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MODELING OF CONCRETE IN EARLY AGE AS
ELASTO-PLASTIC POROUS CONTINUUM

Denzil LOKULIYANA* Takeshi INOUE**,
and Tada-aki TANABE***

In the analysis of early age concrete structures with initial thermal stress fields caused
by hydration heat of cement, the consideration of time dependent constituive relation
‘is very important. In this study, early age concrete is modeled as a two phase material
consisting of aggregates having elastic behaviour and cement paste which fills the voids
between aggregates together with water having elasto-plastic behaviour. Plastic for-
mulation was performed with Drucker-Prager failure criterion with the consideration of
the effect of maturity of concrete on the cohesion and angle of internal friction of ce-
ment paste. An experimental study was carried out to investigate the time dependent
characteristics of these two material parameters. Finally, a numerical simulation was
carried out using Finite Elément Method for this two phase non-homogeneous material
and results were compared with experimental data.
Keywords . early age concrete, two phase material, elasto-plastic -

1. INTRODUCTION

In the analysis of massive concrete structures,

the thermal behaviour due to hydration heat of
cement at a very early age is very important. To
predict the actual behaviour of early age concrete
structures, a clear information on material prop-
erties which are time dependent, is necessary.
These material properties which govern the
constitutive relation are cohesion, angle of internal
friction, Young’s modulus, Poisson ratio, porosity,
etc. Many research works have been done to model
the constitutive relation for hardened concrete with
the effect of these material properties. But it is
foreign to early age concrete and hence, in this
study, a constitutive model for carly age concrete is
proposed and the effect of the material properties
on the model was discussed.

In this analysis, early age concrete is assumed to
contain aggregates and cement paste with voids
between aggregates. Hence, concrete can be
modeled as two phase non-homogeneous porous
material having elastic behaviour for aggregates
and elasto-plastic behaviour for cment paste with
water diffusion in void system. Although the well
known Mohr-Coulomb failure criterion is simple
and has clear physical meaning, since corners of the
irregular hexagon of this failure surface can cause
difficulties in the real computation, the Drucker-
Prager failure criterion was employed with the
consideration of the effect of maturity of concrete
on the cohesion and angle of internal friction of
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cement paste to determine the plastic behaviour of
early age concrete. Moreover, the effect’ of

- degradation of cohesion and angle of internal

friction of concrete with damage parameter
proposed by Wu and Tanabe" is also incorporated.
The force equilibrium and flow continuity equa-
tions proposed by Contri, Majorana and Schrefler”
and Lewis and Schrefler” is modified to consider
the time effect. The variation of cohesion and angle
of internal friction with age was determined
experimentally by triaxial compressive test. The
sensitivity of other material parameters on the
model obtained from three dimensional analysis
was numerically discussed. Finally, a numerical
simulation was carried out using Finite Element
Method for this two phase non-homogeneous
material and an uniaxial compressive test was
performed at different ages to compare with the
numerical results.

2. MATHEMATICAL MODELING OF
EARLY AGE CONCRETE BY
SATURATED POROUS TWO
PHASE MATERIAL

In this formulation early age concrete is treated
as non-homogeneous, two phase porous material of
aggregates and cement paste where voids are
saturated with water (Fig.1). Hence, the behaviour
of aggregates can be considered as perfectly elastic
material while cement paste is assumed as elasto-
plastic permeable material.

The force equilibrium equation and continuity
equation of pore water proposed by Contri,
Majorana and Schrefler” and Lewis and Schrefler”
are developed to incorporate the time effect and
the combined equation is solved with the consid-
eration of plastic behaviour of cement paste which
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Fig.1 Two Phase Concrete Model

is mainly governed by degradation of cohesion and
angle of internal friction with damage parameter
proposed by Wu and Tanabe".
(1) Plastic Formulation for Cement Paste
a) Plastic strain of Cement Paste
If the assumed failure function F is considered to
be a function of stress state and plastic strain
history, from the classical plasticity theory, plastic
deformation takes place when F'=0 and if F<0 the
behaviour of cement paste is still in elastic region.
Then, from the yield condition

F=F({o} {efh)=0
Where, {07} = effective stress and {sf} = plastic

strain. The consistency condition of yield surface,
, dF=0 is
oF

[6{0’}} d{a’}+{a{ ﬁ}] dAeBy =0rernenes (2)

Where

d{o’}=[Dgldic}
Here, {D¢} is the elastic stiffness matrix for cement
paste.

According to the associated flow rule, plastic strain
takes the value of

d{eg}zd,{{%} ............................... (4)

But, the incremental from of the total strain d{e}
of cement paste is

d{eT} =d{es} +d{ed} +dlel} +diet},

die} =dleg) +diel}
Where, {e}, {2}, {27} ,{el} and {e}} are the elastic
strain, plastic strain, strain caused by pore water
pressure, thermal strain due to hydration heat of

cement and effective strain, respectively. Here, the
values of d{e?"} and dlel} are

dtety=—{m) (35)dp, dlet) = mbadT--(6)

Where {m}?={111000}, k,=average bulk mod-
ulus of solid phase, dp=incremental pore water
pressure, a=linear thermal expansion coefficent
and dT=temperature increment.

Substituing eqns. (3), (4) and (5) into eqn. (2),
the value of dA can be obtained as

[a?ff} } [Dgld{cs}
A= 7 T R e ( 7 )
{ oF ] [D]{ oF }+h
a{O'/} 2 a{o./}
Here, A is called as hardening parameter defined as
—_[OF\T( OF ) .
h= [3{33}] [5{0"}] ........................ (8)

Then, solving for plastic strain using eqns. (4) and
(7), it can rewritten as
oF oF
lotor) (ot Waldten
oF oF
{6{0’}} [De] {6{0’} } th
b) Plastic stress-strain relation for cement paste
The effective stress-strain relation for
cement paste

(6" = [DE[dles) — d{el}] -wvivrevrenenenne. (10)
Using eqn. (9) eqn. (10) can be written as,

[ OF [ OF \T .,
08 5077} (5ts5) 108

oF oF
(ator) A st +h
= [DE1 AL} o-reereereemerrrrrrirnnrnans an

Where the elasto-plastic stiffness matrix [D&] for
cement paste is

dlet} =

dlo’} =D& —

diel}

oF oF
o Crey [Dcl[a{a'}}[a{o'}} LDe]

[D&1=1D¢]

E e {25+

o{o") “ole}

........................................... 12)
(2) Elasto-Plastic Stiffness Matrix of Con-
crete

Since in the analysis, concrete is modeled as a
two phase material of aggregates and cement paste,
the stiffness matrix for concrete is formulated by
assuming that the total strain components take the
summation of the weighted strains of individual
materials. When the volume and incremental form
of total strain for concrete, aggregates and cement
paste is V and d{e"}, V, and d{e]}, V¢ and d{e£}
respectively, the total strain

dlemy="2ate]) +2d (el

can be written with V=V,+V,.
where
alely =dles) +dlehn) +dley),

dlely =dlee) +dlet) +dlet) +dlel} - 149
Here, superscripts ‘¢’, ‘p’, ‘p»’ and ‘£’ refers to
elastic, plastic, pore pressure and temperature
components of strain while the subscripts ‘A’ and
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‘C’ refer to aggregates and cement paste respec-
tively.

Now, the effective stress d{o’}, for concrete
takes the following relations.

d{o’y =[Dgld{eq) =[Dgld et} ----evveeviens (15)
using eqn. (11) it can be rewritten as,
dlo’y =[Dg1d{es} = [D&1diel)-evvevvemeee (16)

Here, [D{] is the elastic stiffness matrix for solid
phase. Then,

dl{egr=[D51d{o"}, diecy =[D& dlo"}
........................................... a7

As in eqn. (13), the incermental form of effective
strain for concrete can be written as

dlet =L‘}qd{sﬁ} +_I{7Cd{sfc} ............. ,-,~-'~~-(18)

Hence, the following relation can be obtained using
eqns. (13), (14) and (18).

dley =d{eT} —d{e?) —d{et} --reeevercennnas (19)
where

dlemy=Y2aleny +Veatetr),

de =4 (et} +-7Sdlet)
Then, from eqn. (17) and (18),
n— Va e1-1 Ve -1 Y
d(e) = [P +E D1 dlo'} - (20)

Hence, the elasto-plastic stiffness matrix [D#], for
concrete with the effect of time becomes

(o#1=[Y2pg-1+Xe g1 e 1)

(3) Application of Drucker-Prager type of
Failure Criterion

a) Drucker-Prager Failure Criterion

Although it is known that the Mohr-Coulomb
criterion which was also employed in the”analysis
by Contri, Majorana and Schrefler?, is simple and
it has clear physical meaning, since the corners of
the irregular hexagon of this failure surface can
cause considerable difficulties and complications in
obtaining numerical solutions, the following
Drucker-Prager failure criterion is employed. Asin
Mohr-Coulomb criterion, this also gives lesser
value for tensile strength over compressive
strength.

00 P SV A SO P (22)
where I = oy and J, = %s;js,y are the first

invariant of the stress tenmsor o;; and second
invariant of deviatoric stress tensor s;;, respective-
ly, and a and k are material constants which vary
with degree of hydration and age of concrete.
On the basis of the above consideration, there

(a). Cohesion (b). Friction Angle
c

C

v - v

Fig.2 Damage vs. Cohesion and Friction Angle

are several ways proposed by Chen® to approxi-

mate the Mohr-Coulomb hexagonal surface by

Drucker Prager cone. As for example if it is made

to agree along the compressive meridian where 6=

60°, the two material constants take the values of
2 sing* 6¢c* cosgp*

*= V/3(3—sing*)’ k= V3 (3—sing*)

and similarly when it is made to agree along the
tensile meridian where §=0° , then the values of
the material constants become

= 2 sing* k= 6¢c* cosp*

V3 (3+sing*)’ V3 (3+sing*)

........................................... 24
where ¢* and ¢* are defined as the mobilized
cohesion and friction of cement paste.

But in this study compressive failure is consi-
dered and hence the matching was done only along
the compressive meridian while considering effect
of degree of hydrantion and age of concrete on
these material constants.

b) Definition of mobilized friction angle and

cohesion

From the above definition, the two material
constants for cement paste can be determined from
the so-called mobilized cohesion ¢* and angle of
internal friction ¢* which are not constants, but
depend on the plastic strain history through the
damage parameter @. Since in general, the value of
¢* should be an increasing function of w, while ¢*
may be expected to be a decreasing function of w,
the relation proposed by Wu and Tanabe” is used
and defined as follows (Fig.2(a), 2(b)).

c*=,cexp[—(aw)z]-~----‘ ...................... (25)
P*= 20—, o<1 (26)
@, w>1

in which ¢ and ¢ are the cohesion and friction angle
which are depend on the rate of hydration and age
of cement paste and ‘a’ is a material constant.
Damage parameter @ becomes unity when com-
pressive stress reaches to its strength f.

¢) Definition of damage parameter

In this study, the failure surface is assumed to be
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varying with damage parameter in the stress space,
and then, from the concept® of effective stress o
and effective plastic strain &,, the incremental from
of plastic work dw” can be related as
dW?:{O-} Td{s’}:o'edep ....................... (27)
Damage parameter is defined as the damage of
the material accumulated due to the progressive
growth of microcracks and it can be expressed as”

AW et 28)
O'eeo
where B is a material constant, and
eozl“‘—— ............................................. (29)

(4

Here, E. denotes the modulus of elasticity of
concrete, and f/ is the uniaxial compressive
strength. And then, substituting eqn. (27) into eqn.
(28) we also have

(4) Formulation of Equilibrium equation
from Principle of Virtual Work

With the presence of pore water pressure p, the
relation of effective strcss 07 and total stress ¢ will
become

{o'}={o}+ {m}p ................................ (31)
where the sign of tensile stress is taken as positive.

Form the concept of this effective stress which
governs the total linear and non-linear behaviour
can be related to the strain components which were
described in the previous section from the eqn.
(19), as in the form of

d(oy=[D#1 (" + (m} (3 dp— tmaaT)

........................................... (32)
Then the equilibrium equation using the princi-
ple of virtual work becomes

[t (arag— fﬁ{u}T{b}dQ
2 Q

—fré{u}T{t}dIEO

here, vector {b}, {t} shows the body force and
surface traction vectors and, £, I' denotes the
volume and surface area of concrete body. Now,
using the appropriate shape functions, this equilib-
rium equation can be rewritten in differential form
as

dla}

4L _ AP dD _ap

at “dt  at
where matrices Kr, L, A are the tangent stiffness,
effect of pore water pressure and volume change of
solid phase, and effect of temperature, respectively.
The vector {f} denotes the effect of external force
on displacement.These can be defined as

=Q-eeeen (34)

Kr= f BT[D#]1Bde,
L= [ B"(m} Na@— fBT[D#’]{m}( )ng
A= f BT(D#]{m}aNdQ,

f=j;NT{b}dQ+erT{t}dp ................ (35)

here, N, N and B is the shape function for
displacement, pore pressure and temperature, and
strain displacement matrix respectively.
(5) Formulation of the Flow Continuity Equa-
tion

In this study, the flow of pore water is considered
to follow Darcy’s law and then, if the fluid having
coefficient of permeability of &k flows with a
velocity of v under head %, it can be written as

v=—kl7h=—kl7[@]- .................. (36)

where 7 is the specific gravity of the fluid, z is the
vertical coordinate of the point considered and V7
={0/0x, 8/dy, 0/0z}.

Now, from the mass conservation law, the
amount of fluid accumulation in a controlled unit
volume is equal to the difference of the amount of
inflow to and out flow from this volume. The
following contributions to the amount of fluid
accumulation is adopted in the formulations.

(1) Due to total strain change

aav = {m )T 6{5}

(2) Due to the change of volume of grains v
caused by changes of hydrostatic pressure

a-o(+)2

where ( is the porosity which depends on the rate
of hydration of cement.
(3) Due to change of fluid volume

C(k,) Z{i

where k, is the bulk modulus of fluid.
(4) Due to the change of fluid volume caused
by temperature

oT

—3LB%
where 8 is the thermal expansion coefficient of
water.

(5) Due to the change of grain size by
effective stresses

The change of effective stress gives rise to the
mean hydrostatic pressure of

1 olo}/ 1
—5m 5 (727)
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which leads to fluid accumulation and since it acts
on the total volum (1--{) of solid, the amount of
fluid accumulation for this reasoning is

___{ },a{a}

Substltutmg the value of effective stress from eqn.
(32), the above term becomes

o{e}

~ = m 7 1021 (% + o (55) B~ tm o)

Hence, now the continuity equation for the fluid
with the consideration of mass conservation law
can be obtained as

~ VeV (Gztp1+(tm = (5) m T 1DP1)

ole) | [4=0 C(L)_(L)Z{m}?_[mf] om]

P+ m D3 () o — 3085 =

and can be reduced to the form
f(p)—qzo ........................................ (38)
where ¢ is the amount of flow to the controlled
volume from an external source and k'=k/r.
Then applying the Method of Weighted Residual
(MWR), eqn. (38) becomes

fg 3pT(P) — g dR=0,

dlu}
dt

d {u}

Wd{T} -0

H{p}+S +LT

where

H= [ (VR)"k VNa@, S=[ N'sNag,
— [ () - () o 6m],
= [ N (tm 7 (3) tm"(D91) Bag,
w= [ Nt(35) tm " (DR m) aN a2
- fg 3CNTANAQ,

=+ [ Nrqd@— [ (VR)"K'V 12d@ - (40)

(6) Linkage of Equilibrium Egquation and
Continuity Equation
Finally, from the eqns. (34) and (39) the matrix
representation of the linked equilibrium and flow
continuity equations can be written as

[[01 fol l{ﬁ}] [[KT] —[L]] {d{ﬂ}/dt}
[0l —[HI| |{p} —[L7] —I[S1 | dip}/at

_ [ dip /dt+ Ad{T /dt]

—fo+ WalT} /dt

In this equation, all of the matrices do not violate
the symmetricity and hence if the initial conditions
are known it can be solved for the displacement.
The same equation can be transformed to the
following form for the time increment Af.

[K7] —IL] [{u}]
—iLm %[H] -S| Uip} t+4D

~1L7) A - 18] [{p}]m

_ At{ aip /dt+Ad{T}/dt)
—f,+ WdlT) /dt

3. DETERMINATION OF MATERIAL
PARAMETERS

(1) Cohesion and Angle of Internal Friction of
Early Age Concrete

Triaxial  compressive test was performed to
determine the cohesion and angle of internal
friction of cement paste at the age of 12, 24, 36, and
48 hrs. using a cylindrical test specimen having the
diameter of 5.0 cm and height of 10.0 cm. The
water cement ratio used was 0.35 and the test was
carried out under 25°C of room temperature.

The experimental results obtained for cohesion
of early age cement paste from triaxial compressive
test is shown in Fig.3. Since when hydration takes
place cement paste becomes hardened, the
obtained results for cohesion which increases with
maturity are reasonable. Moreover, it can be seen
that the development of cohesion during first 12
hrs. after casting is comparatively less than that of
the development during other time intervals. The
casting temperature used is 25°C with a room
temperature of 20°C and it can be said that if higher
temperature is used as casting temperature, higher
values for initial strength can be obtained. The
value of maturity, £, is expressed as follows”.

to= [ [ LDt 3

Here, K=the temperature of test specimen in K,
U, =activating energy of hydration (J/mol) and R
=general gas constant (J/mol.K).

The variation of angle of internal friction with
time is shown in Fig.4. It can be seen that the angle
of internal friction almost does not vary with time
and has the values in the range of 25°C to 35°C
since it is a property of individual materials. Since
less experimental studies have been done on this
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- field, the obtained results can be used in thermal
stress analysis of early age concrete.
(2) Consideration on Porosity and Permeabil-
ity .

Though it was not able to perform the experi-
ments to determine the variation of porosity and
permeability of early age concrete with time, and
since there is no much information on these, it was
considered in the following way.

Porosity may be obtained from the mix propor-
tions in which the total amount of water is
considered to be filling the porous voids. Initial
value of 0.23 is considered for porosity with a
considerable reduction with hardening of concrete.
With the water cement ratio of 0.35, the calculated
value for porosity of hardened concrete became
0.09. Hence, the values of porosity for 12, 24, 36
and 48 hrs. were taken as 0.15, 0.14, 0.12 and 0.10,
respectively.

For the cofficient of permeability, it is approxi-
mated to the value of soil at early age and assumed
to be reduced gradually until it reaches to the value
of hardened concrete, when hydration has taken
place. Hence, the coefficent of permeabilty of early
age concrete can be assumed to take the values
between 1.0X107% and 1.0 X102 cm/s which are
the values of soil and hardened concrete, respec-
tively. The values of 5.0 %107 cm/min, 5.0 X 1078
cm/min, 5.0X107° cm/min and 5.0X107° cm/min
for 12, 24, 36 and 48 hrs. were selected and
employed in the calculation.

4. VERIFICATION OF THE
PROPOSED MODEL

‘(1) Sensitivity of Material Parameters on the
Proposed Model :

The effect of each material parameters of early
age concrete on the stress-strain relation and pore
water pressure-strain relation are demonstrated in
Figs.5 to 18. Young’s modulus of 4.0 X 10° kg/cm?

for solid phase, and 5.0X10* kg/cm? for cement
paste, value of cohesion as 12.0 kgf/cm? and friction
angle as 30° for cement paste, 0.20 of Poisson ratio,
0.15 of porosity and 5.0 X 1077 ‘cm/min of per-
meability for concrete were used in the calculation-
s.The displacement rate equal to 1.0 X 10~ cm/min,
bulk modulus of water as 2.2 X107* kg/cm® and
ratio of solid : cement paste equal to 7 : 3 were also
employed. '

Fig.5 and 6 show the effect of Young’s modulus
of cement paste and it can be seen that the yield
strain is influenced by this factor. For the larger
values of Young’s modulus yield strain becomes
smaller. This implies that , with the increase of
Young’s modulus of cement paste, material reaches
to its yield point sooner without changing its yield
strength. The increase of Young’s modulus de-
creases pore water pressure.

The effect of Poisson ratio of cement paste is
shown in Figs.7 and 8. It can be noticed that there
is no much effect on the stress-strain relation but,
the reduction of pore pressure gives a slight
increment to the stiffness of transverse direction.

Figs.9 and 10 show the influence of volume ratio
of aggregates and cement paste on the proposed
model. Since larger values of this ratio gives higher
stiffnesses because it contains more aggregates
compared to cement paste, a similar explanation
can be given as in the case where Young’s modulus
is varied.

The effect of porosity is illustrated in Figs.11
and 12. The term porosity is defined as the ratio of
volume of the solid phase to volume of water
contained. Since for the same value of material
ratio, the variation of porosity dose not have much
effect on the stiffness, there is no influence on yield
stress, strain and pore pressure.

The variation of cohesion and angle of internal
friction are shown in Figs.13 to 16. The yield
condition is influenced by these factors since, the

L
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material constants & and « used in the assumed
yield function are dependent on cohesion and angle
of internal friction. Therefore, it can be concluded
that the cohesion and angle of internal friction of
early age concrete have much effect on the yield
stress, yield strain and pore water pressure. As
shown in Figs.13 and 14, uniaxial compressive
strength and pore water pressure increases with the
increase of the angle of internal friction. Same
variation is observed for cohesion also but, not that
much as for angle of internal friction.

The effect of loading rate is show in Fig.17.
Since there is no time to drain for the pore water
for rapid loading, pore water pressure increases
with the decrease of effective compressive stress.
On the other hand, for slow loading rate, this stress
component becomes higher since water is allowed
to drain.

The variation of permeability is shown in Fig.18,

-40.0

Angle of Internal
Fuiction
—30°
-10.0  —..gg
-—=35

06 04 02 00 .02 -04 -0.6 -0.8
Strain (x10~3)

Fig.13 Stress-strain Relation
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Friction
~——30°
-— 23
——— 35

0.06

0.2 -04 -0.6
Strain (x10™%)
Fig.14 Pore Pressure-strain Relation

but it gave considerable effect only on pore water
pressure and not for stress-strain relation.
(2) Uniaxial Compressive Test

Uniaxial Compressive Test was performed to
verify the validity of the proposed model which
predicts the deformational characteristic of early
age concrete at different age of 12, 24, 36 and 48
hrs. The mix proportions of the test specimen used
in the test is shown in Table 1. The obtained
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compressive strength of concrete at 12, 24, 36 and
48 hrs. is 10 kgf/cm?, 51 kgf/cm?, 73 kgf/cm?, and 99
kgf/cm?®, respectively. From this test, it is disco-
vered that the plastic behaviour occurs at about one
half of the uniaxial compressive strength. Howev-

er, no plastic strains appears in the first one third.

region of the uniaxial compressive strength. Hence,
it can be considered that elastic behaviour occurs in
this region. This implies that yielding has taken
place within the region of 1/3 to 1/2 of the uniaxial
compressive strength. The value of plastic strain
became one tenth of the total strain at the point of
two third of the strength. When the strain takes the
value of 1.1X 1073, stress became constant.

(3) Comparison of Numerical results

The results obtained are shown in Figs.19 and 20
and show a good agreement with calculations. In
this calculation, the values of the constants ‘@’ and
B at each time were selected as 1.0 andl0.65,
respectively. From these, it can be seen that the
results are identical in the elastic region for any
time and hence this implies that the assumed elastic
deformation for aggregates is reasonable. But it
can be suggested that a proper evaluation on the
real value of the material ratio and the Young’s
modulus is necessary.

Although the angle of internal friction and
cohesion has much influence on the yield point, in
the elastic region since the value of ¢ is made to
zero the material constants of Drucker-Prager
failure criterion a became zero and only the other
material constant & influences on the failure
criterion. Hence, failure criterion became a

Stress (kg/cm?)

20,0 Loading Rate (cm/min)

—-1.0 x10~?
-£0.0 ==0.5 x10-?
-=--2.0 x1072
-0.6 06 04 02 00 -02 -0.4 -0.6 -0.8

Strain (x10-7)

Fig.17 Stress-strain Relation

Table 1 Mix Proportions of the Test Specimen
Max. agg. | Slump | Air | W/C | s/a Units (kg/m *)
size (mm) | (em) [ (%) | (%) || W] CTS] G

25 7 2 | 55.0 | 40.9 [189 {344 [ 724 | 1049

function of stress state, and the value of & and the
yield point varied according to the value of
cohesion. However, the results agree in the vicinity
of the yield point also and hence, the assumed
variations of cohesion and angle of internal friction
were reasonable.

The behaviour after yielding is largely affected
by the values of parameters 8 and ‘a’.. The results
agreed well until the point of uniaxial compressive
strength. Since the variation of cohesion and angle
of internal friction have much influence on plastic
strain rather than damage parameter, in the plastic
region the results show a good agreement.

Even if the effect of temperature caused by
hydration of cement has influence on the stress
analysis of early age concrete, it was neglected for
simplicity.

Due to the lack of experimental information on
the effect of pore water pressure, a good compari-
son cannot be given, but it was found that the value
of pore water pressure is almost zero in the elastic
region and developed in the plastic region. But,
this value was less than the one-tenth of applied
compressive stress.

5. CONCLUSION

In this study a constitutive relation for early age
concrete which is modeled as a two phase elasto-
plastic material with the consideration of the effect
of rapid hydration of cement is modeled and the
evaluation of the various model parameters and the
accuracy are verified experimentally. Triaxial
compressive test was performed to determine the
various parameters of cement paste at different
ages.

From the numerical results, it is understood that
the constitutive relation of early age concrete can
be obtaned by considering the effect of cohesion
and angle of internal friction of cement paste which
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Fig.19 Stress-strain Relation
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Fig.20 Pore Pressure-strain Relation

with time. The failure of early age concrete is
mainly influenced by cohesion of cement paste
which increases with time while the angle of
internal friction remained almost unchanged. The
pore water pressure is almost zero in the elastic
region and is developed in the plastic region having
the value which is less than one-tenth of the applied
compressive stress.

Since the real effect of age on some of the
material parameters were not included in the
present analysis, a detailed experimental investiga-
tion is necessary. However, this present model can
be used to predict the behaviour of early age
concrete when a full investigation on material

parameters is completed.
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