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ABSTRACT

Present resiew discusses the scope ond limilations of basic equations of continuity and momenniurm used ire the studly of
fiow behaviod in single erack. The continuily equation for Tquid flow wed in the leraiure does NoF aceount for Source
and sink which occours during crack wall keakages. In wo-phose continuily equation, infer-ohase fransar ferrms hove
bean identiffed to be usad as sowce of sink ferms. Navier-Sfokes momentum eguation and ifs simplfications under
varous asswmptions, leading fo derbafions of Sfokes ond Peynolds eguations, and thedr imifations along with
compuiationa dificuty in crack fow prodlemns & diicusad. Emangance of Loca Cubhe Lew [LCL] exquction and it
firmitations hors been Indicated. Vislidifr of LCL exqueriion has beerm fashad in the iercfurnes under the influence of varkous
factors. The relafve imporfance of inerfial and viscous forcas show 1ot LCL equadion Js vaild for Reynokds numiser of 10
and anon-linecr relgfion between pressure grodient andvolumedric flow rate need 1o be used when Reynolds number 5
batwean 10 and 100. The use of sCaling Iow usad in the fraciung mechanics Shows hat in smooth wollad rockie, the
volurmainic fow rate vary with ifth power of crock apevrfure and S0 his iow i ferrmed os 'guiniic' i Thers arg faw
published works 'n iterature 1o study the effect of slip boundary condition in enving the cormaction foctor in wdroulic
conductiiy of rocture wing Becver-Joseph sip boundary conditfons in cose of smookh permeocbie frocture walls,
Someworks have shownthat formulation of momenfurm equation for different flow regimes of twophase flow in cracks s
aiffCunt fask.

Keywords: Crock, Momanfum Equation, LCL Equation, Crock Wall Geomnelry, Salf-affine. Quintic low: Hydraulic
Conauciiiity, Tao-Phose Flow.

INTRODUBCTICN [Crrisstionowich and Zhatbow, 1955), (Cleary 1980; Bagherian

Fractured porous media consist of Interconnected frioctune
ond pones ne fwordks, Frachumes, geneoly corsidesad as fast
fransport pattways(mmeman and Bodvarson, 1994,
e large pores and crevices (10 -4 m 10 10 -2 mi) (Tsang
ond Tsang, 1987 Fischer et d, 1998].The study of ronspot
processes n foctured porous medio B of copital
impodonce ho undestond fhe single omd miut-phase flow
of grounciwater to predict the fate of pollutants: in cequiler
contarrinaled by industriol, (Sung-Hoon et al 2003),
ogicuthural and rodcoctie washes, to shudy the ransient
UpETt presssune duer 10 sesrmic iy (Sowik and Soouma, 2000;
Soouma et al 1991 jor fime vanying esenoi Bvel in
concrete gronity darms: leakoge and stabiity of dom
foundations(Terzhagi, 19340 Bazont, 1975), mine
draimages, slope stabiity ond hydroulic  froctuing

et al 2010:Batvami aond Modozovi 2008; Soimon etal.
2004; Sarms and Poponastosiou, 2012 Jeffery et o, 2001;
Murdoch and Slack 2002; Logonet ol 2000).

Prasant study reviews the oppiications and mitations of
basic physica kaws employed in the Bergtures fo study the
fiow behandon ino single cohesiver crock. Review islimited to
basic flow eguations ond does nod consider the
mechanical behavior and theoreioal and numernicd flow
madeding.

1. Bashc Equations of Flow in Singhe Crack

Flow within fhe foctwes e govemead by (1) mass
consenation low and (2] Local cutsc low (LCL) dedved
froen ubrication theony for flow bestwean two poraliel plates.
When employing these basic equations: 1o study flow in
ciocks, various assumpltions are mode. 5o eoch ae

fmanogess Jourmal on Chi Engimeening, Vol 4 » No 2 = Maorch - May 2014 25




Published Research Papers

126

REVIEW PAPER

discussed separately 1o have o clear picture of the fomrms
ond ocpplcablity of hase equaon: 1o crock fiow
[PCEHEmS.

1.1 Moz Conservation Low

Bosad on the principle of conservafion of rmoss, which
reqquires that the rate of increose of decreose of fiuld mass
ina finite elernenta controd volume situated inthe flow fielkd
be equal fo the net rates of inflow o outfiow, a 2D
Continuity equotion ¢on b wilten as (longoseskone of.ol,
1992]

3Mm}+ﬂtpbv,}=3(rﬁi m

&z By ae
Whene, w, w, =wvelocity of fuid in x and y direchions
respectively; b= crock operure; p=dansity of the fuld
Figure1).
In thea dervation of equation (1), the obsence of sink o
source is assumed. The abbove equation can be modified
in several fomns by congideing .amyona o combinaticns of
the following assumplions: (1] fipw is steqdy [2) flow &
ncompressibe [3) fluid dersity changes with fime but i
ndependent of spoce (4) crack apedure i varying linearty
with fluid pressure pas p= KD, whene K, =nommal stitfreess of
Crock wall,

1-D continuity aquations widehrusad in the iaobure [Sowik
and Saourna, 2000;5Fms and Popancstasou, 20132), ang
wiithen with the assumption that flud leckoge through walls
of the crock ae negligible Le wols of the crock ane
rmpemeable. For any cross sectional aeo A, nomnal o
o divection ¥, tha 1D continuty @quation can be wiithan

s ]
Bieq) _ dipd)
B B (2
‘Where, Gbis thee digcharge fhiough e crock
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Figure: 1. Infiniesimal element ued in the dedvation of
continuity equation (ilongasaioe etal [1992)]

dew, b .1 L+ v, BpdTjoy

Jovanmardl et ol (2004, 2005 and Pekouond and Zhu
[2008) derved the expeession for decharge in crocks of
concrate giavity doms affer -assuming hat ihe crack wols
ane gkl and impemneatie.

Confirity equation for two phase flow in crocks ane writhen
and supplemented with aodidtiona condiions. Folowing
equation of continuity, weting fluid 'w (woter) and a mon-
wetting fluid ‘'nw' [gas) can be detved (Bear
1779 Reichentsgsr ef o, 2005:Bastan, 1997, Haimig,
1987).
'af.":”s:rj

Bt +Vilpvg) - P 3
with the condition
51 vt Sl'l“' 4]

Where, o Is w o mes 5, p.. Q. v, e sofuraion, density,
sounC e terrm andd velocity respectively of phose o, ond nis
the effective porosity. The set of equations (3) and (4) ae
completed with Books-Conay consiituiive relafiong Brooks
ang Coney, 1964,
pe () = pe5, (5

which empioys the effective sofuraion 5, of the watting
phase

s‘lr = sn'r
5, = —=

15" 5+% 5,51 14
Where, p.. o, are copliony and entry pressue respecihvely);
&, Is residuol woter sohuotion ond A B a constont that
depends on effectve poosity and usually s In range 0.2 <
LED

1.2 Momerium Equation and Davcy Low

The most general fomm of NoviersSiokes equations for fluid
fiorw in 1 single froctuse conbe wilhen as (White, 1974).

X .= F-vp+ by 7
3!+F' v = -ﬂpp:-r 1]
Where, v = o, v, 1) B thewaslocly vector F= body forwe

per unit mexs, 1 o= dynamic fiuid viscosity and p B the
pressure. I most of the Ccoses, the body force: is groviby, in
which casa F= -ga, , wham, & is tha unit vacior i upward
verfical diechon and g 6 ocoelenaiion due 1o grandty.
Assuming that fuid dersity is urifomm and eplocing o by
p4pge the steady stake Navier-Stokes equation can be
written as
uTr —plv.Thv =V 8

The Nowvier-Stokes equation (8] 15 nondinear due to the
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presance of odvectve acoelernation temm (u. V) v and so.
it & ey dificull 1o sohe this souation. Consaquantly, he
HMovier-Stokes equations are further smpified 1o Siokes o
Reyrolds equations.

The Stokes equations ae defeed fiom the Nowier-Siokes
aequation affer neglaecting the odvective ocoelesation
ferms. To emswe the neglgble effect of odvectve
accalertion farm n MovierSiokes equation, the reducad
Reynotds number R,* << 1.R,* was defved, bosed an ihe
prior estimates of the order of mogniude of the various
flerms in the steady stote Nover-Stokes eguation ond B
written as the product of traediional Reynoids numberand o
geornatic parameter biD.

R=— =
Wrere, U ond D are charocteristic velocy ond length
respectvely, Under this condtion, the Movier Siokes
reduces fo Stokes equation

Iu‘:’:v= Vp (o)

For few simulated froctue profiles, the Skokes equation (10)
has been sohved mumedcoly (Brownetal., 1995 Mourzenko
ef al, 19950 but use of Stokes equation hos lirnited
coplication dus 1o computationa difficulty.
Stoks equation B educed to Resholds lubication
equction under the assumption: (1] (0] << 1, [2) valocity
profile is parabolic at every location in fiocture plane and
i3] welocity sofisfies the no-dip boundary condition ot
frocture walk. Uncier these assumiptions, the 20 Reynolds
klb‘::ﬂﬂﬂ;em.?"ﬂfswﬂienﬂs

=(F )5 () =0 )
Onthe bossof some shudies (Browm et al, 1995:Mourerko 2t
o, 1995; Yeo et o, 1996; Michol, ef dl, 1797). 0 Consenzus
emearged that the Reynolds equation overestimates he flow
rote o5 much as 100%. Loter the Reynolds equofion was
Improved affer including friocture toducstty Inthe definiion of
trochure geomelny [Ga, 1997 Walle et al, 1999 Yeoand Ge,
2003) which ciscussad the Bsue of ronge of appecabity of
Reynoids equation. They found hat the Reynokds equation
vieds accuate ransmisshily predichions when (D) (/D)
< 0.0, whete 'of is the froctuss ughness ampliude ond ' is
The unitomm aperhure,

Moast widety used conceptual modal for frocture & that of

tweo smicoih, paraliel wolls (Boussinesq, 1 888) separated by
a unifodrn opefune B, For one dirmensional fiow, ha Mo
Sickes equation can be sohved (Koniz of ol., 1975 Tsang
and Witherspocon, 1981 ) exac iy for his geomedtny bec ouse
noninear ferm vanishes idenfically. Solution yields o
porobolic velociy profile with no-sip condiion ot wals.
Tolal walochy fee ofter infegrating the velociy mofile
Eimmemman and Bodvorsson, 1994 1,
wh? dp

Q'“Eg; nz)

Where W s the depth of fiochee. The tem T =wh'/ 1210
kown as frochure fronsmissvity, As  fronsmissivile s
propotional o the cube of the apedure, fhis result ks nown
a5 Local Cublc Low (LCL). Also, equation (12] Is known as
Diarcy low for fracture due iis simillarity to Dorcy equation,
wed in porous medio, Ths model, wsuolly opplied in 10
ficew in fractures having wide channel and smooth parcilel
wals, are found o be valid [Sousse ond Genler, 2005).
Horwerver, many laborton expeniments [Roven and Gale,
1985; Pyrak-Notte et ., 1987 Durharn ard Bonnes, 1894)
and some fiskd studies Rosmuson ond Mooinioks, 1584
hgvakomwskd et ol 1985 Movakowski ef ol 1995, Reven et
al. 1988) indicate that the poroliel plate concept for fiow in
fraciunes ore notadequate.

In oddition to panalel plote moos, approsdmiotz. solution
can oo be obloned by pedubotion methods for
snusoidal frachune walk [Bosha and El-Asmarn, 2003: Brush
and Thompeson, 200.3; Ssavathetol, 2003).

Howewer, in real cracks, crock wall geometry s neithar
peraliel nor srrooth. Also crack wals Moy hove keckoges.
Theralone 10 simnukate the flowy in real crocks, equation [12)
haas beren widaly discugsed [Zimmemmannand Bodwarsson,
1996: Kim otal, 2003) and moded ke eoiue o
aodess some af the following ssuss: (1) how thie crack wall
geomehyistobe represented (2] how the crock operture ks
1o lbe meosured (3) s LCL or Doy law volld for convergent
of diverngent crack profile (4) Whot |s the ronge of validity of
Diarcy low [5] how Darcy low Is to be modified for rough
crock wols (o) what is the maodifcaton inthe Darcy iow if
nce-Sip boundary condition is viokated efc. The above said
things and their related issues follom nesd.

2. Crack Wall Geometry

Reql frochee surfoces ore very ough and unevenly
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dstibuted and oe in confoct at somee ocatons. Post
research (Thompson and Brown, 1991) suggess thof,
roughness significonty confibutes fo the hydio-
rrechanical bebavior of froctues and rmean mechanical
apartura of a fochre s greater than ydraulic opetue
wsed in LCL equation (Bmmermann ond  Bockorsson,
19946), To megss the frachue opstue oy plans, two
surfoce height functions z,(xy] and z[xy]. oe used These
functions measure the distonice of surfoce points from two
parclal reference planes loooled above and below the
crackwollsim the ratix as shown inFigure 2.

50 aperture mecsured paependicular to the two efeence
planesis defined as
blx.y) =d - zy(x.¥) = z:(x. ¥) n3

The inforrmation aoout sufece height funclons ae not
known. Hence aperture b in equalion (13) s teated os
random voriable and fraciures are chaoctesized In fems
of srnall rurnbor of siatistical porarnoion. For stalonany
siochastic process (Box and Jeneks, 1976), the
QUioCovanance 7, and Quitcomsiahon o luncliocnsarikag k
e wWTThen s

Y =E(G — W — ) 4
Rl (P S,
= (s

e

Whesre, 1| ond o, ae respectively meon and siondord
deviation for rondom vorobis 2 with peobabiity
distibution (2], cefired os

p=Elal= | e 04
Al

o5 = El(@y = u)] -I G-wiplldz qp

oy cowanonce funclion cmmb&reueserﬂed intoits
Fourier cosing transform, colled power specium P (f) [Box

o (NI PR 2

L — e F = 1 |

Fguee 2 Two rough frochure surfoce prolike sepanied by
digonce D olong wilth o redarencs Diones sapoeabed Dy
disionce d [Dmmenman. R, W.. and Main (2004).

ond Jenakis, 1974&) whare | 5 wove nurmber 2k and s
wovekength, Two commonly wed models of power
speciroane exponential and Gaussian rmockals.

Exponential: P(f) = J'LE_ [18)
G 4
Gassian: PLF,‘J- = .mp-:—ﬂj (1%

Where 2. B Q pcrcrwebr which gives an indication of
comelation lemgth. For exponential model, the surface is
aeffectvely uncomaiated for 24 2, whaneos for Goussion
rrwoded, thee comelation is negligible for 2= 2. Lognomal
and Gamma plobabiity  disibution  functions ane
commoniy used 10 it the apertune distibutions (Tsang and
Tsang.198.7; Renshaw. 1985 Unger at al, 1993; Zhan,
1998; Fetter, 1999) For reasons that zens-apedure connot
be mepesented by Lognomea or Gomma distibution,
fhese PDFs e not sufficient Oromand Brion [1998]
compared the mumencal froctue somple fo the
meeoswred  histogroms of Browm et ol (1988) ond
Hokomiond Lamsson (1994). They conchuded that the
Sk Tomn of apeduee dEfiution i$ he msult of conloct
and destomnation and i1 cam ber shomm hat the swrlaoe may
quite occurotely be descrited by “shifted™ Goussion
rrocies],
A profike 2] is soid 1o be sell-afing I 2k =N"zx), whene His
a constant called Hurst exponant [Ormmearrnan, ROW., and
Mein [-2004)).
Asell-cifinee profie has a power specium as

P(F) =cf* (20)
Wheres = 2H + 1 (Adeerand Thovert, 1 999). Sel-affine power
spacihum has been observed in vaniows stucy of crock wal
geometry [Brown and Schotz, 1985, Mandelteot, 1982, Power
and Tulis, 1991). Genenally, ioughs fractune surfoces possess saff-
affine trochal propesties with Hurst exponent H=0.8 [Brownand
Seholz 1905 Poon of a. 19925chmiftbunl &t 4. 1995)
HOowanr, in Drochcs, it 5 ot pOssibie 10 Gedec! O domirant
wovekangin Tor self-affine curve [(Cvon and Brian, 1996),

2 1 Maasurament of Crack Aperfure

In LCL equection [1:2], itis not Choaar Row to meadsure aparture
. Equation [13) is wsed to measurety” verfically, However
fhere may be regons where both the surfoces are
significantly inclined fo global frochure plane. In these
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regions, the vefical measuament may be enonaous. Ge
(1997 suggested measuing the opedus, nomd to local
oriertation  of cenfedine. Mouzenko ef al. [1995)
fupgedtad digwing 4 sphane ardund eoch ponl on
cenheding and Increasing the sphen until it fouches bom
the walls, Cron ond Bian (1998) acdressed s sue
through non-dimensional analysis of MoverStokes
equation, with Pokeullle flow as o leoding ordes
opprodmotion, for the solution of flow Detween porolicsl
plotes. On bass of their analyss, fhey concluded thart
cpeuie for poralesl orenfed frociure, should not be
rrecsued on point-by-poini basts, but other as on
oaverage over caefain choraclansic lengih They oo
showed that, for unmaled (dogonal] walls, dbove
conditions hold, provided that mean ol angle of he
charne islirmifed to 0.5 rodions.

Figure 3 shows the wvarious methods of aperture
rrscsurarments. The two rock surfaces are indicated by
thick wosy lines. Apedune (o) is he distance betwesn the
two rock surfoces meosued nomal 1o e nominal
rmacioscopke frocture plane, operture (D) B the disonce
batween ook sufoces meosured to the local nomal
fiocture plane, operfure (] k the distonce belween fwo
smoothed-out versions of the foctwe surfoces. ond
aperture (d] ks the: diameter of the Iorgest sphere that con fit
betwiean thesrock surfaces ([Zirmmeman and kain, 2004).

In LCL equation, aperture s lemmed as hydioulc opedure
ond denclad Mg 05 D' o8 ofaing fhe meschanicol
openune 't epesented by equation [ 13). Brod (1979) uwsed
Fourier tronsfomrm 10 soke the Reynoids equation for

frochune wilh aperture hawving sinusciool ippies ond showed

that, for isohoplc cose
T o0
b =Eh}’(i -;%?"') 20

Rgurg 3. Viaious definfions for ot e apedtus B
[Eimrrdarran, B W, and Main (2004)).

Where o, B the standand deviation and <b> & the maan
vaue of mechanicol operure b
Jrnmemoan et al. [199°1) showed thot the abowe equation
is wealic up Bo sescond arder for bath sinusaidal and sow tooth
profles. Renshaw [1995) dedved an alternative expression
which includas me_s;gg_:wnrmf terrms of equation [21)

sh= 9 (1- 1) (22)
Dagan [1793] gove the following esprassion in sedes form
and showad ot tarms after faurh e vanish, indicating
it geormatic meaon is O very good approdmation for
hycroulic apermurein legnomal case.

bl = b1 + a.0f + ag0¢ + ) (23)

Whiane, ¥ = Inb, G, i the standard dentcrtion ofinb and b, =
ep [ <Ink>] isthe geornatnc medan of apertune distbution.
Ecguation [21) is in good agreament with semend nurmencal
simulations ond some loborotony doto [@rmmemaon and
Wain, 2004).
Patirard Cheng (1978) sctved the Rewnolcds equation o
Goussan sufoce using finike dfference fechnique,

3. mitations of LCL Equation

Thea LCL equation was dedved for lamidnar Tiow in smooth
wioled froctuse, Vanous investigalons (Oron ond Brian, 1998;
Jmmermmon and Yeo, 20000 Sketne et al, 1999;
Hosegowa and lruchi, 1983)wing diferent opporooaches,
concluded thot LCL & valld for Reynolds numibers less fhion
10,

Rataining the same assumphons used for the delation of
LGL equation, Chistian &t al. [2010] modified the LGL
equation for penny shoped cocks offer fokng inko
occount, the displocement-length  scaling laws  for
opening mode Mermilye and Scholz, 1995 Olson, 2003;
Sc-huttz et al, 2008) and derdvad ths following eouation.

Q= -sr*—ﬁf_'ﬂ:.h’fﬁ [24)

Where v B the function of crifical stress infensity factor,
Posisson rafio and Young's moduls of the material, vis the
kmemoatic viscosty of the flukd and Yh is the mdoulic
grodient. This equation shows high degree of on-Enaarity
with crock apestura o LCL arsd i fammied 02 “ouintic” on,
A hmighet Rewnolds numbed he ehatomship between
peassi e gradient and Mu e nonlinesar and for 10fiow, feon
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b-ea"nr'rﬂencs

£=m:? +8Q* (25)
Where @ ond [§ ore constants This nondnearty & not
necassarly due 1o ubuence, which occuns only at much
higher Reynoids numibers. For Reynoids numibzer between 10
10 100, the obsersed noniinearity is menely due fo the effects
of curvatune of streamilines (Philps, 1991) and oocus in e
larninar flow negirmie. Mon-Darcian fliow is mone ol in singss:
friocture [Shomp and Manl, 197 2:00uen elal, 2005, Suen
atal., 2007, Suian atal, 2010, Wen ata., 2005) dus 10 righ
fiow weloCity cand hence high Reyniokds nurmbar,

To descrbe flow regime in rough woled frochure, it s
impodont to estimote the boundany ioyes thickness near e
Tracture wal ([Suinstal., 201 1). Figure 4 shows tha scharmot
diagram of the bouncany Ioyer mear one fociue wall When
the fhicknes of the boundany layer is gredlor than e
roughness of the fiociune, then the sufoce 5 ossumed o be
hydroulic:aly smocth, ©n the ofher hand, if the thickness of
the boundony lover s smalier than the roughnes of e
fractures, then the sutoce b reated os hydoulcaly rough
Under hydroulicaly rough condion, reciculotion 2ones
insices the roughness conifies rathar than fha boundony loyer
WOk ber he Contrcling parcrmeha o ficey Dehavico

The eariest comprehensve work on poralel piale fiow of
water was conducted by Lomize [1951) who studied the
aeffect of operue, sufoce moughness, ond apsedune
varability. Similar expermental  studies were  |ater
peromed by Lous [1 96%) with neardy iderficd results. Flow
regime chat (Figue 5) which idortifiod fw dstingt flow
regiong wis formulclect from these results.

For this char, Reynoids murmber and resaiive roughmess is
defined respectiety o

¥

fracture surface

Figrune 4. Schematic dograrm showing the Doundany
laya near a frochune wall (eheien et al. 2011)

- - L
g e b | i sl
- o2 ‘.I 1T
-~ v =—— 2%
i .. =n )] | ® 4
ait 71t b =l
.03 fmimim e r-w:, it s o
= e B2 H | am "
[-X.1] -
1] — O A A — comMeLETELY] £
13 D T - mOUEH S m g
! =1
E AR e TR ENT 3 iiE
i }
T i *
“ Bm-nl TS R o
REYHOLD'S MUMBER Ras
—————— LEWF LA oAl - TUMBSULE NT FLOw

———— Lo FalaLclin - My FARALLEL FLOW

Lean T sy MAUL ISALLY S GOTwe - S0 FLE TLEY 0w D
FLOw MESwE s

e FRETiom SRR CIENY ARSOCIATED Witm O S88 OF
EHERMOY if THill GRAGE
Figure 5. Flow regime charl Niow in cracks with sardng
degrea of roughness [Louls [1969).
And

Relative Roughness = = [27]
.

Wheie € 5 averoge Gspaity haight of absciute roughness
and O, is pdraulic rodius of the crack which & equal fo 2b.
Forr hycdnauicaly srmooth concition, the relathve roughness is
less than QU033 and franstion from larminar o furbukant Now
occurs when Reynoids number is appradmately equal 1o
2300 Levis[ 1969] aeo doveloped relaticnships Botwoan
wesocity v ond hydeoulic grogient J for thege regimes in the
form
v=-—Kj" (28)

With values of mydnoulic conductivity K and esponent n
giweninTaote 1.

For zona N, neaty same equation was obfained by
[Witherspoon et al,. 1980). These equations howe been

Hspcnolic. Hycinoulic Exporsent, Flow <Concifion
Tone Conduciiiy, K
I £ 1.0 Liwmiros
1w
1f g {2 el 4
1 === ¥ = wthdert
E[M?? 1-] E
- 37 ] -
] 4,/ gleg L_.-"D ]'.!:l 0.5 Tustsuiars
¥ -
1) v e —— (i) XTI
12v[1 + 8.8(2/D, 7] .
—_ 127 —
W 4./ glog L' ]w.'b 08 Tustbort
Dy
Toimle 1. Vauwes Hydmulic Conductivitye K and exponent n
[Louls 196%).
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discussed by Wittke [1990). langoskone .1, Amocel. B and
Chinnaswarmy. C [1992] developed 4 finile slemant
computer progamme, coled CRFLOOD. fo compuhe
upift presssurer dstribution along the crocks of therconcrete
gyavity dams forall types of ow.

When crack walls confoct eoch other ot discrate points,
then fluid will flow heough o few prefensd poths [channeds)
which are toruous and having waikdble apedure dong thed
length ondmayormay notintersect with eoch other. Under
thase conditions. LCL egquation dogs nol provide the
comect result [Gangl, 1978; Brown and Scholz, 1985; Brown,
158 F:Brown, 1995) of low waloclhy due to fomation of
fofuous path ot comact points (lwal, 19742 Birossn, 1987;
Siseneath et al, 2003) and aperdune regions of recirculation
due fo sreamine seporation in fiow fiedd [Bush ond
Thormpson, 2003; Bout etal, 2008). f an egquivalent
Fydraudic aperurer con be found for the open egionsof the
frocture, the effect of aspenity regions con be modeled by
ssuming that the roctue consists of megions of aperture
b=b.. Maory esecrches hove found the folowing
equivalent hydioulc gperue 1o D& generally vald (Uu,
2005).

l—c¢

l1+¢ 29)
Where c=1-0fa, & the froction of the frochue plone
occocupled by the asperity reglon, "o’ i the half length of
crocks ond a, Is half spocing between crocks. This
exprassion hos been voldiated for aspedy concentration
up to 0.25 [@immemann ef al, 1992). Also, the contact
regions are modeled os randomily odented elipsas of
aspactatio o < 1 bythe lolowing expression (Liu, 2008).

hﬂi = bai

1+ Bye [30)
Where 5, -T.Nﬂmrghmrdocﬂmu'en{ﬂpa'fedw
eliptical, the obove equation con be used If osperty
shopes ore feploced by equivalent elipses hoving some
peimetes-omea iotios.

When wolk of frioctunes contoin crocks ond fesuas, then
ne-2ip boundary condition & vigkated -ond LCL equation
does not provide fhe comect result for volurmestic Ao,
Berman | 1953) was the fist 1o investigate the etfects of wall

g
%\ Pameable medium
iy _ii_ﬁ‘_v,

= -)

e 'R
Pemeable medium

i

|+

Figuure & Volouciy profies for coupled porolied flows within o
charngl ond boundimg poncus msdium occording to
The Sipfiow Fypothesls of Beavers and Joseph
[Mohwois ef.al. [2012))

poxosity, Berkowitz (1989 studied fhe pemeocde wals
incomporating  Binkman sip boundary conditions in 1D
modeling of frochures hoving pesmeoble walk and
concluded that, no-sip undedastirmatas fhe volurnetric Now
byros rnuch as 19%. Similardeviations wane also noticed by
Crandal et al. (2010). Flow expedi menits hove ghown that in
such situations, sip boumdany condtion shiould be applied
[Beovers et ol 1970) ond therefore the LCL equation is
madified offer ncomaoroting sip boundony condfion. Shudy
of Titen ond Cofelezzl (20048) have shown that wall
permeability con significantly destablize fiows In chonmets
with permeoble wolls compaored o those with
impermeabie wols, Chong etal (2008) ond Lu etal
(2004) studied the instabiity of the fliow and used o two-
iover appeooch by coupling goveming equations in- the
soparate Mewhonian fiuid ond DorcyBinkmon  porous
region by appiopiate interfockal boundary condifions.
Beavers and Joseph [1947) mypothested that the
fangentid component u, of free flud velocity ot the
bBautdary of thd paifddaie wal i cohsdarabhys higheat
hon mean seepoge velocity w, within the pemmeabile
body [Figure )and conbedefinedas

%=j—.;(u;—u,} (an
Where k is the wall perneatsity and § s o dirmensionless
quantity that depend on the shucture of the permeable
materkal within the boundany region, fiow direction at the
inferfoce and Reynolds nurmber (Sohvooul and Koviory,
1993,

This Bacver-Joseph Sip fiow hypomess  valid for common
yizoous fuids of low Reynolds number (Nede and Noder,
1974). Mohob et ol (2011] present on onolyficol solufion,
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ncoponating  Bedver-Joseph slip boundary  condiions,
uEng pedurbation éqpandgion to detéming fiow, Mohos &t
d. (2017) extended this shudy further and conciuded that
the: Mydroulc conduciiviies one modiied by a foctor of -
JC). Expression forCis

3 5 . 3+ 600}

€= i+ !ﬂ?'q'“'[i-ltllii +3p)t e+ +{2 +&:-] )
32
JE ]

Where ° = s dip coefickent and fe. = is wall Rewnckcs
numiber. Thus the ronsmisdvity in LOL equotion can be
writlenas

wh? ¢=3

T ?}

Figure 7 shows the varation of -3/C with @ ford =001,
in fwo-phase fiow, the detemination of volumatic fiow rabe

is o chalkenging problem. The applicabiity of cubic law for

33

12
198 -

% G L1 g 0 e L) = aor

Figure 7.The vadation of ihe comection faclor, -3/, wih &, for
pomeability valwes Detwesn 10°m’ and 10°m’,
be = QUDOOD M, Bew = 0,004,

1. Separated Nows

flow —
pocket in liquid film
3. Dispersed Mows

SR

Figusre B, Diflerent modes of two-phase Sow [Bh(1975),
Fourar and Bodesy 1 995])

Bubbly flow - gus
rbblen. meed D il

ficew e Colcuiations were earier investigated by some
esacichens (hwedl, 1976 Tiong and Wilthespoon, 1981;
Tsong ond Wiherspoon, 1983; Brown, 1987). Fourar et al
[1593) cbsenvad difarent flow pattem in fheir paaliel plale
model expeiments. The two-phase  air-woter flow
undergoes diffedent modies of fow under the influences of
pressures and different flow conditions. The classification of
possiblfiow poresr by o [ 1975) ond by Fourar ond Bovios
[15935) Bghenin Figue d.

In two-phose-shiatiied  flow, fhe airwater  interloce
depends on apsatue and pressure variations and therefons
thexre i o need of identifying this interfoce (Nichole ond
Ghoss, 2000). Rosmussen [1991) opplied the copllory
pressure citera for delermining the arwater interfoce fo
shacly the frochure ow under the conditions of partial fluid
saturgfion.Pruess ond Teang (1990 conducted o numerical
aralyds based on retofive pemeabillty of two-phase flow
subject 10 pressune difference batwesan air and watker. The
inbemekation of rmutiphase flows, relative permeabiitg and
pressune vandtion Misugh fock iashiss had nol baan
propery identified (Indraratng et al., 2003). Indraatna et al.
(2003), after lollowing theridea of Kelles et al. [2000). argued
ther endsence of twio-phase stafified flow in crocks of siza
greater than 50 micion and thus neglecting the effect of
capliary pressure. To compute the fliow rale, LE Lequotion
wos oppiied sepaniely 1o eoch zone of frociure operiue
ocoumed by air and wales, To delerming these zones,
Inceorcing et al (2003 ), deved the expression for kocoting
the dir-water interfoce affer toking info occount the effects
of solubity of ok in water, compressitlty and density of air
ard wilad and hachind daformdahion, i he aqudlion of
two-phase mormentum comsenalion aguation by Walis
(1969).

Conclusions

A karger numiber of phenomenons affect fiow behaviorina
ciock. Viarious invesBigalon used the continuity eoguation for
gngle phase assurming the obsence of sounce and sink
ferrms which must be occounted especially for the coses
whare froctuns walls have oppreciobda amaunt of fissures
ard Crocks Jeance and sink lemms Qe ncluded in mass
bolonce equations uwsed for two-phase fliow In crocks o
account for infer-phose mass franshier and il does not
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account o uld ieokoges fhrough ociune wolls.

Komentum equation & widety discussed in he Herotue.
Starting from fhe Noder-Stokes equations, the mormentunm
equotion has been smpified undier vanious ossumptions ko
dahwe Stokes equation and fhen Reynoids lubication
equation. AppicabDiity of these equations 1o solvie Bow
problems in Cracks ame under severe condifions and in
rrost of the coses, they are compuiationally complex. 50
romentum aqualion s sodved on onalogy of flow in
smooih porlel piate with no-sip boundany Ccondlion on
the piate boundany and resulting equation was fermed as
Local Cubic Low [LCL). Vaolidity of LCL hos been fested by
vorows  Investigotors using  loborolory o field dolo.
Devigtions of loboratony of field dota fiom LCL eguation
warg afiouted to wariows foctons Bke wall ioughness and Its
stafistics, representations of crock operure,. non-linecrity of
LCL equotions, penicus frochue wals, friocture wall
coftact ale.

Shifted Gousian mode| wane shown 10 be bect it for the
escription of aperture distibution of rough foctures, Also it
is found 1hat, im gemenal, rough walled faciues possess 4
sall-affine frackal propery with Hurstesponent of U8,

ioriosus meaihoocs of measuierment of mschaonical apatune
are feported in the literotures. Relafions between
rmachanical apeunes with Fydrousc opetune (used in LCL
equation] howe Deon obtained by volous mesearchers
wsingg the porameters of apertune stotisics.

The LCL equation is found fo be invalid when Reynolds
number s geater thon 10 and # B shown that when
Reyreolds numiber i batween 10 and100. o non-inecr
redation exists between pressure grodient and volurmetric
fiow rate. Forrough walled fractures, Louls (1949) equations
For ficw Of liguicts in wice opem frioc fuss e widety used, but
stil these egquations does not consder the pemmeabiity of
friochue wals and s validity for flow of gasas in the
frachures is open fo question. A imited attermpt in literature
iz cvailabie 1o @stimate fhe hpdioulc opedune whien wolk of
fhe floctre contact each otiher, Becouse of limited
opplication of hydeoulc: opedure in case of contact walls
of thefroctue, thees i need for s geneal represaentorion.

Thete are few publshed works in iferohee fo shudy the effect
of sip boundarny condiion in cose of pemmeobia fioctiune

walls, Work of Mohoizetal. | 2012) iimgod ontindeving the
comecton factor in wydroulc conductivity of froctune wsing
Beaver-Joseph fip boundary conditions. But this comaction
is opplied for smooth waled froctures and does not
congder the affactof roughinass of fracturad wails.

Wonis of Bhil [1973) and Fourar et ol [1993) show the
different flow regimes of fwo phase fiow in crocks and
ferrukcrtion of mamenturm equalion o eoch regime is a
difficult task. Inceoroing e ol (2003) atempled fo
colculcte the wolumetic flow ate of each fow for
separated fiow regimes.
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ABSTRACT

Salely guidelines recommend the presence or absence of an assumed sfatic upliit pressure In cracks af dom-
foaundation Inferface during selsmic activily. In recant past, some research work has been done fo develop a
rmathematical model for fransfent uphil pressura insmooth walled cracks under laminar flow conditions, In this paper, o
mathematical modeal for transient uplift prassuras In real cracks under both larminar and turbulent flovw regimes are
developed, One dimensional continuity and momantum equations have been coupled o derive the goveming infegral
equations of pressure as a function of crack wall motion hisfory and flow regimes [Le, laminar/turbulent), Thase
aquations are supplamanted with required nurmber of boundary condiffons based on the understanding of hydraulic
phenomenon described In the ifferciures, Model s used 1o solve the fransfent upilft pressure In wadge shaped crack of
constant length and s validated using the axperimental dala from lifarature. A difference (less than 5%)batween
compufed and meosured value of uplit pressure ocours af baginning and end of the opening-closing cyale of the
crack In comparison 1o other polnfs of fire, These differences may be affributed o violkation of some assumpfions used
In the problerm formulation [e.g. vapour prassure af palnt of saturation may not be zaro and two-phase flow may eacur in
unsaturated porfion of the crack] or the possibility of cavitafion in unsoturated porfion of the crock. However, overall
computed prassure varlation obtained using prasent formulations are ingood agreamant with experimental dafa frorm
the literature,

Keywords: Uplift Prassure, Concrete, Croek, Fluld,

INTRODUCTION dams. Nomally, the huge size of a concrete dam
Concrete gravity dams are siructures theat rely on thelr own oxcludes direct expearimental tests on the stuctural
waelght for resistance against siding and overluming fo  €facking behaviour under various loading conditions.
maintain stabilty. With the development of dasign and Tharefore, evaluation of possible cracking trajectary in
analytical expertise, asweall as of construction techniquas concrete dams by means of an accurate constitutive
and equipment, dams have become ever larger with modal, in order to simulate the cracking response of the
regard o both height and volume. If a dam on this scale concrete effectively, becomes vital and would be o
were fo fall and collapse, this could lead fo probably the  Us@lul fool Tor practising engineers 1o ensure fhe safety of
greatest disaster in human history, Therefore, the safety of darm structuras,

huge stuctures such as concrete gravity dams s of 1. Literature review

utmost concern lo the engineers iInvolved In the design.  |n past decades (Bhattacharjee & Léger, 1994; Saouma
construction and post-bullt safety evaluation of dams. etal., 1991}, study of concrate gravty dams ware mainly
Many concrete gravity dams have experenced cracking focused to address the fracture failure of the matenials
problems to varous extents. Crack formation and and itsinfluence on dynamic responsa of the dam without
prepagation In cencrate gravity dams could influence mueh eencoem lor salety conaldorations, Alag, study of the

thair structural stabllity and endanger the safety of the concrate gravity dams with penetrated cracks athacted
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rmuchattention Iinthe past, (Pekau & Zhu, 2006).

A static tdangular uplift pressure at the base of the dam
with no-drainage condition 15 assumed In safety
guidelines (ICOLD, 2014; USACE, 1992; USBR, 1987).
However, thare are no unified considarations for uplift
pressure developad during dynamic prassure varlationsin
the raservolrwhan cracks develop alther In the body or at
the dam-foundation intarface of the concrate gravity
dams. Chavez and Fenves (1995) and ChopraandZhang
(1991) studied the safety of concrate gravity dam under
walkmie condition after Aesuming o constant tdangular
uplift pressure af the base of the damwith crack,

To considar the transiant nature of the uplft prossure, Hall
(1928) assumed that pressure af the mouth of the crack
vares In accordance with hydro dynamic pressure duato
darm rasorvall Interaction and uplift prossure remains
constant with trlangular variation. Zhang and Ohmachl
(1998)used this madel for selsmic crack analysis without
crack wall mation to validate the axparimontal rasults of
Ohmachl et al. (1928). Yl et al. (1997) developad a ona
dimensional fluid pressure rolation for the growing crack in
biittle materals under hydredynamic pressure conditions
and combinod thelf msults with faclure mochanics
model 1o compute crack tip strass infonsity, Howavar, this
model was devaloped for small erack length that |s not
applicable fof tho case of Ciacks in conciate gravity
darms where cracklengths ara much longar.

Thera are only few experimental and theoratical studles
for upliit pressure  distibution in cracks during
hydrodynamic loading. Slowk and Souma [1994)
conducted dynamic wadge-splitting (W5) test to measure
the waler pressure dufing propagating cracks 1or slow and
rapld opening velocHties of crack walls. Durng slow
opening, the water front and crack front valocities wame
damost equal, while during rapid wall movement, the
sama are quite different. Thay also reported tha esults for
sudden crack closing and cyclic opening and closing of
exlsting cracks. The result indicates that In sudden crack
closure case, the water is frapped in the crack resulting in
a ternporary over pressurzation, This over pressurization
nduces additional stresses causing failure of the
specimen, During cyclic opening and closing mode,

prossure varations along the crack were differant with
maxmum pressure (which was more than initial
hydrostatic pressure) reached during closing of crack
walls, Slowik and Sacuma {2000) proposed a theoratical
model for opening mode consideing anly laminar flow in
the cracks. Laminar flow based model i5 used extensively
by differant researchers for hydre mechanical coupling
analyss of rock masses (Jing et al., 2001). Tinawl and
Guizani (1994) developad a theoratical modal for
hydrodynamic model for pre-existing cracks In concrate
aravity dams using laminar flow in cracks. These methods
are not applicable for uplift pressure computations in
cracks of concrete dams, becouse turbulent and
unsteady flows occur In cracks dufing hydiodynamic
condition. Independent expaimental works by Louls
(12469) and Lomize (1951) provided almost dentical
fesults for relationships botwoen velocy and hydraulic
gradient In cracks after taking Into account the different
flow condition ( Le., turbulentlaminar) and crack wall
roughness. llangasekare et al. (1992) developed a finite
element computar programma, called CRFLOOD, to
compute uplift pressure distdbution along the cracks of
the concrete gravity dams for all types of flow
charactanzed by Louls (1969),

Transiont pressure vaiation in single cohesive crack s
developed In the present study. Translent nature of
prossure I8 inroduced through cfack wal motion, Tha
crack wall motion may bo caused eithar by eathquakes,
creep phenomenon In fracture process zone (FPZ) or
fatigue dua reseivolf leval vaiations,

2. Hydrodynamiec Dascription of Water Flow

Based on the st rasults for temporal and spatial pressure
variation along the crack length of existing and new
cracks, Jovanmard et ol. (2005a) developed the
hydraulics of one dimensional water llow in asingle crack
under moavingimparmeaable walls (Figural).

Due to pushing of the water by existing reservolr water
prassure at crack mouth, water flows frorm crack mouth
towards the crack tip during its first opaning cycle in both
exsting and new cracks. Water fills the voids developed
due to crack opening and safurates complately the
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exisling crack while propogating crack is saturated
parfially with saturation length L., The magnitude of
prassure vares along full length of the exdsting crack, tutin
propagating crack, presswre decreases fiom resarvoir
prassute p,, at crack maouih to vold pressure at the end of
soturation length. The void s occupied by both water
vapour and alr, So the void pressure is delermined by
using certain themodynamic equllibium  equation
reprasenting two-companant single phase flow, Bul whan
there Is no arr in the concrate, the prassure decreases to
watar vapour pressure (cavitation) and water vapour fills
the voids,

Dudng crack closing, volume of the volds decreases dua
to squeezing out of water from exlsling crock and
propagating crack as shown in Figure 1 ((B), (d) &(1). On
Incraasing the crack closing velocity, the exsting water s
prostuized and now it flows in two opposite diractlions
from a stagration paint aleng the saturation part of the
crack In propagating crack, while same phanomenon Is
found inaxisting crack alat list oponing -closing cyclo as
shown In Figure 1 ((c] & (d)). The pressure at stognation
point s maxrmum and it decreases fiom this pointtowards

Crack Wpe Cpaning Mode Closing Mode
] I oy
L gl i
BiingCrack " | [e— ———
wiiheut Cavitation) | i
S— 4 Y
a li=)]
gl :_ v sl H o
Exsting Crack
Wit Coveation) = ) M-
- A
fel ]
el e e S
" . .
Mo Crock
- .‘ B
. i y L
- - . a___
fal i

Figute 1. Waler low and pressute distibution in exisling and
new crack with maving walli{Javanmardi e al.. 20088).

the saturation region boundaries to becorme equal fo the
pressuie atthese two points,
In subsequent opening cycles, new voids are developing
along propagating crack with water flow along crack
frofn mouth towards crack tip dufing opening cycle.
‘Water flow can only flll the volds close to the crack mouth
and saturation length decreases. The only diference
batwaan the first opening ond subsequent opening
cycles s the exlstence of some water In rasldual opening
thatwas clieady fliled dua fo crack closing, The water flow
and carresponding prassure during second and
subsequent cycle is tharelore similar 1o that of tha first
closing cycle axcopt that thefe s dlfeady some watar in
watted unsaturated reglon. Thus, saturation length may
be lenger al the end ol the second closing cycle, The
case of propapgating crack with saturated and
unsaturated pan is basically similar to an existing crack
whan cavitation occurs,

3. Thaoretical Modalling

Javonmardl et al. (2005b) doveloped a theoretical

maodeling using the momentun equations proposed by

Louis (196%) and discussad by Wittke (1990) for un-

penefrated wedge shaped existing crocks under the

fallowing assumptions (Figure 2and Figure 3);

«  Walls of tha crack ofe impormeacle and fgid, This
assumplion can be introduced, as the fluid
parmeabllity of cracks is significantly higher than that
olun-cracked concrate,

s Flow is one-dimensional along staight lengih of the
weadge crack.

= ‘Wotercompressioliity snegligible.

¥ Bobgriong wromch el
a1

Mo dr s wald

o o'

Figure 2. Asumed ciack In cpening mode
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Figura 3. Amumad crack in closing mode

= Theflowinunsaturated partisinsignificart.

« ‘Watervapor pressurals zara.

= Dansity pis ndependantof space.

= Thetels nosinkor source.

= Lower walls of the wedge shaped crack ara fixed and
only upper wallmoves.

= Stiffnessis constant

= Crackwidthis of unitdimension,

= Cracklengthis fiked,

= Veloclty head gradient is neglected in both laminar
and fubulent flow.

= Flow in crack s a single phase flow and there is no
interaction between airand water,

3.1 Continulty Equation

3.1.1Opening moda

1-D continuity equation, widaly used in the literature (Sars

& Fapanestasiou, 2012; Slowlk & Scoumna, 2000) s wiitten

withthe assurmption that fluld leakage through walls of the

crack are negligicle |e. wals of the crack are

Imparmeable. For any cross sectional area A normal to

flow diraction x, tha 1-D continuity equation can ba written

2{p?) r}ll: pA)

dr ot m
Wheme, @lsthe discharge through the crack

Considerng unit thicknass, equation (1) can be medified
as

‘1_'}5;}_‘ dph) 0
P |-},\' or [2)

Whem b Is the crack opening at any distance x frorm the
crackmouth andtimet.

Naglaciing the water compressibility, equation [2) canba

wilftan os
S b
%‘).q.w—n [3]
Forrgidcrack wall,
bh=b (1-Z
b ( J.} (4)

Wheare b, I5 the crack mouth opening distance (CMOD)
and L is the crack length. Using value of bin equation (4]
and using boundary condition, that at x = L (Saturation
length), @=0; Equation (3) can be integrated as

whera b, is the crack mouth opaning displacement
(CMOD) rate. Equation (5) gives the discharga eguation
for flow in wedge shaped rigld crack in a concrate gravity
dam during crack opening mode.

3.1.2 Closing mode

During the closing ohase, thele occurs a point dlong the
crack where discharge becames e, This paint in the
literature, is called the stognation polnt, Water moves in
both the dreclions from the stagnation point duing tha
closing process of crack mouth, The distance of the polnt
fiom the crack mouth is termad as stagnation length and
denotedasl, asshowninFigura 3,

The discharge formula given by aguation (5) I8 modified
for cloging mode affer using the boundary condition thert
atx= L, Q=0

o i":n[[;{ oo .\-]-%( L -3 )]] (&)

Equation (&) givas the discharge egquation for flow In
wadge shaped rgid crack in a concretle gravly dam
duning crack closingmode,
3.2 Momentum equation
(Louis 19569) developed relationshins between velocity v
andhydraullc gradient Jfor thase ragimes In tha form
ve-KJ" (?)
Whaere K Is hydraulic conductivityand nisan exponent
Wark of (Louls (1969)) has been ufilzed for presant
formulation, Javanmardi et al. (2005q) have showntnat for
concrete cracks, tha relative roughness %""--‘ Is a good

(=)
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approximation, Theretore for this relative roughness value,
the crack is assumad 1o be hydraulically iough [ﬁ‘ -n.uaa].
Louls (1949) flow diagram shows that hydraulic zone IV
(laminar flow) and hydroulic zone V (furtbulent flow) ara
applicabla for hydraulically rough crack. Flow changes
from larminar 1o lurbulent of Reynolds nummr:h_::q redarly
2300, Using the Louis (1969) flow table, the momenturn
equallons are wriHen for laminar and tuibulent flow
soparctaly,
Forlaminar Flown =1 and
= }.‘f’ :

i2v [1+38 @ D,)" |

Whame v is the kbnemdatic viscosity of wataer and K is tha
hydraulic conductivity. Therefore, for laminar fiow, Louls
(1969) mamenturn equation becomes

O=-KhJ (8)
wharg 7 - %‘- hydraulic gadient and H, i the 1olal head
ghvenby .

H. =z AE L
7 +'r +2£ (Q}

Heme 2 B the localtion of crack which Is fixed, On
assurnption that velocity headis negligicla,

dr oy dx o

where H i3 now pressure head, Therelore Equation (8)
smplifiesto .
s 3 O .
@=-Ch T)% (1)
Whare
C, = £
Cozwr [ esw@ p,)" |

ForTurbulent Flow, n = 0.5, and
1.9
K =4 clog| —— | b

Therefore for lurbulent flow (Louls, 1949), momentum
equalion becormes
Q=-Kbs" 02
After insarting the values of K and J in Equation (12), the
resuling equationis
0 -cp 2 (13

[ELY

Wheta,

¢, =(16g/y )og[19/(2/ )]
3.3 Transient Pressure Calculation
Forthesakeof clarity| =) and [ 4| are used respectively
for laminar and turbulent pressure gradients in
subsequent discusslons. Pressure calculation starts from
the daetemnination of cponing b, = 0and clasing b, =0
mode of the crack. The mespective continulty and
momantum equations for laminar and turbulent flows am
couplad togother whan solving the ditferantial equation
for pressure. The laminar and turbulant flow reglons are
separated by assuming transition lengths. It is assumed
that when Reyncids numbar &, |-£)s 2300 , then flow Is
larmingr, sthatwiss flow (8 turbulamt, TMS@ ciitaiia can ba
usad to find the transition lengihs or it can be calculated
flematively. Pressure in crock varas from hydrostatic
pressure ot mouth to vapour pressure (faken as zero) atthe
tip of crack. Considering these factors inmind, the integral
equations of prassura ara wiitttan separataly 1or opening
and closing moda.
3.3.1 OpaningModa
In gpeaning mode, laminar flow occcurs near the crack
rmouth, The position where from laminar flow changes 1o
turbulant flow Is denoted by L. L, s calculated using
expressions for Reynolds numbear and continuity equation
far opening mode. The integral equation (5) for varlation
of pressure along the crack ls wittan as

L
" iLJ i
P :!( dx ..{

[ (d
put :[[ :‘%’] e ;[f) & {LxsL,)
HereL,, isthesaturation length of crack where the pressure

al any gven time is assumed 1o be zero Using this
condition, L_lscakulatedas

zxsl,) (14)
Pix =

b Ly 15)
ap g E’EJ - [
pm+£(dxldx {[dx fd.r 0

3.3.2 Closing Mode

In closing mode, flow starts frorn stagnation polnt in both
upstream and downstream directions. Flow 5 laminar
rnear the stagnation point. With the help of Reynolds
expression and continulty equation (&) for closing mode,
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two fransition lengths L, and L, can be calculated whare
change of flow from larminar to turbulent occurs. Denoting
the stagnation length and stagnation pressure by L, and g,
respactively, the pressure varation for upstream (x = L)
and downstrear (x=L, ) can be wiitten as rollows,

1 i ﬁ) L
£n +:I:( oy &
= [ dp dp
Pat HE], di+ ,j:[ ) de Lsest,)
Prass ur@in downstream sachion(x = L)

S
”"H«U‘“'ftﬂ*'fl,i’}w["']m fusvst, )

In the above sot of equations, L, P, and L are unknown
parameters and can be determined by using two
boundary conditions and Reynolds fransport thaoram for
friciss consan/alion as follows,

3.3.3 Boundary Conditions

First boundary condifion:

Whenx =L thenp = p,therelore

josvss,) 18]
Pix,f)=

§ =xsi,} (17)

. i s
cf[.) z.l’[ ] _ (18)
P + J:{rfxldx-'- j{d\ dy=p,

Second boundary condition:
Whenx = L, thenp = Dandhence

oo (8 e ) e () () -

Third coundary condition:

Reynolds ransport equation for mass conservation (White,
1920) for elemental control volume can be wiften as

[?T”J -%HI pdV + [[p(vnpd=0 (20)

Where m and p are mass and density of water; V Is the
water valocity vector and n is the outward unit nomal
vectoronsurface dA of control volume dv,

For the present case, a contral volume Iving between
crack mouth and stagnation paint as shown In Figure 4 15
assurmed. Applying the above equation and noting that
atstagnation point, velocity of water s zero, equation (20)

| Contral Volume
| /—

-
=

b

Direction
of flow

"-_-s'_L

i’ i £ -
-
Fixed face
Figure 4. Control volume for caleulation of slagnation point

yields

d [1 A _ (21)
m{:’ [z T)}.g_ 0

where ), |sthe discharge atcrackmoauth.
h
g, = _—21-(214’._ —f._‘) 22)
Equation (21) Is first differentiated w.rt. time and then
solved by mothod of separdlion of vaiables with tho
condiionthatL, = Lwhanb,, = b,,. Tha resulting exprassion
Is

b (23)
L=L-LJ1-==
“ [ b, ]

With thase known values, the sel of equalions (14), (14)
and (17) are solved to get the pressure distibution along
the crack. Uplift force In the crack s calculated by
integrating P(x.1) forboth apening and closing modes,

4, Results and Discussion

Experimental data for fransient uplift pressure in
Javanmardi et al. (2005b) for exsting 4 m long wedge
shaped crack is adopted to verify the present model,
Crack mouth subjected 1o a constant pressure of 500kPa,
was iImparted to a sinusoldal motion of 2 Hz with residual
and maximurm crack mouth opaning of 0.5mm and 1.0
i respactively.

Thus CMOD function and CMOD-rate (alse called Crack
Mouth Opening Veloclty [CMOV)) is represented
aspactivelyas

b, =10+03sin(1.5+4dr)w (mm) (24)

and

".’.., 2rcos (1.5 +4)n ("”"

) (25)
whare, 113 the time in mconds Above functions are

-manager's Journal on Civil Engiraering, Vol. 5 = No. 1 = December 2014 - February 2015 21




Published Research Papers 145

RESEARCH PAPERS
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Figute 5. CMOD Vs, fime plat of Equation [24) Figure 4. CMOV Vs. fime plot of Equation [25]

UPLIFT PRESSURE
Crack geometry, CMOD Rate, Time and ipace independent flow properties

@ Opening Mode | vy s Closing Mode @
9 9
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Figure 7. A composite flow chart of uplift pressure calculation for opening and closing mode of tha crack
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represented graphicallyin Figure 5and Figure .

Al the beginning, uplift pressure in the crack isassumed 1o
be unilorm and equal o crack mouth pressure 1.e,, 500
kFa. From time t=0 to t=0.25 5, crock moutn opans at
residudl opaning of 0.5 mm and reachas 1o its maximum
valueof 1. 5mm. At theendof onecycle, L.a.atimat=0.5
5, crack mouth acquiies its inifial crack mouth of 0.5 mm
and uniforrn pressure of 500 kPa Time independent
constants In pressure formulotion for water ot 28°C are
giveninTable 1,

A general flow chat for calcuating the hansient uplifit
pressure for present and subsequent formmulation s given
in Figuie 7. This flow chart has been transiated in MATLAB
pogramming.

Result of present formulation and few of the axperimental
data In Javanmardi at d. (2005b) are compared and
shown In Figure 8 and Figure %,

A difference between computed and measured value of
uplift pressure seerns a little bit more (less than 5%) o the
beginning (1= 0.001 5) and and (t=0.43s) of the cycle In
comparisan to other point of time. Thase differancas may
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Figure 8. Frassure varation along the crock durng oparing
mode ot tima 1=0.001,0.01, 0.02 and 0.07 &

Figure ¥. Pressure variation along the crack dwring closing
mode altime i=0.375,04.0.43and 0.45 3

be afiibuted te viclation of some of the assumed
boundary condilions used in the farmulation (2., vapour
prassure at point of satudlion may not be 260 and two-
phase flow may occur in unsaturated portion of the crack)
ol occurance of cavitalion phenomencn in the
unsaturated  porlion of the crock. However, overal
computed pressure variglion obtained using orasent
variation Is Ingood agreament with the measured dala by
Javanmardi etal, (20058),
Summary and Conclusion
Atheoetical model is developed o andyie the effect of
dynamic loading on the stabllity of concrete gravity dam
considerng tronsient uplit pressure in cracks, One
dimenslonal governing egquation as a function of crack
wall motion history, crack length, crack roughnass, and
clack mouth pressure 8 doveloped to calculate the
translentuplift incrack during crack wallmovement
Formulation Isvalidated using experdmental datafrom the
litaratura,
The computed uplit pressuies indicate that, duing
crackopening, water pressure develops near the crack
mauth and thara 18 no walet pressure along tha sl of the
crack, Due to the short salurated length during the crack
opening mode, tha uplit force & relatively smail but not
aqual to e, A genaral qualitative dascrption for water
pressure during crack opaning mode B somewhere
batween zero (USBR, 1987) andunchanged(USACE, 1992)
uplift pressure. During  clesingof cracks, stagnation palnt
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Is created within tha length of the crack where prassure is
maximum, The shape of prassure spatial distibution
aleng an unsaturatad crack dudng its closing moda & ke
a dome, s magnifude at the boundarles is equal to
prassure magnitude at these points (hydrostatic pressure
at crack mouth and vapor pressure at the end of the
saturated region), and its maXmum magnifude occurs at
the location of the stagnation point,

The magnitude of devalopad uplift force depands on the
crack opening characteristics and crack mouth pressure
a5 Inclieetad by tha novel woter-crack intamction madal
developedinthis paper. The full uplift pressure assumption
(ICOLD, 20714)seerms very conservative for stablity
calculation of cracked conciete dams durdng an
earthquake.

Future scope of study

Frasent formulation for flow In cracks can be modifled
considerng the offect of air and waler inferaction and
designing It as a two phase model. Above model may be
Improved after taking Into account the following: (1)
Permaability of crack walls which may act as a sourca or
sink at the fime of opening and closing. (2) Elastic/inelastic
behavior of crack-wall (3) Water comprassibility, (4) Crack
propagationand (5) Threa dmensional flow Incracks.
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