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A mathematical model for water migration in concrete of which properties are changes from homogeneous to non
homogeneous material applied the loading history, is presented in detail. Then, its applicability is confirmed by
comparing predictions with experimental results and the relationship between crack width and coefiicient of
permeability is investigated. In the proposed model, concrete comprising aggregate, cement paste, water, interfacial
cracks between aggregate and cement paste, and a crack band is assumed to be a composite material, and
discontinuities in displacement and hydraulic gradient at cracks are taken into account in detail.

Keywords: water migration, coefiicient ofpermeability, homogeneous material, non homogeneous material, pore
waterpressure, efiizclive stress, total stress, crack width, leakage water
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1 . INTRODUCTION

A recent focus of civil engineering is to utilize concrete structures such as deep underground structures and marine
structures. However, the water tightness of concrete, especially the problem of leakage through cracks, greatly
influences not only structural stability and aesthetics, but also corrosion. For example, in the design of a facility
radioactive waste for the disposal of produced in a nuclear power plant, it is important to check for leakage
problems. Such problems result from water migration in concrete as a homogeneousand non-homogeneousmaterial.
Water migration in concrete occurs dominantly through cracks such as micro and macro cracks rather than
uniformly through voids, and so to estimate the characteristics of water migration it is essential to treat concrete as a
non-homogeneousconcrete body.

Representative studies on water migration in concrete as a homogeneous material were performed by J.Muratafl]
and T.C.Powers[2]. J.Murata performed extensive permeability experiments on hardened concrete and reported a
the relationship between permeability and water-cementratio with the maximumsize of aggregate as a parameter.
T.C.Powers performed permeability experiments a early-age and hardened concrete with a water-cement ratio of
0.70 and reported a the relationship between permeability and age. Both these studies on permeability are very
useful as a means of determining the initial permeability of concrete as a homogeneous material. On the other hand,
studies on water migration in concrete as a non-homogeneousmaterial have been performed by Ishikawa[3],
Watabe[4], and Ito et al.[5]. They performed leakage experiments a concrete with a single crack and reported
similar experimental formulas for leakage as a function of specimen size, coefficient of viscosity, crack parameter,
and external pressure. Ishikawa and Watabe demonstrated the applicability of their proposed formula through
experiments at low external pressure (below 2kPa) while Ito showed applicability at high external pressure (above
20kPa). However, a crack parameter defined as a material constant expressing watercourse length, frictional
resistance, and tortuosity due to crack roughness is needed in each proposed formula, and the value of this constant
raries widely even with the same concrete mix, that is, the crack parameter is an uncertain factor. Consequently, it
can be said that, there is no unified formula for water migration in concrete as a non-homogeneousmaterial. Further,
the cracks occurring in concrete structures under the action of external loading are of smeared type, meaning there
are manypassing and surface cracks. Therefore, the total water leakage can not be defined as the sumof the results
obtained by using these formulas on each crack. It therefore appears that to estimate of water leakage analytically,
the relationship between crack pattern and permeability is most important, rather than the relationship between
crack width and water leakage. Hence permeability at the macro level for a concrete body having homogeneous and
non-homogeneousareas must be investigated.

In this study, a mathematical model of water migration in concrete with both homogeneous and non-homogeneous
characteristics resulting from external loading, was developed and the applicability of the model to local water
migration, i.e. water migration in cracks, is examined. In the practical calculation, at first, the material parameters in
the developed model and the permeability in concrete as a non homogeneous material was decided due to the
application of the developed model to the experimental results performed by Watabe. Then, using the permeability
obtained by analysis, the applicability of the developed model is examined thorough comparison with the
experimental results obtain by Ito et al. and finally relationship between permeability and crack width for concrete
as a non-homogeneousmaterial was proposed.

2. MODELING OF CONCRETE AS A NON-HOMOGENEOUS MATERIAL

Concrete as a non-homogeneousmaterial is assumed to be a porous composite material is consisting of aggregate,
cement paste, water, and interfacial cracks occurring at interfaces between aggregate and cement paste and at
interfaces between cement paste and the crack band forming the fracture surface, as shown in Fig. l. The concrete
model is shown in Fig.2 and cracks occurring in the concrete body are a two-crack pattern of the crack band and
interfacial cracks. In the model the aggregate, cementpaste, water, interfacial cracks, and crack band are denoted by
A, C, W, 1C, CB, respectively. The symbols v^A\v^c\V^CB^ shown in Fig.2 denote the volume of aggregate,
cement paste, and crack band and the symbols S,S^_c,Sc~CB denote the surface area of the concrete body, the
interfacial surface area of aggregate and cement paste, of cement paste and crack band. The permeability matrix and
elasto-plastic matrix for a concrete body with cracks was developed due to the estimation of discontinuities in the
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hydraulic gradient and displacement at the crack surface on a micro level. Then an analytical theory for water
migration in concrete as a non-homogeneousmaterial was developed due to the coupling the mass conservation law
and force equilibrium equation, as shown in Figs.2 and 3.

I nterfarial CrackCrack Band

C ementPaste, Water
Fig. 1 Concrete as Non-homogeneous Material

I nterface between Aggregateand Cement Paste : SA-C

Aggregate : K(v4) / ^T
i 6 / CementPaste: ^°

I nterface betweenCrack Band and
Cement Paste : Sc-CB

7 N̂ormal Unit Vector : «,-

C rack Band : yW

Discontinuity Surface of
Hydraulic Gradient, Displacement

FIG. 3. Modeling of Concrete as
Non-homogeneousMaterial

2. 1 Formulation of Permeability Matrix

Modeling of Concrete as
N on-Homogeneous Material

MassConservation Force Equilibrium

Discontinuity of
Hydraulic Graduent in
Micro-Level on Cracks

Discontinuity of
Displacement in

Micro-Level on Cracks

Mass Conservation Law
  ofPore Water

 Qin- QoUt= ^

 Qin : InflowRate
 Qout : Inflow Rate
  A y 'à" Accumulation      Rate

ForceEquilibrium Equation
of Concrete Body

cr..=cr'. - m...pv y 1J^
cr.. : TotalStress

cr'.. : Effective Stress
p : Pore Water Pressure

mi}=l(i=j)
m..=0(i^j)

Coupling EquationofLiquid and Solid Phase
oj Concreteas Non-HomogeneousMaterial

Fig. 4 Flowchart of Modeling of Concrete

The increment in the average hydraulic gradient vector on the macro level, di[ , can be written using the

incremental hydraulic gradient vector on the micro level, dij , as

dii =-\ di{dV (1)
1 VJV

where the symbol v is the controlled volume. Equation.(l) can be decomposed into the components shown in Fig.2

rW (C) r(CB)
dli =q à"di^A) +C2 à"di^> +C3 à"di^D) +xt (2)

where the symbols Q ,C^ ,à¬3 are the ratio of aggregate, cement paste, and crack band volumes to the controlled

volume and the vectors dif \di^ \d^CB^ denote the increments in average hydraulic gradient vector on the
micro level in the aggregate, cement paste, and crack band as given by.
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</*à"(«> =_LJ (a, di\^ dV (3)
1 F(a)JK(«) z

where the variable a denotes the aggregate A , cementpaste C , and crack band CB.
The vector Xj denotes the discontinuity in hydraulic gradient at each interface, as shown in Fig.2, becoming zero

similarly to di^ before cracking. The increment in average hydraulic gradientvectors dij ' (a = A,C,CB) on

the left-hand side ofEq.(3) can be written using the increment in total water head, dh^a' , as

di^ =VidhW =dhW (4)

A(«) =A(«) +^!i
YW

where yw is the weight per unit volume of water. Substituting Eqs.(3) and (4) into Eq.(2), the summation of the
right-hand side Xj ofEq.(2) except for can be written as

cl.d?l^ +c2.di^ +c3.cn^ =

-(I uX^+f rcXC)^+ f rcsX^M (5)
V\JV^A> >' JV^L' 'l jy(LJl) >z )

Substituting Gauss's divergent theory given as the following equation

f V.-dfedV= f dhidV= \ dhrijdS (6)JF JF ' Js

into each term on the right hand side of Eq.(5) and assuming the direction of the outer normal vector nf at the crack
band surface to be positive as shown in Fig.2, Eq.(5) can be rewritten as

C1.^) +C2.^/C> +C3.rfi/CB> =

^\sdhnidS + ^sA_c [dh}CAni dS (7)
2f r -,CB

+-\r rn\dh\ nids
y)sL-L£[ \c i

f~* f~*T3

where [c%]^ ,[J/z]c denote the discontinuity in total water head between the aggregate and cement paste and
between the cement paste and crack band, respectively.

The first term on the right-hand side of Eq.(7) represents the increment in average hydraulic gradient vector
on the macro level, dij , on the basis ofEq.(6) and can be rewritten as

^à"=C1.^ +C2.rfT/c> +C3.d7/CB)

-̂sA-c [<*]CA»i dS W

-Hc-CBl^^ dS

Therefore, comparing with Eq.(2) and Eq.(8), the vector X{ in Eq.(2) can be defined as the summation of the fourth
and fifth terms on the right-hand side ofEq.(8). Now, the incremental hydraulic gradient vector, dit , at the crack
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surface as shown in Fig.4 is defined as

dij = dinnj +dittj (9)

where din ,dit are the components of hydraulic gradient in
the normal and horizontal directions at the crack surface,
re spectively.

Secondly, the discontinuities in total water head

[dh]CA ,[dh^ are defined as

[dtifA =V-a -co-din

[dhff =y/2-b-a>-din

Fig. 6 Component of Displacement
on Crack Surface

(10)

where a,b denote the degree of discontinuity, i.e., the material parameter which expresses the degree of reducing
ratio of hydraulic gradient with crack width and co is the damage parameter[6].

The components of hydraulic gradient din in the normal direction at the crack surface can be written using the
increment in average hydraulic gradient vector onthe macrolevel, dii , as

din =dii -ni (ll)

S ubstituting Eqs.(lO) and (1) into Eq.(8) and assuming the ratio of crack band volume to controlled volume to be
zero(C$ =0) , Eq.(8) can be written as

dij =Q à"ctiW +C2 à"^.(C) -Afjdij -Bydij (12)

wherethe matrices Ay ,By which denote the degree of the discontinuity of hydraulic gradient due to cracks can be
written as

Aij = lsA-Ccc°rij dS

Bij = \sC-CB d(°Yij dS

Yij =ntnj

(13)

Moreover,applying the Micro Plane Model[7] to the surface integration in Eq.(13), many cracks can be estimated
at the same time and Eq.(13) can be rewritten as

\de^ =Jo C(oYijAtA-cnA-c(e)c

Btj ^ fnd (OYijAtc-CBnc-CB(e) de

(14)

A -C* C*-C*T%

where Q (&),& (&) are the contact density function of cracks at the interface of aggregate and cement
A -C A C-CBpaste and at the interface of cement paste and crack band, respectively. AtA c ,Atc c^ are the whole surface area

per unit crack plane, respectively. In this way, applying the Micro Plane Model to the surface integration, the
discontinuity in hydraulic gradient not only at a single crack but at many cracks can be estimated.
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S ubstituting Darcy's law as given in the following equation

^> =4^>
' y j (15)

dv^ =K^d^

into the increment in average hydraulic gradient vector a the micro level, di > ' , dif ' , in the first and second terms
on the right-hand side ofEq.(12), Eq.(12) can be rewritten as

^c^'V +^F14C)ik -2à"^ik (16)
-Aydij - Bydij

where the matrices Ky ', JQ- ' are the permeability matrix of aggregate and cement paste, respectively and the

vectors afiy ' ,dv^ ' are the increment in average flow velocity on the micro level in the aggregate and cement
paste, respectively.

Transferring the subscript of hydraulic gradient vector dij in Eq.(16) i to j, Eq.(16) can be written as

K r- r r(A)-lT-(A)^r (C}~lr-(C}
Sijdij=Ci-K]k dvl >+C2-K\k> dvl (1?)
-AijdTj - BjjdJj

Transferring the third and fourth terms at the right-hand side of Eq.(17) to the left-hand side, Eq.(17) can be written

Qijdlj = d -K^~ldv^ +C2 -4CrWC} (U)

where the matrix Qy denotes the rate of reduction in hydraulic gradient due to cracks and can be written as

Qi/ =Sg +Ay +Bg (19)

Now,the relation between the increment in average flow velocity vector on the macro level, dvj , and the vector

onthemicro level, dv\a^ (a =A,Q , is defined as

d^' -C^W, (20)
a=A,C

where the matrix C^' (a = A, C) is defined as the concentration matrix offlow velocity. The increment in average

flow velocity vector on the macro level, dvj , can be written similarly to Eq.(l) and (2) using the incremental flow

velocity on the micro level, dvi , and the increment in average flow velocity on the micro level, dv^ ,as

*' =vlrdVidV=Cl '^ +C2 '**° (21)
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In Eq.(21), it should be noted that the continuous changes in flow velocity at each interface as shown in Fig.2 occur
and the ratio of crack band volumeto controlled volume is already equal to zero ( C$ - 0 ). Substituting Eq.(20) into
Eq.(2 1), the relation between the concentration matrices of the aggregate and cementpaste can be written as

C1C^ + C2cf^ /y (22)

wherethe matrix /zy is the unit matrix.

Moreover, substituting Eq.(20) into Eq.(18), Eq.(1 8) can be rewritten as

n rfi -\ r, r('4)~V^) 4-To r(c)"V^C) l/rt7i m^i
Ugdlj-^Li'Kfc Lkl +<~2-Kik Lk[ \ctvi (2.6)

Finally, the permeability matrix of a concrete body on the macro level, which is related by the increment in average
flow velocity vector on the macro level, dvj , and the increment in average hydraulic gradient vector on the macro
level, dij , canbewritten as

%=(q.^r'cfc* +C2à"tf^fQ^ (24)

Solving the simultaneous equations Eq.(22) and Eq.(24), the concentration matrix of flow velocity Czy , C>- '
which appear in Eq.(24) can be written as

-1

C(C) _.
uy ~ C2 4°"

r(AY
~Kik

Qkl-^^f (25)

c^-1/à"à"-rx à"r^-M/TIy ~^y 2 Sy J/ci

Analysis proceeds as follows. The concentration matrices shown as Eq.(25) are updated by substituting the
permeability matrix just at before step and, by substituting the updated concentration matrices into the permeability
matrix shown as Eq.(24), the permeability matrix is updated. Finally, the unbalanced flow rate is calculated from
the outflow rate calculated using the current permeability matrix and outflow rate as a external terms. Further, the
calculation is iterated until the error in the unbalanced flow rate specific value by the modified Newton Raphson
method.

2.2 Formulation of Elasto Plastic Stiffness Matrix

The increment in average strain at the macro level, ds^ , can be written using the incremental strain on the micro
level, dsy ,as

    d~sy =^\vd£y dv            <26>

Equation.(16) can be written by decomposing the components shown in Fig.2 as
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day =Q -d~4^ +C2 à"^C) +C3 -^C5) +Xy (27)

where ds- ',ds>- ',ds>- ' denote the increment in average strain on the micro level for the aggregate, cement

paste, and crack band respectively, as represented by the following equation:

4a) =^W4a) ^ w
a=A,C,CB

The second order tensor Xy denotes the strain discontinuity at each interface and becomes zero similarly to the

increment of average strain on the micro level of the crack band ds>- ' before cracking, as shown in Fig.2.

Substituting the relation between strain and displacement into the increment of average strain on the micro level

ds^- (a - A,C,CB) of the first to third terms on the right-hand side of Eq.(27), the summationof the right-hand

side except for Xy in Eq.(27) can be written as

à"1.^+c2.rf4P+c3.^« =

F<iW*#) +*#)> 'ffl'+
1 r rr<\ rr<\ (29)

iJr(o«y +A»;> ^+2Jr

2JFiW^fM?'' ^

where the vectors du\a^ (a = A,C,CB~) denote the incremental displacement a the micro level of aggregate,
cement paste, and the crack band, respectively.

Substituting Gauss's divergent theory into each term on the right-hand side of Eq.(29) and assuming the direction of
the outer normal vector »,à"at the crack band surface is positive as shown in Fig.2, Eq.(29) can be rewritten as

c1.^) +c2.^G) +c3.^<CB> =

v-i L(dui"j +dujni) ds +
If C r iC (3°)

^\sA-c ([dui}AnJ +[duJ\An^ dS +

-I r rp(\dui]
VJSL~CBL J

,rr ~\CB
Cg([a«iU «

r iCB
7+Pyjc «/)^

where [Jttz- ]^ ,[dwz-]c denote the discontinuity in the incremental displacement vector between aggregate and

cement paste and between cement paste and the crack band, respectively. The first term of the right-hand side of
Eq.(30) represents the increment in average strain on the macro level, dsy , i.e., Eq.(26) and Eq.(30) can be
rewrittenas
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d sv =Cl -de^ +C2 -da^ +C3 -ds^ -

~lsA-C ([^]CA"j +[^j]CA^dS-

^\sC-CB ([dui}CC nJ +[**j]f«t) dS

(31)

Therefore, comparing with Eq.(27) and (31), the second-
order tensor Xy in Eq.(27) can be defined as the
summation of the fourth and fifth terms on the right-hand
side of Eq.(3 1). Now, the incremental displacement vector

ui at the crack surface as shown in Fig.5 is defined as

duf =dunnj + duff;

Fig. 5 Component of hydraulic Gradient
on Crack Surface

(32)

where dun,dut are the component of displacement in the normal and horizontal directions at each crack surface,
respectively. Substituting Eq.(32) into Eq.(3 1) and the ratio of volume of the crack band to the controlled volume is
assumed to be zero (C$ = 0), Eq.(31) can be written as

deg =Q -def^ +C2.d*<c> -^_cK]^i/ ^
i f r7 iC/I 70 ^ f T7 iCB 70

,, r\"ut\APadS ,- rn\dun\n a// dS
2VJS 1\A^1J VJS C J

--f r rRldut}*?Pa <Ö
VJS C

(33)

ay =ntnj

Pij =ti"j +"itj

iCB
where [^n]^^ut]^ and [^M^]^ ,[^M?]r denote the discontinuity in incremental displacement in the normal
and horizontal directions at the crack surface between aggregate and cement paste and between cement paste and
the crack band, respectively.

CB iCB
Now,the above discontinuities of incremental displacement fdun 1\ , fdut 1\ , \dun ]^° , [dut 1^ are defined asL J/\ L J/\_ L J(_^ L J(_^

X-r

[^MM]^ =^-0! -rfffB
c*

[dut]A =2V-o)2 -dst

r, iCS V ,

\dun\c =--col -dsn

r, -\CB T, ,

[dut\c =V-a>2 -d£t

(34)

where dsn ,dst denote the components of strain in the normal and horizontal directions at the crack surface and
o)\,a)2 are defined as
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(dsn
) 1

(35)a>l =e -1

'dsi
Cd

where c,d represent the degree of discontinuity, i.e., they are material parameters which express the degree of
strain localization due to cracks. Hence, (o\ , a>2 a*6 parameters related by the increment in average strain on the
macrolevel and crack width on the micro level. Moreover, the components of strain in the normal and horizontal
direction dsn ,det can be written using the increment in average strain on the macro level, dey , as

dsn =d£jj à"HI -n,à"

_/ N (36)
dst =dsy à"u/«j +rift,-1/2

Substituting Eq.(34)~(36) into Eq.(33), Eq.(33) can be rewritten as

dey =Ci à"def) +C2 à"dsf^ -A^i dskl -B'ijkl dskl (37)

where the matrices A'y , B'y which denote the degree of strain discontinuity due to cracks, can be written as

A'ijkl = \SA-C (<°\atijkl +G>2Pijkl ) dS

&ijkl = ISC-CB (*>!a'ijkl +Ö2/?ijkl ) ^ (38)

a'ijkl = ninjnk"l

Pijkl = (ttnj +njtj)(tkni +nktl)/2

Here, applying the Micro Plane Model as with Eq.(14) to carry at a surface integration and estimate multiple cracks
at the same time, Eq.(38) can be written as

P2n
I

"U - - fici\
\J7)

>^n

à"A'ijki = $Q (aia'ijki +o>2Pijki )V~C'nA~c- (e) do

B'ijkl = fflvia'ijkl +<»2Pijkl )A?-CBnC-CB (6) d6

Substituting the relation between stress and strain shown by the following equations

        da(A) - n^)^)       d(Jij -Dijkl dskl
     d^(Q_D(C) ,-(C)                ( }
       aaij ~Dijkl dekl

into the increments in average strain on the micro level de^ , ds^ of the first and second terms on the right-hand

side of Eq.(37), Eq.(37) can be rewritten as

   d*ij = Cl '^**<j£ +C2.D^dcrÖ      (41)

          - A'fjM dski - B'yki dski
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where the matrices D>.^ ,D^ are the elastic stiffness matrix of the aggregate and the elasto-plastic stiffness

matrix of the cement paste, respectively. The stress tensors d&f- ', da^ ' are the increments in average stress on
the micro level for aggregate and cement paste, respectively. Transferring the subscript of stain components i and j
to k and 1 in Eq.(41), Eq.(41) can be written as

SikSfideu =Q -D$^da^ +C2 'D«%~ld<T<g (42)

-Aijtt dzkl ~B*ijkl dskl

Transferring the third and fourth terms on the right-hand side of Eq.(42) to the left-hand side, Eq.(42) can be written
as

    Q'ijkl d*H = C&^daffi + C2D$n~lda£2       (43)

       Q'ijM = Rijld + Aijkl + Bijkl

where the matrix g'y^/ denotes the ratio of strain reduction due to cracks.

Now, the relation between the increment in average stress matrix on the macro level, da^ , and the increment in

average stress matrix on the macro level, da\^ (a = A,C) , is defined as

     d°la) = Cfkl d*kl               (44)

               a=A,C

where C^j (a = A, C) is defined as the stress concentration matrix. The increment in average stress matrix on the

macro level, da^ , can be written similarly to Eq.(26) and (27) using the incremental stress matrix on the micro

level, da-jj , andthe increment in average stress matrix on the micro level, da\-*^ (a = A,C) , as

    ^à" =£j/*y ^=Q -^) +Qz -^C)       (45)

In Eq.(45), it should be noted that continuous changes in stress at each interface as shown in Fig.2 occur and that
the ratio of crack band volume to controlled volume is already equal to zero ( C3 = 0 ). Substituting Eq.(44) into

Eq. (45), the relation between the stress concentration matrices for aggregate and cement paste can be written as

     ClC^l ^C^ = Iijkl             (46)

where the matrix 1^ is the unit matrix.

Moreover, substituting Eq.(44) into Eq.(43), Eq.(43) can be rewritten as

    ^ = (Q à"D$~lC'(s$P+C2 à" D$~lC^p rlQ<opkl d-SM    (47)

Finally, the elasto-plastic matrix of the concrete body on the macro level, Dy^ , which is related by the increment
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in average stress on the macro level, d<jy , and strain on the macro level, dsy , can be written as

n ,,-tr r>W~lc'(A)+C-, n(O"Vl(C) rlo< ,,
Dijkl -(Llà"Dijst Cstop+L2 L>ijst '-stop) yopkl (48)

Here, solving the simultaneous equation of Eq.(48) and Eq.(46), the stress concentration matrices C>jkf , C\k{ as

shown in Eq.(48) can be written as

r .(Q_ lrcyW-1C2 Dip-1 ,u^)
W 99^

~r

,M)
-i

f)\ r\\"à") n n~l
V.qrop uqrst ustop IuOpkl

(49)

( -*(A)_(r C r<(Q~]iC
C_.,,_, -Ilykl~C2'Cm)/C]ijkl ijkl )

A nalysis proceeds as follows. The stress concentration matrices given as Eq.(49) are updated due to the substitution
the elasto-plastic stiffness matrix just at before step and substituting the updated stress concentration matrix into the
elasto-plastic stiffness matrix of Eq.(48), The elasto plastic-stiffness matrix is then updated and, finally, the force
imbalance is calculated from the internal forces and external forces on the structural body. Further, the calculation
is iterated until the unbalanced forces fall within a specific error by the modified Newton Raphson method.

This sets up, the formulation of a permeability matrix and elasto-plastic stiffness matrix for a non-homogeneous
material such as cracked concrete. A practical calculation will be carried out using analytical theory for water
migration in concrete as a homogeneousmaterial developed by authors [8] incorporated the above formulations.

This model of water migration can estimate the transition process by which concrete varies from a homogeneous to
nonhomogeneousbody as well as a mixed state arising from the loading history. That is, the model can estimate the
permeability matrix and elasto-plastic stiffness matrix as they vary with the degree of damage, or crack width.
Moreover,the characteristics of water migration in the material can be obtained when only the initial conditions of
the material, such as initial permeability, young's modulus, internal friction angle, and cohesion in the plastic region
of the cement paste, are given.

Such an analytical method for water migration has never been proposed in the past. However, to make use of the
proposed model, the material parameters a,b, c,d as shown in Eq.(lO) and Eq.(35) must be determined, and hence
determination of these parameters will be done in Sections 4 and 5.

3. NUMERICAL SIMULATION USING DEVELOPED MODEL

3 .1 Analytical Model and Conditions

The analytical model is a one-eighth prism
specimen with a side length of 8.86cm and
a height of 20.0cm, as shown in Fig.6.
Surface cracks are introduced into this
prismatic specimen to showthe influence of
the developed model on the characteristics
of water migration in cracks and hence
these cracks are taken into account in the
analytical model. A uni-axial compressive
load is applied to the top surface of the
model, and differences in the coefficient of

L oading

1/8 Modeling C racked Element

U n-crackedElement

Fig. 6 Numerical Simulation Model
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Table 1 Material Parameters Using in Simulation
C  o m p r e s  s iv e Y o u n g '  s  M o d u lu s In it ia l  P e r m e a b ilit y F r i c ti o n  A n g l e I n it i a l  C o h e s io n

S tr e n g th  ( M P a ) (  M P a ) ( c m / s e c ) ( - ) (  M P d )

1 4 .0 5 .2 x  l O 3 1 .6 7  x  1 0 " 2 9 .0 3 .5

permeability, total stress, and pore water pressure in cracked and uncracked elements are elucidated. The boundary
conditions are assumed to be a uni-axial displacement state with pore water-drained.

The mechanical characteristics of concrete used in the analysis, including uni-axial compressive strength, young's
modulus, initial coefficient of permeability, internal friction angle, and initial cohesion of cement paste[6], are
shown in Table 1. Here, Young's modulus[8] is the effective Young's modulus. Further, material parameters a,b in

Eq.(10) and c,d in Eq.(35) are assumed to take values of 103 and 10~6 , respectively.

3.2 Changes in Coefficient of Permeability and Characteristics of Water Migration .

The stress state and pore water pressure in cracked and uncracked elements will be discussed on the basis of
changes in the coefficient of permeability when a compressive load is applied to the top surface of the specimen
shown in Fig. 6. Analytical results are shown in Fig. 7. Figures. 7(a), (b) and (c), respectively, show the
relationships between coefficient of permeability and total strain, total stress and total strain, and pore water
pressure and total strain. The analytical results for uncracked and cracked elements are shown by solid and dotted
lines, respectively.

As shown in Fig. 7(a) and (b), a parabolic increase in the coefficient of permeability of a cracked element occurs
whenthe total strain reaches about 1 800 fj. in which concrete varies from elastic to plastic. That the maximumvalue

is 4.0 x 10~ cm/sec, which corresponds to about two hundred times the initial permeability in the range of the
current analysis. It seems that the change in permeability influences the characteristics of pore water pressure.
Namely, a sudden increase in pore water pressure occurs due to the relatively small initial permeability and it
reaches a maximumvalue when the total strain reaches about 1800 /z Then a sudden decrease occurs due to the
increase in permeability and the plastic volumetric expansion caused by increasing crack width, until and finally the
pore water pressure takes a negative (tension) value.

Above all, it is noted that changes in the permeability and water migration characteristics of concrete can be
estimated automatically if only the mechanical characteristics are input into the model. However, the material
parameters a,b,c,d in Eq.(lO) and Eq.(35) must be determined in order to use the developed model in detail. In
sections 4 and 5, there material parameters will be determined due to the comparison of the experimental and
analytical results. Moreover, the relation between coefficient of permeability and crack pattern will be estimated
analytically.

1.0r

£ 10"

2000 4000 6000 8000 10000
Total Strain (/O

2000 4000 6000 8000 10000
Total Strain (u.)

-0.4

-0.6L

U ncr acke dCr acked

2000 VOOO 6000 8000 10000
Totsl Strain (/z )

^Characteristics of Permeability (b)Characteristics of Total Stress (c) Characteristics of Pore Water Pressure
Fig. 7 Characteristics of Developed Model
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4 . PAST EXPERIMENTAL FORMULAS FOR LEAKAGE IN

4 . 1 Leakage Experiment by Watabe

Watabe performed an experiment to measure the leakage of water fromcracks and joints due to external forces for
each specimen's type in the case of the radioactive waste disposal facility shown in Fig.8 in order to quantitatively
estimate durability. Specimen A is a model assuming that cracks occur due to earthquake forces, and cracks were
introduced by a reversed bending load. Specimen F is a model assuming that the cracks occur due to ground
subsidence, and the cracks were introduced by a bending load. Specimens B, C, D, and E are models assuming that
the vertical and horizontal joints, respectively. The analysis of water migration was performed for the specimen of
type A in the next chapter, this specimen is a plate of width 40 cm, length 60 cm, and height 15 cm. PC bars were
placed perpendicularly to the single passing crack shown in Fig.9 and the width of the single passing crack is
uniform at each cross section.

Applying Pressure
( 0.02MPa ) 60cm

Fig. 8 Modeling of Radioactive Waste Disposal Facility[4] Fig. 9 Experimental Specimen of Type A[4]

W ater's experimental results of leakage for specimen A are shown in Fig. 10 for the case of a water pressure of 20
kPa applied to the top surface of the specimen shownin Fig.9. Figure. 10 shows the relationship between leakage per
unit length of the single passing crack and crack width. In this figure, the experimental results are shown by circles
while the results using equations proposed Watabe, Ishikawa, and Ito (which are shown below) were shownby solid,
dotted, and broken lines, respectively.

o

Q =Kx co : Proposed by Ishikawa

Q = K x (CD- o?0)3'2 Proposedby Watabe

(50)

(51)

(52)Q = Kx(o)-cy0) :ProposedbyIto etal.

Where, parameters K, Q, o), o}Q are as follows.

r_ P
UrjD o-

Q : leakage (cm3 1sec-cm)
co: crack width (cm)
a>Q: critical crack width at which leakage does not occur

P : appliedpressure ( x 10"1 MPa )

77 : coefficient of water viscosity ( x 10"1 MPa à"sec )
D : water course length (cm)
a : crack parameter
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Fig. 10 Experimental Results of Leakage Water
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The equation proposed by Watabe is regression curves of experimental results in which the only critical crack width
at which leakage dose not occur, is introduced into Ishikawa's equation. Ishikawa's equation is defined by
incorporating the crack parameter into the solution obtained theoretically from the Navier-Stokes equation of motion
by assuming a laminar flow between parallel plates. The value of the crack parameter is reported by Watabe to be
7.0. As shown in Fig.10, Watabe's equation shows good agreement with the experimental results due to the
regression curve of experimental results. On the other hand, Ishikawa's equation shows higher values on the whole
compared with the experimental results, and there is a particularly large discrepancy in the range below a crack
width of 0.05 mmsince the critical crack width isn't present. Ito's equation gives values between Ishikawa's and
Watabe's, and is a little on the high side compared with the experimental results. Particularly, its value falls to
Ishikawa's equation as the crack width becomes larger due to the only introduction of critical crack width to
Ishikawa' s equation.

4.2 Leakage Experiment by Ito et al

Ito performed a leakage experiment with water under higher pressure (200.0 kPa) compared with the experiments
by Watabe and Ishikawa (20 kPa) to predict the water-tightness of concrete structures facing the serious problem of
seepage in deeper underground space and in the development of waterfront areas. The specimen is a plate of width
34 cm, length 50 cm and height 15 cm, as shown in Fig.ll. Cracks were introduced at the age of 14 days by
applying a reversed bending load and the crack width was controlled by PC bars placed on the outer faces of the
specimen. Compressive water pressure was applied on the top surface of the specimen with values of 2.0 kPa and
200.0 kPa. The experimental results are shown in Fig. 12. Figures. 12(a), (b) show the relationship between water
leakage per unit length of crack and crack width with water pressures of 2.0 kPa and 200.0 kPa, respectively. In this
figure, the experimental results are shown by circles and the equations proposed by Ito, Ishikawa, and Watabe are
shown by solid, dotted, and broken lines, respectively. As shown in Fig.12, Ito's equation, which is a regression
curve of experimental results, shows a good agreement with the experimental results as compared with the other
equations. On the other hand, Ishikawa's equation shows the higher value on the whole compared with the
experimental results similarly to the tendency shown in Watabe's experimental results with particularly great
differences occurring in the region of crack width below 0.01 mmin Fig. l2(a) and below 0.05 mmin Fig.l2(b).
Watabe's equation gives lower values compared with the experimental results as the crack width becomes larger.

GbttodHatecf
Chdc Wdth

Thrcu^i Qack

Crack Parameter = 9
Critical Width of
Crack = 0.05mm

Experim ents
Regression Curve
(performed by Ito)

Regression Curve
(performed by Ishikawa)

-.- Regression Curve
(performed by Watabe)

0 .0 0.1 0.2 0.3 0.4

AverageWidth of Crack(mra)

II
» u

Crack Parameter = 15
1_Critical Width of

- Crack = 0.03mm
,0

£ à" 10'2

Experim ents
Regression Curve
(performed by Ito)

Regression Curve
(performed by Ishikawa)

Regression Curve
(performed by Watabe)

0 .0 0.1 0.2 0.3 0.4

Average Width of Crack(mm)

Fig. ll Experimental Specimen
(Ito' s Experiment) [5]

( a) Applied Pressure : 2kPa (b) Applied Pressure : 200kPa
Fig. 12 Experimental Results of Leakage Water[5]

4 .2 Comparisonof Each Equation

As mentioned above, Ishikawa's equation gives higher values on the whole compared with the experimental results,
and particularly great differences occur as the crack width becomes smaller. Watabe's equation gives lower values
as the crack width increases but agrees well with the experimental results in the region of crack width below 0. 1 mm
due to the introduction of the critical crack width. Ito's equation gives intermediate values between Ishikawa's and
Watabe's equation, providing the best fit among these proposed equations.
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Each of these Drooosed eauations is expressed in
normal concrete loumpie i>umoer -a)
A verage 9.24
Standard Deviation 2.88

MillMl I

almost the same form and all use a crack parameter.
This crack parameter is defined as material
constant expressing changes in water course length,
frictional resistance, and tortuosity with crack
roughness. According to Ito's experiments shown
in Fig.12, the crack parameter takes a value rising
*»«^W*^«o^«KFuw«v»a,^pivaauiwuwwiiiw, -j 2 3 4 5 g 7 g 9 10 ll 12 13 14 15 16 17

higher. However, though the value of water Crack Parameter
pressure in Watabe's experiments was within the Fig 13 Distribution of Crack Parameter
range used in Ito's experiments, the crack (IshikawaExperiments)[3]
parameter obtained by Watabe was 7.0, which is
smaller that that obtained by Ito. Therefore, it should be noted that, according to the choice of crack parameter,
predictions of water leakage vary greatly, i.e. , in predicting leakage from concrete in which the crack parameter was
not measured, the crack parameter is uncertain and hence the reliability of the equations is lost. The fact that the
crack parameter is an uncertain factor is confirmed from Ishikawa's experiment shownin Fig. 13. This shows the
distribution of crack parameters obtained using the same concrete. As shownin Fig.6, the value of crack parameter
is distributed in the wide range of3 to 15, and its value can not be decided uniquely. Hence, it should be noted that
there is a serious problem in deciding the crack parameter, thus leading to problems with equations which make use
of the crack parameter. In the next section, the relationship between permeability and crack width, in which there is
no uncertainty, will be estimated analytically and experimentally by an analytical investigation of Watabe's
experiments. Moreover, applying the resulting relations to Ito's experiments, the applicability of the relationship
between the permeability and crack width will be evaluated.

5. ANALYTICAL ESTIMATION OF PERMEABILITY ANDITS APPLICABILITY

The permeability of concrete as a homogeneous material mainly depends on material properties such as water-
cement ratio, maximumaggregate size, and age, and these properties are the main factors which determine the
maximumcontinuous pore size. Namely, it seems that the permeability of concrete as a homogeneousmaterial is
approximately determined by the width of the water course. On the other hand, the permeability of concrete as a
non-homogeneousmaterial is determined by the crack width and crack surface roughness in addition to the these
properties. Therefore, the experimental water leakage results obtained by Watabe, Ito, and Ishikawa can be used to
predict permeability with the changes in crack width. In this section, the developed analytical model is first applied
to the experimental results obtained by Watabe and shown in Fig.10. In this way, permeability with changes in
crack width will be estimated analytically. Secondly, an analytical investigation of the results obtained by Ito and
shown in Fig.12 will be performed using the obtained relation of permeability and crack width, allowing the
applicability of the developed model and its relation to be evaluated.

5. 1 Analytical Estimation of Permeability

The specimen used in the experiments performed by Watabe applied the developed analytical model is shown in
Fig.9 and it is called as type A in pit model shown in Fig.8. A single passing crack was introduced by applying
reserved bending load and the crack width is the average value measured by the contact-type strain gages on each
cross section. The method of applying the developed model to the experimental results for the type A specimen is
such that the analytical model represents one quarter of the specimen, as shown in Fig.14, and the forced
displacement under uni-axial tension was induced by the displacement control becoming the total discontinuity of
displacement shown in Eq.(34) up to the appointed value. Leakage from the bottom surface of the specimen was
then analyzed at a water pressure of 20 kPa on the top surface of analytical model, as shown in Fig. 14. This leakage
is decided uniquely by the initial permeability of concrete as a homogeneous material and the degree of reducing
rate of hydraulic gradient a,b shown in Eq.(lO). Hence, since the permeability estimated by analysis varies with
changes in crack width and with the material parameters a,b , the analysis with the variables of material parameters
a,b is repeated such that the differences of leakage water in the experimental and analytical results become within

the appointed error. When the differences of leakage water becomes within the appointed error, the permeability



corresponding to the crack width is decided analytically and at the same time the material parameters a,b are
decided. The material parameters a,b are constants at each analytical step and are values of crack width's own.
Though the material parameters denoting the degree of reducing rate of hydraulic gradient a,b and the degree of
localized strain c, d are, strictly, different at the interfaces the aggregate and cement paste and between the cement
paste and crack band, the difference between the interfaces may be ignored after cracking and hence these

parameters are assumedto be equal, i.e., a =b and c= d. The material parameters c,d are given a value of 10
due to the analytical estimation of the result obtained by uni-axial compressive tests.

Applying Pressure
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\ Modeling
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\ Cracked Element
Un-cracked Element

Fig. 14 Analytical Model ofWatabe's Experiment

A practical calculation of changes in coefficient of permeability and water leakage in concrete as a non-
homogeneousmaterial can be done due to the incorporating the developed model as a non homogeneousmaterial to
the governing equation for water migration in homogeneous material which is coupled of the force equilibrium
equation and mass conservation law developed by authors[8]. The analytical model for water migration in a
homogeneousmaterial is summarized as follows. CSH gel particles and the aggregate particles are considered to be
elastic. However, when mixed they may be subject to shear deformation as the relative locations of particles
changes, so it may be reasonable to assume that it is a hardening visco-plastic material with the pore volume fully
saturated or partially saturated with water as age increases. Ultimately, the governing equation for water migration
is expressed as the coupled equation of the force equilibrium and mass conservation laws for pore water, and hence
the characteristics of water migration in concrete can be obtained theoretically by solving simultaneous equations in
which the nodal displacement vector and nodal pore water pressure are unknown.In the modeling of concrete, a
Drucker-Prager failure function is incorporated and it is assumed that the failure surface varies with the degree of
damage[6] shown in Eq.(lO) in the stress space. The applicability of the developed model for water migration in
concrete as a homogeneousmaterial was confirmed through comparison with the experimental results for pore water
pressure in concrete obtained by the authors[9].

a) Material Parameters the Analysis
Material parameters such as compressive strength, tensile strength, Young s modulus, initial concrete permeability,
internal friction angle, cohesion of cement paste, and bulk modulus of water, yield stress, Young s modulus of PC
bars have to be determined to perform the above analysis. These parameters of concrete are shown in Table.2, the
bulk modulus of water is 220Q(MPa) and the yield stress, Youngs modulus of PC bars are 950(MPa),

2.0 x 105 (MPa) , respectively.

Table 2 Material Parameters of Concrete Using in Analysis
C o m p r e s  s iv e T e n s i le  S t r e n g th Y o u n g  s  M o d u l u s I n it ia l  P e r m e a b il ity F r i c ti o n  A n g l e I n i ti a l  C o h e s i o n

S t r e n g t h  ( M P a ) (  M P d ) ( M P a ) ( c m  /  s e c ) ( - ) ( M P d )

5 7 .6 6 .2 3 .6 x  l O 4 1 .6 7  x  1 0 " 2 9 . 0 3 .9

F or the compressive and tensile strength of concrete, the experimental results obtained by Watabe are used and the
Youngs modulus of concrete waspredicted according to the following equation:
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£c =47434 x ^//'c (MPa) (53)

f'c : uni-axial compressive strength of concrete (MPa)

For the internal friction angle and cohesion of cement paste, the
experimental results obtained in tri-axial compressive tests[10] on
cylindrical specimens with a diameter of 5 cm and a height of 10 cm
were used. The tests were performed under drained conditions as
regards pore water. Hence, it seems that the pore water pressure
occurring in concrete is almost zero judging by the relatively small
specimen s size and drained condition for pore water. That is, the effect
of pore water pressure on internal friction angle and cohesion can be
ignored. In the analysis, the internal friction angle and cohesion were
29 degrees and one quarter of the compressive strength obtained by the
uni-axial compressive strength tests, respectively.

The initial permeability at the age of 28 days, i.e., the permeability of
concrete as a homogeneous material, was predicted from the
permeability experiments performed by J.Murata and T.C.Powers, as
shownin Figs.15 and 16.

b) Analytical results of Permeability
The analytical and experimental results of leakage with the application
of a water pressure 20.0 kPa to the top surface of the specimen are
shownin Fig. 17 which is the relationship between the flow rate Q and
crack width co. Analytical and experimental results are shown by
white circles and black circles, respectively. The analytical results
show good agreement with the experimental results due to the accurate
estimation of the material parameters a,b shown in Eq.(lO). At the
sametime, the permeability matrix corresponding to each crack width
waschosen due to the good agreement of the analytical results with the
experimental results for leakage. The analytical estimation of
permeability parallel to the crack surface is shown in Fig.18 which
shows the relationship between permeability and crack width with the
permeability ( vertical axis) on a logarithmic scale.

As shown in Fig.18, a parabolic increase in permeability occurs with
increasing crack width, with permeability taking a value of 10~5 and

10 cmI sec at crack widths of O.lmm and 0.3mm,respectively. The

permeability of 10 cmI sec at a crack width of0.3mm corresponds to
materials such as sand in soil mechanics. The normalized permeability

K/KQ is shown in Fig.19 indicating values of 106and 108 times the
initial permeability at crack widths of O. lmm and 0.3mm,respectively.
Further, the results denoted the axis of crack width ( horizontal axis)
with logarithm are shown in Fig.20. Here, it should be noted that the
relation between permeability and crack width can be regressed with
three straight lines as follows.

40 50 60 70
Water Cement Ratio (%)

Fig. 15 Permeability Tests
(performed by Murata)[l]
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Fig. 16 Permeability Tests

( performed by T.C.Powers)[2]
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log(K/ KQ) = 0

log(K/ K0) = 6.349 -logco + ll.580

log(K/ KQ) = 2.570à"loga> + 9.238

0 .0 < <y < 0.015(/wm)

0.015 < a) < 024(mm)

0.24(mm) < co

(54)
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A ssuming little water leakage for concrete as a homogeneous material, it should be noted that the intersection point
of the above lines and the horizontal axis indicates the critical crack width at which leakage does not occur. This is
a value of 0.015mm in the analytical results, almost the same as that in Watabe s experiment (0.02mm). However,
this critical crack width will be defined as the hardened concrete and hence the assumption that leakage will not
occur in homogeneous concrete is not valid in the case of high initial permeability and high water content, such as
young age concrete, and weshould pay attention to the possibility of leakage in concrete without cracks[l l]. At a
crack width of 0.24mm, or the intersection of the last two regression lines, it seems that the crack width corresponds
to the critical Reynolds numberat which flow mares from laminar to turbulent according the experimental results
obtained by Yanag et al.[12] in which the crack width taking a value of 0.2mmis corresponding to that number.

c) Determination of Material Parameters
The material parameters a,b in Eq.(lO) were determined when good agreement was obtained between analytical
results for water leakage and experimental results, as shown in Fig. 17. The relationship between such material
parameters and crack width are shown hi Fig.21, where the horizontal and vertical axes are logarithmic. As shown
in Fig.21, the relation was regressed with three straight lines as follows.

l oga-0

loga = 6.005à" logco + 10.953

loga=1.141-log0+7.938
a=b

0 .0 < « < 0.015(/ww)

0.015 < a> < Q.24(mm)

Q.24(mm) < a>

(55)

If the applicability of permeability obtained by analysis can be estimated, it
should be noted that the reliability of the material parameters a,b in
Eq.(lO) will be also confirmed. Namely, the applicability of the proposed
permeability will be confirmed, and changes in the permeability of concrete
as it changes from a homogeneousto non-homogeneousmaterial, changes in
permeability with changes in crack width, and the characteristics of water
migration in non-homogeneousmaterial can be predicted automatically by
substituting the above equation into Eq.( l O).

5. 2 Estimation of Applicability of Proposed Permeability

The relationship between permeability and crack width could be estimated
analytically the analytical estimation of experimental results of water
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leakage with a water pressure of 20.0 kPa a the top surface of specimen A in Watabe s experiments. In this section,
by performing an analytical estimation of water leakage for the experiments performed by Ito, the applicability of
the proposed permeability will be verified. The experimental specimen used in Ito s experiment was a plate as
shownin Fig. 1 1, and cracks were introduced by applying a reversed reserved bending load. The crack width is the
average value measured by contact strain gages placed on several cross sections, and the average crack width was
controlled by PC bars placed on both faces of specimen as shown in Fig. 1 1. The proposed permeability is applied to
Ito s specimen modeling one third of the experimental specimen as shown in Fig.22, and leakage was calculated
when water pressures of 2.0 and 200.0 kPa are applied to the top surface of the model. The initial value of
permeability is 1.67 x 10~ cmI sec in an uncracked element and as a value calculated in Eq.(54) corresponding to
the crack width in cracked element. If the elasticity of the concrete specimen, is assumed the material parameters
needed in the analysis are only Young s modulus of the concrete, initial permeability of the uncracked and cracked
concrete, and the bulk modulus of water. The values of these parameters are shownin Table.2.

Modeling
Through Crack

50cm

Fig. 22 Analytical Model of Ito's Experiment

The analytical results are shown in Fig.23. This is the relationship between leakage per unit crack length and
average crack width. Figures.23(a) and (b) show the results of applying water pressure at 2.0 and 200.0 kPa,
respectively. In this figure, the analytical results are shown by black circles, the experimental results by white
circles and the regression curve obtained by Ito by a solid line, respectively.

The analytical results show good agreement with the experimental results and hence the permeability, i.e., Eq.(54),
is estimated accurately. Moreover, the developed model for water migration does not contain such uncertainties as
the crack parameter, and the effect of watercourse length, frictional resistance, and tortuosity, i.e., the roughness of
the crack surface, are already introduced into the relationship between permeability or material parameters a^ and
crack width due to the good agreement obtained in Fig. 17. Hence, using the relation shown in Eq.(54) without any
consideration of uncertainties such as crack parameter, an accurate estimation of water leakage from a cracked or
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(b) Applied Pressure : 200.0kPa

Fig. 23 Analytical Estimation for Leakage Water Experiments
(Compared with Ito's Experiments)



uncracked concrete specimen can be. However,wecan not generalize the applicability of the developed model to
experiments other than Ito s. The wider applicability of the developed model must nowbe confirmedby comparison
with manyother experiments.

6. PROPOSAL FOR UNIFIED WATERMIGRATION MODEL

A unified water migration model for concrete having uncracked and cracked regions is proposed as follows. The
unified water migration model can automatically estimated water leakage and the characteristics of water migration
hi concrete as a homogeneous,non-homogeneous,or mixed material if only the initial conditions of the materials,
such as initial permeability, Young s modulus of the concrete, internal friction angle, and cohesion of cement paste
are given. Moreover, the unified water migration model can be applied to concrete with a complicated crack pattern,
such as the smeared cracks that occur in real concrete structures due to external loading.

Conclusions

In this study, a unified water migration model for concrete as both a homogeneous and non-homogeneousmaterial is
developed. Using the unified water migration model, the relationship between permeability and crack pattern was
estimated analytically and the applicability of the unified water migration model and the above relation were
confirmed. The following conclusions were reached:.
(1) The unified water migration model for concrete as a homogeneous, non-homogeneous,or mixed material is

proposed.
(2) A relationship between permeability and crack width was proposed.

Notations
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dhw
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dP(a}

7w

i nflow rate
outflow rate
accumulationrate
flow velocity of pore water
total stress in macro level

effective stress

pore water pressure

[l11000]f
controlled volume
increment of average hydraulic gradient vector in macro level
incremental hydraulic gradient vector in micro level
rate of volume of aggregate to the controlled volume
rate of volume of cement paste to the controlled volume
rate of volume of crack band to the controlled volume

increment of average hydraulic gradient vector in micro level of aggregate

increment of average hydraulic gradient vector in micro level of cement paste

increment of average hydraulic gradient vector in micro level of crack band
degree of discontinuity of hydraulic gradient at each interface in micro level
increment of total water head in micro level a =A,C,CB

increment of potential head in micro level cc = A,C,CB
increment of pore water pressure in micro level a - A,C,CB
weight per unit volume of water
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unit normal vector at crack band surface
unit tangential vector at crack band surface

discontinuity of total water head between the aggregate and cement paste in micro level

discontinuity of total water head between the cement paste and crack band in micro level
componentsof hydraulic gradient on the normal direction at crack surface
components of hydraulic gradient on the horizontal direction at crack surface
degree of discontinuity of hydraulic gradient between aggregate and cementpaste.
i.e., the material parameter which express the degree of reducing ratio of hydraulic gradient
with crack width
degree of discontinuity of hydraulic gradient between cement paste and crack band.
i.e., the material parameter which express the degree of reducing ratio of hydraulic gradient
with crack width
d amageparameter
contact density function of cracks at the interface of aggregate and cementpaste

contact density function of cracks at the interface of cement paste and crack band

whole surface area per unit crack plane at the interface between aggregate and cementpaste
whole surface area per unit crack plane at the interface between cementpaste and crack band
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def}

d e.
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ij

incrementof average flow velocity in aggregate in micro level
i ncrementof average flow velocity in cement paste in micro level
increment of average flow velocity vector in macro level
increment of flow velocity vector in micro level

permeability matrix of aggregate in micro level

permeability matrix of cement paste in micro level
permeability matrix of concrete body in macro level

concentration matrix of flow velocity in aggregate

concentration matrix of flow velocity in cement paste
unit matrix

increment of average strain in macro level
incremental strain in micro level

increment of average strain in micro level of aggregate

increment of average strain in micro level of cement paste

incrementof average strain in micro level of crack band
degree of discontinuity of strain at each interface in micro level

incremental displacement vector in micro level ( a - A,C, CB)

discontinuity of the incremental displacement vector between aggregate and cementpaste in
micro level

discontinuity of the incremental displacement vector between cement paste and crack band in
micro level
componentof displacement on the normal direction at crack surface
componentof displacement on horizontal direction at crack surface
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Refe ren ces

d egree of discontinuity of incremental displacement on the normal direction at crack surface
between aggregate and cementpaste
degree of discontinuity of incremental displacement on the horizontal direction at crack surface
between aggregate and cementpaste
degree of discontinuity of incremental displacement onthe normal direction at crack surface
between cementpaste and crack band
degree of discontinuity of incremental displacement on the horizontal direction at crack surface
between cementpaste and crack band
componentof incremental strain in micro level on the normal direction at crack surface
componentof incremental strain in micro level on the horizontal direction at crack surface
degree of discontinuity of displacement between aggregate and cementpaste
i.e., the material parameter which express the degree of strain localization due to cracks
degree of discontinuity of displacement between cementpaste and crack band
i.e., the material parameter which express the degree of strain localization due to cracks
damageparameter (=eo )

increment of average stress in aggregate in micro level

increment of average stress in cement paste in micro level
increment of average stress matrix in macro level
increment of stress matrix in micro level

elastic stiffness matrix of aggregate in micro level

elasto plastic stiffness matrix of cement paste in micro level

stress concentration matrix in aggregate

stress concentration matrix in cement paste

elasto plastic matrix of concrete body in macro level
unit matrix
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