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Abstract: Reactive Powder Concrete (RPC) is a newly emerging concrete material that is being used
for various applications where high-strength concrete is required. RPC is obtained by removing coarse
aggregates and adding fine powders such as silica fume into the concrete mixture. This research
has focused on the proportioning and characterization of RPC mixture to be used as a material for
energy storage pile application. For mixture parameters, the water-to-binder ratio (WB), silica fume
(SF) content, and normal and warm temperature curing have been selected. The relative flowability,
penetration resistance, setting time, drying shrinkage, and compressive and flexural strengths were
evaluated. Based on the test results, the mixture with WB = 0.22 and SF = 20% was the best mixture
with the highest tensile strength and other characteristics. Response surface methodology (RSM) was
used to design the experiments and find the optimum mixture proportions to achieve the highest
compressive strength. The optimum WB and SF content to achieve the highest strength for combined
ages (7 days, 28 days, and 56 days) was determined to be WB = 0.213 and SF = 20%. Through the
comparison between the test results and the required strength from analytical simulations, the RPC
studied in this paper was deemed to be suitable for the energy storage pile.

Keywords: reactive powder concrete (RPC); energy storage pile; silica fume; water-to-binder ratio;
response surface methodology (RSM); compressive strength; flexural strength; drying shrinkage

1. Introduction

Reactive powder concrete (RPC) is a newly emerging material that is typically composed of
cement, silica fume, and sand, along with the use of fibers and superplasticizer. It is characterized
by high compressive and tensile strength, low porosity, and high ductility [1]. These properties of
RPC are obtained by (i) the suppression of a weak interfacial transition zone (ITZ) that is normally
developed around the aggregate through eliminating the coarse aggregate; (ii) the refinement of the
hydrated paste microstructure using silica fume (SF) and elevated temperature curing; (iii) the use of
superplasticizer (SP) to decrease the water-to-cementitious material ratio; and (iv) the addition of steel
and synthetic microfibers [2—4].

Unlike ordinary concrete, the replacement of coarse aggregate with fine sand renders a better
uniformity of RPC and an enhanced ITZ in RPC. Ahmad et al. [5] and Tam et al. [6] reported that finely
and well-graded quartz sand is typically used instead of using coarse aggregate. The particle size of
sand is ranged from 150 um to 600 pm, with a mean value of 250 um. The sand particle size smaller
than 150 um is not used, because it causes interference with the largest cement particles. Ji et al. [7]
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studied the effects of sand particle size and gradation on the strength of reactive powder concrete.
They found that a higher strength of RPC was related to a smaller maximum size and larger packing
degree of the sand, because of the enhanced ITZ between the sand and the hardened cement paste.

Silica fume (SF) is also incorporated into RPC mixture as a partial replacement of cement. Similar
to other supplementary cementitious materials, SF provides a pore refinement effect either by a filler
effect or pozzolanic reaction with the calcium hydroxide (CH) produced from the primary hydration
of cement. This leads to the improved microstructure of RPC and a higher strength than ordinary
concrete [2,8,9]. However, an optimum SF content in RPC typically ranged from 10% to 25% by the
replacement of cement by mass, resulting in good workability and strength properties [10,11]. Ahmad
et al. [5] observed that increasing the SF content has a positive effect on the compressive strength and
modulus of rupture of RPC only to a certain optimum point, while a further increase of SF content
does not result in a significant strength rise in RPC.

Another important factor that affects the property of RPC is the curing condition. Generally, RPC
is cured in the form of either autoclave curing through applying heat and pressure simultaneously
on fresh RPC samples, or high temperature thermal/heat curing using steam curing, hot water bath
curing, and hot air curing. Depending on the preset pressure and temperature, a compressive strength
of up to 500 MPa was achieved when cured at the autoclave [12-15]. Under high-temperature thermal
curing, silica fume dissolves rapidly, and the rate of reaction between SF and CH led to a high early
strength gain of RPC increases [16,17]. Hiremath and Yaragal [18] investigated the effect of different
curing regimes (ambient air curing, hot air curing, hot water bath curing, and accelerated curing) and
durations on the early strength development of reactive powder concrete. They found that the strength
development of RPC is strongly dependent on the temperature and duration of exposure. They also
observed that among four different curing methods, hot water bath curing gives higher strength, but
the combined curing regime (e.g., hot water curing and hot air curing) shows better compressive
strength development than a single curing regime.

Changing the water-to-binder ratio (WB) is another important parameter that affects the strength
of RPC. Decreasing the WB positively affects both the compressive strength and modulus of rupture
of RPC [5]. However, when the WB is decreased beyond a certain limit, the workability of obtained
concrete was not sufficient for comfortable handling and placing [8]. Moreover, since the addition of
SF leads to a high water demand for RPC mixtures, it is necessary to add SP to maintain the slump
level of RPC. Ahmad [5] suggested that the optimum WB range for RPC is from 0.15 to 0.24 in order to
achieve its required flowability along with the use of SP.

On the other hand, many researchers have studied the characterization of RPC mixtures with the
addition of steel or other fibers. Since RPC is a strong and brittle material, fibers are typically added to
the RPC mixture to improve its tensile strength and ductility. Steel fibers in RPC change the failure
behavior of the material from sudden explosive to ductile, which makes it more suitable for many
applications [19,20]. Typical steel fiber content and a steel fiber to total binder ratio are 190-250 kg/m?3
and 0.15-0.30 (by weight), respectively [5,11,14].

Although many researchers around the world have investigated the properties of RPC, including
mixture proportion, mechanical characteristics, and durability, a wide implementation of RPC as
a construction material into construction business is limited because of its relatively high cost of
production [21,22]. The addition of expensive steel fibers and the special treatment of a curing regimen
influence the overall cost of RPC [8]. Moreover, since RPC is a newly emerging material, there is no
standard procedure for mixture proportioning and the determination of material properties. As a
part of research studies using RPC as a material for an energy storage pile foundation system [23-25],
this study focuses on the determination of properties of RPC without the addition of steel fibers in
normal temperature and warm temperature curing regimes. For the energy storage pile foundation
system, the hollow sectioned pile is required to store the excess energy produced in off-peak hours
in the form of compressed air. A reduced cross-sectional area and additional tensile stresses coming
from the pressurized air inside the pile require the pile to withstand complicated loading conditions.
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Therefore, RPC has the potential to be a suitable material because of its considerable high compressive,
tensile strengths, and low porosity for bearing, crack prevention, and air tightness.

This study has focused on a mixture proportion of RPC without the addition of steel fibers to
achieve an appropriate compressive strength under normal and warm temperature curing conditions.
Fresh properties such as the flowability and setting time have also been investigated in this study.
Moreover, the drying shrinkage of RPC due to its high cement and SF contents has been checked.
To optimize the mixture proportion of RPC, the response surface method (RSM) has been selected.
To check whether RPC is applicable for the energy storage pile foundation, extensive finite element
simulations were conducted to determine critical stress demands in the pile foundation as discussed in
Zhang et al. [26]. This paper compares the strength of the RPC achieved in this study to the maximum
stress demand obtained from analytical simulation.

2. Materials and Experimental Procedures

2.1. Materials

ASTM Type I ordinary Portland cement and densified SF, which are available locally, were used
as binder materials for RPC in this study. The specific gravity of cement is 3.15, and SF has a specific
gravity of 2.22. Their chemical compositions (by mass) are shown in Table 1.

Table 1. Chemical composition of cement and silica fume (SF).

Components Cement (by Mass) SF (by Mass)
CaO [%] 63.81 0.47
SiO; [%] 21.45 95.6
AlyO3 [%] 4.45 0.45
Fey O3 [%] 3.07 0.05
SO3 [%] 2.46 -
MgO [%] 242 -
KoO [%] 0.83 -
Others 1.02 1.53
Loss on Ignition [%] 0.49 1.90

Fine quartz sand with a bulk specific gravity of 2.4, absorption capacity of 6.2%, fineness modules
of 1.02 was used as aggregate for RPC mixtures. A liquid superplasticizer (SP) (Master Glenium ACE
430, specific gravity of 1.06) and ordinary tap water with a specific gravity of 1.0 were also used in
the mixtures.

2.2. Design of Mixture Proportions Using Response Surface Method

The response surface method (RSM) is a special statistic method of a single-variable and
orthogonal design. RSM evaluates the effect of variables on the target in three-dimensional (3D)
space. The impact of the various dosage of SF (mass replacement of cement) and different WB on the
compressive strength of RPC was analyzed by RSM. Central composite design (CCD) factors were
used in this study. Equation (1) represents the quadratic model of the target with respect to variables:

k k
y= ,3]‘,0 + Z Bix;i + Z /Siixlz + ZZﬁijxixj +é 1)
i=1 i=1 T

where y—predicted response (compressive strength), x; and x;j—coded values of the variables (SF
content and WB), i—linear coefficient, j—quadratic coefficient, f—regression coefficient, k—the number
of factors in the study, and e—random error.

The variation of SF content and WB in the mixture proportion was designed using Minitab statistic
software; corresponding CCD values were designed for them as presented in Table 2. In addition to
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the nine mixtures required for the RSM, three plain concrete mixtures with different WB were included
in the study to act as a baseline for the characterization of RPC.

Six key mixtures (marked in bold in Table 2) were chosen for the further investigation of RPC such
as modulus of rupture, drying shrinkage, and the effect of warm curing on the properties of RPC. The
six key mixtures include the effect of SF and WB on properties of RPC when WB and SF content are
constant, respectively. In addition, one of the plain mixtures was chosen to provide a baseline property.

The quantity of mixture components was determined using the absolute volume method, which
simply implies that the amount of material required to produce 1 m? of the mixture was calculated
based on the specific gravities of each material. The optimum dosage of SP was determined to provide
a sufficient workability for the mixture (the target value of flowability was 180 £ 30 mm). The SP
content is varied from mixture to mixture. However, in four out of six key mixtures, SP dosage was
kept constant (SP = 1.5% of total binder content) to eliminate the effect of SP on the properties of RPC.
In the remaining two mixtures, SP dosage was optimized as close to 1.5% as possible in order to obtain
the adequate followability of the mixture. The final mixture proportioning of 12 mixtures is provided
in Table 2.

Table 2. Mixture proportion of Reactive Powder Concrete (RPC) (kg/ m?) and response surface method

(RSM) values.
. Coded SF Coded Cement SF Sand Water Total SP
No. Mixture ID WB values %] values kg/m® kg/m® kg/m® kg/m? Vol. m? %]
of WB of SF (m3) (m3) (m®) (m3)
1 0-18WB-20SF 018 —141 20 0 031 @00 036 o2 M0 2
2 0I1917WB-2354SF 01917 -1 2354 1 (0?37018) (0%1233) (0§36;9) (0%%)0) 1.00 25
3 0.22WB-25SF 0.22 0 25 141 (09;535) (o%fgs) (0.737263) (0226:4) 1.00 15
4 0.22WB-20SF 0.22 0 20 0 (g‘;‘i‘;) (023;’0) (0'7;5;8) (02534) 1.00 15
5 02483WB-2354SF  0.2483 1 23.54 1 (0937018) (021233) (029981) (0229988) 100 1125
6 0.26WB-20SF 0.26 141 20 0 (gg‘i‘;,) (0%3;’0) (0?2730) (0?31122) 1.00 15
7 02483WB-1646SF  0.2483 1 16.46 -1 (&gszg) (0%?7) (0?21968) (0?2938) 1.00 1
8 0.22WB-15SF 0.22 0 15 141 (gg‘fi) (0?5771) (08;)324) (0226:4) 1.00 15
9 0.1917WB-1646SF 01917 1 16.46 -1 6%32‘;) (0%?7) (0?37696) (0%)0) 1.00 2.50
10 0.18WB-0SE 0.18 NA 0 NA ((}é%% (8) (0?4653) (0221166) 1.00 15
1 0.22WB-0SF 0.22 NA 0 NA (g;g(i) (g) (0§35525) (0?26:4) 1.00 1.0
12 0.26WB-0SE 0.26 NA 0 NA (&é%q) (g) (0?33’57) (0?31122) 1.00 05

Note: 0.18WB-20SF refers to 0.18 water-to-binder ratio (WB) and 20% silica fume.

2.3. Mixing Procedure and Preparation of Testing Specimens

For the mixing procedure, cement and SF were added to the pan-type mixer of 100-L capacity and
dry-mixed for 30 s. First, 50% of water was added and mixed for 90 s. Then, the aggregate was added
and mixed for 60 s. SP dissolved in the remaining 50% of the water was added to the mixture and
continuously wet-mixed for 180 s. After a 60-s stop period to mix the particles adhered to the walls of
the mixer by hand, the concrete mixture was mixed for an additional 120 s. The total mixing time was
about nine min.

As soon as mixing was completed, the RPC for compressive strength was cast in a 50 mm x
50 mm x 50 mm cube mold, as required in ASTM C109 [27]. The casting of specimens was completed
in two layers. Each layer was taped with a rubber stick and shaken to achieve better compaction.
The increased surface of the concrete was removed by a scraper. After casting was done, molds
were covered with plastic sheets to prevent moisture evaporation. After 24 h, RPC specimens were
demolded and cured in water baths at required conditions (saturated lime solution under 23 4 2 °C or
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40 £ 2 °C) till the age of 3 days, 7 days, 28 days, and 56 days. Additionally, the 40 mm x 40 mm X
160 mm prismatic specimen was prepared for flexural strength, while the 25 mm x 25 mm x 285 mm
prism having a 250-mm gauge length was cast for a dying shrinkage test. At the corresponding age,
hardened concrete tests were performed.

2.4. Fresh and Hardened Concrete Tests

Immediately after mixing was complete, a standard flow test to check the workability was
conducted, as specified in ASTM C1437 [28]. The mini-flow cone was filled with fresh concrete.
The initial concrete diameter was recorded as the average from four measurements; afterwards, the
mini-cone was slowly removed to allow the concrete to flow. The flow table was then dropped
25 times within 15 s. The final diameter of the concrete was recorded as the average of four readings.
Equation (2) was used to calculate the relative flow area for each mixture:

(dl X dz) — d%

J —

@
where, I', = relative flow area; d; and d, = measured flow diameter after dropping; dy = flow cone
diameter (100 mm), and dg.avg = average value of dtl) and d% (measured flow diameter before dropping).

The setting time of RPC was determined for six key mixtures according to ASTM C403 [29]. The
initial and final set times were calculated from the plot of penetration resistance versus time elapsed
from the initial contact of water and binder using simple linear regression from Equation (3):

Log(PR) = a+ bLog(t) (©)]

where, PR = penetration resistance; ¢ = the time elapsed from the initial contact of the water and binder;
and a4 and b = regression constants. The initial set time corresponds to 3.45 MPa, and the final setting
time corresponds to 27.6 MPa.

As shown in Figure 1, a compressive strength test and flexural strength test called the modulus of
rupture (MOR) were performed according to guidelines of ASTM C 109 [27] and ASTM C 293 [30],
irrespectively. The average of three specimens at the testing age was used for analysis. The MOR was

calculated using Equation (4):

3PL

where P = maximum applied load; L = span length; b = average width of the specimen; and d = average
depth of the specimen.

Figure 1. Strength test setup: (a) compressive strength test; (b) flexural strength test.

The drying shrinkage (time-dependent volume change) test of RPC was performed in accordance
with ASTM C 157 and ASTM C490 [31,32]. A digital length comparator with an accuracy of £0.0001
mm was also used to measure the linear dimension variation of specimens along the longitudinal
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axis. The specimens were stored in an environmental chamber where the temperature was 23 + 2 °C,
and relative humidity was 50 &+ 4% RH. The measurements for autogenous shrinkage (one-day cured
specimen) were taken at the following intervals: every day up to an age of 7 days, every 3 days up to
an age of 28 days, and every 14 days for up to an age of 56 days. The measurements for a seven-day
cured specimen were taken at the following intervals: every 3 days for an age of up to 28 days, and
every 14 days for an age of up to 56 days. Then, the drying shrinkage value was calculated using
Equation (5):

(Lx - Li)

G

where, L = change in the length at x age (%); Ly (mm) = (comparator reading of specimen at x age) —

x 100 ®)

(comparator reading of reference bar at x age); L; (mm) = (initial comparator reading of specimen) —
(comparator reading of reference bar at the same time); and G = nominal gauge length (250 mm).

3. Test Results
3.1. Fresh Properties of RPC

3.1.1. Flowability of RPC

Flowability is one of the important properties of RPC, because the mixture of RPC contains a
relatively high amount SF, which makes the concrete sticky in nature and hard to handle. The results
of the flow table test are given in Table 3. Except for the mixture 0.18WB-0SE, the final flow values
of RPC after dropping the flow table ranged from 150 mm to 250 mm for all of the mixtures, which
ensured comfortable concrete placing at the sufficient level of workability. It should be noted that the
mixture of 0.26WB-20SF has the highest WB and 1.5% SP content.

Table 3. Flowability and porosity test results.

B . . .
No. Mixture ID efore Dropping After Dropping I, Porosity
dy (mm) 3 (mm) dq(mm) d, (mm) 7-d 28-d 56-d
1 0.18WB-20SF 110 110 150 150 1.25 3.84 4.14 5.28
2 0.1917WB-23.54SF 100 107 195 200 2.90 5.27 5.77 5.44
3 0.22WB-25SF 105 100 165 165 1.72 6.72 6.66 5.40
4 0.22B-20SF 125 120 205 200 3.10 5.60 5.27 4.04
5 0.2483WB-23.54SF 115 115 200 190 2.80 9.18 7.43 7.98
6 0.26WB-20SF 120 125 250 250 5.25 12.95 15.05 10.80
7 0.2483WB-16.46SF 110 110 150 155 1.33 8.43 8.77 7.13
8 0.22WB-15SF 120 125 210 205 3.10 9.24 8.65 11.34
9 0.1917WB-16.46SF 110 110 175 165 1.89 10.15 5.58 3.59
10 0.18WB-0SF 100 105 130 135 0.76 11.74 7.27 2.95
11 0.22WB-0SF 100 100 160 165 1.64 10.17 13.47 8.61
12 0.26WB-0SF 100 100 165 160 1.64 14.77 16.20 9.60

I'm: calculated using flow cone diameter (100 mm).

Figure 2 presents relative flowability of six key mixtures. The relative flowability (I'y,) value of the
mixture containing a higher amount of SF at the same WB was lower than those of the mixtures with
low SF content. For instance, the I'y, of mixture 0.22WB-25SF containing 25% SF was 1.72, whereas that
of mixture 0.22WB-15SF containing 15% SF was 3.31. When the replacement percentage of SF increases
and the same amount of SP is used, the reduction of I'y, in the mixture is attributed to the high specific
surface area of SE.

Figure 2 also shows the effect of WB on the I'y,. As expected, the I'y, of the mixture containing the
same amount of SF was increased as WB was increased. It should be noted that the relatively low I'y,
in the plain mixture 0.22WB-0SF is due to the dosage of 1% SP, which is not like the other mixtures
containing 1.5% SP.



Appl. Sci. 2018, 8, 2507 7 0f 21

6.0
5.5
5.0
45
4.0
3.5

3.0
2.5
20
1.5
1.0
0.5
0.0
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Mixtures

Relative flowability ()

Figure 2. Relative flowability of six key mixtures.
3.1.2. Penetration Resistance and Setting Time

The setting time of the RPC mixture was determined using ASTM C403/C403M-16, which is
the time required for the penetration resistance (PR) of each mixture to reach 3.44 MPa for the initial
set and 27.6 MPa for the final set. Figure 3 presents the PR characteristics of six key RPC mixtures.
Similar to the relative flowability results, the SF content and WB influence the PR of the RPC mixture.
As the amount of SF in the RPC mixture increases and the WB decreases, the PR increases. For
example, Figure 3a shows the effect of SF on the PR. While the PR value of the mixture 0.22WB-25SF
containing 25% SF was approximately 6.9 MPa at 350 min, the mixture 0.22WB-15SF with 15% SF had
approximately 3.8 MPa at the same elapsed time. Again, the plain concrete mixture 0.22WB-0SF due to
a low dosage of SP had a higher PR value than the RPC mixtures. Moreover, the influence of WB on the
PR for the mixture containing 20% SF is presented in Figure 3b. It clearly shows that the PR increases
as WB decreases from 0.26 to 0.18. For instance, the PR values of the mixtures with WB = 0.26, 0.22,
and 0.18 at 450 minutes was 6.14 MPa, 31.99 MPa, and 33.65 MPa, respectively.

(a) OSF=0%  ¢SF=15%  ASF=20% @ SF=25%
414
& 345 o o
2
~ 276
o
® 207
§ 138 (1
[}]
o 6.9
0
150 250 350 450 550

Elapsed time (min.)

Figure 3. Cont.
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(b) o WB=0.18 AWB=0.22 & WB=0.26
414
s 345
= 276 ¢
c
L2 207
o
£ 138
3
e 69
0

150 200 250 300 350 400 450 500 550 600
Elapsed time (min.)

Figure 3. Penetration resistance: (a) effect of SF on penetration resistance (PR) for the mixtures with
WB = 0.22; (b) effect of WB on PR for mixtures containing 20% SF.

As observed from Figure 4a, both the initial and final setting times increased with the increase in
WB. While the initial increase of WB from 0.18 to 0.22 has little effect on both the initial and final set
time, a further increase of WB from 0.22 to 0.26 produced significant influences on both setting times.
It seems that a higher WB plays a more critical role in controlling setting time in RPC mixtures.

Figure 4b shows the effect of SF on setting time. At a high SF content, the addition of SF to a
binary cement system exhibits the increase in setting time. Lohtia and Joshi [33] reported that the delay
in setting time of concrete containing a high amount of SF was attributed to the combined effect of
lower cement content and the relatively high dosage of superplasticizers that is needed for the high
amount of silica fume that is added to concrete.

On the other hand, Figure 4b also shows that changing the SF content has no significant effect on
both the initial and final set times, although increasing the SF content slightly decreases the setting
time. This result matches with previous findings [34]. Generally speaking, if the optimum amount
of SF is used, the addition of SF reduces the setting time, because the pozzolanic reaction of SF is
very active at the early hours of hydration [35]. However, at a higher SF content (more than 15%), the
setting time is not influenced by the SE. This could be related to the higher specific surface area of SF. If
the RPC needs to achieve the same flowability, it requires an increase in water demand. This water
increment is not much different when the SF content is beyond 15% [34,36].

600
500
=
£ 400
(0]
£ 300
o
£
£ 200
n
100
0
Initial set Final set
(a) m WB=0.18 EWB=0.22 mWB=0.26

Figure 4. Cont.
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o
o
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o
o

Setting time (min)

100

Initial set Final set

(b) mSF=0% ®™SF=15% ®™WSF=20% ®SF=25%

Figure 4. Setting time of key mixtures: (a) effect of changing WB for mixtures containing 20% SF;
(b) effect of changing SF for the mixtures with WB = 0.22.

3.1.3. Relationship between Setting Time and Flowability

Figure 5 shows the relationship between the relative flowability and the setting time of RPC.
Setting time and I'y, are proportional to each other. In other words, the mixture with lower I'n,
results in fast setting times, regardless of the initial and final setting times. For instance, while the
initial and final setting times of the mixture 0.18WB-20SF with the lowest I'r, of 1.25 are 297 min and
453 min, respectively, those of the mixture 0.26WB-20SF with the highest I'y, of 5.25 are 420 min and
558 min, respectively.

@ RPC (Initial setting) @ RPC (Final Setting) A Plain concrete
700
600 =
T y= 32.4x + 243,66 °
E 500 ‘/’//R‘z/oassz—/
Py *
E 400
= A
g S0 e y = 25.289x + 407.82
? 200 R% = 0.8372
100
0
0.00 1.00 2.00 3.00 4.00 5.00 6.00

Relative flowability (r.,,)

Figure 5. Relationship between setting time and flowability.

3.2. Hardened Properties of RPC

3.2.1. Compressive Strength Development of RPC

The compressive strength development of all of the RPC mixtures is presented in Figure 6. The
compressive strength of RPC varies and depends on the combination of SF content, WB, and SP dosage
to adjust flowability. In general, the compressive strength of the RPC mixture was increased with the
increase in curing time. However, for mixtures 0.19WB-23.54SF, 0.22WB-25SF, and 0.22WB-15SF, the
drop in the compressive strength value at the age of 56 days was observed. It should be noted that
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the permeable porosities of these 56-day samples were higher than those of the 28-day samples, as
shown in Table 3. These results indicate that the number of parameters, including WB and SF content,
influence the compressive strength development of RPC. The influence of these parameters together
with the effect of curing condition will be addressed in the following sections.

m 1-day ®3-day 7-day m28-day m 56-day

100

i I

70 I I I ) _ (
60 T I L I
50
40
30
20
10

0

0.18WB- 0.19WB- 0.22WB- 0.22B- 0.25WB- 0.26WB- 0.25WB- 0.22WB- 0.19WB- 0.18B- 0.22B- 0.26B-
20SF 23.54SF 25SF 20SF 23.54SF 20SF 16.46SF 15SF 16.46SF OSF OSF OSF
Mixtures ID

Compresive Strength (Mpa)

Figure 6. Compressive strength of RPC mixtures.

3.2.2. Effect of WB and Curing Temperature on Compressive and Flexural Strength

Figure 7 illustrates the effect of the WB and curing temperature on the compressive strength for
mixtures containing 20% SF at all ages. As the WB increased from 0.18 to 0.22, the compressive strength
of the RPC mixture increased, but a further increase of WB from 0.22 to 0.26 led to a significant drop in
the compressive strength, except for the 56-day specimen. The reduction of strength over increasing
WB can be explained as follows: in general, the porosity of concrete increases with the decrease in the
degree of hydration when the WB increases. This means that a higher water content leads to increasing
the intensity of pore formation, and eventually decreases the compressive strength of concrete [37].
However, RPC is a special type of concrete containing a relatively higher SF content that increases
the water demand of the mixture due to the higher specific surface area of SE. Thus, it seems that
decreasing the WB below the certain optimum point results in a decrease of the compressive strength
due to the insufficient hydration of the binder inside the concrete.
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Figure 7. Effect of WB and curing temperature on compressive strength: (a) 23 &2 °C and (b) 40 &2 °C.

On the other hand, Figure 7 also shows the effect of curing temperature on the compressive
strength of the RPC mixture. During the early stages of curing, the strength of RPC cured at the
warm temperature (40 £ 2 °C) is greater than that of the concrete cured at a normal temperature
(23 £ 2 °C). However, after the age of 7 days, the trend of the compressive strength development of
RPC is reversed. This is the so-called ‘crossover effect’, which indicates that a higher initial temperature
results in a more than proportional increase in the initial rate of hydration, but leads to lower strength
at a later age. Verbeck and Helmuth [38] explained that low permeable hydration products built up
around the cement particles do not have time to become uniformly distributed within the pores of
the hardening paste with rapid hydration. This nonuniform distribution of low-permeable hydration
products not only leads to larger pores that reduce the strength, it also hinders the further hydration of
the unhydrated cement particles at later ages. Therefore, higher early-age temperature curing results
in higher early strength and lower long-term strength.

As shown in Figure 8, the 28-day flexural strength of RPC shows the same trends as for the
compressive strength. For normal temperature curing, when the WB increased from 0.18 to 0.22, the
flexural strength of the RPC mixture increased, but a further increase of the WB from 0.22 to 0.26 led
to a strength drop. For warm temperature curing, the flexural strength of RPC mixtures generally
decreased as the WB increased. Therefore, higher early-age temperature curing leads to higher early
flexural strength and lower long-term flexural strength.
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Figure 8. Effect of WB and curing temperature on flexural strength.
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3.2.3. Effect of SF and Curing Temperature on Compressive and Flexural Strength

The effect of SF content on the compressive strength is presented in Figure 9. A similar trend has
been observed for all of the curing periods, regardless of the curing temperature: increasing the SF
content from 15% to 20% results in an increase in the compressive strength of RPC. However, further
increasing the SF content from 20% to 25% drops the compressive strength down. This implies that
the addition of SF improves the compressive strength of RPC up to a certain optimum point, but a
further increase in the SF content does not result in additional strength gain. It is possible to state that
the optimum amount of SF induces a strong bonding between the cement paste and the aggregate
due to the filler packing effect and the pozzolanic reaction of SE. This enhanced adhesion results in
a much stronger transition zone, and thus leads to a more even distribution of stresses within the
concrete volume, and ultimately to larger compressive strength. However, the addition of an excessive
amount of SF to the mixture does not provide continuous strength development because of the limited
pozzolanic reaction. When the WB is kept constant, an increase in the SF content results in a situation
where the silicates are in excess, and the CH produced by cement hydration is deficient. Hence, there
is no more pozzolanic reaction that produces calcium silicate hydrate (C-S-H) lattice forms related
to strength development. The other possible reason to bring the decrease of compressive strength
is that the addition of an excessive amount of SF to the mixture may cause an incompatibility issue
(interactions between acceptable materials that result in unexpected or unacceptable performance).
Therefore, further investigation is required in order to identify this result.
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Figure 9. Effect of the WB and curing temperature on compressive strength at WB = 0.22: (a) 23 2 °C
and (b) 40 £ 2 °C.
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Furthermore, the compressive strength of RPC increases with age, but the increase in compressive
strength up to 7 days is more significant when compared to that at 56 days. Hence, the addition of SF
beyond a certain amount to the RPC mixture has no significant effect on strength development.

Figure 10 shows the 28-day flexural strength of RPC. Similar to the compressive strength results,
when the SF content increased from 15% to 20%, the flexural strength of the RPC mixture increased,
but a further increase of SF content up to 25% led to strength drop. Interestingly, no typical trend
was observed for warm temperature curing, but this can be explained by the porosity to density ratio
(P/D): the lower the P/D, the higher the flexural strength. As presented in Table 4, the mixture with
low flexural strength has a higher porosity and lower density. For example, while the porosity and
density of the mixture containing 15% SF are 8.16% and 2.24 g/cm3, those properties of the mixture
containing 20% SF are 11.35% and 2.20 g/cm?, respectively. In other words, the P/D of the former is
3.65, and the P/D of the latter is 5.15.
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30
© 25
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= 20
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3
s 15
w
o
5 10
X
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o __________a— .
Normal curing Warm curing
Figure 10. Effect of SF and curing temperature on flexural strength.
Table 4. Density and porosity test results.
No. Mixture Density (g/cm?) Porosity * Porosity/Density
Normal Warm Normal Warm Normal Warm
Curing Curing Curing Curing Curing Curing
1 0.18WB-20SF 223 2.19 4.14 5.75 1.85 2.62
2 0.22WB-0SF 2.26 2.24 13.47 13.10 5.95 5.84
3 0.22WB-15SF 221 224 8.65 8.16 3.92 3.65
4 0.22B-20SF 217 220 5.27 11.35 243 5.15
5 0.22WB-25SF 2.19 2.18 6.66 10.73 3.03 4.92
6 0.26WB-20SF 2.18 220 15.05 13.30 6.89 6.04

Note: * Porosity of RPC was measured according to ASTM C 642-13 Standard Test Method for Density, Absorption,
and Voids in Hardened Concrete.

3.2.4. Drying Shrinkage of RPC

The drying shrinkage characteristics of a plain concrete mixture and RPC mixture containing
20% SF are illustrated in Figure 11. As expected, for one-day air curing (Figure 11a), plain concrete
has less drying shrinkage than RPC. It is well known that the drying shrinkage of concrete relies on
cementitious material content, water content, paste content, sand content, water permeable porosity,
and strength level [39]. The higher the paste content of concrete, the higher the drying shrinkage. It
was calculated that the volumetric paste contents of plain concrete and an RPC mixture 0.22WB-20SF
from Table 1 are 0.672 m> and 0.647 m?, respectively. Thus, the higher value of the drying shrinkage of
RPC is due to the higher paste content.
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However, for seven-day moist curing (Figure 11b), RPC has lower drying shrinkage than plain
concrete, despite its higher paste content. This result may be attributed to the strength and water
permeable porosity of the concrete. Regarding strength, the 7-day average strength of the RPC is about
84.563 MPa in comparison to 65.5 MPa for plain concrete, which is a difference of approximately 20 MPa.
SF could refine the pore structure and improve the early strength. This enhanced microstructure of
RPC produces less water permeable capillary voids, which play a critical role in drying shrinkage. The
less the capillary void content of the concrete, the lower the drying shrinkage. This is confirmed by the
porosity result shown in Table 4.

0 T 1 T ‘ ‘ ‘
0.02 ¢ 10 20 30 40 50 60
< -0.04
% 006 | —— SF=0%
$ —— SF=20%
= -0.08 -
[72]
2 01 ¢
>
O 012 -
-0.14
-0.16 -
(a) Time (Days)
0 T 1 T ‘ ‘ ‘
-0.02 10 20 30 40 50 60
R . Normal curing
S -0.04 ~\* G - - - = Warm curing
S 006 |
<
s 008 WN\g_o ‘p.k--""-
c
(2]
2 -01 -
>
o 012 Ly SF=0%
014 | —®SF=20%
-0.16 -
(b) Time (Days)

Figure 11. Drying shrinkage of plain concrete and RPC: (a) one-day air curing; (b) seven-day
moist curing.

3.2.5. Effect of WB and Curing Temperature on Drying Shrinkage

Figure 12 shows the effect of the WB and curing temperature on drying shrinkage for one-day
air-cured and seven-day moist-cured specimens. Increasing the WB tends to increase the drying
shrinkage in RPC, regardless of the curing regime. This is possibly because at a higher WB, more
pores are formed inside the concrete structure. As a result, the evaporation of the water from the pores
combined with the formation of microcracks along the interconnected pores leads to higher drying
shrinkage. This is confirmed by the porosity results shown in Table 4. For example, while the porosity
and density of the normal temperature cured RPC mixture with a WB = 0.18 are 4.14% and 2.23 g/cm?,
those properties of the mixture having a WB = 0.26 are 15.05% and 2.18 g/cm?, respectively. In other
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words, the P/D of the former is 1.85, while the P/D of the latter is 6.89. The lower value of the P/D
indicates that the RPC has less the capillary void content and less capillary water, which is associated
with drying shrinkage.

Figure 12b also shows that warm temperature curing tends to decrease the drying shrinkage of
RPC significantly. This may be attributed to the formation of low permeable hydration products being
built up around the cement particles. As stated previously, low-permeable hydration products are
built up around the cement particles rapidly when the RPC is cured at a warm temperature. These low
permeable hydration products lead to larger pores, but prevent the evaporation of water through these

hydration products. In turn, higher early-age temperature curing results in higher early strength and
lower drying shrinkage.
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Figure 12. Effect of the WB on drying shrinkage of RPC: (a) one-day air curing; (b) seven-day moist curing.

4. Discussion

4.1. Optimization of the RPC Mix Design Component

Minitab software was used to perform RSM analysis to identify the combined effect of the WB
and SF content change on the compressive strength of RPC for each curing period. As shown in
Figure 13, both the SF content and the WB influence the compressive strength of RPC. Contour plots
clearly present that the strength response surface possesses a dark green color area, and the light
green colored area and grey colored area indicate high strength and low strength, respectively. For
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instance, as shown in Table 2, the mixture 0.22WB-20SF with coded values of WB (0) and SF (0) is
located in the darkest green area in the 7-day contour plot. The area under this intersection represents
the compressive strength value of 84.5 MPa, which indicates the highest compressive strength. On the
other hand, the mixture 0.22WB-15SF with coded values of WB (0) and SF (—1.4142) has a very light
green color, which indicates the lowest compressive strength. This trend is the same in the 28-day and
56-day contour plots.
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Figure 13. Contour plots for combined effect of WB and SF (%) on compressive strength: (a) 7-day plot;
(b) 28-day plot; (c) 56-day plot.
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Minitab software was also used to perform quadratic regression analysis for the compressive
strength of RPC. Equations 6-8 indicate the modeling equations of the effect of the WB and SF on
7-day, 28-day, and 56-day compressive strengths. The accuracy of the model was evaluated based on
the R? values for each age. Figure 14 shows the regression analysis results. As shown in Figure 14,
the R? values for the 7-day, 28-day, and 56-day compressive strengths are 89.81%, 63.52%, and 91.66%,
respectively. The variation of R? values at different ages may be associated with the pozzolanic reaction
of the SE. While the hydration of cement mainly dominates the early age strength development of RPC,
the pozzolanic reaction, which reacts with calcium hydroxide (CH) to form C-S-H, fully charges the
strength development at 56 days. This cement hydration and pozzolanic reaction respond to high R?
values at both ages (7 days and 56 days). The relatively low R? value at 28 days may be attributed to
the transition period of the ongoing pozzolanic reaction. It should be noted that all of the RPC mixtures
that are used for RSM analysis were cured at a normal temperature (23 & 2 °C), which provide a
relatively slow pozzolanic reaction.

fe7-day = 8452 — 2.03WB + 4.92SF — 8.42WB? — 9.36SF> — 6.10WB x SF (6)
fe28-day = 83.77 — 2.04WB + 0.68SF — 5.90WB? — 4.62SF2 — 1.33WB x SF @)
fes6-day = 86.10 — 1.28WB + 0.36SF — 1.71WB? — 5.65SF2 + 7.428WB x SF 8)

@ 7-day m 28-day A 56-day

— 95
3
90 |
s y=0.6353 + 27.138 A
5 8 R? = 0.6352 AAp
£ 80 g L,iile
) X
2 7° ly=0898x+7.0117 ';9’“:'; T 0B168xr 66124
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65 ° -°
§ 60 o 0
3 e
8 55
8 50
a
50 60 70 80 90 100

Actual compressive strength (Mpa)

Figure 14. Regression analyses for predicted vs. actual strength values.

Based on the RSM modeling, the coded values of WB and SF that are required to achieve the
highest compressive strength at the age of 7 days, 28 days, and 56 days were determined to be (—0.2428,
0.3286), (—0.1857, 0.1), and (—1.4142, —0.9), respectively. These values respond (0.213, 21.16), (0.215,
20.35), and (0.180, 16.81) at the ages of 7 days, 28 days, and 56 days, respectively. While the first
term refers to the WB, the second term indicates the SF content. Furthermore, the coordination of the
WB and SF resulting in the highest strength (84.91 MPa) for the combined ages is (—0.2428, 0) which
indicates that the WB = 0.213 and SF = 20.0%. This combination is similar to the tested mixture design
of the WB = 0.22 and SF = 20%, having an average strength of 84.80 MPa.

4.2. Comparison of Test Results and Analytical Simulations

In a parallel research study, the structural response and demand of the concrete pile under high
pressure originated from the energy storage was investigated through finite element modeling and
simulations. The study covered two structural design parameters, including the number of building
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stories and pile inner diameters. A full description of the study can be found in Zhang et al. [26]. As
observed in the study, the concrete pile as an energy storage medium was subjected to considerable
high circumferential tensile stresses, which might result in cracking and air pressure leakage in
normal-strength concrete. Thus, it is important to ensure that the tensile strength of the RPC tested in
this paper is higher than the maximum tensile stress demand obtained from the simulations.

Figure 15 compares the maximum tensile stress demand and the tensile strength of the RPC. The
maximum tensile stress demands in the pile, which are plotted as solid lines, were obtained from
the simulations for different design cases by varying number of stories (2-story, 6-story, and 10-story
buildings) and the inner diameters of the piles. The tensile strength that was calculated based on the
test results is plotted as horizontal dotted trend lines for (a) different SF contents (at WB = 0.22) and
(b) different WB (at SF = 20%). The tensile strength was calculated by dividing the 28-day normal
curing flexural strength (refer to Figures 8 and 10) by a factor of 2.5, as proposed in Kim and Tahah [40].
As seen in Figure 15, the RPCs that are studied in this paper generally have higher tensile strength than
the maximum circumferential tensile stress demand obtained from the simulations, which indicates
that the RPC is potentially suitable for the energy storage pile application. The mixture design with a
combination of WB = 0.22 and SF = 20% provides the highest tensile strength of the RPC.
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Figure 15. Test and simulation results comparisons: (a) different SF content; (b) different WB.
5. Conclusions

RPC is a newly emerging and promising concrete material. It has an improved microstructure
that results in higher compressive and flexural strengths and better durability. This research focused
on the optimization of mixture parameters (WB and SF) to achieve the RPC with high compressive,
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flexural strengths, and low drying shrinkage under normal and warm temperature curing conditions.
The following conclusions were drawn based on the experiments and analysis results:

(1) Except for a plain mixture (0.22WB-0SF) with a relative lower SP content (1%), the relative
flowability of RPC decreased as the SF content increased for the mixtures with a constant WB. At
the same time, the relative flowability of RPC decreased as the WB decreased for the mixtures
with constant SF content.

(2) For the RPC with a certain amount of SF, the penetration resistance increased as the SF content
increased for mixtures with constant WB. For a fixed SF content, the penetration resistance
increased as the WB decreased.

(3) Both the initial and final setting times increased with the increase in the WB, but a higher WB
plays a more critical role in controlling the setting time in the RPC mixture. At a high dosage of
SF content, a further increase of SF content has no significant effect on both the initial and final
set times, although increasing the SF content slightly decreases setting.

(4) Asthe WB increased from 0.18 to 0.22, the compressive and flexural strengths of the RPC mixture
increased, but a further increase of WB from 0.22 to 0.26 led to a significant drop in both strengths.

(5) During the early age of curing, the compressive and flexural strengths of the RPC cured at the
warm temperature are greater than that of concrete cured at a normal temperature. However,
after the age of 7 days, the strength development trend of RPC became reversed.

(6) Increasing the SF content from 15% to 20% increased the compressive and flexural strengths of
RPC. Further increasing the SF content from 20% to 25% decreased the strength.

(7) For one-day air-curing condition, plain concrete has less drying shrinkage than RPC. However,
for seven-day moist-curing conditions, RPC has less drying shrinkage than plain concrete, despite
its higher paste content.

(8) Based on the RSM analysis, the optimum WB and SF content to achieve the highest strength
was determined to be WB = 0.213 and SF = 20.0%, and the corresponding compressive strength
was 84.91 MPa. This combination is similar to the tested mixture design of the WB = 0.22 and
SF = 20%, which had an average strength of 84.80 MPa.

(9) The RPC studied in this paper generally has a tensile strength that is higher than the maximum
circumferential tensile stress demand generated from air pressure in the energy storage pile. It
indicates that the RPC is potentially suitable for the energy storage pile application, since the
considerable high tensile stress is a major concern for the safety of the pile.

In order to conclusively state all of the findings explained above and to validate the overall
response model, it is necessary to conduct a series of experiments using the optimized mix proportions
and select some percentage variables (WB and SF content). The measurement of the compressive and
flexural strengths and drying shrinkage will be needed under different curing regimes. Such further
experimental works can confirm the findings obtained from this study.
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