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The creep phenomenon of hardening cement paste mixed with an expansive additive was modeled by considering the creep
performance of hydration products of cement and expansive additive. A new composite model that is appropriate for particle
conditions is proposed by considering the balance of the hydration products of cement and expansive additive and the stress
redistribution phenomenon of hydration products newly generated by the progress of hydration. The creep of mortar and concrete
mixed with the expansive additive was evaluated using a composite model of the paste and aggregate. Under the assumption that
the modeled creep deformation is proportional to the stress and the gel volume of the hydration products, which allows the law of
superposition to be applied, the distribution stress was predicted by applying the step-by-step method at each time increment. By
predicting the maximum tensile stress applied to an inner steel ring through a creep analysis based on the measured deformation

of the inner steel ring, it is possible to predict the stress progression with age to some degree.

1. Introduction

Stress occurs within concrete under various constraints. If
this stress exceeds the allowable limit, cracks may be gener-
ated in the concrete. Such cracks facilitate the penetration of
salt or acid, which leads to the corrosion of the internal rebar
and in turn decreases the internal strength and durability of
the structures [1, 2]. In particular, cracks that form before the
public use of the structure may initiate functional or aesthetic
degradation even below the allowable crack width of the
design. Thus, the demand to reduce shrinkage cracks in rein-
forced concrete structures has increased in recent years [1-3].
Concrete experiences strain under a certain stress condition
called creep; this decreases the stress, which must be taken
into account. Hence, identifying the creep performance is
crucial to calculating the stress in concrete and should not
be overlooked during the design process [4-6]. Under these
circumstances, the use of expansive additives has increased as
a countermeasure against cracking due to concrete shrinkage,
and the material characteristics of concrete mixed with

expansive additives have been widely studied [7-11]. How-
ever, only a few studies have focused on creep. Thus, the
available literature is insufficient for a quantitative evaluation
of the creep performance.

In this study, the creep of hardening cement paste mixed
with an expansive additive was modeled to estimate the
constrained stress of expansive mortar and calculate changes
in this stress.

2. Composite Creep Modeling

2.1. Composite Creep Model of Hardening Cement Paste Mixed
with Expansive Additive. The creep of hardening cement
paste mixed with an expansive additive [12, 13] was modeled
by following the creep model for normal concrete of Lokhorst
and van Breugel [14] and Maruyama [15]. Figure 1 shows the
composite creep model of the hardening cement paste mixed
with expansive additive. In this model, the hydration product
of the expansive additive inside the hardening paste provides
resistance and balance against the hydration product of the
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FIGURE 1: Composite creep model of the cement paste mixed with expansive additive.

cement. Only the cement and expansive additive hydration
products are assumed to exhibit creep, and the creep proper-
ties and conditions of these hydration products are assumed
to be uniform temporally and spatially. The model assumes
that the unhydrated cement and expansive additive are solids
with a uniform elastic modulus and that the moisture inside
the capillary does not share the burden of stress.

The cement paste mixed with expansive additive con-
sists of water, hydration products, unhydrated cement, and
unhydrated expansive additive, as shown in Figure 1. During
the hydration process, the radius of the original cement and
expansive additive particle r, decreases to r,, with a decreas-
ing amount of water. At the same time, the amount of hydra-
tion products increases, which increases the radius of the out-
ermost hydration product R,. The figure shows the hydration
products generated during this process in the form of an
element of a bar based on the work of Lokhorst and van
Breugel [14] and Maruyama et al. [15, 16]. The inserted ele-
ments of hydration products are assumed to increase because
of the increase in the outermost radius R, and an element is
inserted every time the contact area A changes by 1%. Here,
A, was assumed to be a parameter for the formation of the
paste structure mixed with expansive additive, and it depends
on the hydration rate. The existing concept of the contact
area according to the Computational Cement Based Material
(C-CBM) model [15] was proposed by Maruyama and is
introduced and modeled here. As hydration progresses,

the contact area between particles increases because of the

collision between particles. A depends on the radius of the

hydration products and can be expressed as follows [12, 15]:
Case of 0.5 < R, < V2/2:

A =n(R*-05%). 6))
Case of V2/2 < R, < V3/2:
A =8| (R?-05Y)
¢ 2
0.5
T Acos (2)
4 R?-0.5?

+0.25\/R2-05

Similar to previous studies, the outermost radius R, can
be obtained as follows [13, 15]:

(3)

The volume increase rate V of cement has been defined as
1.9-2.2 in previous studies [17]. Based on this range, V was set

R=>1+V-1)a)r,.



Advances in Materials Science and Engineering 3
TABLE 1: Mineral composition of cement and expansive additive [12].
Type Mineral composition (%)
Sio, Fe,0, AL O, Ca0O SO, MgO Total f-CaO
Ordinary Portland cement 21.0 2.9 5.2 64.4 23 1.2 97.0 —
Expansive additive 1.0 0.8 72 70.6 18.5 — 98.1 49.8
to 2.0 in this study by considering the time at which it con-
verges to a certain value with regard to the hydration reaction
rate and the adsorbed water present in the hydration product
or the water in the gel pores that does not contribute to the K
hydration reaction [13]. For the expansive additive, V was P
. . . aste
set to 3.34 by considering a layer of hydration products and (cement
following the reasoning of Yamamoto et al., who described + 4
. . . . . ggregate
the expansion mechanism of expansive additives [18]. expansive
The time-dependent creep strain of the hydration product ! add.) TeE T
was applied according to the following equation. This is the
same type of equation as that proposed by Lokhorst and van \
Breugel [14]: \)
n - | N A
e (t)=a- =D o, (4) 1o e

0

where ¢_,(t) is the creep strain at the age ¢, t — 7 is the time
under the load h, t,, is 1h, o(7) is the stress applied at the age
t, a is the creep constant (mm?/N), and 7 is a constant (here,
n = 0.3 [14]).

The creep constant a of the hydration product of cement
was set to 1.5 x 10> based on the existing literature [14, 19].
Although many studies have dealt with the material char-
acteristics of hardening cement paste mixed with expansive
additives, only a few have examined creep. The creep constant
of hydration products produced by the hydration of only the
expansive additive should be different from that of cement.
Owing to the lack of sufficient data, however, this value was
set to 2.1 x 10~* in this study based on previous experimental
results [13] and other existing studies [12, 13], which showed
that creep is slightly higher in expansive concrete than in
normal concrete because the former expands through the
generation of air gaps.

The activation energy for the temperature-dependent
creep strain of the hydration products of cement and expan-
sive additive was evaluated according to the model of Lokhorst
and van Breugel [14] and Maruyama [15] by using the
following equation:

T-T,
V(T)=exp(%-ﬁ>, (5)
0

where V(T') is a function describing the temperature effects,
R is the gas constant (8.31]J/mol K), T is the temperature of
the paste, and T is the reference temperature (293 K). When
T = T, V(T) is 1. The activation energy Q for ordinary
Portland cement was assumed to be 20,000 J/mol, which is a
typical value [14, 15, 20]. In the case of the expansive additive,
the activation energy was set to 43,496 J/mol, which was
calculated with the following equation by using the C;S/C,S
ratio. This value can be calculated by considering the mineral

FIGURE 2: Composite model of mortar and concrete.

composition of the expansive additive, as presented in Table 1.
Consider

C,S (%)
C,S (%)

Q= -4070 - ( ) + 38010, (6)

where C;S and C,S represent the ratio of C;S and C,S in
the expansive additive and are calculated according to the
following equation proposed by Bogue [21]:

C,S = 4.0710 - CaO — 7.6024 - SiO, — 1.4297 - Fe, O,
- 6.7187 - AL,O, )
C,S = 2.8675 - S0, — 0.7544 - C,S.

The strain of the newly created elements varies because
each element has a different stress history depending on the
age; however, a uniform strain was considered for all elements
owing to the redistribution of stress. Thus, the creep strain of
the paste mixed with expansive additive can be expressed by
(8) depending on the mixture rate of the expansive additive
according to the balance of the creep strain of the cement and
expansive additive parts:

Epaste(C+EX) = €c(C) " Cv(w) + €cex) - EXv(9)» (8)

where &, (c+Ex) 18 the creep strain of the cement paste mixed
with expansive additive, &, is the creep strain of the cement
part, &gy is the creep strain of the expansive additive part,
Cy/(9) is the volume mixing rate of cement, and EXy; ) is the
volume mixing rate of expansive additive.

2.2. Composite Model for Mortar and Concrete. In order to
extend the creep phenomenon to mortar and concrete, a
composite model of paste and aggregate (fine and course
aggregate) was used. The model shown in Figure 2 is based
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FIGURE 3: Strain and stress redistributions due to newly created elements.

on the assumption that aggregates do not experience time-
dependent strain. With this composite model, the stress
load of the paste was considered to be redistributed to the
aggregates because the aggregates should be under the same
amount of time-dependent strain experienced by the paste.
Thus, the time-dependent strain of mortar and concrete
mixed with expansive additive can be calculated as follows
by considering the strain attributed to the load shared by the
aggregates as initiated by the paste strain:

€mortar or concrete(C+EX)

= 8paste(C+EX)

() -a-a].

)

where &,0rar or concrete(c+Ex) 18 the creep strain of mortar or
concrete mixed with expansive additive, €p,qe(ciEx) 15 the
creep strain of the paste mixed with expansive additive, E,
is the elastic modulus of the paste mixed with expansive
additive, and E,,, is the elastic modulus of the aggregate.
In addition, A, is a constant related to the volume of the
aggregates V,,, relative to the unit volume; it can be expressed

as A, =./V,

88

g

2.3. Estimation of Stress Redistribution. The stress redis-
tribution was estimated by analyzing the modeled creep
phenomenon. The required redistributed stress can be deter-
mined by solving k linear equations when k elements are
considered, as shown in Figure 3. The sum of the creep strain
and elastic strain over the time t + At is the same for all
elements, and the sum of the stresses does not change because
of the generation of elements. Furthermore, if the creep strain
follows the law of superposition and is proportional to the gel
volume of the hydration products and the stress, the creep

strain can be expressed as follows by applying the step-by-
step method to each time increment:

Ao(r)
tot (Fiv1) = Eor () + —F— + -V(T;) - Ao (7
€t (ti1) = &t (1) E j;a (T;) (T]) W)

(=) = (6= 7))"]-

Thus, the total strain can be calculated by summing the
following three sets of terms according to (10):

(i) Total strain at time ¢;.

(ii) Elastic strain Ae,(t;) attributed to the new stress
increment Ao (t;).

(iii) Creep strain increment Ae(t;,7;,T;) generated by
the stress increment Aa(‘rj) in the next time interval
(ti tir)-

3. Experiment

3.1 Outline of the Experiment. Two types of specimens with
a water/binder ratio of 0.50 were used: an expansive mortar
withal:3ratio of fine aggregate and binder, to which 5 wt% of
an ettringite-gypsum type of expansive additives was mixed,
and a normal mortar. Strength and shrinkage tests were
conducted in order to evaluate the basic and modified prop-
erties of the mortars. Air content and slump flow tests were
performed to determine the properties of the mortars when
fresh. The specimens for the strength test were demolded
on day 1 and cured in water (20 + 2°C), after which the
compressive and splitting tensile strengths were measured.

A 40mm x 40mm x 160 mm mold was used in the
shrinkage test to measure the drying shrinkage with an
embedded strain gauge. Drying shrinkage specimens were
demolded on day 1, and a portion of each specimen was
completely sealed with aluminum tape in order to match the
volume-to-surface area ratio (V/S) used in the ring test. They
were then left in a moist room to dry (temperature: 20 + 2°C;
humidity: 60% + 5%).
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FIGURE 4: Overview of the ring test.

FIGURE 5: Stress distribution in the ring test.

In the ring-type constraint test, to induce drying shrink-
age across the cross sections of the mortar rings in an even
manner, as shown in Figure 4, the height of the ring-type
constraint specimen was set to 75 mm instead of 152 mm as
prescribed by AASHTO PP34-98 [22]. Tests were conducted
with ring-type constraint specimens at three levels: A, B, and
C. This was to assess the strain and stress under different
constraints, such as different inner ring thicknesses and
diameters. The inner steel rings were left free of any surface
treatment, such as oil or other lubricants. After the mortar
was deposited, the surfaces of the mortar rings were sealed
with vinyl sheets in order to prevent fast drying caused by
moisture evaporation. After 1 day, the bottom forms were
removed to allow only the top and bottom surfaces of the
mortar to dry. Three strain gauges (h = 37.5mm) were
installed on the inner steel rings, and the constrained strain
was assessed with a datalogger while the rings remained in
the constant temperature and humidity room (temperature:
20 + 2°C; humidity: 60% + 5%).

3.2. Calculation of the Constrained Stress in the Ring Test.
Figure 5 shows a conceptual picture of the stress distribution
in the ring test. The conversion of the steel strain to the
tensile strength of the mortar is based on the assumption of
an arbitrary interface pressure P of the same size but opposite
in direction. This interface pressure P was attributed to the
shrinkage of the mortar and constraint of the steel rings. If
the mortar shrinks evenly and linearly across the whole cross
section, the circumferential stress oy of a specimen can be
defined as follows [23-25]:

(11)

where r,, and r,,, are the inner and outer radii, respectively,
of the mortar and r is an arbitrary value in the direction of
the axis. In addition, the maximum constrained stress in the
circumferential direction occurs at the border between the
inner steel ring and mortar (r = r;,). This can be calculated
by using the following equation:

2 2
oo = Pz ' (rim + rom)
6. — >
' rgm - rizm

(12)

The pressure P, on the inner steel ring acts as the external
pressure of the same magnitude but in the opposite direction.
It can be expressed by using the following equation for the
measured strain of the inner steel ring:

i Py O,st — 2 st
2rs, 2rs,

ey, Tr=r, (13)

where oy is the stress on the inner steel ring in the
circumferential direction, E and & are the elastic modulus
and constrained strain, respectively, and r;; and r,, are the
inner and outer radii, respectively, of the inner steel ring.

Therefore, if (13) is substituted into (12), the maximum
constrained stress of the mortar can be obtained as follows:

2 2 2 2
(ros - ris) (rim + rom)

Ofimax = ' Est " Egt

2 "2 2 (14)
27’05 (rom - rim

3.3. Test Results. Table 2 lists the test results for the slump
flow, air content, and strength. When the expansive additive
was mixed in, the workability and air content did not change
considerably. The expansive mortar had lower compressive
strength and splitting tensile strength than the normal mor-
tar, but these differences were negligible. In other words, the
expansive additive had minimal effect in terms of the fresh
and strength properties.

Figure 6 shows the drying shrinkage results. The drying
shrinkage of the normal mortar was 941 y at day 56, while
that of the expansive mortar was 866 y. The drying shrinkage
decreased in the expansive mortar. However, these results did
not consider the effect of expansion at an early age from the
expansive additive. Thus, a reduction of 100 y from drying
shrinkage due to the early expansion of the expansive additive
[26, 27] was considered along with the drying shrinkage
strain under unconstrained conditions. Then, using the
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TABLE 2: Fresh and strength properties.
. Splitting tensile strength
. Slump flow  Air content Compressive strength (N/mm?) P %N /mm?) §
ype cm %
(cm) (%) 7 days 14 days 28 days 7 days 14 days 28 days
N 18.5 5.6 21.75 34.39 45.61 2.81 3.19 3.64
EX 17.5 51 21.06 33.12 4713 2.80 3.27 3.59
200 60
30
04
=200 —
s
= £
~ I
5 —400 - 5
[ —
5 E
w

=600 —

-800 —

-1000 T T T

Age (days)

—— Normal mortar
--- Expansive mortar

FIGURE 6: Results of drying shrinkage.

expansive additive was found to reduce the drying shrinkage
by approximately 18.6%.

Figures 7 and 8 show the constrained strains and stresses
of the inner steel rings. The strains decreased because of the
compressive force due to the early expansion of the expansive
additive. However, the strains of the normal mortar abruptly
increased with the increase in nonconstrained shrinkage;
cracking occurred immediately after the maximum strain was
attained. In addition, the admixture of expansive additive
decreased the maximum pressure on the inner steel ring,
which in turn decreased the constrained stress and delayed
the cracking time of the mortar.

The maximum constrained stress tended to decrease as
the thickness and diameter of the inner ring were increased.
This was probably because even when the constrained load on
the interface remained constant, the thickness and diameter
of the inner steel ring increased with the degree of constraint.
That is, as the inner steel ring became thicker, it was not
strained, and the amount of relaxing shrinkage increased
from an early age.

Opverall, the admixture with expansive additive delayed
cracking by 17-28 days. Thus, the use of the expansive
additive was confirmed to reduce the tensile stress and crack
resistance.

-120
-150 T T T
0 10 20 30 40
Age (days)
— N-A — EX-A
___NB -—- EX-B
...... N-C ...... EX-C

F1GURE 7: Constrained strains of the inner rings.

4. Estimation of the Constrained Stress by
Creep Analysis

4.1. Hydration Reaction Rate. For the analysis of the creep
model, the hydration rate « is the parameter required to
obtain the outermost radius of the cement and expansive
additive particles according to (3). Here, the hydration reac-
tion rate was defined as the amounts of cement and expansive
additive that underwent reactions compared to their cor-
responding total amounts. In order to determine this rate,
a value calculated from using the net calorific value was
applied. The calorific value was obtained by measuring the
calories generated during the hydration process with a multi-
micro calorimeter (MMC-511 SV). When the water/cement
and water/expansive additive ratios were 0.50, the net
calorific values were 43753 and 887.12 J/g for the cement and
expansive additive, respectively. Figure 9 shows an example
calculation for the rate of heat liberation and degree of hydra-
tion. The figure confirms that the hydration reaction rate for
the expansive additive was higher than that for cement at all
ages owing to the increased exothermic peak from the rapid
reaction of the expansive additive at an early age. The experi-
mental data were used in the creep analysis.

4.2. Elastic Modulus. The elastic modulus for creep analysis
was obtained by using (15) based on previous modeling
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FIGURE 9: Rate of heat liberation and degree of hydration of the
cement and expansive additives.

work [12, 28] based on Maruyamas C-CBM model [15]. This
equation indicates that the outer product has a lower density
than the inner product, as shown in Figure 10. However,
the phenomenon of densification with age was considered
through the large expansion in terms of space based on the
effective contact area A _4:

Epaste(C,EX)

_ 1
Apl (A Egaicy + (1= 25) - Eqax) + (1= 4,) /Egacexy
: Aceff >

(15)

where E,,.(cx) is the elastic modulus of the cement paste
or expansive paste, Eqpy is the elastic modulus of the
unhydrated cement or expansive additive, Egcgx) is the
elastic modulus of the hydration product, and A 4 is the
effective contact area. In addition, A, is a constant related to
the volume of the unhydrated cement or expansive additive
Vcex relative to the unit volume and can be expressed as
Ap = VVeex:

With the model, Eipx and Eg ¢ px) had values of 50 and
25 GPa, respectively. These values were taken from the results
of Maruyama [15], who determined these values by referring
to the values of 40 and 20 GPa suggested by Hua et al. [29] and
60 and 30 GPa suggested by Lokhorst and van Breugel [14]. In
the case of the expansive additive, the value for cement was
applied because sufficient data could not be found.

The elastic modulus of the paste mixed with the expansive
additive can be expressed by (16). It depends on the mixture
ratio of the expansive additive by balancing the elastic
modulus of the required cement part and elastic modulus of
the expansive additive part:

Epaste(C+EX) Epaste(C) : CV(%) + Epaste(EX) : E)(V(%)> (16)

where E,,.(c+Ex) is the elastic modulus of the cement paste
mixed with the expansive additive, E,,q(c) is the elastic
modulus of the cement part, E,,,q.(ex) is the elastic modulus of
the expansive additive part, Cy(q is the volume mixing rate
of the cement, and EXy o, is the volume mixing rate of the
expansive additive.

In order to extend this equation to the elastic moduli
of mortar and concrete, a composite model of the paste
and aggregate was used as a creep model. The aggregate
was assumed to exhibit no creep behavior. Hence, the paste
dominates the behavior of the mortar or concrete. Therefore,
the aggregate has a resistor function without affecting the
behavior of the paste. If a composite model for the aggregate
and paste is assumed, the elastic modulus of the mortar or
concrete can be expressed by

mortar or concrete(C+EX)
B 1 (17)
Ac/ (Ac ' Epaste(C+EX) + (1 - )‘c) . Eagg) + (1 - /\c) /Epaste(C+EX)

where E_ o iar or concrete(ciEx) 18 the elastic modulus of the
concrete mixed with the expansive additive, E,,e(crEx) i
the elastic modulus of the cement paste mixed with the
expansive additive, and E,,, is the elastic modulus of the
aggregate. In addition, A, is a constant related to the volume
of the aggregates V,,, relative to the unit volume and can be

expressed as A, = |V,qq.

4.3. Estimation of the Constrained Stress. The stress change
in the expansive mortar under the constrained condition was
estimated by considering the modeled creep phenomenon
described in Section 2. The estimated stress was compared
with the experimental results of the ring test described in
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FIGURE 10: Density changes in the hydration product during hydration [6].
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FIGURE 11: Calculation of the constrained stress by the creep model
(Specimen A).

Section 3 to validate the stress prediction technique using the
model.

If the mortar poured into the ring object is assumed
to show linear elastic behavior under various constraints,
the pressure applied by the constraint of the steel and that
applied to the mortar become identical. Thus, by calculating
the pressure applied to the interface of the inner steel ring
and mortar with the creep model by using the deformation
measured from the inner steel ring, the maximum tensile
stress applied in the direction of the circumference of the
mortar can be calculated. Figures 11-13 show the maximum
tensile stress according to the ring test and calculated with
the creep model under various constraints. The results of
the ring test were predicted under the assumption that the
mortar poured to the ring exhibits linear elastic behavior,
and the actual behavior of mortar differed from the stress
applied to the ring object. Thus, the maximum tensile stress
predicted for objects, including object B, differed slightly
from the maximum tensile stress according to the ring test.

7.5
6 -
5
E 4.5
12}
)
&
T 7
=1 4
= 1
= 1
k7 I
=1 1
o 1
O 1
1
1
1
-1.5 T T T
0 10 20 30 40

Age (days)

{1 Calculation (N-B)  --- Experimental (ring test N-B)
-O- Calculation (EX-B) --- Experimental (ring test EX-B)

FIGURE 12: Calculation of the constrained stress by the creep model
(Specimen B).

However, the results confirmed that the progression of stress
in ordinary mortar and expansive mortar with age can be
predicted to some degree.

5. Conclusions

A model was developed for the creep of hardening cement
paste mixed with expansive additive to control cracking. The
constrained stress of expansive mortar was estimated by using
the modeled creep to calculate the changes in the stress under
constraints. The results of the study can be summarized as
follows:

(1) The hydration products of the expansive additive and
cement were considered under the assumption that
these products cause creep. The creep of hardening
cement paste mixed with expansive additive was
modeled by considering the redistribution of stress
between the newly generated hydration products
and the already existing hydration product that was
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FIGURE 13: Calculation of the constrained stress by the creep model
(Specimen C).

bearing the stress as well as the balance between the
expansive additive and hydration products of cement.

(2) If the creep deformation is proportional to the stress
and the gel volume of the hydration products, the
law of superposition can be applied. This was used to
predict the stress development by applying the step-
by-step method for each time increment.

(3) For the ring test, the maximum tensile stress applied
to the inner steel ring was predicted through a creep
analysis based on the measured deformation of the
inner steel ring and under the assumption that the
mortar in the ring exhibits linear elastic behavior. The
results confirmed that the progression with age of
stress in ordinary mortar and expansive mortar can
be predicted to some degree.
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