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Tensile creep is an important characteristic of concrete that has an influence on crack behavior. In this paper,
a prediction method for tensile creep strain based on the micro mechanism is proposed on the basis of
observations of micro pore behavior under sustained tensile stress. A micro mechanical prediction model is
developed. Using this model, the tensile creep strain of concrete under varying conditions of loading stress,
loading age, and water-cement ratio is predicted correctly. With inspect to temperature effect, it is shown
through a comparison with data in the past literature that this model may generally predict tensile creep
strain of concrete.
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1. INTRODUCTION

Through investigations, the compressive creep behavior of concrete has clarified. The results of these stud-
ies have been arranged systematically, and someprediction equations for use in design have been proposed
[1]. In contrast, few investigations oftensile creep behavior have been carried out, since in reinforced con-
crete structures, the concrete resists compressive forces and the reinforcing bars takes the tensile load. As a
result, no understanding of the tensile creep behavior of concrete. However, tensile creep is an important
factor influencing the crack behavior of concrete. Recently, with concrete structures such as a nuclear power
plants and storage plants becoming extremely large and high performance, somestudies oftensile creep in
concrete aimed at predicting the crack behavior of concrete have been published [2].

In the usual design method for concrete structures, compressive creep properties are treated under tensile
stress, according to the Davis-Glanville law. However,in a recent study [3], it is indicated that the creep
strain and the mechanism of creep differ between compressive loading and tensile loading. Therefore, in
order to understand the tensile creep properties and to clarify how tensile creep strain maybe predicted, it is
important to discuss tensile creep behavior based on its actual mechanism.

On the other hand, in the performance based design method[4], which is being discussed as the design
method of the next generation, concrete structures will need to be designed such that the required perfor-
manceis satisfied on the time axis using behavior- predicting technologies. In this design method, predict-
ing the behavior of the structure under various conditions on the time axis is more important than an index
indicating whether the structure is safe or not. To acieve this, the development of prediction methods based
on anunderstanding of micro mechanisms will be necessary.

Tothis end, in order to develop a prediction model for tensile creep strain based on the micro mechanismsat
work,an observation of the micro pore behavior of concrete under sustained tensile stress is carried out and
a micro mechanical prediction model is organized. Still more, the prediction model is verified. This paper
reports on the results of this effort.

2. EFFECT OF SUSTAINED TENSILE STRESS ON PORE STRUCTURE OF CONCRETE

A prediction method for tensile creep strain based on the underlying micro mechanisms requires that the
micro pore behavior of concrete under sustained tensile stress be expressed mathematically. Therefore,
observations of micro pore behavior under sustained tensile loading is the first step toward development of
an accurate prediction model. To achieve this, the distribution of micro pore diameters in concrete was
measured using a pressured mercury porosimeter, and the results under sustained tensile stress were com-
pared with these for concrete under no stress.

2. 1 Experimental Program

a) Materials and mix proportions
Normal Portland cement (density : 3. 15 g/cm3; blaine value : 3 150 cm2/g) was used in this investigation. The
coarse aggregate was crushed stone (density : 2.69 g/cm3; EM. : 6.5 1), and the fine aggregate was a mixture
of crushed sand and natural sand (density : 2.67 g/cm3, F.M.: 2.79). Table 1 shows the mix proportion.
b) Manufacture of specimens

Table 1 Mix Proportion of Concrete

T y p e
of

G m ax S lu m p A ir w /c s/a
U n i  t  w e ig h t(k g /m 3) a d .

w c s Gc  e m ent (m m ) (c m ) (% ) (% ) (% ) c x %

N o rm al 2 0 8 ｱ 1 4 .5 + 1 5 0 4 4 .5 1 5 7 3 14 8 2 1 1 0 4 1 0 .2 5

ad. :Air-entraining admixture
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Fig. 1 Outl ine of Specimen

Table 2 Summaryof Test Program
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1 .6 0 .6 3

Turn tabl
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T e s t  s e r ie s  '. N -5

L o a d in g stre ss  (N /m m  )" L o a d in g ag e  (d a y )
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Fig. 2 Outline of Test Machine

Concrete was mixed using a pan-type forced-action mixer with a capacity of 100 liters. One batch of con-
crete was 70 liters. The target slump value and air content were 8 cm and 4.5%, respectively. The tempera-
ture of the freshly mixed concrete was adjusted to 20°C. An outline of specimen is shown in Fig.l. Six test
specimens measuring 10 X 10 X 40 cm were cast for each test factor, and three being loaded and others left
loaded. At same time, column specimens were cast for compressive strength testing. After demolding the
next day, prism specimens were placed in 20°C water for 24 hours, after which the specimen surface was
wiped dry and sealed with aluminum tape to maintain 100% absorption. The weight of these sealed prism
specimens was confirmed to be constant till 28 days. These prism specimens were placed in a room until
testing.

c) Experimental method
Table 2 gives a summaryof the test program and the explains specimen nameing. The loading age was three
days, and the loading stresses were 0.8, 1.2, and 1.6 N/mm2, giving loading stresses per tensile strength of
0.29, 0.52, and 0.63, respectively. Tensile creep tests were carried out using three-lever type equipment with
a lever ratio of 10 : 1 (Fig.2).

The specimen was fixed to the test equipment an epoxy resin bonding agent. A pair of point gauges was
fixed to each side of the specimen, except for the faces at which stress was applied. Strain was measured
using a Whittemore strain meter with a minimumdivision of 1/1000 mmat 12-hour intervals until three
days from loading and at 24-hour intervals afterward. Loading periods were 0 (instantaneous loading ), 7,
and 28 days. The loaded and non-loaded specimens were divided into four parts longitudinally, and the
center parts were crushed. After sampling the 2.5-5mmparticles from each crushed part, the samples were
preserved in acetone and made D-dry for 48 hours, after which the micro pore depth distributions of samples
weremeasured using a pressured mercury porosimeter.

2.2 Test Results and Discussion

Table 3 shows the properties of the fresh concrete and the mechanical properties of the hardened concrete.
Figure 3 shows the results oftensile creep strain as corrected by the strain of an unstressed specimen. The
tensile strain increased with increasing loading stress.

a) Effect of sustained tensile stress on micro pore diameter distributions
Figure 4 shows the micro pore diameter distributions at 0 (instantaneous loading), 7, and 28 days, and also
the results for the unloaded specimen. Here, the range of micro pore diameter is divided into the following
ranges according to distribution shape, in order to carry out a detailed comparison:
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Fig. 4 Pore Diameter Distribution
For the unloaded specimen, the micro pore volume
from 0.003 to 0.01 fj. m increased with elapsed time and that from 0.01 to 0.1 /j. m, where the peak shifted
from 0.07 to 0.03 // m, decreased. It is thought that this behavior reflects a reduction in micro pore diameter
with hydration. The decrease in micro pore volume from 0.1 to 5 JJL m, which decreased at about 0.1 // m
pore diameter, was less than that from 0.01 to 0.1 // m, particularly from 7 days form 28 days of age. The
micro pore volume above 5 ft m wasconstant. It is thought that the micro pore volume in this range corre-
sponds to the entrained air [6].

These micro pore diameter distributions under sustained tensile stress were compared with those of un-
stressed concrete. The micro pore volume from 0. 1 to 5 /u m under sustained tensile stress is greater than
that under no stress. This tendency was particularly notable with increasing loading period and loading
stress. Therefore, it is thought that sustained tensile stress causes an increase in micro pore volume from 0. 1
to 5 n m. Uchikawa et al reported that micro pores from 0.1 to 5 fj. m are capillary pores in the transition
zone, and these capillary pores are thought to be points at which micro cracks occur [7]. Tanaka et al have
reported that, in an investigation oftensile creep in concrete at an early age, the acoustic emission activity
(event counts), which reflects the occurrence of micro cracks, increased with increasing the loading stress.
Fromthese reports, it is thought that the increase in micro pore volume in this range under sustained tensile
stress must be due to micro cracks occurring and developing.

b) Relationship between micro pore volume and tensile creep strain
In order to examine the relationship between micro pore volume change in each diameter range and tensile
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Fig. 4 Relationship between Increase in Pore Volume and Creep Strain

creep strain, the increase dVH,is defined as follows,

dV._, = V,w -VLc,t-f rn,t-t' -dV, (1)

where, Vctt, is the micro pore volume of the range in question in a specimen stressed time t to t' ; Vnt_t, is the
micro pore volume of the range in question in an unstressed specimen kept in the same environment as the
stressed specimen t to t'; and dV(l is the difference in micro pore volume of the range in question between the
immediately unloaded specimen and the unstressed specimen at r

Figure 5 shows the relationship between increase in micro pore volume (dVt t) and tensile creep strain. The
relationship is linear for the 0.1 to 5 JJL m range of micro pore (relative coefficient r=0.983) , though the
other relationships are unclear.

If the increase in micro pore volume in the 0.1 to 5 jj. m range is due to the micro cracking and crack
development, this linear relationship indicates that micro crack development may be related to the tensile
creep strain by a suitable linear theory. In the next chapter, an attempt is made to develop a model based on
the concept of linear fracture mechanics.

3. PREDICTION MODELFOR TENSILE CREEP STRAIN BASED ON MICRO CRACKDEVELOP-
MENT

3. 1 Assumptions

The method used to predict tensile creep strain is a model based on micro cracks occurring and developing
at capillary pores. Consequently the shape, size, and spatial distribution of capillary pores must be consid-
ered. Also, changes in capillary pore distribution with hydration and the development of micro cracks with
time must be considered. However it is very difficult to faithfully model the pore structure in concrete,
which changes with space and time. Further, the simplest possible model is desired in the engineering field.
Thus, based on the following assumptions, an attempt is made to present a simple model based on an easy
mathematical treatment:
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Fig. 7 Concept of Rangein Ellipt ic Cracks

0) The pore structure is isiotropic in space.
ic pore structure is homogeneousin space.
le concrete is saturated.
ic developmentofhydration is expressed as a decrease in the numberof pores.

(D A small yield area formsaroundthe end ofa crack as it develops froma pore.

Assumption® is the mathematical expression of changes in pore structure with hydration. It is knownthat
the pore volumein concrete decreases with age[9], and it is thought that this is because hydrates fil l the
pores as hydration proceeds. In this paper, in order to simplify our model mathematically, the decrease of
micro pore volumewith hydration is expressed as a decrease in the numberof pores.

Figure 6 shows the result ing two-dimensional model of the pore structure of concrete. There is a random
distribution of elliptic cracks of longitudinal radius a; , a2, and a3 in quantit ies p y(£), p 2(t) ,and p 3(t) ,
respectively. These three crack sizes are typical micro pore radii taken fromthe results of observations of
micropore volumedistributions, with at being the typical micro pore longitudinal radius for pores under0. 1
H m,a2for pores from0.1 to 5 jn m in which the micro pore volumeincreases under sustained tensile
stress, and a3for pores above 5 // m which are thought to correspondto the entrained air (Fig 7).

It is thought that the determined tensile creep strain results froma decrease in elliptic cracks with hydration
and the development of cracks fromelliptic cracks in the two-dimensional plane shownin Fig. 6.

3.2 Increase in Tensile Creep Strain Based on Developmentof Micro Crack [10]

It is assumed that all ell iptic cracks in the two-dimensional plane shownin Fig. 6 are oliented to the x-axis at
anangleof 6 [11].Whenthisplaneisloadedbystress <r.(i .e. ax, a , r ) , thenormalstress/?and
shearing stress q on the plane parallel to the crack are given by equation (2).

p=er t s in20+a cos29 -T0s"12#

q= -a smQcosB+a s in f l cos f l+T cos20
(2)

Figure 8 shows the strain energy density and the method of calculating tensile creep strain, where, W0.is the
strain energy density at a. - 0; e g. is the strain at a. = 0; A WeiJis the increase in strain energy density due
to the three types of ell iptic crack (z=l, 2,and 3) ; and A £à" is the increase in strain due to the three types
of elliptic crack (i=l , 2, and 3). When a crack develops froman elliptic crack, the increase in strain energy
density and strain are A WciJ(t-tr) and A e clj , respectively. The strain energy density W^andthe strain e

are given by equation (3)!
W U= W 0 J + A W 0 j . J ^ + A W c J . j ( t - ^

E i , j = £ 0 , j + A e 0 , i , j ^ + A E 0 j ( t - t ^
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Fig. 8 Concept of Strain Energy Density and Tensile Creep Strain

The relationship between strain energy density and the ratio of energy release is given by equation (4).
0.j

*(2a.)

0..j
(4)

When the longitudinal radius of cracks develops from ai to A.(/-/ ')> tne strain energy density increase is
given by equation(S).

f A,(t-f)
AtW-')=P,(0| 0^0*,) (5)

Therefore, the sum of strain energy density increase for the three types of cracks is,

"i\'-' IV -i XT' f*/ ('-0
£AHW-'>=Z (>0 0i,j0da0 (6)

Now,it is assumed that there is no mutual intereference , so the stress intensity factors K,.. and K,... are given
i i - /à"*à"»à"> M "i

by equation (7).

Ki,ij =pJá"i , Kii,i,j =0já"i (7)

The relation between energy release rate and stress intensity factor is then given by equation (8).
K 2 A- 2

r
0J . A//.<.j

£/,; - +
F £'

(8)

(9)

Equations (7) and (8) are substituted for equation (6), to give,

S
3 ^à"ff|X-('-'l)2-fl,2]p,(0 \ff % 2 21

AWC),-,;('-O=X-^ ^^ x[/;(p)p +9 ]
* *à"' ^f^ f7(

1=1 1=1 c

Consequently, the sum of strain increase as the three types of cracks develop is given by equation (10).

V
A, � ,, VaMW-" ^244,('-'')2-°,2]*>,(')[,.,s * *1 00)

0^-'('-n'%-^--1, r [/M0^+%J

It is assumed that the elliptic cracks that model capillary pores are distributed at random. Further, it is
assumed that distribution fimction is uniform, g( d )=!/ 70. In this study, the strain increase under uniaxial
tensile stress is considered, so the applied stress is simply a. Namely

i^,.,('-'')=ijL(^,.,.,(«-0^.^'tA.O-d' -^O) (ll)
. - . . * A«rf ra y
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Equation (ll) is a generalized equation for the case
where micro cracking development is the main
mechanism of creep under sustained tensile stress.
Onthe other hand, an increase in capillary pore vol-
umeis observed only for pore diameters from 0. 1 to
5.0 // m 0=2). Thus, equation (ll) is simplized to
equation (1 2).

)=f[A^2L^!M) (12,
E'

3.3 The Micro Cracking Development Law

The micro cracking development law Afi-t *) and the
change in capillary pore count p 2(t) accompanying
hydration are incorporated into equation (12). Stud-
ies of change in micro structure become commonas
a boundary area between cement chemical and con-
crete engineering, but the effot has not been orga-
nized sufficiently. Then we may lead p 2(t) by
measurering pore diameter distribution ofunstressed
specimen which cured similar to stressed specimen.
On the other hand, the prediction of a micro cracking
law is a very important part of this study. Conse-
quently, weadopt a mechanical approach and attempt
to apply rate process theory.

The rate process theory which is applied to the frac-
turing of solid materials and determination of crack
growth rate is also known as stress-dependent rate
process theory. The concept is shown in Fig.9. When
no stress is applied, the height of the energy wall
whenthe process is travelling toward the right along
the reaction axis is similar to that when travelling to-
ward the left. In this case, the reaction does not pro-
ceed in either direction. When a stress, a , is applied,
the energy wall is lower at 0( <r) in one direction as
compared with the other. As a result the process moves
toward decreasing potential energy at a certain rate.
The rate is given by equation (13).

Stress applying

Reaction axis
Fig. 9 Concept of Stress-dependent Rate Process

Theory
P

Aggregate or large pore

Development direction

Microcrack

Stress-dependent rate process theory
Rate process theory considering
decrease in potential energy

Reaction axis

kT

Fig. 10 Stress-dependent Rate Process Theory
Considering Decrease in Free Energy

r =-exp[-(AF -<j>(a))IkT] (13)
h

where, k is Boltzman's constant (=1.38 X 1Q-23J/K); h is Plank's constant (=6.62 X 10-34Js); T is absolute
temperature (K) and A F is free active energy (J).

Mitsuhashi[ 1 3] assumed that concrete was abrittle material containing many pores and then showed a crack
growth rate that was adapted for the reliable analisys in fractures as equation (14).

-(AF - -lnaa)/ kT
«A

(14)

where, nb is the number of atoms in the crack tip to applied high concentrated stress, and a is the propor-
tional constant between stress and the energy wall height.

Equation (1 4) is adapted for brittle fractures in which the macro cracks grow rapidly and extend to fractures.
Whena creep fracture is not occured, it is considered that micro cracks grow intermittently as a result of the
crack arresting effect of aggregates and large pores [14]. As a result, the free active energy will decrease
through a surface energy increase as cracks develop, and the average rate of crack development will de-
crease slowly. Namely, when the average rate of micro crack development is disccussed, the decrease in
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free active energy must be considered.

The stress-dependent rate process theory modified to take account of this decrease in free energy is illus-
trated in Fig. 10. The increase in surface energy, Wa,with crack development is given by equation (15).

W0=2TJ0

where, 7 is surface energy per unit crack length and a is longitudinal radius of elliptic cracks.

(15)

If it is assumed that <f> (a) is given by a logarithmic function similar to ^ ( a ) , the effect ofa surface
energy increase is represented logarithmic function, and the rate of crack growth is given by equation (1 6).

kT
r = -expl -(AF --\nap+-]n2rja)/kT

h L ni "2

1

(16)

where, n; is number of atoms in the crack tip applied high concentrated stress and n2 is the number of atoms
that release energy with crack development.

It is assumed that the rate of crack growth is proporsitional to the micro crack development rate.
d a kT
-=C-exp
dt

1 i

-(AF - -Inop +-In27ja)/ kT
n\ «2

n,W,
=flop)"1" 0ria)

-1

v/i3/tr

kT ( AF\
where, 0 = c-expl --Iand C is constant ofproportionality.

Therefore A2(t-t") is given by equation (18).

w-f)= (1+-
n 2kT

-m0p)n'kT0n)n2lcT (t - t' )
1+-

n0 +a2

(17)

(18)

4.DETERMINING THE COEFFICIENTS IN THE PREDICTION MODEL

The prediction process using the proposed model
is outlined in Fig.l l. The following coefficients
must be determined in order to predict tensile
creep:
a.:Size of ellipsed crack in the diameter range /

' (MAS)
£": Young's modulus of elastic frame
p.(/): Change in capillary pore count with

hydrati on
a : Constant of proportionality between stress

and energy wall height
JtT* / AP\

/? (= c--expl l):Constant ofproportionality
for change in temperature

0 :Surface energy per unit crack length
n^Number of atoms in the crack tip applied high

concentrated stress
n2:Numberof atoms releasing energy with crack

development

measurementof pore diameter
distribution in unloaded specimen

age:ex3, 7, 28day

determine the initial size of pom
in the notice range G'=2)

change of number of capillary pores
in the notice range (i=2)

/> (')

The process for determining each of these coef-
ficients is given below.

4.1 Assumption ofa.

increse of tensile creep strain due
to micro crack development

H,/0 ,,
equation (12)

young's modulus ^
of elastic frame p

i E1 J

The typical size of capillary pores in each range
is half the longitudinal radius of the elliptic crack

Fig. 1 1 Prediction ofTensile Creep Strain
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Table 4 Test Results

age

( da y)

S pec im en N -5 0 -3 -0 .8 N - 5 0 -3 - 1.2 N -5 0 -3 - 1 .6

R a ng e
P o re Y o u ng 's P o re Y o un e 's P o re Y o un g's
v olu m e

(m 3/m 3 )

m od u lu s

｣ *
(k N /m ntl )

vo lum e
VA O(m 3 /m 3 )

g
o d uju

{kN /m m 2 )

v olum e

. K (')(m 3/m 3)

m o du l us

E *
(k N /m m 2 )( /" " )

3

1 - 0 . 1 1,0 7 2 2

3 0 .1

0 .0 6 4 8

2 4 .9

0 .0 6 4 8

2 6 .92
0 .1

~ 5 .Q
0 .0 0 7 3 0 .0 1 14 0 .0 1 14

3 5 .0 ~ 0 .0 3 5 0 0 .0 3 8 0 0 .0 4 0 0

10

1 ~ 0 .1 0 .0 6 0 6

3 3 .5

0 .0 5 17

34 .8

�"

2
0 .1

~ s .o
0 .0 0 17 CL Q O 2 8

3 5 .0 ~ 0 0 1 5 0 0 .0 3 8 0

3 1

1 ~ 0 .1 n rw fi fi

3 5 .4

n o 4 fi s

3 8 . 1

0 0 4 6 7

3 6 .22
0 .1

~ s .o 0 .0 0 3 9
0 .0 0 4 0 0 .0 0 4 0

3 5 .0 ~ 0 .0 3 5 0 0 .0 3 8 0 0 .0 4 0 0

1

P ore
1 #;«*/<X<fc

Fig. 12 Assumption of Pore Size

Table 5 Analysis Results
E '

( k N /rW  )
Y I Y T. * J

5 8 .7 1 8 .5 1 1 2 1 .5 4

that models the pore. In this study, information on pore size comes from the measurements by pressured
mercury porosimeter. The pore diameter measured by porosimeter is the minimum distance between pore
walls. Namely, the pore diameter measured by the porosimeter is not directly connected with a. in the model.
Thus, it is assumed that following relation exists between a. and pore diameter c as measured by the
porosimeter:

«/ =71*', (19)

4.2E'and y

If it is assumed that the change in Young's modulus (apparent Young's modulus) measured by a uniaxial
compressive test in a concrete specimen is caused by the change in pore volume as hydration progresses, a
study based on fracture mechanics is impossible. The apparent Young's modulus at age / is given by adding
elastic strain s to the strain increase e ..(f) that is caused by existence of pores. So the apparent elastic
strain is given by equation (20).

*

5> i,j(t) = E0j + EA£0i,jW (20)

The integration range is from 0 to a.. When a uniaxial compressive stress is applied to a specimen,yj(p)=0 in
the equation (9). The strain increase caused by existence of pores is given by an equation similar to equation
(ll).

£ VPIW
3

5>,,v(o= I-
<=1 /=! 0E

Equation (20) is substituted for equation (21), then E*(t) is given by equation (22).
e

E*(0=
1+ ^,2p.-(Q

(21)

(22)

where F.(/) is the pore volume in each range / in the unstressed specimen measured by pressured mercury
porosimeter. Then equation (22) is written as equation (23).

E*(t)=

I+izaw
/=! 2

(23)

The unknowns in equation (23) are four. With four pair of data, E*(f), V.(f), E ', and 7. may be determined.
The test results ofE*(t) and V(t) afe shown as Table 4. E' and y. determined by equation (23) are shown as
Table(5).

Soroka et al [1 5] reported that E' is about 90kN/mm2 from experimental evaluation of cement paste. On the
other hand, according to several assumptions in this study, E ' is 58.7kN/mm2. This is two thirds of Soroka's
result. It is considered that this discrepancy is caused by following. Soroka et al evaluated E' from pore
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Table 6 Input Values
C  o  e f fc ie n t V a lu e

In p u t

ff y  ( N /m m  ) 1 .2

0 2  ( n m >) 0 .0 7 9 2

/ 2 1 1 2

｣ '  (k N / m m 2  ) 5 8 .7

- r- r - f ^ ^ ^ ^ ^ B

@ R e v e r s e  a n a l y s i s

-  A p p r o x i m a t e d

�",..  - <*

.0 -0 .0 -- -
jO -0 1.o -o -

-o -o - 0

:  s *

5 10 15 20 25

Loading duration (days)
Fig. 14 Reverse Analysis ofA2(t-t')

Table 7 Determined Values

30

C o e ffc ie n t V a lu e

D et e rm in ed

a (J/N /m m 2) 0 .0 0 2 9

B  (1/s) 0 . 1 9 5 5

7 (J/m m 2) 5 .0 3 6 8

m k T (1/J) 0 . 4 8 5 0

0 2 k T ( 1/J) 0 .9 3 9 8

volume in all range of cement paste. In this study, E ' is evaluated from concrete including aggregates which
have various Young's modulli. Moreover the evaluation range of pore diameter in this study is from 3nm to
300 /JL m, this is different from pore volume in all range ofSoroka's study.

7. is a coefficient that is expresses the shape of pores in each range i. The larger 7. is, the flatter the pores.
With 7. equal to 0.5, the pores are circular. From Table 5, 7 2 is large value of 112. This indicats that the
pore shape in this range are extremely flat. 7 3 is 1.54. This indicats that the pore shape in this range is
nearly circular. It is considered that the pores in range i=2 is capillary pores and that their shape is a col-
lapsed elliptic. The pores in range i=3 is entrained air and their shape is spherical. It is considered that the
calculation result of 7 ;.expresses the pore shape properly and is qualitatively adequate.

4.3 Coefficients in micro cracking development law

The micro cracking development law is based theoretically on stress-dependent rate process theory. There-
fore, if assumptions in organizing the equations are adequate, the coefficients calculated through reverse
analysis under one condition will apply to other conditions. Here a , ft , y , nt, n2 are determined from
typical experimental data N-50-3- 1.2.

The input data are shown in Table 6. The typical value C2 in the pore volume increase range is 0.707 fj. m
which is the geometrical central value from 0.1 to 5 /* m.
p 2(t) is estimated from test results of pore volume in N-50-3-1.2. The relationship with age and 0. 1 ~ 5 //
mpore volume is shown in Fig.13. The time dependence of pore volume V2(i) is approximated by a hypabola.
p 2(t) is given by equation (24)

P2(0= v2(0-
02c2 (2 4)

A recurrent equation oftensile creep in N-50-3-1.2 and equation (24) are substituted for equation (12).
A2(t-t r) is in reverse analysis by time step 1 day. The five coefficients are given by these results. The reverse
analysis result for A2(t-t ') is shown in Fig. 14. The coefficients of micro cracking development law are shown
inTable7.

In an experimental study of surface energy rj , Hori[16] estimated the surface energy of hydrated cement
paste from the relation between bending strength of hardened cement paste soaked in several liquids and the
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surface tension of the liquids. As a result, the surface
energy 7 of hydrated cement paste was expressed as
0.300 ~ 0.350J/m2. However 7 calculated in this
study is larger than Hori's result by one order. In prac-
tice, it is considered that apparent 7 is larger under
the influence of aggregates and complicated crack
shape. So it is considered that this difference is ad-
equate. /? including activity free energy A F which
is another important physical coefficient will be in-
vestigated in the next chapter.

Table 8 Summary of Test Program

w /c
L o a d in L o a d in g S tre s s/ L o a d in  g T e m p . H u m id ity

a g e s tre  ss str e  n g th d u rati o n

(% ) (d a y  ) ( N / m m
ra tio

( d ay ) ( 0 ( % )

4 0 3 1 .2 0 .5 5

0 ,7 ,2 8 2 0 1 0 0

S e a le d )

5 0

0

�"0

7

1 .2

0 .4 0

2 8 0 .3 9

1 8 0 0 .3 4

6 0 3 1 .2 0 .6 5

fJ2f Experiments in section 2

Table 9 Mix Proportions of Concrete
T yp e

o f
G m ax S lu m A ir 0 1/0 s /a

u n it w e ig h t( k g /m 3 a d .

c e m en t

( m m ) (c m ) (% ) (% ) ( % ) w c s G C X %

N orm al 2 0 8 ｱ 1 4 .5 ｱ 1

4 0 4 3 .0 1 6 5 4 1 7 5 1 0 1 1

0 .2 5

6 0 4 6 .0 1 6 3 2 7 2 8 2 1 1 0 2

ad. :Air-entrai ning admixture

5. Verification of the prediction model

The prediction model for tensile creep presented in
this study has been built up from the micro-level
mechanism and fracture mechanics. The coefficients
have been determined from restricted experimental
results. The next step is to compare the results given
by the prediction model with experiments under vari-
ous test conditions. Temperature effects, we investi-
gated to some extent based on a past study.

5. 1 Outline of Experiments

Materials, specimens, and experimental methods were
similar to those in Section 2. The experimental test
series are shown in Table 8. Loading ages 7, 28, and 100 days and water cement ratio 40%, 60% were added
to the parameters used in Section 2.

5.2 Test Results and Investigation

The input values used in the prediction model are shown hi Table 10. The time dependence of pore volume
V2(f) were approximated by hyperbola fromunloaded specimens, p 2(t} were calculated using equation (24)
based on V2(t).

a) Effect of loading stress
In this test series, the loading age was fixed of 3 days and loading stress was changed. A comparison of the
prediction model and experimental values is shown in Fig. 1 5. Calculated loading stress, 0.8N/mm2, was
smaller than the experimental value at ages below 1 5 days. Thereafter, the calculations accorded with the
experimental value. On the other hand, the calculated loading stress, 1.6N/mm2, was smaller than the experi-
mental value at ages greater than 10 days. But the calculations were in accord on earlier ages. The reasons
for these differences are rather more likely related to the precision of p 2(t) than to errors in assumptions.
Anyway,the differences between calculations and experiments were few. It is concluded that the proposed

Table 10 Input Values
e f f e c t  o f  l o a d i n g  s t r e s s e f f e c t  o f  l o a d i n g  a g e e f f e c t  o f  W / C

N - 5 0 - 3  - 0 . 8 N - 5 0 - 3 - 1 . 2 N - 5 0 - 3 - 1 . 6 N - 5 0 - 7 - 1 .2 N - 5 0 - 2 8 - 1 .2 N - 5 0 - 1  8 0 - 1 . N - 4 0 - 3 - 1 . 2 N - 6 0 - 3 - 1 .2

V 2 ( / )
0 .0 1 1 8 /+ 0 .0 8 1  1 0 .0 0 8 6 r+ O .  I  3 5 9 0 .0 0 8 6 H -0 .  1  3 5 9 - 0 . 0 0 1  1 r + 0 . 1 5 1 - 0 . 0 0 0 6 f+ 0 .  1  9  1  3 0 .0 0 0 3 H -0 .  1 7 9 0 0 .0 0 0 6 r + 0 .  1 4 2  1 0 .0 1 5 2 H -0 . 1 1 6 5

5 .7 0 3 f 4 .8 9 6 r 4 . 8 9 6 r 0 .6 0 t 5 .S M / 5 .2 6 2 1 4 .9 9 3 ｫ 4 .9 4 0 r
0  ( N / m m 2 ) 0 . 8 1 . 2 1 . 6 1 .2

Q z  ( m m ) 0 .0 7 9 2

7 2 1 1 2

E '  ( k N / m m 2 ) 5 8 .7                    5 8 .7 5 8 . 0

a  ( J / N / m m 2 ) 0 .0 0 2 9

3  ( 1 / s ) 0 . 1 9 5 5

7  (J / m n O 2 .5 1 8 4

m k T  ( l / j ) 0 . 4 8 5 0

m k T  ( 1 / J ) 0 .9 3 9 8
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Fig. 1 7 Experiments and Calculations

model successfully predicts tensile creep strains on the <f
whole. o 350

X

The calculations generally accord with experiments for
stress/strength ratio from 0.29 to 0.63. When the stress/ <] 250
strength ratio is larger than in this study, calculations
maydiverge from experiments. Youngjl S] reported
that limit ol tensile creep strength exists at a stress/ « 150
strength ratio of 0.6 ~ 0.7. Beyond this range, micro
cracks will accumulate and localize, and macro cracks
will develop (instability development). It is consid-
ered that creep strain rate will grow rapidly and the
specimen will suffer creep fracture. Howeverthe pre-
diction model proposed in this study is based on the
stable development of micro cracks by repeated arrest
and development. Namely, whenmacrocrack growth
is unstable, experimental values are larger than this
prediction model. It is a very important theme that the
phenomenonwhich micro cracks are accumulated, localized and developed to macro crack is predicted.
Because it is related to predicting the cracking of structure. Currently the model cannot be treat this problem,
so it must be extended in the future.

b) Effect of loading age
In this test series, loading stress was fixed at 1.2N/mm2 and the loading age was changed. A comparison
between calculations and experiments is shown in Fig. 16. The calculations for a loading age of7 days are a
little larger than experimental values earlier in the loading. However,the calculations for loading ages of 28
and 180 days accorded with the experiments. The reasons for this difference are similar to those for loading
stress and depend on the precision of p 2(t). However, the discrepancy is little and it is considered that the
model is able to predict changes in loading.

c) Effect of water cement ratio
In this test series, the loading stress was fixed at 1.2N/mm2 and the loading age was fixed at 3 days. The
Water-cementratio was varied from 0.4 to 0.6. In the proposed prediction model, when mix proportion is
changed, The Young's modulus of elastic frameE mustbe changed. Then E' is recalculated using equation
(23) for each mix proportion.

Acomparison of calculations and experiments is shown in Fig. 1 7. The calculations gave larger results than
the experiments for all water-cement ratios. The reasons for this difference are similar to those discussed
above; that is, it depends on the precision of p 2(i). However, the discrepancies are few and it is considered
that the model is able to predict changes in water-cement ratio.

d) Effect of temperature
The temperature has an effect on the creep strain of concrete. Generally, as temperature moveshigher, the
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Table 1 1 Input Values
A F  (J )

1  X  I ff 2 0 5 X l O " i x i o -

ff y  (N /m m 2 ) 1 .2

0 2  ( m m ) 0 .0 7 9 2

y 2 1 1 2

E l  (k N /m m 2 ) 5 8 .7

a  (J / N / m 2 ) 6 .3 8 5 X  I O '8

8  ( m /d a y ) 1 .1 9 0 X l O - 1 .8 0 7  X  1 0 -7 3 .9 8 0 X  1 0 "

( J /m  2 ) 5 .8 3 9 0

1

n ¥k T  ( 1 /J )
0 .4 5 4 0

m k T  ( I/ I ) 0 .8 7 9 7

10 15 20 25 30

Loading duration t-t'(days)

Fig. 1 8 Parameter Analysis for Temperature

creep strain increases. An experimental study in which the loading age was fixedat three days and the tem-
perature was changed has been carried out by Nomura and Umehara et al [17]. In their study, the tensile
creep strain at 4Q°C was about 1.5 times that at 20"C after loading for Sdays.

In the proposed prediction model for tensile creep strain, an absolute temperature term is included in the
micro crack development law, as shown in equation (1 8). But in this study, /? including unknownfactor C
and A F is coefficient at 20°C, so this model cannot express a temperature dependence. So, an analysis
which is changed A F was carried out and the result was compared with Nomuraand Umehara's result.

If the free active energy for fracturing a solid has a similar order to the free active energy of solidification,
then A F is 10'19 ~ lO'20!. C is determined andA3(t-f) ofN-50-3-1.2 is calculated. Input data are shown in
Table 1 1. The micro crack development law p 2(f) at 20"C is adequate.

The result of parameter analysis are shown in Fig. 1 8. The tensile creep strain at 4010 changes with AF. If
it is assumed that A F is about 5 X 10'19J, then the result may accord with Nomuraand Umehara's result.
However, p 2(t) at 20*0 is adequated in this study and it is expected that p 2(0 at 40"C would be smaller
than that at 20°C as a result of the hydration progress. The propriety of A F for predicting p 2(f) at 40^
must be discussed.

A characteristic of this model is that the tensile creep strain is given by a change in micro structure as p 2(t)
and micro crack development A2(t-t0- When p 2(t) and AF in the micro crack development law are evalu-
ated appropriately, it is considered that the temperature effect of tensile creep maybe predicted.

6. CONCLUSIONS

(1) A sustained tensile stress leads to an increase in micro pore volume in the 0.1 to 5 fj. m pore diameter
range. It is inferred that this increase must be due to the occurrence and development of micro cracks.

(2) The relationship between the increase in micro pore volume in the 0.1 to 5 // m range and tensile creep
strain is linear.

(3) It is assumed that the mechanism of tensile creep is that micro cracks occur and develop at capillary
pores. A prediction model for tensile creep has been proposed based on physical theories such as fracture
mechanics and the stress-dependent rate process theory.

(4) By comparing calculations by the prediction model against experiments under various test conditions. It
is concluded that the model is able to predict tensile creep strain under changing loading stress, loading age,
and water-cement ratio. However, whenmicro cracks accumulate, localize, and develop into macro cracks
at the stress/strength ratios over 0.6 ~ 0.7, the prediction model may not be suitable.

(5) The ability of the model to handle temperature effects was investigated by looking at experimental data
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from a past study. It was shown that the model may predict temperature effects on tensile creep strain while
estimating the time dependence of the pore structure at high temperatures.
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