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Oz. — Cesitli jeolojik ve miihendislik problemlerin kinematik ve deformasyon sekil-
lerini gozlemek amaciyla bir ¢ok tipte model kullamilmaktadir. Kinematik modeller
temel jeolojik verilerin yorumlanmasinda yararli olmaktadir. Bunlarla catlakli kaya
kiitlelerinin muhtemel hareket sekilleri gozlenebilmektedir. Bu c¢alismada model,
Ozel sekilde hazirlanmis malzemeyle yapilmis ve daire kesitli tiinellerde, tlinel capi
[le catlak araligi arasindaki iliskiler ve kirilmalar arastirilmustir.

Abstract. — Several model types are utilized to observe the kinematics of different
geological and engineering problems.

Kinematic models provide an interpretation of the basic geological data, that
is to establish the allowable failure modes in jointed rock masses. In this study,
models were prepared from a special material. The effect of the pattern of joint
systems on the circular tunnels, with varying «diameter joint distance> ratios
were investigated*

GIRIS

Yeraltinda yapilan kazilarin stabilitesi, kazilarin cesitli bolgelerin©
gelen gerilmeler ve bunlarin olusturdugu deformasyonlarm sekilleri,
genellikle klasik elastisite teorileri uygulanarak bulunmaga calisil-
maktadir. Halbuki arazide yapilan gozlemler ve yerinde (in-situ) yapi-
lan gerilme dagilisi olgumleri bu yolla saglanan c¢ozumlerin hakikate
pek uygun olmadigimi ve dolayisiyla pek gegerli bulunmadigim gos-
tepmektedir. Eger -kazlar, zayif ve sureksizlikleri ¢ok kaya ortamlarda
yapiliyorsa elastisite yoluyla elde edilen ¢ozumlerin yalmz basina
yetersiz oldugu da gorulmektedir. Bunun nedeni, kaya koftelerinin
homojen, izotrop ve surekli olduklar1 varsayilarak denge vé déformas-
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yonlarin hesaplanmasidir. Halbuki tabiatta homojen, izotrop ve surekli
ideal bir kaya kitlesi bulmak ‘mimkin degildir Dolayisiyla, sirekli
ortamlar icin gecerli olan matematik formilasyon ve -metodlann cat-
lakli kayalarnn stabilitesine uygulanmasi dogru sonu¢ vermemektedir»
Bundan dolayi son yillarda bagka ¢coziim yollan aranmaga baslanmigtir.

Bu yollardan biri, 1960 yilindan -bu yana kopri ve kafes yapili
binalara uygulanan «Sonlu Elemanlar Metodu» ve bir digeri de «Model
Deneyleri» dir. Biz burada sonlu elemanlar metodunun ana hatlarini
belirten bir iki sekil’ verip ilgilenenlerin bibliyografyaya bakmasini 6ne-
rece@iz, (de Rouvray, 1970; Dahi 1970) (Seksi 1, 2). Burada asil ama-
cimiz, yapmis oldugumuz kinematik (hareketli) model deneyleri Uze-
rindeki gcalismalarimizin ana cizgilerini aciklamak ve elde ©dilen pratik
sonuclar belirtmektir.
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Sek“ 1 — Dairesel kesitli bir tu- Sek” 2 — Basmg artmasiyla, Daire
nel kazisi etrafmda geriime dagilisinin  Kesitli kaz etrafinda (Sekil 1, I. ks-
sonlu elemanlar agi ile gosterilisi. simda) plastik deformasyonlarin geli-

simi (A, B, C). (Dahl-Voight, 1970
den alinmigtir).

Catlakli ‘kayalar Uzerinde ve icinde yapilan kazilara ve acilan tu-
nellere c¢atlaklarin, daha genis anlamda, sureksizliklerin etki dere-
cesini arastrmak amaci ile dunyada bir kagc yerde, bu mey anda
Berkeley-California Universitesi Kaya Mekanigi ve Miihendislik Jeolo-
jisi Laboratuvarinda model deneyleri Uzerinde arastirmalar yapiimak-
tadir. (Krsmanovig, 1964) Olcekli (scaled) modeller eskiden beri bir
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cok bilim dalinda (baraj, koprd, tinel v.b.)de -kullanimasina -karsit
kinematik (hareketli) model calismalarn pek azdr. {Hobbs, 1966;
Hubbert, 1937) Son yillarda ayrn bir 6nem kazanmaga baslamistir.
Yaptigimiz bu kinematik model arastirmasinin amaci catlak araliklari
ile tunel boyutlar (capi, veya tunel genisligi ve yuksekligi) arasindaki
iligkileri ortaya koymak, bloklarin hareketlerini, yer, yon ve bicimlerini
modeller Uizerinde gozlemekiir,.

K. Terzaghi, (1946) tunel icine dusen kaya pargalarinin kontrolun-
de, tunel geniglik ve yuksekliginin etkisini formile etmege ve bura-
danda tiinellerde yapilmasi gerekli tahkimati ve kaplama sekil ve
kalinligini bulmaga ve gelen yukleri belitmege calhsmigtir (Sekil 3).
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Sekil 3 — Catlak arahgi, tabaka durumu, tunel genisligi ve kemerlenmW
arasinda iliski (K- Terzaghi'y® gore)

Bu tarihten sonra tunellere gelen gerilmeler, bunlann yayilislari
ve hesaplama metodlart hakkinda pek cok calisma yapilmistir. (Obert,
1967)

Son yillarda Berkel-eyde RE. Goodman (1971) ve arkadaslan ta-
rafindan problem dinamik olarak ele alinmis, Olcekli modeller ve soniu’

elemanlar metodu yoluyla arastinimistir, (de Rouvray, 1970)
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Bu calismalarda, tunellerin, catlakli ve catlaksiz kayalarda acil-
amalanna, catlak araliklarinin boyutlarina, catlaklarin dogrultu ve egim-
lerine, dolgu sekli ve turune, icsel surtunme ve deformasyon Ozellik-
lerine gore degisik her bir hal icin, relatif direng degerleri ve egrileri,
Computer ve 0Olcekli model calismalarindan cikariimaga calisiimistir.

MODEL TiPLERi, MALZEMELERI VE OZELLIKLERI

Muhendis ve Jeologlar cesitli jeolojik ve muhendislik olaylar
gostermek, aciklamak, nedenlerini bulmak ve gerekli cozimleri elde
etmek amaci ile cok eskiden beri degisik turde modeller yapmislardir.
(Hail, 1815; Daubrée, 1879; Cloos, 1930; Currie, 1966) Bu modellerde
dogal’ olaylar, benzetme (simulation) yoluyla laboratuvara getirilmek-
tedir. (Barton, 1969; Fumagalli, 1968)

Model calismalarinda kullanilacak malzemenin bulunmasi, aras-
tirmanin en onemli kismidir. Bu gun duanyanin bir cok yerinde cesitli
malzeme ile model' calismalar yapilmaktadir. Londra Universitesi«
Imperial College-Kaya Mekanigi Arastirma Merkezi elemanlarindan
B. Stimpson (1970) dunyada model calismalarinda kullanilan model
malzemeleri hakkinda ayrintih ve cok guzel bir inceleme yapmis ve
bunu yayinlamistir. Stimpson, deneylerde kullanilan malzemeyi: taneli
(kum, silt, cimento) ve tanesiz (bitum, jelatin) diye siniflandirmis ve
bunlarin mekanik Ozelliklerini (tek eksenli basin¢ direnci, cekme di-
renci, elastisite modulleri, Max. birim deformasyonlan) tablolar ha-
linde verilmistir.

Elastik olmiyan ortam icin de en cok cimento, kurn, su, mum,
fnika, kil', barit, plastik macun, kursun oksit, diatomit, testere tozu,
kaolin, mika ve kirecin kullanildigini saptamistir. Modellerde catlaklari
temsil etmek icin de kaba kesme, cok ince kesme, ince mum, pres
yaqQi, talk, kalker tozu, mumlu kagit, kopya kagidi, guderi, grafit, veya
kil v.b. maddelerle doldurularak benzetmeli calismalar yapildigini
belirtmektedir.

1960 dan sonra, bilhassa Malpasset ve Vaiont barajlarinin yikil-
masindan bu yana U¢ boyutlu, diger tip model deneylerinin yapilmasi
dusunulmus, degisik bicim ve buyuklukte tugla, veya kesme seker,
alci bloklarla, 3 - 4 arastirma merkezinde, hareketli model deneyi ca-
lismalari yapilmaga baslanmistir. (Rengers, 1970)
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Model deneylerinde kullanilacak malzemede, bir cok Ozettikler
aranir. Bunlarnn en onemlileri sunlardir:

a) Kolay hazirlanmali,

b) Sert ve kesilebilir olmali,

c) Tekrar tekrar kullanilabilmeli,
d) Ucuz ve zararsiz

olmaldir.

Simdiye kadar bu tur calismalarda A.B.O. de: mum, diyatomit,
recine, jelatin, alci, ¢cimento, kum, silt ve kil kullaniimaktadir. Biz
simdiye kadar kullanilanlardan farkli, yepyeni bir malzeme kullanarak
hareketli model deneyleri yaptik ve asagidaki sonuclan aldik.

Ik yaptigimiz deneylerde un (100 kisim, agirlik olarak), bitkisel
yag (30 kisim) ve tuz (3 kisim) karisimi kullaniimistir.

Bu malzeme, karistinlir, kompaktlastiriir ve istenilen sekil ve
aralikda sureksizlikler meydana getirilir ve sonra kazilar (ttinel veya
sevler) acilir. Bu sureksizliklerin ve kazilarin yapiimasi ayri bir aras-
tirma yontemidir.

Kullandigimiz model malzemenin mekanik Ozellikleri soyledir:
Tek eksenli basin¢ direnci =+ C, = 0,17 kg/cm?;

Elastisite Modult = E = 4xC, ;

Likit Limiti (LL) = 30.5 %;

Plastik Limit (PL) = 28.0 %;

(agirhkca % 28 yag muhtevali karigsim).

Bu Ozellikteki malzeme gevrek (brittle) bir davranis gosterir. Ka-
yalardan daha kolay deforme olursada (kayalarin E modulu basing
direncinin 500-1000 kati kadardir) kaya (granit) larnn kiriigsina benzer
sekilde kirilir. Kesme sonucu catlaklarda ufak bir kohezyon olusur.
Catlaklarin surtinme acisi (0) 36° dir. Bu malzemeden yapilan blok?
larin tabii yigilma sev acisi (angle of repose) 45°-50° dir.

Daha sonraki calismalarda, bu malzemenin igine, kuvars silti,
kumu, iri kum eklenmis ve degisik incelikte unlar kullaniimistir.
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-DENEYLERIN. YAPIUSI.

Deneylerde kullanilacak malzeme .iyice karistirilir, 0zel sekilde
saydam pleksiglas'dan yapiimig, 35x35x35 cm. boyutlu kutu icine
konur. Tokmaklama ile pekistirilir. Istenilen siklik, dogrultu ve egimde
catlaklar olusturulur. Degisik caplarda tineller acilir (Sekil 4, 5, 6),
Burada catlak araligi ile tunel capi arasindaki iligkiler arastirimis,
bloklarin  kinematik davraniglar! izlenmistir. Ayrica sureksizliklerin
dogrultu ve egimlerinin kazilara etkisi ve tunel capi ile olan iligkileri,
saptanmaga calisiimigtir. Tunel' capr d ve catlak aralgi s ile gosteri-
lerek :

d
=1,2,3,4,5.6

S

olmak Uzere, tuneller acilarak catlaklar arasinda kalan bloklarin durum-
lari, varsa hareket yer, yon ve bicimleri incelenmigtir. Hareket olmiyan
hailende bunlarin Uzerine Olu yukler koyarak bloklarin, sureksizlikler
boyunca, kinlma ve egilme yerleri ve yonleri izlenmigtir. Bu calisma-
larda catlak takimi araliklari 6zel bir kesme sistemi ile 25 cm (1 inch)
yapiimis ve degisik capta el matkaplarile oyularak 2,5; 5; 7,5; 10; 125
ve 15 cm (1-6 inch) caph tuneller acilmistir (Sekil 4-8). Bu calisma-
lar sonunda :

Tunel capi d, catlak araligi s ile gosterilerek :

d
>3
S
oldukta, kazi tavaninin en zayif bolge oldugu;
d
S

halinde catlaklarin tinele teget olduklan yerlerde, once kiriimalarin
basladigi ve sonra tunel icine dogru hareket ettigi saptanmigtir,
(Sekil 7, 8) Elde edilen veriler ve doneler :

d Tunel caps
= = Catlak siklig
S Catlak araligi
er =+ Modeli gocerten dusey yuk (ib).
Malzemeyi kiran kuvvet
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‘ Ma!zemeyl kiran kuvvet
e = = Catlak zaylflatma ?aktor
S Model gogerten yiik

olmak iizere asag:da_kl tabloda verilmistir. Bu ven!erl egrilerle de
gostermek mumkundur.\ K :

Tablo 1—— Gai.tlak sikh@ - Catlak zéynﬂatm‘a.'
' faktori iliskisi

L o o
d/s (Ib) J
1 125 1.0 i
' 2 125 1.0

3 125 1.0
4 80 1.6 ?
5 29 4.3 ,
6 17 7.4

/s — Catlak arah@ = Caitak kly

s = Tiinel ¢capr gata sikhig)

o = Modeli gbcerten diisey yuk (Ib)

Maizemeyi kiran kuvvet

= = Catlak zayiflatma faktorii
Tu Modeli gogerten yiik Catlak zayiflatma faktorii

Sekil 4 — Deney kutusunda kesi- Sekil 5 — Kiiciik gaph (d = 1,
lerek catlak sistemleri olusturulmus, | d = 2) tiinellerin acilisi.
homojen ve siki malzemede tiinel
acilmasi. "
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Sekil 6 — Biiyiik caph (d == 4) Sekil 7 — Bilyiik ¢apli (d = 6)
tiinelin acilist ve bloklarda hareketin tiinelde bloklarin hareket mekanizmasi.

baslayisi.

Sekil 8 — Bloklarda hareket olmiyan ufak capli (d = 8) tiinel acildik-
tan sonra, tiinel {izerine 6lii yiik konulmasi ve meydana gelen kirilmalar.

SONUG

Bu calismada birbirine dik iki tip catlak takimh bir ortamdan

egisik caplarda tiineller acilarak, bloklarin serbestligi, hareket se-
killeri, yonleri ve bélgeleri incelenmistir.

Bu calismadan :

a) Elde edilen veriler, 1967 - 70 vyillart arasinda, California-
Berkeley Kaya Mekanigi laboratuvarinda yapiian ve sonuclari tarafim-
dan derlenen olcekli model calismalarinda (Sekil 9-10) eide edilen
sonugiarla karsilastiriimis ve catlak gelisimi bélgelerinde ve gatiak

yeyihislarinda benzerliklerin bulundugu saptanmistir.
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---1LK DURUM
~——~CATLAK
T~~BLOK DUSMEST

1,4 Kalker
2,8 Kumtasgi Kumtasi .
3,5,7,9 Komir 3 Seyl e
ﬁlgek

8"‘*‘“"“;."35«

model deneyinde, agilan bir tiinelde

Sekil 9 — Degisik tabaka durumlu, oSlcekli
catlak bolgeleri ve gelismeleri.

< X A

Sekil 10 — Aynmi sekildeki tiinelin kinematik model malzemesi ile yapiimasi
ve hareket mekanizmasi.

b) Catlakli kayalarda acilan tiinellerin davranmislarinin, kismen

bloklarin serbestligine ve kinematigine, kismen de kayanin direncine

ve catlak karakterine bagh oldudu bulunmustur.
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¢l Kinematik modellerde :

_ —>3 o'IdUkta, kazi tavanlnmm en' Zaylf bolge oI‘dug‘u,
S

d
— —<3 halinde ise catlaklarin tiinele teget olduklari yerlerde

S
gelistigi saptanmistir;

d
d) — =7, 8,9,10...< olmak Uzere yaprlacak biyuk boyutlu calisa
S
malardan elde edilecek sonuclarin catlakli kaya farda ki uygulamalara
ISIk tutacagl kanisina varilmistir.

e) Kullanilan bu yeni deney malzemesinih bu tur model calismak-
lart icin elverigli oldugu gorulmustur.

SUMMARY'

The .kinematic model provides an ffiférpretatlori Of thé basi©
geological data to establish allowable failure modes rn jointed rock
masses. Each of the enormous number of blocks defined by sets of
discontinuities can, theoretically, slide oft any one or two of its faces»
rotate about one of its edges, or rotate and slide simultaneously in a
number of complex modes (Goodman and Taylor, 1966); because of
mutual interference in a real excavation, in fact ofily a small fraction
of the imaginable modes are actually possible. As the orientation and
shapes of the excavation are varied, certain failure modes pass beyond
the realm of possibility as new ones enter into it.

Kinematic models reinforce stability analyses since the first step
in performing a stability analysis must be the selection of the failure
surface. To a certain extent, trial and error determination of the slip
surface is feasible, as in the slip circle approach of soil mechanics.
But so many slip modes are kinematicall'y unacceptable by virtue of
block shapes and arrangements that, it is worthwhile to consider
reducing the degree of trial freedom by a separate kinematic analysis»
This can be done by a combination of steredgraphic projection and
orthographic projection (Heuzé and Goodman, 1971) or by special
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kinematic model studies. Fig. 4 shows a kinematic modelling box
developed at Berkeley to consider possible failure modes for the
spillway excavation planned at Auburn dam site (California).

For a kinematic study a material combining easy cuttabiiity and
rigidity is compacted in the box and the network of discontinuities is
cut with a knife or rigid sheet of metal held in position and orientation
by a jig. The sides of the box are removable to allow making cuts that
Intersect the sides. After introducing the network of Joints, faults and
bedding plane, one can excavate to a trial design and observe which
blocks are free at various stages. A water tank attached to the model
provides water seepage toward the excavation and is useful
qualitatively, in calling attention to crucial flow paths.

it was hard to find a good modelling mixture as cuttabiiity and
rigidity are mutually exclusive in most materials. Also, we wanted
the preparation to be quick and the mixture to be innocuous, reusable
Cpr cheap), and stable.

Various combinations of the following constituents were tried:
wax, diatomite (cellite), resin, basalt silt, portland cement, flour, salt,
gelatin, water and vegetable oih The selected mixture is as follows
(parts by weight): 100 parts flour; 30 parts vegetable oil; 3 parts salt,
A mixture of flour and oil has a liquid limit of 305 % oil, and a
plastic limit of 28.0 %. This mixture, with oil content of 23 %, is below
Its plastic limit and displays brittle behavior. The unconfined compres-
slve strength is of the order of 0.17 kg/cm? and the modulus of
elasticity is about four times greater. Though this material is relatively
more deformable than rock (the modulus of elasticity of rock is 500
to 1000 times the compressive strength) it fails much like rock. The
angle of friction of joints cut in the mixture is 36°, with a small
cohésion depending on the way the cut is made. Cubical blocks
formed from the material by cutting a pattern of joints develop an

angle of repose of 45° - 50°.

As an example of a kinematic model study, consider the effect
of tunnelsize in jointed rock. Terzaghi pointed out the influence of the
width and height of the tunnel in controlling the volume of rock
fallout, (Fig. 3) and consequently the load on tunnel supports or
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lining. A detailed study ef this problem, by dynamically scaled model's*
and finite element analysis, was undertaken by de Rouvray, Goodman,
et al (197°)- ““"es of relative strength for jointed and unjointed
tunnels were prepared from computer and model studies for varying
spacing, frictional and deformational properties, and orientation of
joint sets. ""¢ behavior of the tunnel was found to be controlled
partly by kinematics and partly by rock strength. When the ratio of
tunnel' diameter (d)'to joint spacing (sS) is greater than 3 the roof is
the weakest region. When d/s is less than 3, the walls crush first
behind slivers of rock where joints are tangent to the tunnel as they
do, the roof span is effectively increased until an integral number of
joint blocks is free to drop into the opening. The kinematic model
apparatus described above can be used easily to give a quick
appreciation of the modes of behavior in a problem such as this.
A series of models were made with d/s =1,2, 3, 4, 5, and 6, and
dead load was applied to produce failure. The tunnels were «driven»
by turning ® hand auger (Fig. 4-6). The mode of failure was as
described above resulting in collapse of an integral number of blocks
in the roof. The degree of weakening of the joint system on tunnels
of different size, expressed as the ratio of failure load with joints to
failure load without joints, is presented in Table 1. Only one pattern
of joints and one shape of tunnel was studied in this example. The'
numbers are less important than the observations of behavior modes
and freedoms which paralleled those made in the more complete'
study mentioned earlier (de Rouvray, Goodman, et al). The point is,
that a kinematic model study like this can quickly point out particular
geological influences on specific works.

Another example of kinematic modelling is made of slope behavior
in a jointed rock with two sets of joints. The angle between the joint
sets is 60° and the slope is vertical. When one set of joints is steeper
than the friction angle, 0, the largest triangular wedge possible slips
first, followed by the next larger wedge when the first hits the
bottom. Eventually the upper part of the moving mass buckles causing
the sliding mass to suffer substitution of point contacts for face
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SIZE EFFECT - CIRCULAR TUNNELS IN A ROCK MASS
WITH A CUBIC JOINT PATTERN

Joint Frequency (d/s) Vertical load on Joint reduction factor
Tunnel diameter 4- model at failure Material failure load-?-

Joint spacing (pounds) Model failure load
1 125* 1
2 125*
3 125* 1
4 80 1.6
5 29 4.3
6 17 7.4

(*) Failure load depends on position of tyn”el within rock mass for d/s<3
(see de Rouvray, Goodman, et al, 19TO)

contacts between blocks, with joint openings and interblock cavities»
The process continues until the rubble and the cliff reach a limiting
safe surface. However, when both sets are inclined less steeply
than 0, the only effect is a «pop out» of an isolated wedge uqdejr
tangential stress.
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