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ABSTRACT

In order to comprehensively master the effect of different mineral admixtures on the creep behavior of concrete,
the mechanical properties and creep of concrete with active mineral admixtures (i.e., fly ash (FA), ground gran-
ulated blast-furnace slag (GGBS), metakaolin (MK)) and inert mineral admixtures (i.e., limestone powder (LP),
quartz sand powder (QSP) and emery powder (EP)) were studied by using a self-made testing device. The
corresponding effect mechanism was also analyzed according to the internal relative humidity (IRH) and pore
microstructure organization of the mixed concrete. The results show that the use of FA and/or GGBS can reduce
the creep of concrete, and more creep can be reduced if both MK and inert mineral admixtures are used,
although different mineral admixtures have different effects on the compressive strength and elastic modulus
of the mixed concrete. The correlation between specific creep and IRH can be characterized in three different
zones. The combined use of FA and GGBS can reduce the pore volume of pores of different sizes, and the
concrete mixes with MK and inert mineral admixtures have very similar pore size distribution to provide more

resistance to their creep.

Keywords: Creep, Concrete, Mineral Admixture, Compressive Strength, Elastic Modulus.

1. INTRODUCTION

Creep is defined as the increase in strain under a sustained
constant stress, which is the inherent time-varying charac-
teristic of concrete material. The creep strain is composed
of two main parts. One is the basic creep, and the other
is the drying creep which is due to concrete drying.('—
In general, the creep strain depends largely on the drying
creep. In practical engineering, the sum of the basic and
drying creep strains is considered for the design of con-
crete structures. Creep of concrete is one important part of
concrete volume stability, which affects directly the safety
of concrete structures.”) Creep has both positive and neg-
ative effects on the performance of concrete structures.
On the positive side, for example, creep can reduce the
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stress concentrations caused by the temperature variation
and shrinkage.® On the negative side, for example, creep
can cause the continuous increase of pre-stress loss, the
long term deformation and the internal stress redistribu-
tion of concrete structures, especially for large span pre-
stressed concrete bridges.(*”7) The negative side of creep is
mainly considered in the design and construction of con-
crete structures. In general, a stable, less creep value is
desirable for concrete structures to be built.

In recent years, a growing number of studies show that
concrete creep is mainly related with the hydration prod-
ucts especially for calcium silicate hydrate (C—S—H) gen-
erated by cementitious materials including cement and
different mineral admixtures.®'?) Mineral admixtures such
as fly ash (FA), ground granulated blast-furnace slag
(GGBS) and metakaolin (MK) not only can improve the
engineering properties of mixed concrete, but also reduce
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the cement content used in the mix and thus make concrete
more sustainable for they can reduce both construction
costs and material-related CO, emissions.(!'"'3 Therefore,
there has been an increasing interest in the use of mineral
admixtures in modern concrete, which is an indispensable
component in producing high performance concrete. The
active mineral admixtures can react with calcium hydrox-
ide generated by cement hydration to produce additional
C-S—H, which has the most important effect on creep of
concrete. There are many studies on creep of concrete with
various different mineral admixtures. Khatri et al.!'* and
Siddique" investigated the effect of mineral admixtures
on creep of concrete at a constant water-binder ratio of
0.35. It was found that the creep of concrete with low
content of GGBS by weight of binder was low when com-
pared to that of concrete without mineral admixtures, and
silica fume added to concrete in amount of 10% by weight
of binder decreased the creep of concrete remarkably. The
combination of silica fume in amount of 10% by weight
of binder and FA also decreased the creep of mixed con-
crete. However, the creep of mixed concrete was found to
be higher than that of concrete with a single silica fume.
FA alone in amount of 15%~25% by weight of binder
had little effect on concrete creep. Mazloom et al.(!>!0
reported that, with the increase of silica fume content in
the mixture the creep of concrete was lower, and when the
content of silica fume was up to 15%, the creep of con-
crete at a constant water-binder ratio of 0.35 was decreased
by 20%~30%. Brooks et al.'”) presented an experimen-
tal investigation on the effect of partial replacements of
Portland cement by MK on the creep of concrete at a con-
stant water-binder ratio of 0.28. Their results showed that,
with the increase of MK content, the creep of concrete
was decreased remarkably. When the MK content was up
to 15%, the creep of concrete was decreased by about
65%. It was suggested that, if the concrete is required
to have a low creep, MK could be considered as a sup-
plementary cementitious material (SCM). Santos et al.('®
investigated the effect of loading ages on the creep of con-
crete. It was found that after the concrete was loaded in
one day, the creep of concrete with amount of 10% MK,
30% calcined clay, and 50% GGBS by the equivalent vol-
ume of binder was increased by 123%, 58%, and 316%,
respectively. However, after the concrete was loaded in
three days, the creep of concrete with the mineral admix-
tures was decreased significantly. When the loading age
reached to seven days, the creep of concrete with MK,
calcined clay and GGBS was decreased by 59%, 55% and
77%, respectively. The results also showed that GGBS has
a great effect on the creep of mass concrete with differ-
ent loaded ages. McCarthy et al.!'”) studied the effect of
FA in a high amount of 45% by weight of binder on C50
concrete creep. It was reported that the creep of concrete
with the addition of FA to rapid hardened cement was
decreased by 50%, compared to that of concrete prepared
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by ordinary Portland cement. Li et al.?” reported that the
addition of GGBS in amount of 30% by weight of binder
could decrease the concrete creep by 50%. The combined
use of GGBS in amount of 30% and silica fume in amount
of 10% by weight of binder could decrease the concrete
creep by 65%.

The above literature survey shows that there are numer-
ous studies on the effect of individual mineral admixtures
on concrete creep, which demonstrated that the mineral
admixtures added to concrete can remarkably change the
properties and performance of the concrete including creep
through their physical and chemical effects.?!?2 However,
there is lack of systematical comparisons of creep between
concretes with different mineral admixtures. More impor-
tantly, when the effect of mineral admixtures on concrete
creep was studied previously, the replacement percentages
of cement by mineral admixtures were often changed.
Therefore, the effect of different mineral admixtures on
concrete creep can not be compared effectively. In this
paper an experimental investigation is presented on the
mechanical properties and creep behaviour of concretes
with added mineral admixtures with a fixed replacement
percentage of cement. The influences of the different min-
eral admixtures on the mechanical properties, creep and
pore microstructure organization of the mixed concrete are
to be examined and compared.

2. EXPERIMENTAL DETAILS
2.1. Materials
The cement used in the experiments was Portland cement
(PC) of grade P-152.5 according to Chinese National Stan-
dard GB 175-2007 Common Portland Cement, whose spe-
cific surface area was 370 m*/kg. Class I FA was used
according to Chinese National Standard GB/T1596-2005
Fly Ash Used for Cement and Concrete, whose specific
surface area was 550 m?/kg. Class S95 GGBS was selected
according to Chinese National Standard GB/T 18046-2008
Ground Granulated Blast Furnace Slag Used for Cement
and Concrete, whose specific surface area was 420 m?/kg.
MK was obtained by the calcinations of kaolinitic clay
at 800 °C for 4 hours, whose specific surface area was
1200 m*/kg. Table I shows the chemical compositions of
the PC, FA, GGBS and MK used in the experiments.

The inert mineral admixtures were also used in the
experiments, including limestone powder (LP), quartz sand
powder (QSP) and emery powder (EP), whose purities

Table I. Chemical compositions of PC, FA, GGBS and MK (wt%).

Materials SO, SiO, Fe,O0; ALO; CaO MgO K,O Na,O TiO,

PC 254 21.10 326 477 6263 1.15 043 0.05 0.28
FA 0.51 51.81 6.38 2729 7.62 133 126 065 1.12
GGBS 0.24 33.63 0.46 15.64 3834 8.58 0.46 022 0.68
MK 0 5425 076 4272 036 0 034 0 027
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Fig. 1.
and fly ash (FA) (a) grading curves and (b) Particle size distributions.

were higher than 90% and specific surface areas were
550 m?/kg, 750 m*/kg and 880 m?/kg, respectively. The
grading curves and particle size distributions of PC, LP,
GGBS and FA were determined by laser particle analysis
using BT-9300 Laser Particle Analyzer, which are shown
in Figure 1. It can be seen from the figure that the average
particle size of FA, GGBS or LP is smaller than that of PC
particles. When PC is replaced by FA, GGBS and/or LP,
the mineral admixtures can be considered as micro fillers
in the concrete.

The scanning electron microscope (SEM) images of
MK, LP, QSP, and EP are shown in Figure 2, which
are obtained by S-4800 field emission scanning electron
microscope made in Japan. The accelerating voltage of the
instrument is 20 kV. It can be seen from the figure that the
shape of MK is like a plate, which has a rough surface. As
for inert mineral admixtures, QSP has a rough surface also,
and however, LP and EP have the angular surfaces. LP and

Fig. 2. Scanning electron microscope (SEM) images of some mineral
admixtures (a) metakaolin (MK), (b) limestone powder (LP), (c) quartz
sand powder (QSP) and (d) emery powder (EP).
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Grading curves and particle size distributions of Portland cement (PC), limestone powder (LP), ground granulated blast-furnace slag (GGBS)

EP do not improve the liquidities of concrete according
to their shapes, but are helpful to enhance the strength of
concrete by providing the interlock effect.

River sand was used for fine aggregates, which has
a fineness modulus of 2.5 and grading II as regu-
lated by Chinese National Standard JGJ52-2006 Stan-
dard for Technical Requirements and Test Method of Sand
and Stone (or Gravel) for Ordinary Concrete. Crushed
limestone with a size range from 5.0 mm to 25 mm
was used as coarse aggregates. In addition, the polycar-
boxylic superplasticizer admixture with water reducing
ratio 25% and local fresh clean tap water were used in the
experiments.

2.2. The Concrete Mixture Proportioning

Seven mixtures were designed to investigate the creep
of concrete with different mineral admixtures, in which
the sand percentage (40%), water-binder ratio (0.3) and
cementitious material amount (480 kg/m®) were all kept
as constants, and the slump of 200-220 mm was main-
tained by adjusting the superplasticizer content. Table II
shows the details of the components used in the mixtures.
The mix without mineral admixture was viewed as the
control mix (C), and the other six mixes were designed
on the basis of different mineral admixtures, with a con-
stant percentage of mineral admixtures replacement 30%
by weight. For example, 7C + 2FA + GGBS means that
70% of the binder weight is PC, 20% and 10% of the
binder weight are FA and GGBS, respectively. In addi-
tion, different mineral admixtures used to replace PC were
divided into two groups. Since FA and GGBS are the tradi-
tional mineral admixtures, they are as the reference group
in this study. MK is a relatively new mineral admixture,
which has high pozzolanic activity than that of FA and
GGBS. Usually, the concrete with MK has high strength.
However, because MK is very expensive, it is not feasible
to use MK alone in the concrete. For this reason, other
mineral admixtures such as LP, QSP and EP are used with
MK in the present study.

Mater. Express, Vol. 6, 2016
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Table II. Mix proportions of concrete with different mineral admixtures (kg/m?).

Types of mixture PC Mineral admixture Sand Gravel Water Superplasticizer
C 480 0 0 708 1062 144 2.88
7C+3FA 336 144 (FA) 0 708 1062 144 2.40
7C+3GGBS 336 144 (GGBS) 0 708 1062 144 2.70
7C+2FA + GGBS 336 96 (FA) 48 (GGBS) 708 1062 144 2.64
7C+MK+2LP 336 48 (MK) 96 (LP) 708 1062 144 2.88

7C+ MK +2QSP 336 48 (MK) 96 (QSP) 708 1062 144 2.88

7C+ MK + 2EP 336 48 (MK) 96 (EP) 708 1062 144 2.88

2.3. Test Methods

Apart from the creep data, the compressive strength, elas-
tic modulus, drying shrinkage, internal relative humidity
(IRH), and pore size distribution of the concrete mixes
are also tested. The dimensions of specimens used for
the compressive strength and elastic modulus tests were
150 mm x 150 mm x 150 mm and 150 mm x 150 mm x
300 mm, respectively. The tests were conducted at the
ages of 7, 28, 60 and 90 days, respectively. After mixing
and casting, the specimens were kept in moulds for about
24 hours at room temperature (20+5) °C. Afterwards, they
were demoulded and placed in a standard curing room of
controlled temperature (20 £2) °C and relative humidity
more than 95% until they were tested.

For the creep and IRH tests, a self-made testing device
is used, which is shown in Figure 3. During the test
four specimens, each has the dimensions of 130 x 130 x
400 mm?® and a 30 mm diameter hole in the middle, were
connected by a steel bar. Steel clapboards were placed
between the specimens and on the loading surfaces where
a pressure sense was also positioned. The steel bar has a

Clapboard A Data collector Clapboard B Clapboard C
3 = 3
= y 4 r y 4 ~ 7 e
i) 1( 1 1( ) 1 i)
q| 1 i I T %—h_
Nut Specimen PVC pipe Pressure sensor
Steel bar
(a) Test diagram
30 30
e =y =) Bl
gxe—t—(|13 H - 6 - U -
130 @ it} S
—| =
200

400 130 130 100
(d) ClapboardB
(130x130x10)

(b) Specimendimension (c) Clapboard A

(130x130x20)

(e) ClapboardC
(100x100x20)

(g) Test process

Fig. 3.
millimeter).

Internal relative humidity and creep tests of specimens (Unit:

Mater. Express, Vol. 6, 2016

diameter of 25 mm and it was inserted into a PVC pipe
with outer and inner diameters of 30 mm and 25 mm.
The loading on the specimens was controlled by the steel
bar and the data were recorded during the period of the
test. In addition, a digital humidity sensor and a vibra-
tion string type strain gauge were embedded at the centre
of the tested specimen for recording the axial compres-
sive strain and IRH of the specimen. During the test the
temperature and the relative humidity were controlled at
(20£2) °C and (60 £ 5)%, respectively.

The loading stress of the self-made testing device may
show the relaxation phenomenon during a long term load-
ing. If the loading stress calculated by the pressure sensor
is less than 2% of the initial loading stress, the prestress of
the specimen should be added immediately to ensure the
long term loading stress remain a constant.

The compressive stress applied to the specimens was
controlled to about 28% of the corresponding cubic com-
pressive strength at 7 days, which was controlled using
the vibration string type pressure sensor. In addition, in
order to eliminate drying shrinkage, the shrinkage strain
of the specimen with the same dimensions but without
loading was tested at the same time. Creep strain was
calculated by subtracting drying shrinkage strain of the
non-loaded specimen from the total longitudinal strain of
the loaded specimen. Specific creep is used to analyze the
creep data obtained from the tests, which can be calculated
as follows:?

C,=(e,—¢)/o=35T(e,—¢)/f. (1)
where C, is the specific creep at the loading age of ¢ days,
g, is the creep strain at the loading age of ¢ days, &, is
the drying shrinkage strain of concrete at the same loading
age as the creep strain, o = 0.28. is the applied compres-
sive stress, and f, is the cubic compressive strength of the
concrete mix used to cast the specimen at 7 days.

In order to examine the effect of pore microstructure
of the hardened concrete specimens with different mineral
admixtures on the creep, mercury intrusion porosimetry
(MIP) was used to measure the pore size distribution of
the concrete mixes at 28 days. The MIP used is able to
generate pressures up to 420 MPa and measure pores of
diameters ranging from 3.5 nm to 400 wm. The specimens
used for the MIP test were broken into small pieces of size
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3-5 mm, which consist of only mortar and fine aggregates,
and stored in ethanol solution for three days to prevent
further hydration and/or carbonation. After then, they were
dried and stored in sealed containers before the MIP test
was carried out.

3. RESULTS AND DISCUSSION

3.1. Compressive Strength and Elastic Modulus
Figure 4 shows the variation of the compressive strengths
of the specimens tested at different ages. Each point rep-
resents the average value of three tested specimens with
identical mixtures.

It can be seen from Figure 4(a) that, for specimens with
FA and/or GGBS, their early compressive strengths are
lower than that of the control specimen. It is only after
about 60 days, the compressive strength is higher in the
specimen with GGBS or with both FA and GGBS, but
remains lower in the specimen with FA alone. In contrast,
most of the compressive strengths of the specimens with
MK and inert mineral admixture systems tested within
90 days are lower than that of the control specimen (see
Fig. 4(b)). It is only the specimens (7C + MK + 2EP) and
(7C+ MK + 2QSP) that at 90 days have the comparable
compressive strengths to the control specimen. The differ-
ent effects of EP, QSP and LP on the compressive strength
of the mixed concrete could be attributed to the compre-
hensive results of their particle sizes, shapes and hardness.

Figure 5 shows the variation of the elastic modulus of
the specimens at different ages. Similar to the compressive
strength, each data point represents the average value of
three tested specimens with identical mixtures.

It can be observed from the figure that, except for the
specimen with both FA and GGBS that has a slightly
greater elastic modulus at 90 days than the control speci-
men, all other specimens have lower elastic modulus than
the control specimen. For the specimens with MK and inert
mineral admixture systems it seems that the combination
of MK and LP has almost no influence on the elastic mod-
ulus after 28 days, whereas the combination of MK and EP
or MK and QSP can increase the elastic modulus. In terms
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of the value of elastic modulus, the order can be approxi-
mated as (7C+ MK+ 2EP) > (7C+MK +2QSP) > C >/
or ~ (7C+MK +2LP).

3.2. Creep

The specific creep of the specimens with different mineral
admixtures at different times are calculated using Eq. (1)
based on the creep strain, drying shrinkage strain and
applied stress obtained in the test. Figure 6 shows the vari-
ation of the specific creep with time for each specimen.
It can be seen from the figure that the specific creep for
all these specimens has a general trend, that is, it increases
quickly with time during the first 40 days, then becomes
stabilized and turns to be constant.

It can be seen from Figure 6(a) that the addition of FA
and/or GGBS can reduce the specific creep of the mixed
concrete. For the same amount of FA, GGBS and FA +
GGBS, the combined use of FA and GGBS results in the
lowest specific creep, while the addition of FA alone is
slightly better than the addition of GGBS alone in terms
of the reduction of the specific creep. Compared to the
control specimen, the stabilized specific creep of the spec-
imens with (FA 4+ GGBS), FA and GGBS has reduced by
31%, 12% and 5%, respectively.

When the use of MK is combined with LP, QSP or EP,
the specific creep of the mixed concrete can be signifi-
cantly reduced. As it can be seen from Figure 6(b) that,
the stabilized specific creep of the specimens with (MK +
2EP), (MK +2QSP) and (MK +2LP) has reduced by 46%,
39% and 30%, respectively, when it is compared to that of
the control specimen. The reason for this is likely due to
the MK, which has high pozzolanic activity, and the inert
mineral admixtures, which have high elastic modulus.

Pourbeik et al.®® reported that creep of both the old
paste (45 years) and young paste (2 months) at 11% rel-
ative humidity or less was dependent on the water con-
tent. Interlayer water appeared to have a structural role in
the creep process. Wyrzykowski et al.*> investigated the
effect of external load on IRH in concrete. An instanta-
neous IRH increase of almost 2% IRH inside sealed mortar

80

~
=
~

75

70

65

—a—C
—0— 7TC+MK+2LP
—— 7C+MK+2QSP

60

55

Compressive strength, MPa

50 —7— 7TC+MK+2EP
45 . . . .
0 20 40 60 80 100
Age, days

Fig. 4. Effect of mineral admixtures on the compressive strengths of concrete (a) fly ash (FA) and ground granulated blast-furnace slag (GGBS)

and (b) metakaolin (MK) and inert mineral admixtures.
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Fig. 5. Effect of mineral admixtures on the elastic modulus of concrete (a) fly ash (FA) and ground granulated blast-furnace slag (GGBS) and

(b) metakaolin (MK) and inert mineral admixtures.

specimens at loading with a stress/strength ratio of 30%
was found. The initial IRH increase was further recovered
over time while the specimen was under a constant load.
Upon unloading, an instantaneous IRH decrease of roughly
the same magnitude took place. The observed results sup-
ported the theory of local water redistribution from load-
bearing water layers in hindered adsorption areas toward
larger pores as a result of applied compressive stress,
which was relevant for understanding concrete creep.

It is generally recognized that creep is closely related
to the water chemically bound to the cement paste and its
release from the solid phase into liquid phase, which can
be represented by the IRH inside of the concrete. Figure 7
shows the variation of IRH with time in the specimens
with the FA or the MK and inert mineral admixture sys-
tems. For each specimen there two curves shown in the
figure; one is for the specimen with an applied compres-
sive stress (28% of the corresponding cubic compressive
strength) and the other is for the specimen without the
applied stress.

It can be seen from Figure 7 that, for all specimens the
IRH decreases with time although the rate of decrease is
different for different specimens. Also it can be observed
from the figure that the applied stress seems to have no
remarkable effect on the IRH. It is noticed that for all
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specimens the decrease of IRH occurs mainly in the first
100 days. After the 100 days the IRH is almost stabilized.
In terms of the IRH value, the specimens have the order
of (7C+MK+ 2EP) > (7C+MK +2QSP) > (7C+MK +
2LP) > (7C+3FA). This order is closely correlated to the
specific creep order of the specimens shown in Figure 6.

To identify the correlation between the IRH and specific
creep, Figure 8 plots the relationship between the IRH and
specific creep of the specimens obtained from the test.

It can be seen from the figure that, for each specimen
the variation of its specific creep with IRH can be char-
acterized by three different zones. The first zone is for
very low IRH where the specific creep is stabilized and
thus has almost no change with IRH. This zone mainly
occurs after a certain ages. The second zone is for very
high IRH where the specific creep decreases rapidly with
the increased IRH. This zone occurs mainly in the first few
days. The third zone is the majority part (i.e., except for
the two end zones) of IRH where the decrease of the spe-
cific creep is almost linearly proportional to the increase of
IRH; i.e., there is a linear relationship between the specific
creep and the IRH.

Note that for the same IRH the specific creeps are dif-
ferent in different specimens. For example, the stabilized
specific creeps are about 23 x 107%/MPa, 18.5 x 107%/MPa,

(b) 30
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Fig. 6. Effect of mineral admixtures on creep of concrete (a) fly ash (FA) and ground granulated blast-furnace slag (GGBS) and (b) metakaolin (MK)

and inert mineral admixtures.
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Fig. 7. Effect of fly ash (FA) or the metakaolin (MK) and inert min-
eral admixtures on internal relative humidity (IRH) of concrete (solid
symbols are with applied stress and hollow symbols are without applied
stress).

16 x 107%/MPa and 14 x 107%/MPa for the specimens of
(7C+3FA), (7C+ MK + 2LP), (7C+ MK + 2QSP), and
(7C+MK+2EP), respectively. The reason for this is likely
due to the difference in porosity and pore size distribution
in mixed concretes owing to the use of different SCMs.

3.3. Pore Micro-Structure
The mechanical properties of concrete depend largely on
the pore microstructure of the concrete. The addition of
SCMs in concrete will influence its pore microstructure.
Figure 9 shows the pore-size distributions of specimens
with different mixtures, which were measured using MIP
at 28 day ages.

It can be seen from Figure 9(a) that, the addition of FA
in concrete results in a reduction of pore volume of pore
size larger than 30 nm, whereas the addition of GGBS in
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concrete results in a reduction of pore volume of pore size
smaller than 100 nm. The combined use of FA and GGBS
seems able to reduce the pore volume of pores of different
ranges.

Compared to the concrete mixes with FA and/or GGBS,
the concrete mixes with MK and inert mineral admixtures
have very similar pore size distribution, indicating that EP,
QSP, and LP have almost the same effect on pore size
distribution. It can be observed from Figure 9(b) that, the
smaller the pore size is, the more reduction the pore vol-
ume has. Overall, the concrete mixes with MK and inert
mineral admixtures have lower pore volumes, particularly,
to the pores of small size.

3.4. Discussion

Note that the creep of concrete can be affected by many
factors, such as curing system, testing method, type and
amount of aggregate, properties and amount of hardened
cement paste.?*2% In this study, only the factor, which is
the type of mineral admixtures with a fixed replacement
percentage of cement, is investigated. The variation of
mineral admixtures of binders leads to the different prop-
erties of hardened cement paste, which thus also affects
the variation of creep of concrete. In addition, there is
a direct relationship between the specific creep and the
applied compressive stress according to Eq. (1). Exten-
sive researches>’”) have proved that the creep of concrete
increases with the increase of the applied stress gener-
ally. In the present study, the applied compressive stress
of concrete is about 28% of the corresponding cubic com-
pressive strength at 7 days in the process of concrete
creep tests (i.e., o = 0.28f.). The compressive strength
of the control concrete is higher than those of all con-
crete with different mineral admixtures at 7 days due to
their slow pozzolanic reactions. With the increase of ages,
the compressive strengths of concrete with different min-
eral admixtures increase obviously after 7 days, and the
strength gaps between the control concrete and concrete
with different mineral admixtures are smaller and smaller
according to Figure 4. Especially, the concrete with GGBS
or with both FA and GGBS have the higher compressive
strength than that of the control concrete after 60 days,
and the concrete with MK and EP or QSP have the com-
parable compressive strengths to the control concrete at
90 days. Therefore, it can be deduced that the effective
compressive stress applied in creep tests of concrete with
different mineral admixtures is smaller and smaller. This is
due to the fact that the increase rates of strengths of con-
crete with different mineral admixtures are higher than that
of the control concrete. Therefore, the different mineral
admixture can decrease effectively the creep of concrete.
McCarthy et al.!”) also reported that the creep of concrete
with the addition of FA to rapid hardened cement was
decreased by 50%, compared to that of concrete prepared
by ordinary Portland cement. However, the creep of con-
crete with FA has only decreased by 12%. This difference
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Fig. 9. Effect of mineral admixtures on cumulative porosity of specimens (a) fly ash (FA) and ground granulated blast-furnace slag (GGBS) and
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of the decrease rates can be explained by the used cement.
The rapid hardened cement can increase the strengths of
concrete with FA more quickly than the ordinary Portland
cement, to decrease the effective compressive stress more
remarkably.

The elastic modulus of concrete is one of the important
mechanical properties, which is related with the creep of
concrete directly. The concrete with FA and/or GGBS have
lower elastic modulus than the control concrete except for
the concrete with both FA and GGBS at 90 days. The con-
crete with both MK and QSP or EP have greater elastic
modulus than that of the control concrete. The combina-
tion of MK and LP has almost no influence on the elastic
modulus after 28 days. The variations of elastic modu-
lus of concrete are due to the different pozzolanic reac-
tions as well as the elastic modulus of mineral admixtures
themselves.(%3) MK has a higher activity than FA and
GGBS, which makes concrete stronger and more resis-
tant to creep. The elastic modulus of cement used in this
study is greater than those of FA and GGBS, but lower
than those of LP, QSP and EP.®? The unhydrated active
mineral admixtures and inert mineral admixtures act as
fine aggregate to provide the different resistance against
creep according to their elastic modulus. The comparison
of Figures 5 and 6 shows that the greater elastic modulus
of concrete corresponds to the lower creep mainly. How-
ever, creep of concrete is also affected by the strengths
of concrete which are related with the effective compres-
sive stress. For example, FA and/or GGBS decrease not
only the elastic modulus of concrete but also the creep of
concrete.

In general, mineral admixtures can improve the pore
structure of hardened cement paste to affect the varia-
tion of creep of concrete.®® MK is a highly active mate-
rial, which reacts with calcium hydroxide originated from
cement hydration to produce additional C—S—H. The addi-
tional C-S-H fills some of concrete pores or voids and
thus reduces the porosity of the mixes. In contrast, the
pozzolanic activity of GGBS, and particularly FA is rather
low. This is why the reduction in porosity by adding them
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into concrete is limited. This is consistent with the results
of concrete with modified admixtures by studying the
relationships between IRH and creep from our published
literature.®® In addition, mineral admixtures can also fill
the small pores and voids which are harmful to structure
and properties of concrete. Therefore, the comparison of
Figures 9 and 6 shows that there is an association between
the pore size distribution and specific creep of the con-
crete. In general, the smaller the porosity, the lower the
creep, indicating that a more dense concrete could pro-
vide more resistance to its creep. Note that the result of
Li et al.?” showed that GGBS could reduce the concrete
creep by 50%; while the present experimental data showed
it reduces the concrete creep only by 5%. This big differ-
ence is likely due to the use of different types of GGBS.
In Li et al. work the GGBS used has a specific surface area
of 800 m?/kg; while in our tests the GGBS has a specific
surface area of only 420 m*/kg.

4. CONCLUSION

The mechanical properties and creep of concrete spec-
imens with different mineral admixtures were evaluated
experimentally in this study. In addition, the pore-size dis-
tribution of the mixed concrete was also measured using
MIP technique and its correlation with creep was dis-
cussed. Based on the present study, the following conclu-
sions can be drawn:

e The addition of GGBS or together with FA results in
a decrease of early compressive strength of the specimen,
but this decrease will be overtaken by the strength increase
in the late stage. The addition of MK and inert min-
eral admixtures also decreases the compressive strength of
mixed concrete, and the reduction range depends mainly
on the particle sizes of the inert mineral admixtures.

e The additions of FA or/and GGBS decrease the early
elastic modulus of the specimens. However, the addition
of MK and QSP or EP can increase the elastic modulus of
the mixed concrete. The addition of MK and LP has little
effect on the elastic modulus of the mixed concrete.
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e The use of FA and/or GGBS can reduce the creep of
concrete, particularly the stabilized specific creep. How-
ever, more creep can be reduced if the mineral admixtures
are used in concrete owing to the high pozzolanic activ-
ity of MK and the high elastic modulus of inert mineral
admixtures.

e The correlation between specific creep and IRH can be
characterized in three different zones. If a linear relation-
ship is used between the specific creep and IRH then one
should use different slops for different zones.

e The addition of FA and GGBS in concrete can reduce
the large and small pores of the concrete, respectively.
Thus, the combined use of FA and GGBS can reduce the
pore volume of pores of different sizes. Compared to the
concrete mixes with FA and/or GGBS, the concrete mixes
with MK and inert mineral admixtures have very similar
pore size distribution.
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