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ONSOZ

Bu calisma Pamukkale Universitesi, Turkive ve National Institute of Advanced
Science and Technology (AIST), Japonya kuruluslarindan arastirmacilarin ortak
yUrittigu uluslararasi bir projedir. Galisma baglangigta ICTAG-1729 olarak Tiirkiye
Bilimsel Ve Teknik Arastirma Kurumu (TUBITAK) tarafindan ve ayrica National
Institute of Advanced Science and Technology (AIST), Japonya tarafindan, daha
sonrasinda da 108M153 olarak TUBITAK hizli destek programi tarafindan
desteklenmistir. Bu proje kapsaminda, vibrasyon penetrasyon testi (VPT) olarak
isimlendirdigimiz, sivilagma tahminlerinde kullamimak (zere yeni bir arazi testi ve
ydntem (zerinde caligiimistir. Bu arastirma projesi icin verdi§i destekien dolayi
TUBITAK a tesekkiir ederiz.
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OZET

Bu calisma Pamukkale Universitesi, Tiirkiye ve National Institute of Advanced
Science and Technology (AIST), Japonya kuruluglanndan arastirmaciann ortak
ylUrittuga uluslararasi bir projedir. Bu proje kapsaminda sivilagma tahminlerinde
kullaniimak Uzere yeni bir arazi testi ve yontem Uzerinde caligiimistir. Konik
vibrasyon penetrasyon testi (VPT) olarak isimlendirdigimiz bu test esnasinda konik
VPT aleti arzu edilen derinliklere ittirilmekte ve vibrasyon uygulanmakta ve bu
esnada ivme, bosluk suyu basinci ve zemindeki elekirik 6zdirenci dlglilmektedir.
Zeminin dinamik tepkisi dogrudan 6&lgildiginden dolayr bu deneyin kullanilan
mevcut metodlara gére sivilasma tahminleri yonlinden Gstinitk gdstermesi
beklenmektedir. Aletin gelistiriimesi, kalibrasyonu ve arazide dodrulanma galigmalar
igin bu aletin prototip modeli ile Japonya'da laboratuvar deneyleri, gergek Slgltlerdeki
alet ile de Sapanca Golt, Adapazar kiyisinda, Antalya'da ve Izmit Kérfezi civarinda
Yalova'da arazi deneyleri gerceklestirimigti. Deney sahasinda, gerek zemin
dzelliklerinin tespitinde gerekse VPT deneyleri ile kiyaslamalar amaciyla CPT ve SPT
deneyleri de gerceklestiriimistir. Bu ¢alismada sunulan VPT deneylerinin élgimleri ve
degerlendirmeleri bu yéntemin degisik zemin tirlerinin dinamik davranisini ve
dzelliklerini yakaladidini ve sivilasma tespitinde kullanilabilecek bir yontem olarak
umut verici oldugunu gobstermektedir. Ancak ydntemdeki parametrelerin
degiskenliginin belilenmesi amaciyla gercek boyutta VPT aletiyle laboratuvar
deneylerinin yapiimasi faydali olacaktir.



ABSTRACT

This study is a joint international project among the researchers from Pamukkale
University, Turkey and National institute of Advanced Science and Technology
(AIST), Japan. A new field test and method which can be used for liquefaction
prediction is proposed in this project. During the test that we name vibration probe
penetration test (VPT), a conic VPT probe is penetrated into the ground and
vibration applied by the probe. During the vibration, several parameters such as
acceleration, excess pore water pressure along with the electrical resistiviy change
in the ground are measured by the sensors inside the probe. Because this test
measures the dynamic response of soil layers directly, it is expected to give better
liquefaction prediction results than the existing methods do. During the development
and calibration of the vibration probe and verification of the method, several
laboratory tests and field experiments were performed in Turkey and Japan.
Laboratory tests were conducted by using prototype VPT cone whereas field tests
were performed by using the real size VPT cone. Next to the VPT tests, we also
performed CPT and SPT tests and got some soil samples at certain depths with the
purpose of characterizing soil conditions and comparing with VPT results. The shore
of Lake Sapanca, Adapazari, Antalya and in Yalova (around lzmit Bay) in Turkey was
selected to carry out the VPT field tests. The VPT results presented in this study
show that VPT was able to capture the properties and dynamic behavior of different
type of soils at the sites and can be considered as one of the methods in liquefaction
prediction. However, some additional laboratory experiments with real size VPT cone
will be very useful to determine the effect of various parameters in VPT prediction in
a controlled environment.



1. GIRIiS

Sivilagsma, deprem esnasindaki dinamik ylikleme etkisiyle drenajsiz ylkleme sartlar
altinda 6zellikle suya doygun kohesyonsuz zeminlerde meydana gelmektedir.
Sivilagsmanin en karakteristik &zelligi, yikleme esnasinda geligen asgir bosluk suyu
basinct ve bunun neticesinde zemindeki efektif gerilmenin azalmasidir. Sivilagma
sonucunda zeminde cturmalar ve yanal yayilmalar ya da zemin akmaiar meydana -
gelebilir. Dolayisiyla depremlerin sebep oldugu zemin sivilagmasi zeminlerin iginde
veva Ustlinde yer alan kentsel alt ve Ust yapllarda 6nemli zararlara sebep olmaktadir,
Ulkemizde ve diinyada gerceklesen depremlerde olusan sivilasma sonucunda
kentsel vyapilarda onemli =zararlar olugsmusiur (Celebi vd., 2000). Gelecek
depremierde zararlann &nlenmesi ve hasarlarin azaltiimasi agisindan sivilasma
potansiyeli olan zeminlerin énceden tespiti sehirlesmenin arth§l gliniimizde &zel
onem kazanmistir. Bu konuda diinya genelinde pekcok g¢alismalar yapilmaktadir
(6rnegdin, Toprak ve Holzer, 2003).

Sivilasma potansiyelinin dederlendiriimesinde dedisik arazi deneyleri kullaniimasina
ragmen en yaygin olanlar standart penetrasyon testi (SPT) ve konik penetrasyon
testidir (CPT). Herhangi bir zeminde bu deneylerden elde edilen sonuglar, gegmis
depremlerden verileri kullanarak elde edilen bazi yari-ampirik bagdintilarla
karsilastirilarak o zemin i¢in sivilagsma degerlendiriimesi yapilir (Youd vd., 2001). Bu
degerlendirmelerde kullanilan arazi deney sonuclan ve bagintilar zeminin dinamik
etkisini dogrudan gozénine almazlar. Ancak gecmis deprem gbézlemlerinden
faydalanarak, ve bazi belirsizlikleri kabul ederek sonuca ulasirlar. Bu calismada
dnerilen Vibrasyon Penetrasyon Testi (VPT) ile bu eksikliklerin gideriimesi ve zemin
sivilagmasinin dinamik olarak tespiti amaglanmaktadir. Yontemde zemin igine belirli
derinliklere konik VPT aleti sokulmakta ve vibrasyon yaptirarak zeminin dinamik
olarak sivilagsmasi salanmakta ve bu esnada VPT aletiyle ivme, zemin bosluk suyu
basinci ve elekirik dzdirenci degdisimleri Slclimleri yapilmaktadir. Bosgluk suyu
basincinin yiikseimesi stvilagsma ile 6zdeslesmis bir olaydir. Zeminin elektrik
dzdirenci ile sivilagsma arasindaki iligkilerde daha &nce gdsterilmistir (Jinguuji vd.,
2007). Burada sunulan ¢alismayla literatlire ve uygulamaya yeni ve etkili bir ydntem
katilmasi ve boylece gelecekte sivilagma tahminlerinin gok daha basarili olarak
yapiimasinin saglanmasi beklenmektedir.

2. ZEMiN SIVILASMASI VE ETKILERI

Sivilagsmanin arazi ve yapilar {izerindeki etkileri beg ana madde halinde siralanabilir:
1. Zeminin tagima guclinG yitirmesi; 2. Zeminin oturmasi; 3. Zemin salinimi; 4. Yanal
yaytlma; 5. Akma tlrii kayma. Sivilagmanin ylizeyde gézienmesi ise kum figkirmasi
(kum volkanlari ve kum kraterleri), kum dayklar ve siller, yanal yayimalar ve
kademeli yariklar seklinde olur (Sekil 1 ve Sekil 2).
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Sekil 1. Sivilagan kumun ylizeye cikisint gosteren kesit (Obermeier 1996, Ulusay
2000)

Sekil 2. Adapazar’nda Cark Caddesi civarinda bir sokak boyunca zemin ylzeyine
figkirmig silt ve ince kum dbekleri (Sucuoglu vd 2000)

Zeminin tagima guclnu yitirmesi, kisaca yapilan tagiyan zeminin sivilagtigl zaman,
yapinin aktardi§i yikl tasiyamaz hale gelmesi sonucu zemin {izerindeki yapilarin
degisik ydnlerde yatmasi veya devrimesidir (Sekil 3). Sivilagma nedeniyle zeminin
tagima glclnl yitirmesiyle binalarda gozlenen davranigin aksine sivilagan zeminin
icinde gémiili konumdaki tanklar ve borular ise, yizeye dogru yikselme (kabarma)
egilimi gosterirler ve kinimaya yada bikillmeye maruz kalirlar.
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Sekil 3. 1999 Kocaeli (izmit) depreminde Adapazar’'nda egilme formunda asin temel
deformasyonuna maruz kalmig binalar (Sucuoglu vd 2000)

Sivilagma sirasinda ve sonrasinda zemin tanelerinin gosterdikleri bir araya gelme
egilimi ve zeminin tagima guclnU yitirmesi ile ylzeyde oturma seklinde
deformasyonlar (yerdegistirmeler) goézlenebilir. Bu kosullarda zeminde geligen
oturma yerdegistirmesi zeminin Uzerindeki yaptya da yansiyarak, yap! zeminin igine
batar (Sekil 4 ve Sekil 5). Sivilagma yalnizca tst yapilar degil alt yapilari da olumsuz
etkilemektedir. Ornedin 1995 Kobe depreminin yodun tesirinde kalan Bati
Japonya’nin endlstri ve Kkultir merkezi, toplam 15 milyon nifusiu Hanshin
bélgesinde, Kobe ve Osaka sehirlerinde su, atk su, gaz, elekirk ve
telekomiinikasyon sistemieri gibi candamarn sistemleri blylk zarar goérmistir. Bu
zararlardan en az 3 milyon kisi ciddi sekilde etkilenmistir. Ozellikle sivilasma sonucu
kalici yer deformasyonlar gerceklesen alanlarda ¢ok yogun zararlar gézlenmistir.
Eski borular ve birlesim noktalari daha diktil ve esnek olan yeni borulara kiyasla
daha ¢ok zarar goérmistiir (Toprak ve Yoshizaki 2003).

Swvilagsmanin neden oldugu yanal yayilmalar yapilarda meydana gelen zararlarin ana
sebeplerinden birisi olmaktadir. Yanal yayllma duraysizid: sivilagsan seviyenin
lizerinde bulunan zeminin genis bloklara ayrimasi ve bu bloklarin yanal ydnde
hareket etmesidir. Bu hareket depremden kaynaklanan yer ¢ekimi kuvvetleri ve i¢sel
kuvvetlerin birlikte etkimesiyle meydana gelmektedir. Sekil 6'te yanal yayimanin
gelisimi gdrilimektedir. Yanal yayilma, genellikle egimi son derece kigik (0,3-6
derece) olan yamaglar boyunca ve nehir yatadi, gol veya deniz kiyisi gibi harekete
engel olmayacak serbest ylzeylere dogru geligir. Yatay yondeki hareket, birkag
metreden onlarca metreye kadar ulasabilir. Hareket sirasinda zemin 6telenir, bloklara
ayrilir ve buna bagl olarak zeminde catlaklar, kiriklar kiigiik gokilntller ve
ylikselmeler meydana gelir yapilar ve zemine gémdli diger alt yap elemanlan (su
daditim sebekesini olusturan gémull boru hatlan, dodalgaz hatlan) ciddi hasarlara
maruz kalabilirler (Sekil 7, Sekil 8 ve Sekil 8).
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Sekil 4. 1999 Kocaeli depreminde Adapazarinda sivilasmanin bir sonucu olarak
oturma formunda (yaklagtk 1m) asin temel deformasyonuna maruz kalmis

bir bina {Sucuoglu vd 2000)

Sekil 5. 1999 Kocaeli depreminde Sapanca Go6linin Adapazari’'na yaklasik Skm
mesafede yer alan dodu kiyisinda sivilagsmaya bagll oldugu disiinllen
oturmalar ve denize dogru yanal yayilimlar sonucunda sahil seridi kismen

gblin sulan altinda kalmistir (Sucuoglu vd 2000)

12
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Sekil 6. Yanal yayilmanin gelisimi (Obermeier 1998, Celik 2003)

Sekil 7. Petkim rafinerisi iskelesi lzerinde yatay deplasman sonucu meydana gelen
yanal hareket (yaklasik 15cm) (Sucuoglu vd 2000)
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Sekil 8. 1999 Marmara depremi sonrasi Degirmendere sahilinin gorinisi. Kiylya
dolgu yapilarak kazaniimis olan alanlar 50m’ye yaklasan yanal yayilimlar ile
denize kaybedilmistir (Sucuoglu vd 2000)

Sekil 9. 1895 Kobe Depreminde Port Island kuzey yakasinda sivilagsmanin neden
oldudu yanal yayiima etkisiyle, su dagitim sisteminde yeralan 700 mm c¢aph
¢elik boruda meydana gelen hasar (Chung 1996)

14




Siwvilagmanin neden oldugu en etkili duraysiziiktan biri akma sivilagmas! olarak da
anillan zemin hareketidir. Akma sirasinda ¢ok genis zemin kitleleri, ¢ok kisa bir
siirede ve saatte onlarca kilometreye ulagsan bir hizla, edimli ylzeyler boyunca
kilometrelerce hareket edebilir (Sekil 10). Akma tamamen suya doygun zeminde
gelisebildigi gibi, sivilagsan zeminin Uzerinde yer alan daha sert bir malzemeye ait
bloklarin hareket etmesiyle de meydana gelebilir. Bu tir hareketler, egdimi 6%den
daha blyik olan yamaclar boyunca, gevsek ve suya doygun kumlar veya silli
kumlarda gelismektedir. Ayrica maden isletmelerindeki atik barajlarinda toplanan,
suya doygun ve ¢ok ince cevher atiklarinin da depremier sirasinda akma davranisi
gosterdikieri bilinmektedir.

Akrna sivilasmass

Sekil 10. Akma tird kayma (Ulusay 2000)

3. GENEL ZEMIN SIVILASMASI] ANALIZLERI

Zeminlerin sivilagsma duyarliigimin belirlenmesinde arazi ve laboratuar deneylerine
bagl birgok analiz ydntemi bulunmaktadir. Laboratuarda yapilan dinamik ¢ eksenli
deneylerde, sivilasma olasiligi yiiksek zeminlerin gogundan orselenmemis zemin
drnekleri almak zor oldugundan arazi deneylerine dayall degerlendirmeler
uygulamada daha gok kullanim alani bulmustur. Bu arazi deneylerinden baslica
Standart Penetrasyon Deneyi (SPT) ve Konik Penetrasyon Deneyi (CPT) en yaygin
olarak kullanilan arazi deneyleri olup, Beker Penetrasyon Deneyi (BPT), Kayma
Dalga Hizina (Vs) baglh analiz yontemleri de sivilagma analizinde kullaniimaktadir.
Tarihsel gelisim icinde 6nce SPT'ye dayali yontemler geligtiriimis, diderleri onu
izlemislerdir. Ama 6zellikle son 20 yil igcinde CPT deneylerinin yayginlagsmas) ile
birlikte CPT’ye dayall yéntemlerde yaygin olarak kullaniimaya baglanmigtir. Burada
projeyle alkal oldudu igin yalnizca SPT ve CPT ile ilgili sivilagma analizleri hakkinda
kisa bilgiler verilecektir. Sivilasma analizleri Uzerine ayrintili bilgilere degigik
kaynaklardan ulasitabilir (Ornegin Youd vd, 2001; Toprak vd., 1998, Toprak ve
Holzer, 2003)

Kumiar ve siltler icin Seed ve Idriss (1971) tarafindan &nerilmig olan basitlestirilmis
ydntem zamanla gelistirilmistir. Amerikan Ulusal Deprem Muihendisligi Arastirma
Merkezinde (National Center for Earthquake Engineering Research), zeminlerin
sivilasma direnglerinin belirlenmesi ve diinya ¢apinda bu konuda bir standart ydntem
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olusturulmasi amaciyla sivilasma lzerine ¢alisan arastirmacilar T. Leslie ve |. M.
ldriss baskanhginda bir araya getiriimis ve bu calismalar “Youd vd (2001)" adi
makalede yayinlanmigtir.

Arazi deneylerini kullamlarak vyapilan sivilasma analiziyle, sivilasma riskini
belirlemekte kullanilan sivilasmaya karst glivenlik katsayisi (FS) elde edilmektedir.
Glveniik katsayisi (FS), zeminin sivilasma direncinin (CRR) deprem aninda
meydana gelen devirsel gerilime (CSR) oranidir. Yapilan sivilagsma analizi
sonucunda elde edilen glvenlik katsayisi (FS) 1'den kiigiik ise sivilagsma vardir,
givenlik katsayisi (FS) 1'den biyik ise sivilagsma yoktur. Sivilagsma olasiiginin
belirlenmesi su asamalardan olusur:

a) Devirsel gerilim orani { Cyclic Stress Ratio, CSR )

Devirsel gerilim oranm genel anlamda deprem aninda meydana gelen makaslama
gerilmesinin disey efektif geriimeye orani olarak tanimlanabilir. Devirsel gerilim
orani, laboratuarda drselenmemis zemin numunelerinin test edilmesi sonucu akla
yatkin bir denklem olarak ortaya konulmustur. Ancak dogal zemin gerilimi genel
olarak laboratuarda belirlenememekiedir ve taneli zemin &rnekleri tipik sondajlama
ve Ornekleme teknikleriyle zarar gérmeden elde edilememistir. Bu nedenlerden
dolayl da bu denklem gercege vyakin sonuglar vermemektedir. Ornekleme ve
laboratuar testlerinden kaynaklanan zorluklan gidermek amaciyla arazi deneyleri
rutin sivilagma arastirmalan igin kullanian pratik ydntem haline gelmistir. Devirsel
gerilim oranini aciklamak icin Seed ve Idriss (1971) asagidaki denklemi
olusturmuslardir. Deprem sirasinda meydana gelen tekrarli gerilim orani CSR, formdii
3.1 ile hesaplanmaktadir.

CSR = (Ta/0 vo) = 0,65 (Bmax/ g ) (Cvo/ O vo) Fa (3.1)

Burada,
amax - Zemin ylizeyinde deprem etkisiyle olugan maksimum yatay yer ivmesi
g : Yergekim ivmesi
O vo: TOplam 6ril yiki gerilmesi
O v . Efekif 6rtl yuki gerilmesi
rq: Gerilme indirgeme katsaysi
Tav . Ortalama cevrimli kayma gerilmesi

Burada rg derinlikle (z) degisen bir faktor olup 9.15 m derinlige kadar formil 3.2,
9.15 m ile 23 m arasindaki derinliklerde ise formill 3.3 ile hesaplanmaktadir.

ra=1,0-0,00765*z z£9,15m (3.2)
rq= 1,174 - 0,0267 * z 9,15<z<23 m {3.3)

Gerilme indirgeme katsayisinin (ry) derinlikle olan degisimi Sekil 11’de verilmistir.
Yukaridaki formiiler (3.2 , 3.3) rutin mihendislik islerinde (kritik olmayan projelerde)
dogrudan kullanilabilir. Ancak bu iki esnek formillde oOnemli bir degisken
bulunmaktadir. Bu da derinliktir. ry nin derinlikle dedisen genis bir aralifi vardir (Sekil
11). Formil 3.2 ve 3.3'0n bilgisayar programiarinda kullanimi igin daha uygun hali
formiil 3.4'de verilmistir.
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Sekil 11. Gerilme azaltma faktoriniin (rg) derinlik (z) ile degisimi (Youd vd 2001)

rg = (1,00-0,4113*2°%+0,04052*2+0,001753*2"° } / (1,00 — 0,4177*2%° +
0,05729*z — 0,006205*z"°+0,001210*z°) (3.4)

b) Devirsel direng orani { Cyclic Resistance Ratio, CRR ),

Sivilagma direncinin belirlenmesi igin SPT ye baglt kriterler yillar boyu geligime
ugramistir. Bu kriterler agadida verilmistir. Zeminin sivilagmaya kars: olan tekrarll
direnc oranimt (CRR) hesaplamada SPT darbe sayilar kullanimistir. SPT
deneyinden elde edilen darbe sayilari (N) bir dizi dizeltmeye tabi tutularak,
dizeltimis SPT darbe sayisi (N4)so belirlenmektedir. Bu diizeltmeler; 6rtli yUku
diizeltmesi (Cy), tij enerji orani diizeltmesi (Cg), kuyu c¢ap! dizeltmesi (Cg), deney
sirasinda kullanilan tij uzunlugu dizeltmesi (Cr) ve i¢ gomlek (tiip) diizeltmesidir
(Cs).

Sekil 12 de gecmiste 7,5 biylikligunde olan depremlerde sivilagmanin gértldugi
bélgelerden yada sivilagsma olayinin gdzlenmedi§i boigelerden alinan dizeltilmis
(N1)sc ve CSR datalarindan olusturulmus grafik verilmistir. Grafikteki egriler ince tane
oranina gére gelistiriimistir. Grafik ince tane oram %5’e esit yada kiiglk, ince tane
orani %15 ve ince tane orani %35’ gére bélgelendiriimistir. Ince tane (dane boyu <
0.075 mm olan kil+silt taneleri) orani %5’ten kiglk ve esit ince tane orani egrisi
sivilasma analizinde kullanilan basitlestiriimis yontem icin temel kriterdir. Bu grafikten
yararlanilarak CSR yada CRR hesaplanmaktadir. CRR formil 3.5 ile matematiksel
olarak hesaplanabilir.
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Sekil 12. Devirsel direng orant (CRR) ve duzeltilmis darbe sayisi (N1)socs arasindacki
iliski (Youd vd 2001)

CRRy7s = (1/(34-(N1)socs)) + ((N1)sacs/135) + (50/(10%(N1)socs+45)") — (1/200)  (3.5)

Bu formil 7,5 buylklugindeki bir deprem igin elde edilmistir. Gerekli hesaplar
yapildiktan sonra magnitiid diizeltme faktérii ile dizeltilecektir.

(N1)socs : Cesitli duzeltmeler sonucu elde edilmis darbe sayisidir, Bu dlzeltmeler
sirasiyla sunlardir ;

a) Enerji oran: diizeltimesi:
N : Standart penetrasyon deneyinden elde edilen darbe sayisi

ER : Tij enerji oranidir. Tirkiye'de genellikle donut tipi sahmerdan kullaniimaktadir.
Enerji orani Turkiye'de genellikle %45'ir.
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Naso=N*(ER/60) (3.8)
b) SPT deki diger dlizeltmeler:
(N1)so= Cn ™ Ngp * Cr*Cg*Cs (3.7)
Cn : Ortli gerilimi dlizeltmesidir ve style hesaplanabilir.
Cn=(2,27(1,2+ 0 w/Py) (3.8)
P. ; Atmosfer basinci (c’ vo ile ayni birimde)
Cr: Deney sirasinda kullanilan tij uzunlugu dizeltmesi
Cg : Kuyu ¢api diizelimesi

Cs : I¢ gdmiek dlzeltmesi

SPT dizeltme katsayilan Tablo 1’de verilmistir.

Tablo 1. Tij, ic gémlek ve kuyu ¢ap! diizeltme faktorleri (Skempton 1986)

Tij Uzunlugu
Diizeltmesi, CR
Uzunluk <3 m 0.75
Uzuniuk 3-4 m 0.8
Uzunluk 4-6 m 0.85
Uzunluk 6-10 m 0.95
Uzunluk 10-30 m 1
. ic gdmlek diizeltmesi, CS
lg Gomlek
Kullaniimadiginda 1.1-1.3
lc Gomlek
Kullanildiginda 1

Kuyu Capi Diizeltmesi, CB
Kuyu Capi1 65-115 mm 1
Kuyu Capit 150 mm 1,05
Kuyu Capi 200 mm 1,15

¢) SPT'deki ince tane oran: diizeltmesi;

Youd vd (2001), SPT'ye gére sivilagsma analizinde ince tane oraninin (dane boyu <
0.075 mm olan kil+silt taneleri) artigi ile CRR ‘nin artidini belirtmis ve duzeltiimisg
SPT darbe degerlerinin (N1)go, zeminin igerdigi ince tane oranina (ITO) gére yeni bir
diizeltme onermiglerdir (N1)socs-

(N1)socs= a +B (N1)eo (3.9)

11
o

ITO (Ince tane oranl) < %5 — a (3.10)
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%5<ITO <%35 — g =el17e180iT02) (3.11)

ITO = %35 —~  a=5 (3.12)
ITO<%5 —  B=1 (3.13)
%5<ITO<%35 ~  B=[0,99+(ITO"%1.000)]  (3.14)
ITO2%35 ~  B=12 (3.15)

Devirsel direng oraninin (CRR) ve deprem aninda meydana gelen devirsel gerilimin
(CSR) belirlenmesi icin CPT'ye badh kriterler Sekil 13'ten gelistiriimistir.  $ekilde
gecmiste 7,5 buyukluginde olan depremlerde sivilasmanin géruldiigl bolgelerden
yada sivilagsma olayinin gézlenmedigi bélgelerden alinan dizeltimis CPT ug direnci
(gcin) ve CRR, CSR verilerinden olusturulmus grafik verilmistir. Grafik ince tane
oranina gdre gelistiriimistir. ince tane orani %5 ten kliglk temiz kum igin, ince tane
orant edrisi sivilagma analizinde kullanilan basitlestirilmis yontem igin temel kriterdir.

(Gein)es < 50 ise CRR7 5= 0,833 ({gcin)es/1000)+0,05) (3.16)
50=(0cin)es<180 ise CRRys5= 93({dcin)es/1 000)3+0,08 (3.17)

Yukaridaki formil 7,5 blyukiagindeki bir derem igin tasarlanmigtir. Gerekli hesaplar
yapildiktan sonra magnitid diizeltme faktori ile duzeltimelidir.

(Gen)es © Cesitli dlizeltmeler sonucu normalize edilmis konik penetrasyon ug direnci
{temiz kuma gore)

CPT dlzeltmeleri sunlardir;
Ca ; Koni penetrasyon ug direnci dlizeltme katsayisi
Si§ derinliklerde Cq de@eri dusik 6rt0 yikil basincindan dolayl bayiktir. Bunula
beraber 1,7 den biyik degerleri igin Cq dederi uygulanmaz. CPT slrtinme orani
genellikle ince tane oraninin artigi ve zemin plastisitesinin artigi ile artar.
n; Zemin tlrine badh degisken (0,5-1,0)
Jein = Ca (qc/ Pa) (3.18)
Ca=(Palo )" (3.19)
Diizeltimis CPT ug direnci (gein) ile CRR/CSR arasindaki iligki Sekil 13'te verilmistir.

ince dane oraninin %5'ten biiyik oldugu durumiarda ug direnci ile ilgili diizelimelerin
yapilmasi gerekmektedir (Youd vd, 2001).
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Sekil 13. Duzeltiimis CPT ug direnci ile (gcin) ile CRR/CSR arasindaki iligki (Youd vd
2001)

¢) Sivilasmaya Kargi Glvenlik Katsayisi (FS);

7.5 buytkligindeki bir deprem icin hesaplanan CRRys degerlerinin incelenen
bélgede ongoriilen deprem blylkligune gore dizeltimesi gerekmektedir. Deprem
buyukiagu ve magnitid diizeltme faktdrll arasinda gesitli arastirmactlar tarafindan
gelistiriimis olan iligkiler Sekil 14'te verilmistir. 1driss (1985) yapti§ ¢aligmada, M3.5
ile M8.5 buyUklukieri arasinda dedisen depremier igin magnittid dizeltme faktorlerini
tanimlamis ve bu degerleri Sekil 14'te géruldugl Uzere grafikle sunmustur. Bu
calisma Youd vd (2001) tarafindan revize edilmis ve buylklik olgeklendirme
(dlizeltme) faktérl (MSF) formtl 3.168°da ki gibi &nerilmistir.

Mw : Deprem biylkiagi (magnitid)

MSF = 1022 / M, > (3.16 )
Sivilagsmaya karst FS sdyle hesaplanir.

FS =(CRR75/ CSR)* MSF (3.17)
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Arazi deneyi verileri kullanilarak yapilan sivilagma analizi sonucu hesaplanan FS
degerleri agagidaki aralikiara goére degerlendirilebilir.

FS =1 — Sivilagma var
1<FS=1.2 — Potansiyel sivilagma
FS=>1.2 — Sivilagsma yok
45 | [ I )
. NCEER —4~ Seed and ldriss, (1982)
. _Tarafindan |- Idriss
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Sekil 14. Deprem biyukiigu ve magnitud diizeltme faktorl arasindaki iligki (Youd vd
2001)
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4. SIVILASMA’DA YENI BiR YAKLASIM: VIBRASYON PENETRASYON TESTI
(VPT)

Sekil 15 VPT testinin arazide uygulanma seklini sematik olarak gostermektedir. VPT
testi VPT konik aletinin zemine ittiriimesi ydniinden CPT ile benzerlik géstermektedir.
VPT aleti zeminde inceleme yapilacak derinlije indirilince vibrasyon uygulanmakta
ve aletin etrafindaki zemin icinde sivilasma gdzlenmektedir. Vibrasyon esnasinda
VPT aleti icindeki sensérler yardimiyla zeminde bosluk suyu basinci yukselmesi ve
zeminin elekirik ézdirenci degisimi 6lgiiimektedir. Ayrica VPT aletinin ivmesi de aletin
icinde bulunan bir ivme olger ile tespit edilmektedir. Elektrik dzdirencinin zemin
sivilagsmasinin incelenmesinde kullanilmasi daha &nce laboratuvarda vyapilan
calismalarla gésterilmistir (Jinguuji vd. 2001; 2007).

VPT ile ilgili 6n calismalar kapsaminda gerceklestirilen model deneyler cesaret verici
sonuclar ortaya cikarmistir. Bu deneylerden kazanilan tecriibelerle tasarianan
prototip VPT aleti Japonya’da Uretilerek laboratuvarda ilk deneyler gerceklestiriimistir
(Jinguuji ve Toprak, 2003). Prototip VPT aletiyle yapilan deneylerde 30 cm
genigliginde, 60 cm uzunludunda ve 30 cm yliksekliginde fleksiglass'tan yapiimig
dikdérigen bir kap kullaniimistir (Sekil 16a). Kabin icerisine yiksekiigi 20 cm olacak
sekilde kum numune hazirlanmistir. Kullanilan kum, ortalama dane ¢apl, dsg 0,125
mm olan Toyoura kumudur. Alttan uygulanan su basinciyla kaynama ile olusturulmus
gevsek numunenin rélatif sikihdi % 33 civarindadir. Prototip VPT aletinin Ustline
yerlestirilen vibrasyon motoruna voltaj vererek vibrasyon olusturulmustur. Dedgisik
seviyelerde volta] uygulanarak kum numunedeki tepkiler gézlenmistir. Voltaj 1V
oldugunda motor cgalismis, fakat bosiuk suyu basincinda ve zemin elektrik
dzdirencinde degisiklik olmamigtir. Voltaj 2V olarak uygulandidinda ise bu degerlerde
buytk degisikliikler gézlenmistir. Sekil 16b deney esnasinda él¢llen ivme, bosiuk
suyu basinci ve elektrik 6zdirenci sonuclarini gdstermektedir. Vibrasyon, élgimlerin
baglamasindan 5 saniye sonra baslamis ve 5 saniye slirmustir. Zaman 8lgimil elle
yaplildiindan Sekil 18b’de zaman grafiginde ¢cok az kayma olmustur.
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Sekil 15. VPT testinin arazide uygulaniginin sematik olarak gosterimi

Sekil 16b vibrasyonun baglamasiyla birlikte bogluk suyu basincinin zemin 6rtll yuka
seviyesine cikhdini ve sivilagmanin gerceklestigini goéstermektedir. Bu esnada
ylizeyde su kaynamasi ve aletin etrafinda numunede oturmalar gzienmistir. Elektrik
dzdirencinde de zemin sikilasmasinin bir isareti olarak ylkselme kaydedilmistir.
Deney siresince sabit bir sekilde 2V voltaj uygulanmasina ragmen ivmenin ¢ok
degistigi gézlenmistir. Bu degisiklik kabin igindeki kumun rijitiiginin degismesiyle
aciklanabilmektedir.
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5. VPT ALETi VE VPT ARAZi DENEYLERI

Prototip VPT aletiyle yapilan laboratuvar deneylerinin olumlu sonuglar vermesi
Uzerine arazi deneyleri asamasina gegilmigtir. Yapilan kapsamli ve detayl
arastirmalar ve incelemelerden sonra 1999 Kocaeli (izmit) depreminde deprem
siddetinin yiksek oldudu ve sivilagsma ile swvilasma sonucunda yanal yayilmalarin
yodun gdzlendigi bolgeler dahil olmak Uzere 4 alanda proje kapsaminda VPT
deneyleri gerceklestiriimistir. Alanlar séyledir:

Adapazar yakinlarindaki Sapanca Géli civarn
Antalya-Kundu Bolgesi

Izmit Kérfezi civar Yalova-Tavsanii Bolgesi
[zmit Kérfezi civari Yalova-Karamiirsel Bélgesi

hwWN =

Adapazarn yakinlarindaki Sapanca golii civarinin VPT arazi deneyleri igin uygun
olacag: 1999 Kocaeli depreminden sonra degisik arastirmacilar tarafindan bu
yorelerde yapilmig Standart Penetrasyon Testi (SPT) ve Konik Penetrasyon Testi
(CPT) sonuclart ve degisik sondaj verileri gézénine alinarak verilmistir. Ik
elemelerden sonra zeminin degiskenli§i de gézdniine alinarak, deneylerin tam yerine
karar kilmak igin iki ayrt sahada 6n CPT sondajlari yapilmistir. Veriler incelendikten
sonra Sapanca goliu kenarinda Sapanca Evlendirme Dairesinin yanindaki bos arazi
VPT deneyleri igin secilmistir (Sekil 17).

Sapanca goli Izmit Kérfezinin yaklasik 20 km dogusunda tektonik olusumlu bir
goldir. Bu goliin giineydogdu kiyilarinda 1999 Kocaeli (Izmit) depreminde sivilagmalar
ve sivilasma sonucunda yanal yayimalar gdzienmis ve birgok yapi (Ornegin
Sapanca Hoteli) ciddi hasar gérmustur (USGS, 2000; Cetin vd., 2002). Bu aragtirma
projesinde segilen saha Hotel Sapanca'ya yakindir. Bu alan, kalinligi 60 m ye kadar
ctkan kalin fluvyal holosen ¢keltilerden olugmustur.

Antalya-Kundu bélgesinde deney igin segilen alan $ekil 18’ de gosterilmigtir. Bu arazi
VPT aletinin dzellikle temiz kum igerisinde davranigini gézlemlemek igin segilmistir.
Yalova civarninda deney icin secilen yerler izmit Kérfezinin gliney sahilllerine yakin
alanlardir (Sekil 19 ve Sekil 20). Bu bolgeler 1999 Kocaeli depreminden sonra
civarinda inceleme yapilan alanlara yakindir (Mitchell vd, 2000).

Arazi deneyleri gerceklestirilitken VPT yapilan yerlerde karsilastirma yapilabilmesi
icin mutlaka SPT ya da CPT deneylerinden biri de yapiimigtir (Sekil 21). Mmkin
olan durumlarda (ic deney birlikte gerceklestiriimistir. SPT ya da CPT deneyleri VPT
deneylerinden 8nce gerceklestirilerek zemin profilinin belirlenmesi saglanmistir. Proje
kapsaminda kaynaklar kisith oldugundan yapilacak deneyler igin arazi segiminde
itinali davranilmis ve gecmiste yapllmig bilimsel ve/veya ticari zemin etldleri
incelenerek uygun araziler belirlenmigtir. Daha 6nce bahsedildigi gibi CPT, zemin
profilinin belirlenmesinde ve sivilagsma analizlerinde dzellikle son yillarda yaygin
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Sekil 17. Sapanca goll kenarinda VPT deneyi igin secilen saha (arkada Sapanca

gblu gbzikmektedir)

Sekil 18. Antalya sahil kenarinda VPT deneyi icin secilen saha (arkada bir hotel

ingaati gbéziikmektedir)
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Sekil 19. Izmit Korfezi civan Yalova-Tavsanh Bolgesinde VPT deneyi igin segilen
saha (arkada izmit Korfezi gézikmektedir)

Sekil 20. Izmit Korfezi civan Yalova-Karamursel Bolgesinde VPT deneyi icin segilen
saha (arkada Ipek Kagit Fabrikasi gézikmektedir)
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olarak kullanitan bir deneydir. Bununia birlikte SPT testide gerek zemin profilinin
belilenmesinde gerekse sivilasma analizlerinde tim diinyada yaygin olarak
kullaniimaktadir. SPT sondajlari ayni zamanda numune alma imkani da vermistir.
Deney sonuglarimin birbiri ile kiyaslanabilmesi igin SPT, CPT ve VPT testlerinin
birbirine mumkun oldugu kadar yakin yapiimasina dikkat edilmigtir (1-3 m arasi).
Deneyler, uluslararasi bilimsel ortaklik kapsaminda gerceklestirildidi icin hazirlik ve
planlama uzun zaman almig ve yillara yayilarak yapilabilmistir. Bu sekilde caligma
ayni zamanda ilk deneylerde kazanilan tecriibeler 1s1§inda VPT aletinin iyilestiriimesi
ve gelistiriimesine ve yeni aletin sonraki yiidaki deneylerde kullanilabilmesine imkan
vermistir.

Sapanca’daki saha’nin zemin ozelikleri CPT ve SPT testleri ile belirlenmistir. Sahada
olctilen CPT ug direnci, ylzey sirtiinmesi direnci ve slrtliinme orani degerleri ile
birlikte SPT darbe sayist, N degerler; Sekil 22a, b ve c'de gosterilmistir. CPT
ekipmaninda kesit alani 10 cm®ye karsilik gelen 60° acilik komk u¢ kullaniimaktadir.
Konik ucun Ustiinde yer alan surtinme ¢eperi ylizeyi, 150 cm?®lik bir alana sahiptir.
Kullanifan tijlerin uzunlugu 50 cm’dir ve her 2 cm derinlikte ug ve ylzey sirtiinme
direngleri &lclilmustir. SPT testleri ASTM D6066-98 ve D1586 standartlarini takip
ederek gerceklestiriimistir. Alinan SPT numuneleri lzerinde laboratuvar indeks
deneyleri yapiimis, ince dane orani ve dane dagilimi belirlenmistir. Kullanilan SPT
sahmerdan sisteminin enerji orani %560 seviyesindedir.

Saha’da su seviyesi 1.2 m seviyesindedir. Sahanin yiizeyi yaklagtkk 1.1 m
yiksekliginde kumlu, ¢akilh bir dolgu ile kaplidir. Daha asagi derinliklerde ise cakill,
siltli ince kum, temiz kum, ve silt-kil tabakalari mevcuttur, CPT ve SPT analizleri bu
sahanin stvilagabilir katmanlara sahip oldugunu gdstektedir. Sekit 22d, 1999 Kocaeli
(izmit) depremi parametrelerini kullanarak hesaplanmig ( My=7.4 ve maksimum yer
ivmesi= 0.4 g) sivilasmaya kargi glvenlik katsayilarini géstermektedir. Sivilagsma
analizleri Youd, wvd. (2001) tarafindan anlatilan islemleri takip ederek
gerceklestirilmistir.

Bu projede tasarlanan ve Uretilen VPT aleti, arazi ¢aligmalarinda yaygin olarak
kullamlan CPT sistemi ile uyum iginde olacak sekildedir. Béylece gelistiriien bu alet
icin zemine ittirme amactyla yeni bir sistem kurulmasina gerek yoktur. Sekit 23 bu
projede tasarlanan ve Uretilen son VPT aletini boyutlar ile birlikte géstermektedir. {1k
deneylerden sonra vibrasyonun etkisini arttirmak igin aletin capi 36 mm'den 44
mm’ye cikartiimig ve aletin Ust kisimiarinda olan ivme 8lger de aletin ucuna yakin bir
pozisyona kaydinimistir. 38 mm ¢ap, yaygin olarak kullanilan CPT aletiyle ayni
boyutlardadir. 44 mm c¢ap ise yine piyasada mevcut olan daha blylk caph CPT
aletiyle aynidir.
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Sekil 21. CPT ve SPT deney araglan
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Sekil 22. Sapanca Goli kiyisindaki test sahasinda CPT and SPT test sonuclari

Sekil 24, 2004 yilinda Sapanca Golu kiyisindaki sahada gergeklestirilen VPT
deneyleri ile ilgili fotograflan géstermektedir. VPT deneyleri, kiyaslamalar yapabilmek
amaciyla daha énceden CPT deneyinin yapididi sondajlarin hemen yaninda
yapllmistir. Sekil 24a bu projede uretilen gergek boyuttaki itk VPT aletini
gostermektedir. VPT aleti CPT kamyonunun hidrolik ittirme Unitesini kullanarak
zemine sokulmustur. Sekil 24c hidrolik ittirme sistemine yerlestirilen VPT aletinin
arkasina tijler eklenirken goéstermektedir. Bu tijler CPT aletiyle kullanilanlarin
aymisidir. VPT aleti tijlerle baglanti noktasi uyum icinde olacak sekilde yaptimisgtir.
Deneye baslamadan once VPT aletinin kablosunun tijlerin iginden gecirilmesi
gerekmektedir (Sekil 23a). Bu kablo VPT aletine hem gerekli enerjiyi aktarmakta hem
de VPT aleti tarafindan yapilan dlglimleri bilgisayara ve cihazlara aktarmaktadir.
Kablo, icinden gegen hatlarin birbiriyle etkilegimini azaltmak
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Sekil 23. (a) VPT aleti ve kablosu (b) VPT aletinin boyutlari ile sematik olarak i ve
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tizere 6zel tasarlanmig bir kablodur. Ayrica kablonun kalinhg: tijlerin i¢ gapina uygun
olarak belirlenmistir. Sekil 24d VPT aletini zemine girerken gostermektedir. VPT
lcumleri su seviyesi altinda her 50 cm derinlikte alinmigtir. VPT aleti iginde titregimi
gerceklestiren motor, gliciinl sahaya getirdigimiz elekirik jeneratérinden almaktadir.
Jeneratériin olmadi§i durumlarda bir akiide yeterli olmaktadir. Aletle dlgiilen ivme,
bosluk suyu basincl ile elektrodiardan tespit edilen akim ve potansiyel degerleri aletin
ustiinden cikan kablolar ile ictim ve kayit cihazlarina baglanmaktadir (Sekil 24b).

Sekil 25 ve Sekil 26, 2005 yilinda Sapanca Goli kiyisindaki sahada gergeklestirilen
VPT ve SPT deneyleri ile iigili fotograflan gostermektedir. Bu deneyler, kiyaslamalar
yapabilmek amaciyla daha 6nceden CPT deneyinin yapildigi sondajlarin hemen
yaninda yapilmistir. VPT aleti SPT kamyonunun hidrolik ittirme Gnitesini kullanarak
zemine sokulmustur, VPT aletinin tijlerle bagdlanti noktasi igin bir adaptor yapilmistir.
SPT kamyonunun da VPT testi igin kullanilabilecedi bu deneylerde gériimustir. Bu
da dunya capinda CPT ye gore daha yaygin clan SPT testlerinin yapilabildigi her
yerde VPT testlerinin yapilabilecedini géstermektedir. VPT dlgiimleri su seviyesi
aitinda her 50 cm derinlikte alinmistir,

Sekil 27, Sekil 28, Sekil 29 ve sirasiyla Antalya-Kundu, Yalova-Tavsanl ve Yalova-
Karamiirsel béigelerinde bolgelerinde gergeklestirilen CPT deneyleri sonuglarin
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gostermektedir.  CPT verilerinin sivilagma analizleri bu sahalarda sivilagma
potensiyeli olan ve olmayan zemin katmanlarinin oldugunu géstermistir.

(b) VPT testi 8lgiim ekipmanlan

(a)VPT aleti hidrolik ittirme Unitesine yerlestirilirken

(c) Yerlegtirilen VPT aletinin arkasina ittirme (d) VPT aleti zemine girerken
cubuklari takilirken

Sekil 24. Sapanca G6li kiyisindaki sahada 2004 yilinda gergeklestirilen VPT testi
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Sekil 26.

Gy

G

VPT aleti SPT hidrolik (initesi ile zemine ittirilirken
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Sekil 27. Antalya-Kundu bolgesindeki test sahasinda CPT sonuglan
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Sekil 28, [zmit Kérfezi civari Yalova-Tavsanl bélgesindeki test sahasinda CPT
sonuglari '
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Sekil 29. Izmit Korfezi civan Yalova-Karamiirsel bolgesindeki test sahasinda CPT
sonuglar
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6. VPT DENEYLERI SONUGLARI VE ONERILER

Her VPT deneyi esnasinda VPT aletine 2 dakika stresince 20V voltaj uygulanmuigtir.
Ve her testte, ivme ve elektrik dzdirenci kayit siiresi, 2 dakikasi titregim esnasinda ve
3 dakikas! da titresim sonrasi olmak (zere toplam 5 dakika olmustur. VPT elektrik
dzdirenci dlciimleri CPT ug direnci 8lglimieri ile uyum iginde gikmstir. Sekil 30a
elektrik dzdirenci ile CPT ug direnci dlgtimlerini birlikte gostermektedir. Sekilde
goruldugi gibi iki deger birbirini uyum iginde takip etmektedir. Ancak VPT dlgiimleri
CPT ye gére daha az siklikia yapildigindan, tam bir kiyaslama olabiimesi amaciyla
her VPT 6lciim noktasi igin CPT degerlerinin de ortalama degerler hesaplanarak
kiyaslanmas| daha uygun olacaktir. Bu amagla her VPT derinlidinde CPT ug
direncinin 10 cm igin ortalamalar: alinmistir. 10cm lik aralk, 6ézdireng olgiimilne
karsilik geldigi i¢cin kullaniimigtir. Kiyaslama da arazide &lgliimig CPT ug direnci
dlcimleri dogrudan kullanilabilecedi gibi, sivilasma hesaplarinda yodun olarak
kullanildigi sekliyle dizeltiimis ve normalize edilmis u¢ direnglerde kullaniabilir.
Diizeltimis ve normalize ediimis CPT ug direngleri Youd vd. (2001) de agiklandigi
Uzere asagida verildi§i gibi hesaplanmisgtir.

Jo1n = Co{q:/Pa) M

burada
Ca= (Pa/ovo)" (2)

ve burada Cq = konik penetrasyon direncini normalize etmek igin faktor; Ps = 1 atm
basinca karsilik gelen degerin efektif disey gerilmeyle (o) ayni birimden degeri; n =
zemin tirine gdre dedisen lst dederi; ve g, = arazide olglilen ug direng degeri
olmaktadir. Disiik derinliklerde Cq, dusitk efekiif gerilmeden dolayl yliksek
olabilmektedir, ama burada >1.7 deferleri Youd vd. (2001) oénerileri dogrultusunda
kullanilmamistir. Bu sekilde hesaplanan konik penetrasyon direngleri ile elektrik
ézdirencleri ve aralarindaki iligki Sekil 3b de gosterilmigtir. Ayrica sekil Uzerinde
iliskinin denklemi de verilmistir. Hesaplarda n Ust degeri 0.5 olarak kuilaniimistir.
Denklem, yiksek 2 = 0.96 degeriyle iki parametre arasinda ¢ok yiksek bir iligkinin
oldugunu géstermektedir. Burada veriimedigi halde arazide dlgiilen ug direng degderi
de kullanisa iliskinin yiksek oldudu goézlenmigtir. Sekil 3b'deki iligkide 2.17 m
derinlikte yapilan dlciim kullaniimamistir. Bu Slgum diger degderlerden gok buyuk
farkliik gostermistir. Bu 6lgimiin zeminde 2m deriniie kadar Auger ile agilan deligin
hemen altinda olmasi ve VPT aletinin zemine tam girmedigi gézéniine alinarak
gercek degeri yansitmadigi digtinlimektedir.

Daha guclil titregim uygulayabilmek igin biyuttlen VPT capi (36 mm den 44 mm ye)
zemindeki Srselenmeyi aritirma agisindan blyliyen gap igin ¢cap diizeltme faktérine
gerek olup olmadidi sorusunu ortaya ¢ikarmigtir. Fakat, 36 mm gapli CPT ug direnci
Slcumleri ile 44mm caph VPT aleti elektrik 6zdirenci lgimleri arasindaki mevcut
guiclt iligki VPT icin standart ¢ap boyutunun 44 mm olmasi yoninde dislincelerimizi
gliclendirmigtir.

38



Baslangig Elektrik Ozdirenci (OHM.m)
0 20 40 60 80 100120

0
1 - 180
& 160 || ® Olglimler
2 Z 4ap || ——DenKlema., =174 (ER) - 40.2 ®
2 R® = 0.96
3] £ 120
o ]
e 100
4 A |
E 80
5 ] o 60 1
2 40 - &
6 % 20 - ®
@
- 8 0
E - | =
g 7 ] T T T T T T T T T T
2 10 20 30 40 50 60 70 80 S0 100 110 120
8 ..
= VPT Elektrik Ozdirenci, ER (Ohm m)
9 g . . : :
(b) Duizeltilmis ve normalize edilmig CPT ug direnci
%0 ile VPT elekirik 6zdirenci arasindaki iligki
11 -
12 |
13 -
14
& Gzdireng
15

0 4 38 12 16 20
CPT Ug Direnci, Qc {MPa)
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Sekil 30. VPT elektrik 6zdireng dlctimleri ve CPT ug direngleri ile kiyaslanmasi

Sekil 31a VPT élgimlerinin derinlikle degisimini gostermektedir. Daha once
bahsedildigi gibi her deney esnasinda elektrik ézdirenci ve ivme zamana karsi
kaydedilmektedir. Sekil 31b ve Sekil 31¢, 11.2 ve 12.2 m derinlik igin bu sekilde
kaydediimis degerleri géstermektedir. Alinan SPT &mekleri (zerinde yapilan
laboratuvar deneyleri, 11.2 m derinlikteki zemini Birlesik Zemin Siniflama Sistemi
(USCS) iginde % 6 ince dane orani ile SW-SM (iyi derecelenmig kum-siitli kum)
grubuna sokmaktadir. Bu zemin igerisinde VPT titresimi esnasinda kaydedilen ivme
1.4 g dederine ulagmisg ve elektrik dzdirenci degisimi de %8.7 civarinda
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Sekil 31. VPT deneyi esnasinda oiciilen elektrik 6zdirenci ve ivme dedisim kayitlar:
(a) derinlikle degisim (b) kum zeminde-11.2 m dlgiimler (c) silt zeminde-12.2 m
Slgumier (Toprak ve Jinguuj, 2006)

gerceklesmistir. Gergeklesen bu degisim sekli laboratuvarda kumlu zemin Uzerinde
elde edilen deney sonuglariyla uyusmaktadir. Alinan SPT érnekleri tizerinde yapilan
laboratuvar deneyleri, 12.2 m derinlikteki zemini ise Birlesik Zemin Siniflama Sistemi
(USCS) iginde ML (silt) grubuna sokmaktadir. Elek analizi-bu derinlikte kum oranini
% 7 olarak belirlemistir. Bu zemin icerisinde VPT titresimi esnasinda kaydedilen ivme
0.2 g degeriyle bir énceki zemin katmanina gore gok ‘klglk kalmigtir. VPT
esnasinda elektrik dzdirenci dedisimi de gercekiesmemistir.

VPT sonuglarinin degisik zemin katmanlarinda degigimi yakindan incelendiginde,
ivme ve elekirik ézdirenci degisimlerinin zemindeki ince dane oranindan &nemli bir
sekilde etkilendigi gézlenmistir. Bu VPT icin cesaretlendirici bir gbziemdir, clinkli ince
dane oraninin zeminin sivilagma potansiyelini etkiledigi bilinmektedir ve ER-VPT
bunu yansitmaktadir. Bu agamada sonuglari CPT ile kiyaslama agisindan sirtinme
orani kullanilmistir. CPT strtlinme orani, ylzey sirtinme oraninin CPT ug direncine
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orani olarak tanimlanmakta ve genellikle ince tane oranina ve zemin plastisitesine
bagli olarak artmaktadir. Bu sebeple kabaca zemin turiini ve ince dane oranini tespit
amaciyla kullanilabiimekiedir. Daha 6nce ug direnci kiyaslamasinda kullanildidi gibi,
her VPT 6lclim derinligi icin 10 cm araliga karsilik gelecek sekilde ortalama sirtlinme
oranlar hesaplanmistir. VPT ve sirtinme oranlan arasinda dogrudan bire bir orantl
kurulamasa bile, yaklasik slrtinme oraninin 0.9 degerinin, ivme ve o6zdireng
degisimleri edilimi acisindan farkliliklarin  belirginlestigi  bir  sinir  oldugu
gézlemlenmistir. Bu degerden duslk surtinme orani gosteren zeminler egilim
acisindan Sekil 31b'dekine benzer davramig sergilerken, bu degerin {stiinde
sirtinme orani gdsteren zeminler egilim agisindan Sekil 31c'dekine benzer davranig
sergilemektedir. Kiyaslama acgisindan 11.2 ve 12.2 m’deki zeminlerde sirtlinme
orani degerleri sirasiyla 0.6 ve 2.6 dir.

Sekil 32 Antalya Kundu bélgesindeki VPT deney sonuglarini géstermektedir. Sekil
32a‘da farkli derinliklerde hesaplanan elekirik 6zdirenci degisim oranlar verilmigtir.
Bu oran VPT aleti ile ayn: derinlikte igllen son ve ilk elektrik dzdirenci farkinmn itk
elektrik zdirenci dederine boélinmesi ile hesaplanmaktadir. Farkli derinliklerdeki
oranlar zamana gore cizildiginde grafiklerin degisik karakteristik 6zellikler gosterdigi
gézlenmistir. Sekil 32a detayli olarak incelendiginde genel olarak 4 farkll durum
g6zlenmigtir. Bunlar elektrik &zdirenci degisim oraninin kisa zamanda arthigi durum
(PS), elektrik ézdirenci dedisim oraninin uzun bir zamanda arttii  durum (PL),
elektrik ézdirenci degisim oraninin hizla arttid: ama bu artisin deney baslangicina
goére bir siire geciktigi durum (PSD) ve elektrik dzdirenci degisim oraninin azaldig
durumdur. Degisik derinliklerde zeminlere karsilik gelen bu durumlar Sekil 32b‘de
CPT verileri ile birlikte gésterilmistir.

Gésterildigi  gibi elektrik  6zdirenci degisik zeminlerin  dinamik  davranigini
yakalayabilmektedir. Fakat VPT deneyinde elektrik 6zdirenci yaninda diger sensorler
yardimi ile bosluk suyu basinci ve ivme gibi dederler de dicliimektedir. Sekil 33 a ve
b, 3 ve 3.5 metre derinlikte &lglilen bosluk suyu basinct artisini ve ivme'yi
gostermektedir. Iki derinlikte birbirinden gok farkli davranig gézlemlenmistir. VPT
aletiyle 3 ve 3.5 m'de dlgilen maksimum ivme degerleri sirasiyla 0.1 g ve 5g
civarinda gerceklesmistir. Bu derinliklerde bosluk suyu artigi da farkl gergeklesmistir.

VPT aletine uygulanan voltaj degerinin sivilasma ve olgilen elektrik 6zdirenci
sonuclarint nasil etkiledigi de bu calisma kapsaminda degerlendirilmistir. 24 V
uyguladiyimizda sivilasma davraniginin goéziktugu farkh derinliklerin bazilan 20 V
uyguladigimizda ayni sonucu vermemistir. Mesela Antalya Kundu béigesinde 20 V
ile yaptigimiz VPT deneylerinde yalnizca 1.5 ve 3.5 m derinlikte elektrik 6zdirenci
degisimi gézlenmistir. Bu gézlem bize ileride yapacadimiz galismalarda, VPT aletine
uygulayacagimiz voltaj degerlerinin de sivilagma degerlendiriimesinde hizh bir
yakiasim olarak kullanabilme imkanini gdstermisgtir.

Arazi deneylerinde aletin dis etkilere kars! fiziksel yénden giglendiriimesi gerektigi
sonucu da ortaya ¢ikmistir. Bazi deneylerde elektrik zdirencini dlgmede kullanilan
elektrodlarin VPT ylzeyinde siyriididi gézlenmigtir (Sekil 34a). Bazi deneylerde ise
VPTnin ittiis ydninde sapmalardan dolay! aletin egilme momentlerine maruz
kalmasi sonucunda alet fonksiyonlarini kaybetmistir (Sekil 34b).
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Sekil 32. Antalya-Kundu bélgesindeki VPT deneylerinde elekirik 6zdirenci degisim
oranlan ve CPT ile karsilastinimasi {Jinguuji vd., 2006)
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Sekil 33. Relationship between pore pressure increase and acceleration at different
depths (Jinguuji vd., 2006)
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(b) VPT aletinin egilerek kiriimasi

Sekil 34. VPT deneyleri esnasinda olusan problemiere érnekler
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Bu projede zeminlerin sivilagma potensiyelini belirlemek igin adimi  Vibrasyon
Penetrasyon Testi (VPT) olarak isimlendirdigimiz yeni bir alet ve yéntem Uretilmigtir.
Aletin gelistiriimesi, kalibrasyonu ve arazide dogrulanma calismalar igin bu aletin
prototip modeli ile Japonya'da laboratuvar deneyleri, gercek ¢l¢iitlerdeki alet ile de
Sapanca Golu, Adapazar kiyisinda, Antalya’da ve izmit Kdrfezi civarinda Yalova'da
arazi deneyleri gerceklestiriimistir. Deney sahasinda, gerek zemin G&zellikierinin
tespitinde gerekse VPT deneyleri ile kiyaslamalar amaciyla CPT ve SPT deneyleri de
gerceklestirilmistir. Bu g¢alismada sunulan VPT deneylerinin  Siglimleri  ve
degerlendirmeleri bu ydntemin degisik zemin tirlerinin dinamik davranigini ve
dzelliklerini yakaladigini ve sivilagsma tespitinde kullaniabilecek bir yéntem olarak
umut verici oldugunu gotstermektedir. Ancak yodntemdeki parametreierin
degiskenliginin belirlenmesi amaciyla gergek boyutta VPT aletiyle laboratuvar
deneylerinin yapllmasi faydali olacaktir. Laboratuvar deneyleri arazide bulunan
mevcut deiskenlerin bir kismini ortadan kaldirarak yéntemdeki parametrelerin
degiskenligini dogrudan degerlendirme imkani verecektir. Bu laboratuvar
deneylerinin degisik alanlardaki teknolojilerden de faydalanarak tasarlanmasi
planlanmaktadir. Ornedin tib alaninda kemiklerde, kaslarda, i¢ organlarda farkli
rahatsizliklari bulmakta kullanilan X-iginh aletlerden, CT tarayicilardan faydalanarak
VPT aletinin etrafinda olusan zemin hareketi ve sivilasma gézlemlenebilecektir. VPT
aletinin kiiclk bir modeliyle Japonya'da yaphdimiz ¢alismalar (Jinguuji vd., 2006)
olumlu sonuglar vermistir. Bu deneylerin gercek VPT aletiyle yapilmasi durumunda
arazi deneylerinde yapilan gbzlem ve tespitlerin degerlendiriimesi guglenecektir.
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A NEW TEST FOR LIQUEFACTION PREDICTION: ELECTRICAL RESISTIVITY
VIBRATION PENETRATION TEST (ER-VPT)

S. Toprak! and M. Jinguuji*

ABSTRACT

The estimation of liquefiable soils and potential mapping of liquefaction are very
important for city planners, building owners, and engineers to determine
liquefaction prone areas and hazard levels. In this research, we propose a new
method which directly uses dynamic response of soils to evaluate its liquefaction
potential. The method, electrical resistivity vibration probe penetration test (ER-
VPT), utilizes a vibration probe, accelerometer, pore-pressure meter, and
electrical resistivity measurement, to determine the Hquefiable soils. In principle,
the vibration probe is penetrated into soil and vibration is applied, and changes of
soil properties such as its electrical resistivity in addition to pore water pressure
are measured in situ. As part of this study, we carried out SPT, CPT, and ER-VPT
field tests in the shore of Lake Sapanca, Adapazari, Turkey. The results of these
tests are presented and ER-VPT test results are discussed herein.

Introduction

Ordinary, methods which rely on field tests such as standard penetration test (SPT) or
cone penetration test (CPT) arc used for potential mapping of liquefaction (e.g., Toprak and
Holzer, 2003). These methods developed over the years and are convenient and have many
actual achievements in liquefaction prediction. SPT and CPT field tests primarily measure some
parameters such as SPT blow counts, N or cone tip resistance, Q that are originally used to
determine engineering properties of soil. Liquefaction prediction of soils is performed by using
these parameters in relationships which were obtained from past earthquake observations and
laboratory experiments. Several assumptions and corrections are applied during this process. In
this research, we propose a new method which directly uses dynamic response of soils to
evaluate its liquefaction potential.

Electrical Resistivity Vibration Probe Penetration Test (ER-VPT)

Fig.la shows schematic view of ER-VPT test. ER-VPT is similar to CPT in the way that
the probe is pushed into the ground. Once the probe is penetrated into the ground at the
investigated depth, it is vibrated and liquefaction in the soil around the probe is observed.
Liquefaction is monitored by measuring the electrical resistivity of the soil around the probe and
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pore water pressure. In addition, acceleration of the probe during the vibration is measured. The
technique that uses electrical resistivity of soil was shown to be effective in liquefaction studies
in laboratory (Jinguuji and others, 2001; 2003). Inside of the probe, a motor and eccentric rod are
installed to make vibration. At the top and bottom of the probe, pore-pressure meters are
installed to monitor change of pore-pressure during the test. Accelerometer is placed close to the
tip of the probe.

Penetrometer

Controller —"—i 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
A L s B B S S w8 M S w e e m e e A

U

815+ /f""”_ﬁ*ﬂww
8104 Resktiiy

80.5 1

Resistirity ©HMm)

{, Wo/8 anssaid atod puw (8 uapRg sy

8010 x - iy
i Liquefaction induced o the soil by | . e Pore-pressure *
the probe 7954 : “Eg
. ] 1,
Accebmton
-0
3 3 1 T
15 20 25 30
The Gec)
a) Schematic view of ER-VPT Test b) The result of model ER-VPT in laboratory test

Fig.1 The concept of electrical resistivity vibration probe penetration test (ER-VPT)

The first experiments of this research involved using a small chamber and small ER-
VPT. As for the size of the vessel, the width is 30cm, length is 60cm and height is 30cm. The
height of sand in the chamber was about 20cm. The sand used in the experiment was Toyoura
sand which has a mean grain size, dsp of 0.125 mm. The sand sample was prepared by boiling
and the resulting relative density was about 33%.

The vibration motor that was installed at the top of the probe works when voltage is
induced. When 1V was induced at the beginning, the motor operated but value of pore-pressure
and electrical resistivity didn’t change. When 2V was induced to the motor, the resistivity and
pore-pressure changed significantly. Fig.1b shows the acceleration, pore-water pressure and



electrical resistivity measured during the test. The vibration of motor started 5 seconds after the
beginning of the measurement and continued 5 seconds. Because the timing of the beginning of
each measurement was operated manually, the starting time of resistivity and acceleration shifted
slightly in Fig. 1b.

Fig. 1b shows that when the vibration starts, the pore-pressure increases up to the
overburden pressure indicating the soil is liquefied. The boiling of water at the surface and
subsidence around the probe were observed. The electrical resistivity increased during
liquefaction. Although the same 2V was induced to the motor all the time, the acceleration
changed remarkably during the experiment. This is because of the change of stiffness of soil in
the small chamber. This change of acceleration during vibration, however, was not generally
observed in field tests.

Field experiments of ER-VPT in Turkey

The shore of Lake Sapanca, Adapazari in Turkey was selected to carry out the ER-VPT
field tests. The lake is in a tectonic pull-apart basin and approximately 20 km east of I1zmit Bay.
This site was specifically selected because soils along the southeast shore of Lake Sapanca
liquefied and some structures (e.g. Hotel Sapanca) were dramatically affected during the 1999
Izmit (Kocaeli) earthquake (e.g., USGS, 2000; Cetin et al., 2002). The test site is close to the
Hotel Sapanca. The area is underlain by Holocene deposits consisting of relatively thick fluvial
deposits up to about 60 m in depth. The soil properties at the site were characterized using SPT
and CPT tests. The CPT tip resistance, sleeve friction and friction ratio values along with SPT
blow counts, N are shown in Figs. 2a, 2b, and 2¢. The CPT equipment consists of a 60° cone,
with a cross-sectional area of 10 cm?®. The friction sleeve, located above the tip, has an area of
150 cm®. The length of the rod increment used was 50 cm and the depth interval at which the tip
resistance and sleeve friction were measured was 2 cm. The penetration speed was kept, in as
much as possible, at 2 cm/s.

The SPT procedures follow the guidelines outlined in ASTM standards D6066-98 and
D1586. Samples from the SPT’s were used to determine fines content and grain size distribution
of soil. The overall efficiency of a rope and cathead system with safety hammer used is about
60%. The rotary wash drilling technique using a tri-cone drill bit was used to reach the depth at
which the SPT was to be performed. Casing (ID=10 c¢m) was used to support the walls of the
boring.

The ground water table level at the test location is 1.2 m. The surface of the site consists
of sandy gravel fill with a thickness of about 1.1 m. This fill layer is underlain by fine gravelly
silty sand, clean sand, and silt-clay layers. The CPT and SPT test results indicated that this site
has liquefiable soil layers. Fig. 2d shows the values of factor of safety against liquefaction
calculated by using the 1999 Kocaeli (Izmit) earthquake parameters (M,,=7.4 and PGA=0.4g).
~ Liquefaction analyses were performed following the procedures described in Youd, et al. (2001).

ER-VPT test research involved several field tests in the same location at various times.
The first and second field tests were conducted in March 2004 and 2005, respectively at the
shore of Lake Sapanca, Adapazari in Turkey. The first field tests included CPT and ER-VPT
tests. The locations of the ER-VPT tests were within 1 m of the CPT tests shown in Fig. 2. The
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Figure 2. The CPT and SPT test results at the shore of Lake Sapanca, Adapazari in Turkey.
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first real size ER-VPT equipment constructed in this research is shown in Fig. 3a. The schematic
view and dimensions of the equipment can be seen in Fig. 3b. The diameter of the equipment, 36
mm is selected to be similar to CPT instrument. The CPT truck and hydraulic push unit were
used to push ER-VPT equipment into the ground as shown in Fig 3. VPT measurements were
taken every 50 cm below the ground water table level. These first field tests provided
encouraging results which are discussed in Jinguuji and Toprak (2004). Some of the main results
of these tests were: (1) different initial resistivity, resistivity change and acceleration values were
obtained in different soil types; (2) more tests were required to correlate soil behavior with
measured parameters; (3) some soil samples from different depths were required (4) stronger
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a) Modified ER-VPT instrument b) ER-VPT instrument pushed into the ground

Figure 4. The ER-VPT field tests using SPT truck in the shore of Lake Sapanca, Adapazari in
Turkey.

vibration would be better (5) some improvements were needed for the measuring system. In
response to these observations, some modifications were made to ER-VPT equipment. One
significant change was that the diameter of the VPT was increased from 36 mm to 44 mm in
order to increase the vibration power in the soil. Also the accelerometer was moved from top to
bottom part of VPT.

The second field tests included SPT and ER-VPT tests at the same location as the first
field tests. SPT was selected this time to compare the results with ER-VPT and also to get some
soil samples from the site. Samples from the SPT were used to determine fines content and grain
size distribution of soil. Fig. 4a shows the modified ER-VPT instrument. The hydraulic unit of
the SPT truck was used to push the instrument into the ground (Fig. 4b). VPT measurements
were taken every 50 cm below the ground water table level (Jinguuji and Toprak, 2005). When
necessary an auger was used to drill up to 2 m through the fill material and hard ground above
the water table.




During the each ER-VPT test, 20V DC voltage was induced to ER-VPT probe. Applied
vibration lasted 2 minutes. Electrical resistivity, pore water pressure, and acceleration values
were recorded continuously for 5 minutes, during 2 minute-vibration and 3 minutes after the
vibration. The black squares in Fig.5a show the initial electrical resistivity measured at each
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depth before vibrations. Also shown in the figure is the CPT tip resistance measured within 1-2
m of the ER-VPT location. The comparison of values in Fig. 5a shows that the trend in resistivity
values at each depth follows the trend of the tip resistance of CPT. Fig. 5b illustrates the
relationship between ER-VPT electrical resistivity and corrected and normalized CPT tip
resistance. Tip resistance is the average of the values for 10 cm corresponding to each ER-VPT
measurement. All data except the ER-VPT measurement at the depth of 2.17 m which was
considered an outlier were used in the relationship. This particular measurement was made just
below the bottom of the auger hole (2m) where ER-VPT didn’t penetrate entirely, resulting in
most probably erroneous electrical resistivity record. The dimensionless cone penetration
resistance .1y is calculated by the following equation:

Gein = Co(qe/Pa) (1)
where

Co= (P/a vo)" (2)

and where Co = normalizing factor for cone penetration resistance; P, = 1 atm of pressure in the
same units used for effective overburden pressure,G vo; n = exponent that varies with soil type;
and gc = field cone penetration resistance measured at the tip. At shallow depths Cq becomes
large because of low overburden pressure; however, values >1.7 were not applied following
recommendations of Youd, et al. (2001). Fig. 5b also shows the best fit line to the data @ =
0.96) and the corresponding equation. An exponent n of 0.5 used in the calculations.

Fig. 6a shows the ER-VPT test results relative to depth. As mentioned previously, the
acceleration of the probe and electrical resistivity change were monitored during the test. ER-
VPT was able to capture different behavior of various soil layers. For example, Figs. 6b and 6¢
show the resistivity and acceleration values recorded at depths of 11.2 m and 12.2 m,
respectively. There is significant difference between the resistivity and acceleration values
recorded at these depths. The acceleration amplitude of ER-VPT probe at 11.2 m reached up to
1.4 ¢ and also resistivity of soil increased significantly during vibration (about 8.7 %). This
resistivity change pattern is similar to that observed for liquefied sand in the laboratory (Fig.1b)
and shows porosity and soil density change during vibration. This layer is classified as well
graded sand layer with fines content of 6% (SW-SM according to Unified Soil Classification
System-USCS) from the SPT samples. However, the acceleration of the probe at 12.2 m is about
0.2g, much smaller than that of the previous layer. Also no electrical resistivity change was
observed during the ER-VPT test. This layer is classified as low plasticity silt (ML according to
USCS) from the SPT samples. The sieve analyses of the sample showed that only 7% is sand at
this depth. The results clearly reflect the difference in dynamic behavior of sand and silt soils.

Comparison of ER-VPT results in different soil layers shows that both the acceleration
and change of electrical resistivity are affected significantly by the fines content of the soil. To
compare these results with CPT, friction ratio (Rp) was used. The CPT friction ratio (sleeve
resistance f, divided by cone tip resistance q.) generally increases with increasing fines content
and soil plasticity, allowing rough estimates of soil type and fines content. Friction ratio
corresponding to each ER-VPT measurement was calculated as the average of the values for 10
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Figure 6. The ER-VPT field test results in the shore of Lake Sapanca, Adapazari in Turkey.

cm at respective depth, Although the results didn’t indicate a one to one correlation, friction ratio
of about 0.9 marked a border line. The soils with smaller friction ratios showed patterns of the
acceleration and change of electrical resistivity similar to Fig. 6b (Rrat this depth is 0.6) whereas
others showed patterns of the acceleration and change of electrical resistivity similar to Fig. 6¢
(Rrat this depth is 2.6).

Conclusions

A new method, clectrical resistivity vibration probe penetration test (ER-VPT) is
proposed in this paper to predict liquefiable soils. The method uses a vibration probe and
electrical resistivity, pore water pressure, and acceleration measurements to determine the
liquefiable soils. Laboratory experiments and field tests in the shore of Sapanca Lake, Adapazari,
Turkey were conducted using ER-VPT instrument. The soil profile and properties at the site
were determined by Cone Penetration Tests (CPT) and Standard Penetration Tests (SPT). ER-



VPT was able to capture the properties and dynamic behavior of different type of soils at the site.
'This ongoing research provided encouraging resulis but more experiments are required before
the method can be established and used in geotechnical investigations. In this regard, we did
some more recent tests in a different type of field in Japan, results of which however were not
completed before the preparation of this paper.
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DEVELOPMENT OF VIBRATION PENETRATION TEST (VPT) AND RESULTS OF
LABORATORY AND FIELD EXPERIMENTS

Motoharu JINGUUJT' , Selcuk TOPRAK® and Yoshito NAKASHIMA'

SUMMARY

The estimation of liquefiable soils and potential mapping of liquefaction are very important for
city planners, building owners, and engineers to see liquefaction prone areas and hazard levels.
We propose a new method, vibration probe penetration test (VPT), which utilizes a vibration
probe, accelerometer, pore-pressure meter and electrical resistivity measurement, to determine the
liquefiable soils. The VPT is different from other tests commonly used in liguefaction prediction
such as standard penetration test (SPT) and cone penetration test (CPT). This method uses directly
dynamic response of soils for liquefaction. We did laboratory experiments using small VPT and
vessel. From the laboratory test, we confirmed remarkably electrical resistivity change and the
pore-pressure increase during induced vibration. The pore-pressure increases up to the overburden
pressure and it indicates the sand is liquefied during vibration. The accelerometer attached to the
inside surface of the probe shows significant change during vibration and it may show the
response of the change of stiffness and solidness of sand around the probe. To confirm the
effectiveness of this method and to verify the results, we made real size VPT probes and did
penetration tests in the field. Next to the VPT tests, we also performed CPT and SPT tests and got
some soil samples at certain depths with the purpose of characterizing soil conditions and
comparing with VPT results. The field experiments using the VPT probe produced encouraging
results, Using the acceleration and electrical resistivity change in the soil, the VPT detected
response of different type of soils. The results showed that VPT may have some additional merit
in some kind of soils such as sands with high contents of silts. VPT can also be used to evalnate
ground improvement against liquefaction by comparing the test results measured before and after
the treatment.

1. INTRODUCTION

The estimation of liquefaction potential of soils is very important for geotechnical engineers and city planners.
Ordinary, methods which rely on field tests such as standard penewration test (SPT) or cone penetration test
(CPT) are used for potential mapping of liquefaction (Toprak and Holzer, 2003). These methods were developed
over the years and are convenient and have many actual achievements in liquefaction prediction. SPT and CPT
field tests primarily measure some parameters such as SPT blow counts, N or cone tip resistance, Q that are
originally used to determine engineering properties of soil. Liquefaction prediction of soils is performed by using
these parameters in relationships which were obtained from past earthquake observations and laboratory
experiments. Several assumptions and corrections are applied during this process. In this research, we propose 2
new method which directly uses dynamic response of soils to evaluate its liquefability. The method, vibration
probe penetration test (VPT), utilizes a vibration probe, accelerometer, pore-pressure meter, and electrical
resistivity measurement, to determine the liquefiable soils. In principle, the vibration probe is penetrated into soil
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and vibration is applied at the investigated depth, and changes of soil property such as its electrical resistivity in
addition to pore water pressure is measured in situ. Jinguuji et al. (2001, 2003) discussed the use of elecirical
resistivity of soils in liquefaction evaluation. The method can also be used to evaluate ground improvements
applied as a countermeasure against liguefaction by comparing VPT results measured before and after the
treatment.

To confirm the effectiveness of this technicue, several experiments in laboratory and field were performed.
Jinguuji and Toprak (2004, 2005} and Toprak and Jinguuji (2006) presented the results from initial laboratory
tests in Japan and field tests in Turkey. First VPT f{ield tests were conducted around Sapanca Lake in Turkey and
the VPT results were compared with SPT and CPT results (Toprak and Jinguwji, 2006). The VPT results were
very encouraging. Subsequently, additional field tests were performed in Antalya, Turkey with the purpose of
evaluating the VPT in different geological and geotechnical conditions. Also to determine the afftected zone of
VPT probe, X-ray image of the soil sample were taken using X-ray CT scanner using smail VPT and chamber in
the laboratory experiments. The results of these recent {ield and laboratory experiments are presented herein.

2, SUMMARY OF VIBRATION PENETRATION TEST (VPT)

Fig.1 shows schematic view of VPT test. VPT is similar to CPT in the way that the probe is pushed into the
ground. Once the probe is penstrated into the ground at the investigated depth, it is vibrated and liquefaction in
the so0il around the probe is observed. Liquefaction is monitored by measuring the electrical resistivity of the soil
around the probe and pore water pressure. In addition, acceleration of the probe during the vibration is measured.
The technique that uses electrical resistivity of soil was shown to be effective in liquefaction studies in
laboratory (Finguuji et. al, 2001; 2003). Vibration can be controlled by voitage supply. Fig.2 shows the structure
of the vibration probe developed in this study. Inside of the probe, vibration apparatus that consist of a motor and
eccentric rod is installed to make vibration. At the top or down of the probe, pore-pressure meters and
accelerometer are installed to monitor change of pore-pressure and acceleration of probe during the fest.
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and vibration is applied at the investigated depth, and changes of soil property such as its electrical resistivity in
addition to pore water pressure is measured in situ. Jinguuji et al. (2001, 2003) discussed the use of electrical
resistivity of soils in liquefaction evaluation. The method can also be used to evaluate ground improvements
applied as a countermeasure against liquefaction by comparing VPT results measured before and after the
treatment.

To confirm the effectiveness of this technique, several experiments in laboratory and field were performed.
Jingunji and Toprak (2004, 2005) and Toprak and Jinguuji (2006) presented the results from initial laboratory
tests in Japan and field tests in Turkey. First VPT field tests were conducted around Sapanca Lake in Turkey and
the VPT results were compared with SPT and CPT resuits (Toprak and Jinguuji, 2006). The VPT results were
very encouraging. Subsequently, additional field tests were performed in Antalya, Turkey with the purpose of
evaluating the VPT in different geological and geotechnical conditions. Also to determine the afftected zone of
VPT probe, X-ray image of the soil sample were taken using X-ray CT scanner using smail VPT and chamber in
the laboratory experiments. The results of these recent field and laboratory experiments are presented herein.

2. SUMMARY OF VIBRATION PENETRATION TEST (VPT)

Fig.1 shows schematic view of VPT test. VPT is similar to CPT in the way that the probe is pushed into the
ground. Once the probe is penetrated into the ground at the investigated depth, it is vibrated and liquefaction in
the soil around the probe is observed. Liquefaction is monitored by measuring the electrical resistivity of the soil
around the probe and pore water pressure. In addition, acceleration of the probe during the vibration is measured.
The technique that uses electrical resistivity of soil was shown to be effective in liquefaction studies in
laboratory {Jinguuji et. al, 2001; 2003). Vibration can be controlled by voltage supply. Fig.2 shows the structure
of the vibration probe developed in this study. Inside of the probe, vibration apparatus that consist of a motor and
eccentric rod is installed to make vibration. At the top or down of the probe, pore-pressure meters and
accelerometer are installed to monitor change of pore-pressuse and acceleration of probe during the test.
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3. FUNDAMENTAL LABORATORY EXPERIMENTS OF VPT

VPT probe equipped with sensors shows dynamic response of liquefiable soil during liquefaction. Laboratory
experiments were performed to evaluate typical response of liquefiable soil. Laboratory experiments of this
research involved using a small chamber and a small VPT. As for the size of the vessel, the width is 15¢m,
length is 60cm and height i3 30cm. The height of sand in the chamber was about 20cm. The sand for the sample
used in this experiment was Toyoura sand. The sand sample was prepared by boiling and the resuliing relative
density was about 33%. The vibration motor that was installed at the top of the probe works when voltage to the
motor is induced. When voltage was induced to the motor, the electrical resistivity and pore-pressure in the soil
changed significantly. Fig.3 shows the accelerstion, pore-water pressure and electrical resistivity measured
during the test. The vibration of motor started 5 seconds after the beginning of the measurement and continued 5
seconds. Because the timing of the beginning of each measurement was operated manually, the starting time of
electrical resistivity and acceleration shifted slightly in the figure.

Fig. 3 shows that when the vibration starts, the pore-pressure increases up to the overburden pressure indicating
the soil is liquefied. The boiling of water on the surface and subsidence around the probe were observed. The
electrical resistivity around the probe increases during liquefaction. Although the same voltage was induced to
the motor all the time, the acceleration changed remarkably during the experiment. This is because of the
changes of stiffness of soil and confinement by soil. This result shows that the acceleration of probe represents
the change of sand stiffness and states of liguefaction. Monitoring of acceleration may be effective to observe
liguefaction states.

In the first small experiment, we could confirm the remarkable change of the acceleration and electrical
resistivity during liquefaction, Increase of electrical resistivity means soil density increase from Archie’s law
{Archie, 1942). Increase of electrical resistivity clearly shows soil density increase, however, the distribution of
density increase in the affected soil volume with vibration is important to understand the responses of VPT
sensors. To confirm and evaluate the affected soil volume with the vibration, we took X-ray image of the soil
sample using X-ray CT scanner. X-ray CT scanner is commonly used in medical field to determine the
conditions of human body and existing illness. As for the soil or sedimentary rock, the linear absorption
coefficient of X-ray reflects the density of soil like the electrical resistivity do, If porosity or density of soil
changes by liquefaction, the linear absorption coefficient of X-ray changes and the difference can be seen on the
images taken before and after liquefaction.

The chamber used for the experiment in the X-ray CT scanner is the modified one of that used in the first
experiment. Photo in Fig. 4 shows the X-ray CT machine and chamber used for the laboratory experiment. The
sand sample was made by boiling process on the bed of CT machine. The voltage was controlled by DC supplier.
The sand used for this experiment is Keisa No.4 and the estimated relative density of the soil sample is almost
30 %. Fig. 5 shows a X-ray differential image between before and after liquefaction. The vibration continued one
minute and image is obtained by subtracting before value from after value. So, the image shows density
difference between before and after liquefaction.
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The dark black zone shows subsidence of sand sample and bright orange shows increase of density. The pattern
of the density increase zone is like an inverted triangle. One of the reasons of the observed pattern is that the
vibrator is attached on the top of probe as opposed to inside of the probe like the real size VPT. This figure
indicates that the increase of density is widespread around the probe.

Chamber

Probe

Figure 5: X-ray differential image between before and after liquefaction

The X-ray CT experiment shows significant change of density; however, the relationship between motor
vibration and density increase rate is important to estimate and understand the liquefaction phenomena. So, we
did an experiment to find relationship between the induced voltage and maximum acceleration during vibration,
and also check the relationship between the maximum acceleration and electrical resistivity, Fig. 6 shows the
relationship between induced voltage and maximum acceleration and Fig. 7 shows the relationship between
maximum acceleration and electrical resistivity change rate.
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Fig. 7 shows that about 0.15 gal (150 cm/sec?) is a break point for the increase of electrical resistivity change
rate. And the induced voltage of 0.6V is the break point from Fig. 6. Also, the gradient of maximum acceleration
to induced voltage changes about this point. This result suggests that the state of sand may change around this
break point.

4. FIELD EXPERIMENTS IN ANTALYA, TURKEY

To confirm the effectiveness of the VPT method, we did field experiments in Antalya, Turkey. The experiment
place is located near the sand beach of Mediterranean Sea. The soil properties at the site were characterized
using CPT tests as shown in Fig. 8. Analysis of the CPT results according to Youd, et al. (2001) indicated that
this site has some liquefiable soil layers. In the place, we carried out VPT that induce liquefaction using
vibration by installed vibrator inside of the VPT probe. The voltage induced to the probe was 24 V and
vibrations were applied at every S0cm, up to the depth of 7.5m. Fig. 9 shows the result of electrical resistivity
change rate of VPT tests performed in Antalya. The elecirical resistivity change rate at several depths shows
characteristic patterns. In Fig, 9, we classified seven characteristic pattern as PS {Positive resistivity change in
short time), PL (Positive resistivity change in long time), PSD (Positive resistivity change in short time but
starting time is delayed) and N (Negative change of resistivity). These classifications are alse shown in Fig. 8.
Comparisons of the electrical resistivity pattern and friction ratio in Fig. 7 show good correlation. Especially, N
(Negative change of resistivity) distributes around depths where friction ratio is over about 1. PSD (Positive
resistivity change in short time but starting time is delayed) distributes around depths where tip resistance is
refatively high. PL (Positive resistivity change in long time) distributes around depths where friction ratio is
relatively high. These electrical resistivity change ratio pattern may reflects permeability of sand and liquefaction
resistance of soil. As for the different power to VPT probe, when we induced 20V ic VPT probe, we observed
electrical resistivity change at the depths of 1.5m and 3.5m. This result shows a possibility of breakpoint analysis
in future.
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We confirm the clectrical resistivity change clearly at several depths from these VPT results. However, VPT
has other senisors like pore water pressure meter and accelerometer. Fig. 10 and Fig. 11 show relationship between
pore water pressure increase and acceleration at 3.0m and 3.5m, respectively.
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Figure 10: Relationship between pore pressure Figure 11: Relationship between pore pressure
increase and acceleration at 3.0m depth increase and acceleration at 3.5m depth.

The differences of response of the VPT sensors between the depth of 3.0m and 3.5m are very clear. The
maximum of acceleration during VPT at 3.0m and 3.5m are 0.12 gal and 5.23 gal, respectively. The big
difference of acceleration of VPT probe may reflect the confinement of the probe by soil. Also, pore pressure at
3.5m reaches almost 60% of over burden pressure (Water level is assumed at 1m depth).

5. CONCLUSION

We propose a new method, vibration probe penetration: test (VPT) in this paper. The method uses a vibration
probe with electrical resistivity, acceleration and pore water pressure sensors to determine the liquefiable soils.
To confirm effectiveness of the method, we did experiments in laboratory using smatl VPT and conducted field
tests in the seaside of Antalya, Turkey. As a result, we get significant electrical resistivity change and patterns
that may reflect soil properties like permeability of sand and liquefaction resistance of soil. According to the
acceleration and pore pressure measurement of the probe, we can confirm that liquefaction oceurs and the
acceleration and pore pressure increase like they did in the laboratory tests.
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Oz

Bu calisma Pamukkale Universitesi, Tiirkiye ve National Institute of Advanced Science
and Technology (AIST), Japonya kuruluslarindan arastirmacilann ortak yuroftiga
uluslararasi bir projedir. Bu proje kapsaminda sivilagsma tahminterinde kullaniimak lzere
yeni bir arazi testi ve ydntem {(zerinde ¢alisiimistir. Konik vibrasyon penetrasyon testi
(VPT) olarak isimlendirdi§imiz bu test esnasinda konik VPT aleti arzu edilen derinliklere
ittiriimekte ve vibrasyon uygulanmakta ve bu esnada ivme, bosluk suyu basinci ve
zemindeki elektrik oGzdirenci oSlctimektedir. Zeminin dinamik tepkisi dogrudan
Sletildiiglnden dolay) bu deneyin kullantlan mevcut metodlara gére sivilagma tahminleri
yénunden Ustlnlik géstermesi beklenmektedir. Aletin geligtiriimesi, kalibrasyonu ve
arazide dogrulanma caligmalan igin bu aletin prototip modeli ile Japonya'da laboratuvar
deneyleri, gercek olglitlerdeki alet ile de Sapanca Géll, Adapazan kiyisinda, Antalya'da
ve lzmit Kérfezi civarinda Yalova'da arazi deneyleri gerceklestiriimigtir. Deney
sahasinda, gerek zemin &zelliklerinin tespitinde gerekse VPT deneyleri ile kiyaslamalar
amaciyla CPT ve SPT deneyleri de gergeklestiriimistir. Bu galismada sunulan VPT
deneylerinin dlglimleri ve degerlendirmeleri bu yéntemin degdisik zemin tlrlerinin dinamik
davranisin ve dzelliklerini yakaladi§ini ve sivilagma tespitinde kullanilabilecek bir yontem
olarak umut verici oldugunu gostermektedir. Ancak yontemdeki parametrelerin
degiskeniidinin belirlenmesi amaciyla ger¢gek boyutta VPT aletiyle laboratuvar
deneylerinin yapilmas: faydali olacaktir.
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