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Abstract — Hydraulic fracturing has become one of the
major problems in rock fill dams, since it plays asignificant
role in the initiation and extension of cracks in he clay core.
There have been a number of well-studied cases in ieh
dams have failed or been damaged by concentratechles for
no apparent cause. In some of experiences, investigrs
concluded that differential settlement cracks were the
probable causes, even though no cracks were seen e
surface. Hydraulic fracturing is generally consideed as a key
cause which may induce the leakage of the dam dudrfirst
filing. The likelihood of the occurrence of hydradic
fracturing increases with increasing the water leveor the
crack depth. The lower part of the dam core is the ane in
which the phenomenon of hydraulic fracturing may be
induced easily. Hence it is necessary that every graution be
taken against leakage to ensure safety of the danThe
investigations of results indicate that hydraulic facturing in
earth and rockfill dams can be controlled and is higful to
reduce the likelihood of the occurrence of hydraut
fracturing by increasing any of Young's Modulus, ircreasing
the Poisson’s Ratio and increasing the density obre soll

Keywords — Dams, Hydraulic Fracturing, Cracking, Pore
Water Pressure.
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fracturing might be the cause, (Vestad). The failof
Teton dam in USA during the first reservoir fillirgso
identified hydraulic fracturing as a possible cause
(Independent Panel). To enhance the understanditige o
hydraulic fracturing mechanism in the upstream fate
the clay core of a rockfill dam in general, theeetf of
construction time and impounding rates of the dams
experiencing hydraulic fracturing were then studiétle
rates of embankment and impoundment did not affext
hydraulic fracturing on the clay core of the rotikfiam.

Lo and Kaniaru studied and compared the embankment
and impoundment rates of five dams; Balderhead,
Hyttejuvet, Viddalstavn, Teton and Yard's Creek dam
which experienced hydraulic fracturing.

There have been a number of well-studied cases in
which dams have failed or been damaged by condedtra
leaks for no apparent cause. In some of these iexpes,
investigators concluded that differential settlemenacks
were the probable causes, even though no cracke wer
seen on the surface. In these examples, it was not
determined whether the crack was open before the
reservoir filled or whether it might have openeteafard.

In several unsolved problems on the safety of t@mthe
rock fill dam, the problem of hydraulic fracture time soil

Hydraulic fracturing has become one of the majogore of the earth-rock fill dam is one that is wydpaid

problems in rock fill dam, since it plays a sigeéfit role  attention by designers and

in the initiation and extension of cracks in thayctore.
Hydraulic fracturing may occur in the upstream fade

researchers. Hydraulic
fracturing is generally considered as a key caub&hw
may induce the leakage of the dam during firsinfill The

clay core of a rock fill dam in the case the vatic likelihood of the occurrence of hydraulic fractgin

effective stress in the core is reduced to levki are

increases with increasing the water level or thaclkcr

small enough to allow tension fracture to occurisTh depth. The lower part of the dam core is the zanefiich

situation may arise if the total stress in the dereeduced
by an arching effect where the core settles radjtito the
rock fill. Pore water pressure in the core willealacrease

the phenomenon of hydraulic fracturing may be irdilic
easily.
There should be no possibility of free water towflo

during impounding, and this will further reduce theffom upstream to downstream face. Free flow imfliew

effective stress in the core. Wedging due to watessure

of water under pressure through continuous crack or

may crack the upstream face of clay core. Loftquidtassage and no seepage flow through soil porese @nc

indicated that arching in the clay core of a roitkdam
may result in leakage and internal erosion basedisn

concreted leakage starts, it rapidly enlarges aralmost
impossible to stop. Hence it necessary that every

observation on thin impervious cores of the 26mhhigPrecaution be taken against leakage to ensureysafféte

Holle dam and 34m high Harspranget dam as beitgvwas
as half of the normal overburden pressures. Thdentin
Hyttejuvet dam in Norway that caused unexpectekkiga
occurred during the first filling of the reservoljaernsli
and Torblaa. Similar incidents for the unusual &gk
occurred just before the reservoir became full iyitihe
initial filling of Balderhead dam in England repedt by
Vaughan et al. The failure of Stockton and Wistamd in
USA were suspected as being due to hydraulic frantu
Sherard. An investigation to the leakage that aecuat

dam. In well-constructed dams there should notdosd
pocket left to provide free passage and adequateroast

be taken to obtain a tight contact joint betweea dlam

and foundation. Current practice is not to provideduits

in the body of dam as these may cause leakage t@r wa
pressure escaping from them may cause erosion and
leakage. The potential of leakage mainly arisesftbe
possibility through cracks, which may results from
differential settlement, tensile stresses or hylirau
fracturing, the last is caused by water pressuexaess of

Viddalsvatn dam in Norway indicated that hydrauliccompressive stress on any plane.
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With finite element analysis it is possible to itlgnthe
zones susceptible to tensile strains or hydrauwéictdiring
and it incorporate the remedial measures in thegdes
Hence leak control measures with respect to cdlter,f
and downstream drainage still remain important.

Although cracks in earth and rockfill dams haveseal
trouble since earlier days of dams building, lifileblished
information on the subject was disseminated bei®®0.
This situation has changed rapidly during the Ffast
years and today it is well known that the crackseha

of normal stress perpendicular to the crack fack srear
stress parallel to the crack face (Vallejo 1993)e t
criterion for hydraulic fracturing should be invigsited
according to the mixed mode I-1l. Based on expenitale
study of the fracture behavior of a silty clay tisathe core
Jun-jie WANG et al. Water Science and Engineerideg.
2009, Vol. 2, No. 4, 95-102 97 material of the Nuadu
Earth-Rockfill Dam in Western China (Wang et al0Z})
a criterion for hydraulic fracturing was formulated

K2+ K% =K 1)

developed in the impervious section of many dantd amwhere K¢ is the mode | fracture toughness of the core soill,

that unusually large settlements are not alwaykiwi.

Cracks may occurs in the longitudinal directioro(ey
the dam axis) as well as transverse direction &sctbe
dam axis). Open cracks may occur on the crest lapgés
Concentrated leakage may develop through suspécied
unseeable cracks below the water line in the trenssv
direction, more likely to be horizontal but alsospible in
the vertical plane. Loss of drilling fluid in theotehole
would be an indication of possible cracks.

[I. OBJECTIVES

The primary objectives of this research review e

following:

1.To study the criterion for hydraulic fracturing.

2.To study the phenomenon hydraulic fracturing iflear
and rockfill dams.

3.To study the literature review on cause of hydmauli
fracturing and how to control hydraulic fracturirig
earth and rockfill dams.

[ll.  CRITERION FOR HYDRAULIC FRACTURING

and K and K; are the stress intensity factors of mode | and
mode |l cracks, respectively. The J integral prepoby
Rice (1968) is a parameter indicating the intensfy
nominal stress, and it is a constant for differenégral
routes. The relationship between the J integral streks
intensity factor for a mixed mode I-Il crack unddane
strain conditions can be described as (Andersoi)199

2
K K @

where E and are the Young’'s modulus and the Poisson’s
ratio of the material, respectively. The value ofah be
obtained with the FEM (Hellen 1975; Delorenzi 1985;
Hamoush and Salami 1993). The value g¥{K K,2}°%in
Eqg. (1) can be obtained from Eq. (2).
3.1Critical Water Pressure

Water pressure at the beginning of hydraulic fracty
phenomenon is called critical water pressure. Baseldb
and field investigations various theories to cadtal
critical water pressure have been suggested. Wadg a
Zhu (20006) have suggested five such theories hey t
are:
1. The theory of hydraulic fracturing based on theotle

J=

Previous studies have suggested different methods f
determining the water pressure required to induce
hydraulic fracturing. These methods may be clasdifinto
three groups (Wang and Zhu 2006). The first ar2.
theoretical methods such as the cylindrical or spake
cavity expansion theories in elastic or elasticstita
mechanics (as in Yanagisawa and Panah (1994)). The
second are empirical methods based on field orédbry 3.

of experimental study in the circular cavity, and
combined with the theorical formulas from circular
formula expansion theory in elastic-plastic mechami
The theory of hydraulic fracturing based on theothie
of experimental study in the spherical cavity and
combined with the theoretical formulas from spharic
formula expansion theory in elastic-plastic mechami
Theories based on true triaxial stress state aigalys

tests (such as those of Mori and Tamura (1987). [akt

4. Empirical formula based on field and lab formula.

are conceptual models based on laboratory tests amdThe theory of hydraulic fracturing based on tests
theories in fracture mechanics (FM) (as in Murdoch conducted in “envelope” shaped cracks in cubic

(1993c)). A crack in the core, which allows waterenter
the core, is a prerequisite for hydraulic fractgrifwang
and Zhu 2007). Thus, hydraulic fracturing is adju#he
propagation of the crack under water pressure. BMhe
used to investigate the problem. The finite elenmesthod
(FEM) has been widely used in simulating stressed a

[
Brittleness of
core materials

specimens, and combined with the theories from
fracture mechanism.

Crack or Hydraulic Fracture Through Core

I |
Low stress Reservoir Operati

condition in core

strains on earth-rockfill dams during constructiand
impounding. This should be considered while esshirig [ | _ |
the criterion for hydraulic fracturing. The earthekfill ~ Compaction Compaction Soil

. . ip . density water content type
dam is usually simplified as a plane strain problanthe
FEM analysis. Thus, the criterion for hydrauliccitaring. Abut |t | | i Foundation Asuof o |

H e < utmen rregularities oundation O osure

Under the plane strain condition, the crack propaga Profile  in foundation differential or@ between section

may be in mode I, mode II, or a mixed mode I-llcBese

shell

the stress state in the core is very complex amd thFig. 1. Fault tree diagram for the formation ofrack or

spreading of the crack can be induced by the caatiloim

Copyright © 2016 1JEIR,
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Influence of likelihood of cracking or collapse

Factor More Neutral Less likely
likely

Compaction | Poorly 95-98% Well

density compacted,| standard compacted,
< 95% compaction| > 98%
standard density standard
compaction| ratio compaction
density density ratio
ratio”

Compaction | Dry of Approx. Optimum or

water standard OWC 1% | wet of

content optimum to OWC standard
water 2% optimum
content water
(approx.. content
OWC 3%)

Soil typ€ Low Medium High
plasticity plasticity plasticity
clay fines | clay fines | clay fines

Cohensioless
silty fines
Note:

1 For cracking, compaction density ratio is not aandactor. It
is more important for wetting induced collapse

2 < 93% standard compaction. Dry of OWC, much miteyl

3 Soil type is not as important as compaction dereity water
content

3.2 Phenomenon of Hydraulic Fracturing in Earth and

Rockfill Dams

If there is no transfer or distribution of stredhe

vertical stress on a horizontal plane in the ceofetore

should bey z, wherey is the compacted unit weight of the

core material, and z is the height of soil colurboe the
plane. Neglected free board, the water pressutdai, ,.

Since y is about twicey,, the possibility of potential
fractures would arise only with considerable stre

distribution or transfer. F.E.M analysis has intéchthat

in homogeneous embankments there is a transfdresfss

from center to slopes. In zoned embankments, ifctire
is more compressible than the shells, compressiesss
will be transferred from the core to the shell thgb
interfacial shear. However, even without transfére
stress on the two vertical planes, one longitudalahg
the dam axis, and the other transverse to it, matimally
less than the vertical stress by the factgrakd will be

equal to k v z. If Ko is equal to 0.5 or less, vertical

hydraulic fracturing may take place parallel or maf to
the dam axis, the latter resulting in possible degmk
Vaughan (1970) has illustrated by an instructivegdam
(Figure 2), the various stages of development difréwylic
fracture in a dam core.Above table indicate thacking
or hydraulic fracture of the core is more likelythie soil is
brittle and there is low stress condition presemd #he
factors which initiate it. These are based on iteedture,

including Lambe (1958), Leonards and Narain (1963),

Sherard et al. (1963), Sherard et al. (1972a an8h®rard

(1973, 1985), Truscott (1977), Jaworski et al. (@98

Gillon and Newton(1988), Lo and Kanairu (1990), ltamv
et al. (1992), Charles (1997), Hgeg et al. (1998) a

review of case studies Foster (1999), Foster antl Fe
(1999), Foster et al. (1998).
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Fig. 2.Various stages of development of hydraulic
fracture in a dam core
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The evidence of hydraulic fracturing in dams falit
the following main categories:
1. Evidence of concreted leaks, soon after the fiitstd, which
may or may not cause failure.
2. Records of well designed and constructed centra dams
in which nearly full reservoir pressur&as measured in
piezometers at the downstream face of the core.
3. Discovery of ‘wet seam’ inside impervious dam seuts,
with water content higher than could be nearly aoted for
by ant mechanism other than the entry of water ammpen
crack.
4. F. E. M. studies indicating the occurrence of zones
susceptible to hydraulic fracturing.
3.3 Piping in the Embankment
Piping in dam embankments initiates by one of three
processes: backward erosion, concentrated leak and
suffusion.Backward erosion piping refers to the process in
which erosion initiates at the exit point of seepamnd

s;§rogressive backward erosion results in the foronatif a

continuous passage or pip€oncentrated leak piping
involves the formation of a crack or concentrateekl
directly from the source of water to an exit poamnd
erosion initiates along the walls of the conceetlaeak.
Figure 3shows conceptual models or the development of
failure for backward erosion piping and concenttdesak
piping. The sequence of events leading to failuyethe
two models is essentially the same, however the
mechanisms involved in the initiation and progressi
stages are differenguffusion involves the washing out of
fines from internally unstable soils. Soils whicte ayap-
graded, or which have only a small quantity of femdl in
a mainly coarse sand or gravel are susceptibleffosson.
Potential Breach Mechanisms are:
— Gross enlargement of the pipe hole;
— Unravelling of the toe;
Crest settlement, or sinkhole on the crest teado
overtopping;
= Instability of the downstream slope.

Figure 4 shows a failure path diagram illustratthg
possible sequence of events leading to dam bregchin
Only marginal increases in the permeability of twe

Copyright © 2016 1JEIR, All right reserved
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FORMATION OF A
BREACH MECHANISM

PROGRESSION

may be required to increase pore pressures in a low

permeability downstream zone sufficiently to irtigia | OPERGRON J, GROSON —J,_ TORRMAPEE_|
downstream sliding, so it is assumed that the jgssion f T T T
of piping to form a hole is not necessarily reqdifer this

failure mechanism. It is assumed that failure bpsgr
enlargement of the pipe or unravelling of the tequires
continuing flow and therefore this is only possilfighe

pipe remains open.

Unliltered exit

point of
Concentrated

Pining hole e [
Piping hole rovin =¥ Downstream
flow path enlarges slide ]

(for low pgrmeability

erosion

Crest settlement Crest

Pipe collapses —
pe callapses = o Gnkhole > overtopping

Fig. 6. Failure path diagram by piping through the
P L ; foundation — concentrated leak and backward erosion
. TR piping (Foster, 1999)

Failure can occur even if the pipe collapses, tyeeiby
4 Goncentrated teak pping crest settlement (sinkhole) leading to overtoppargslope
Fig. 3. Model for development of failure by pipimgthe  instability. Also it is assumed failure is possilllg crest
embankment (a)backward erosion (b) concentratdd leasettlement, even if the pipe remains open due ® th
(Foster, 1999) potential for settlements associated with crackingl
action in the foundation.
Piping Through the Foundation
Piping in the foundation initiates by one of four
processes: concentrated leak, backward erosiofussud, . .
or blowout/heave followed by backward erosion. As f 4.1 Hydraulic Fracturing _
piping through the embankment, it is possible teettep a ~ Hydraulic fracturing is an independent phenomenon i
single failure path diagram for the assessment dfhich the crack is induced or expanded by watessune.
concentrated leak piping and backward erosion gipinNow the question is why is crack induced or exparnilg

IV L ITERATURE REVIEW

Figure 4 to Figure 6 show the failure path diagriom
piping through embankment and the foundation.

INITIATION CONTINUATION PROGRESSION FORMATION OF A
( OFEROSION |  OF CROSION TOFORM A PIPL BREACH MECHANISM
" e e re —
Cres! settlement (s
! il\ -
D
X —
¢ ;\
o Crest subides
Pipe remains ; 2
: P CIIM L Vinaveling of ¢ = epdine 10 =
Zoning without open ;
filter. or filter or overiopping
Concentrated omitied Pinine hole Sawration/high b Breach
R 3 or g “J “* 12 pore pressures in Downsirean
v forms . _
of Filier holds crack ! dh slope e
Suffusion o o4 ‘
Filter allows (for low germeability d\:/ur\u
i ' : Crest settlement Creyt
linuing erosion p Pipe collapses wap - -

ar sinkhole overtopping

Fig. 4. Failure path diagram by piping through the
embankment (Foster, 1999)

> > B/
5 7
INITIATION ~ — CONTINUATION —%  PROGRESSION ~ —# BREACH/FAILURE
Leakage exits from Continuation Backward erosion Breach mechanism
the foundation and of erosion progresses to form forms
backward erosion pipe.
initiates

Fig. 5. Model for development of failure by pipiimgthe
foundation (Foster, 1999)

water pressure? There are two different viewpoione, is
expansion of crack is result of critical tensileess acting
on the crack plane. The other is expansion is ¢lalt of
critical shear stress acting along the crack plane.

Hydraulic fracturing can occur in a soil mass when
water pressure acting on soil element exceedsateeal
effective stress acting on it. Low lateral stresm@scaused
by several conditions, most often differential Isgtient
and arching. Arching occurs when soil settles
differentially (Zhu and Wang, 2004).

Hydraulic fracturing is a physical phenomenon irickh
the crack in the soil or rock is induced or expehdy
water pressure due to the rise in water level dleva
(Independent panel to review the cause of Teton Dam
Failure, 1976).

Hydraulic fracturing is also defined as the weakkli
phenomenon in which fracturing will occur in theage
resistant soil subjected to increased water pressur
(Jaworski, Duncan and Seed, 1981). Hydraulic frémg
can occur in theoretical homogeneous embankment, bu
the probability of its occurrence is higher if tmaterial is
not homogeneous with respect to deformability and
permeability (Sherard, 1973). Hydraulic fracturingpy
occur if ‘water wedging’ action induced by wateitening
the crack located at the upstream surface of the
intensive enough. This is because the water wedging
action may change the normal stress intensityatighof
the crack (Wang, Zhu, Zang, 2005).

Under the plane strain condition, the crack profiaga
may be in mode I, mode II, or a mixed mode I-llcBese
the stress state in the core is very complex are th
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spreading of the crack can be induced by the coatiloim
of normal stress perpendicular to the crack fack srear

material
Experience has further shown that no significantcéss

stress parallel to the crack face (Vallejo 1993)e t pressure’ is needed to initiate the fracturing aacti

criterion for hydraulic fracturing should be invigsited
according to the mixed mode I-1l. Based on expenitale
study of the fracture behavior of a silty clay thatthe

Hassani., et. al. (1983, 1985) carried out compsimeh
theoretical and experimental studies of the medmarof
hydraulic fracturing in thick wall hollow soil cylders

corematerial of the Nuozhadu Earth-Rockfill Dam insubjected to differential pressures. These autlausd

Western China (Wang et al. 2007), a criterion fogood

hydraulic fracturing was formulated.
Grouting of dam foundations of both soil and rosing

correspondence  between their
predications experiential results. Some of theidifngs, in
qualitative terms were;

pressures high enough to cause hydraulic fracturifg A linear relationship exists between fracturinggstge yand

enabling the grout to flow out of grout hole in | the :
concentrated stream, has been understood and cpplie Y > P, by a small intercept. This intercept decrease with

practically since before 1960. Since about 1970hais
been known that hydraulic fracturing has often ozl
inadvertently when boring are drilled in completéam
cores and pressure in the drilling fluid at thetdat of the
hole exceeds the adjacent embankment earth pressure
There is a difference between hydraulic fractuabghe
bottom of bore holes by pressurized drilling flumhwever
and hydraulic fracturing by reservoir water actimg the
upstream face of the dam core causing concenttetéd
of water to enter into the core. Since about 19¥h

confining pressure PThe slope of the line is close to 45° but

increasing initial moisture content and increaseth \the
tensile strength of the soil.
2. As the duration for which the inside fracturing ssere is
maintained is increasegdgoes down.
3. u;decrease with an increase in the ratio of verticdhteral
pressure.
4.2 Settlement Allowance in Earth and  Rockfill
Dams
As per IS: 8826 (1978) and reprint in 1983, atdhe
of construction, the crest of the dam should béably
raised above the designed top level of the dantidw dor

is deformed and the crack is open wider.

theoretical

wide acceptance that hydraulic fracturing causeksle nostconstruction vertical deformation  resultingonfr

through dams under certain conditions there has l3€ compression and/or settlement of the embankment and
corr_espondlng increase in published literature 0B t fq,ndation so that there may be no reduction in the
subject (Jaworski., et al. (1981)., Kuthway anQjesigned freeboard above the maximum reservoirl leve
Gurtowsky, 1976., Seed and Duncan, (1981)., Widjal2 Thjs extra height of the dam is provided in therfoof a

al. (1982)). However still there is no general agnent |ongitudinal camber over the designed top levetyiva
among specialists about the different aspects @ thom zero at the abutments to a maximum value at th
phenomenon. When a concentrated leak occurs throughhire of gorge where the dam will be the highest the
dam core, the source of leak is under water amsl ot settiement of the embankment will be the most. @ktea
possible to pinpoint the cause of leakage by diregfaignt to be so provided to compensate for comjmess
evidence. In subsequent investigations, the caasecthbe he fil| material should generally be between Oe2cent
established by a process of e_Ilmlnatlon, which gdy_va and 0.4 percent of the embankment height, depermting
leaves room for doubt. In spite of such uncert@intfpe sojl type, in respects of earth embankments and
competent specialist believe that there is now firfgekfill dams where the rnaterial is placed in ksyand

evidence available supporting the conclusion thalympacted with the addition of water. The defororatin
hydraulic fracturing may cause small concenteregk le 5ocount of compression in the embankment would be

occur in othersze well des!gned :_;md constructechsja greater in the case of dumped rocklil. Generaly,
and even there is no large differential settlen{8hierard, provision of 1 to 2 percent of the embankment heigh

1973). above the designed top level may be provided towatc

The differential ~settlement of the compactedyr poth embankment compression and foundanon
embankment creates strains which change the ihternaiement in respect of earth and rockfill dams.

stress distribution. In this action, the internakgsure

incre_ases in some location and de_zcr_eases in others. Taple 1. Examples of central core earth and rdadims
Iocallged b_ut falrly_large zones within the dambke t with measured settlement

effective minor principal stress is reduced to hyezero or Setlements  Total Total Years after

even to tensile stress if the dam has sufficiehiesion to isidethe damsetlemerts setemens MY on
withstand tension. construction__ dam

When the reservoir rises above of these surfac#s wi

Dam zone

Srinagarind (H = 140 m)

Core (m) 0.8 (Hyy)' 2.5
low stress in the core, water can enter from théase P 3w 25
from the upstream face in a concentrated thin layéren Cinde E?;ﬁ*’m 08
the reservoir pressure becomes slightly greatem tha Coe  (m) 095(Hy  1420L)  O054(H) 33
embankment stress, there is no resistance to ting eh P éﬁ?imzé) éﬁ?mz@ o 33
water into the embankment in a concentrated leaktha (hofth) 076 0
reservoir is continuously to rise, increasing thatew toasan (5 Gy 10y 0BEH 15
pressure in the water filled crack, the stress itimmdin S L O s

(BofH) 038 0.53
{(Hjpgen) = Height of the measuring instrument above foundation (m)

the crack are changed, the impervious embankment
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I. Above table indicates that settlement is in mated is
greater in core as a percentage height of damithsimell.

Il. Settlement in the dam from the end-of-consiarcto
the end of measuring time increase, by around 50%d
core and about 12% in the less deformable shell.

transported particles may be the main reason why a
reduced percolation rate is observed in these axpats.

V. CONCLUSIONS

) Hydraulic fracturing in core of earth and rockéthm
Table 2. Influence of post construction settlement at crestdepends upon the following factors:

on cracking (after J. Justo) 1. Properties of core materials, greater the cohdesser

Crest settlement Kind of cracking the chances of hydraulic fracturing

(mm) : 2. Density of core materials and compacting effortduse
Less than 50 No cracking of dam for compaction in construction of core in earth and

Equal to or greater thah Transverse  cracking of dams rockfill dams i.e. more the compacting effort kess

50 compacted dry may appear . )
. . . the chances of hydraulic fracturin
Greater than 100 Reinforced concrete facing WIthOU% Stress Conditionsyof core materialz during firkinfy of

perimetral joint may crack .
Equal to or greater thah Longitudinal cracking between cote  €arth and rockfill dam

130 and shell may appear 4. Increasing any of Young’s Modulus to control of
Greater than 160 Longitudinal cracking of cdre hydraulic fracturing

compacted may appear 5. Control of placement water content in core
Greater than 180 Hydraulic fracturing may appear
Equal to or greater thah Transverse  cracking of  core REFERENCES
220 ompacted wet may appear.

Longitudinal cracking between co
compacted wet and shell may appe

e

o

Equal to or greater tha
350

n Asphaltic concrete facing may crack

Djarwadi, D., Suryolelono, K.B., Suhendro, B., afardiyatmo,
H.C. 2009: Failure Criterion of Soils during Hydliau
Fracturing Test. Proceedings 1st International ©amfce on
Sustainable Infrastructure and Build Environmenbaveloping

Greater than 400 Longitudinal  cracking of care Country. Bandung 2 -3 November 2009. pp: G.30-G.35
compacted wet may appear. [2] Fenton G. A., Griffiths D. V. (1997). Extreme hydlia gradient
Reinforced, concrete facing with statistics in stochastic earth dam. Journal of &xwtical and

perimetral joint will crack

(3]

Greater than 1000

No uncracked dam in those studig

d

Greater than 1200

All dams exhibits transversekingc

Equal to or greater tha
1400

n Serious cracking of asphaltic concre
facing

te [4]

Geoenvironmental Engineering, 123(11): 995-1000
Hassani, A. Wahed, Bharat Singh, S S Saini and Nbdgl.
1985. “Laboratory simulation of hydraulic fractugin 9"
ICSMFE, Los Angles.

Justo, J. L.973. “The cracking of earth and rotkfidms.” 11"
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