.10d. All performance parameters
were summarized and demonstratedlrable 4.9. Maximum reduction of arias intensity
was observed at the second floor level by 54.45% dSigare 4.10e. In addition, as
displayed inFigure4.10f, base shear and base moment of the test model at the foundation
level werereduced by 2.97% and.27% respectively, in terms of peak values &hd6%
and-6.92% in terms of RMS values, resgively.
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Figure4.10. Foundation acceleration response (a), Top floor acceleration response (b),
First floor acceleration response (c), (%) Reduction of @4dg (%) Reduction of arias

intensity (e),(%) Reduction of base shear angdanoment (funderKobe Earthquake

























































































































































































































































