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Abstract. The amount of cement paste used in concrete depends on aggregate particle packing,
where the denser combination among particles with different particle sizes results in a
minimum volume of voids (Vv). Theoretically, cement paste volume (Vp) 1s required to fill the
void with the combination of fine and coarse aggregate, 1.e.. Vp/Vv = 100%. The purpose of
this paper was to propose a concrete mix design method that could maximize the particle
packing of aggregates to reduce the cement content in concrete mixture, hence producing low-
cement concrete (LCC). The variables proposed were the ratio between the volume of paste to
the volume of voids (Vp/Vv) as opposed to the cement content and the use of superplasticizer
to control the workability of the fresh concrete. The results showed that by the combination of
multi-sized coarse aggregates and fine aggregate. the smallest void volume of 23.5% could be
achieved. The theoretically lowest cement content needed for a mixture with wic 0.5 was 287
kg/m*. However, after trial mixing, the cement requirement was found to be almost equal with
conventional concrete, i.e., about 310 kg/m*. Workability of the mixture depended on the paste
volume to void volume ratio (Vp/Vv > 100%) and was greatly influenced by the
superplasticizer content. The use of excessive superplasticizer could cause bleeding due to lack
of fine particles in the low cement concrete mixture. The use of cementitious material, such as
fly ash by 50%. to replace cement. significantly improves the workability and reduces the
cement content below the minimum cement requirement with similar compressive strength as
the water to cementitious ratio mainly controls compressive strength.

1. Introduction

Concrete with a high proportion of cement is not only expensive but also causes a high risk of
cracking due to shrinkage [1]. In concrete, there are empty voids between the coarse and fine
aggregates that should be filled by a paste consisting of cement and water. Particle packing is one of
the methods used to reduce the use of cement in concrete. Particle packing mix design methods aim to
combine aggregates of different sizes to achieve the densest possible condition by making the voids as
small as possible [2]. This reduces the amount of cement paste needed and, therefore, the amount of
water required, thus increasing the strength [3. 4].

Conventionally, concrete has a minimum cement content requirement based on the maximum
aggregate size used [5]. This requirement applies to concrete mixtures without the use of admixture
chemicals. Reducing the proportion of cement in concrete is very important because cement
replacement by cementitious materials, such as fly ash, can be utilized [6]. According to Lamond and
Pielert [7]. reducing the proportion of cement in a concrete mixture causes the concrete to become stiff




and unworkable. Therefore, the proportion of other materials, such as fine and coarse aggregates, must
be considered carefully in order to avoid these risks.

Low-cement concrete (LCC) is an environmentally friendly concrete that uses a small amount of
cement. With a low proportion of cement, the risk of cracking in the conerete will be reduced due to
the reduced autogenous shrinkage potential [1, 8]. Low cement content also reduces the cost of the
concrete. However, there is a problem of workability with the reduction of fine particles volume in
concrete mixture. As the cohesion of the matrix can be reduced, the use of admixture chemicals, such
as superplasticizers, may not help improve the workability of concrete with low cement content [9].

In this study, we investigate a simplified mix design method by analyzing the void volume (Vv) on
coarse aggregates of different sizes combined with sand as fine aggregate as the basis for particle
packing concept. The paste content (Vp) 1s calculated as the theoretical paste volume of the
combination of water and cement for specific water to cement ratio. Controlling the worka#ility of the
mixture was done by adjusting the ratio of paste volume to the void volume (Vp/Vv) and the addition
of superplasticizer. Furthermore, the application of fly ash as @mentitious material reducing the use of
cement was shown as a beneficial addition in improving the workability and strength of the concrete
mixture.

2. Procedures of low-cement concrete mix design
Coarse aggregate of various sizes and fine aggregate that is going to be used in the concrete should be
obtamed for the measurement of void volume. The specific gravity of the aggregate needs to be tested
for the material combination. The void volume of the aggregate 1s calculated as the fraction of void in
aggregate by filling the aggregate in a steel container with known volume and use a vibrating machine
to compact the aggregate. A combination of testing was carried out to determine the composition of
sand and coarse aggregates as densely as possible based on the void volume. The equipment prepared
a cylindrical volume tub with diameter of 10 cm and a height of 15 ¢m and a vibrating machine.
Fine and coarse aggregates used are in saturated-surface-dry (SSD) conditions. Void volume in
percentage 1s calculated as the ratio of bulk density to its specific gravity (GS). When there is a
combination of two sizes of aggregate, the specific gravity 1s calculated by equation (1):

Total bulk density

Void Volume (%) = R
A(GS) + B(GS,)

(D
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where GS; gthe specific gravity of aggregate 1, GSz 1s the specific gravity of aggregate 2, A and B
are the mass fraction ratios of the aggregate, total bulk density is the measured bulk density from the
compaction test in kg/m?, and the void volume 1s the measured void volume fraction of the combined
aggregate.

Minimum cement content is calculated in equation (2) as the theoretical minimum cement content
from the void volume measurement and the water to cement ratio (w/c) so it can fill all the void
volume in the aggregate:

. Void V % (
Minimum cement content (kg/m’) = gif Volume 0l00
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The minimum cement content required is dependent on the selection of water to cement ratio and
the void volume from the combination of the aggregates. Figure 1 shows the minimum cement content
needed to fill the §id volume in relationship to the w/c. Higher void volume requires higher cement
content, whereas increasing the water to cement ratio reduces the cement content needed in the
mixture. After calculation of the required cement content, the mixture composition of the concrete can
be calculated. The cement content calculated here is measured as the paste volume to void volume
ratio (Vp/Vv) at 100%, with the implication of the paste volume would fill all voids in the aggregate.
This condition 1s not necessarily the ideal condition because a minimum paste volume in concrete




mixture would cause a harsh mixture and very low workability. The Vp/Vv ratio should be increased
to more than 100% to produce a more workable mixture. The superplasticizer dosage needs to be
adjusted during the trial mix to obtain a cohesive and workable mixture.
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Figure 1. Theoretical minimum cement content and the water to
cement ratio needed to fill the volume of voids in aggregate.

3. Materials and methods

The research aims to analyze the amount of cement paste based on void volume values in the densest
aggregate combination and using a superplasticizer to improve the workability of concrete. This study
also analyzes the effect of adding paste amount on concrete workability and the effect of maximum
aggregate size on the amount of cement needed.

3.1. Materials

The material used to mal concrete was river sand as the fine aggregate, crushed stone as the coarse
EBeregate. cement and fly ash as cement replacement, superplasticizers, and water. The coarse
aggregates used were crushed stone of various sizes (4.75-25 mm). The fine aggregate was river sand
from Lumajang, East Java, Indonesia. The cement used was Portland Pozzolan cement (PPC) from
Gresik Cement. The fly ash used was class C fly ash from Paiton power plant in East Java, Indonesia,
which had been studied previously [10, 11]. The superplasticizer used was polycarboxylate-based
MasterGlenium SKY 8851 from BASF.

3.2. Methods

The mix design process began by analyzing the void volume in various combinations of coarse
aggregates and fine aggregates. Void volume analysis was started by using coarse aggregate of single
size (25 mm, 15 mm, 12.5 mm, and 8 mm) combined with fine aggregate. The void volume analysis
was also carried out by using multi-sized coarse aggregates (25-12.5 mm and 12.54.75 mm)
combined with the sand. After analyzing the void volumes of various combinations, an analysis of the
cement requirements according to the theoretically obtained void volume was performed.

Mix design of the concrete in this study was divided into three parts. The first part investigated
variation of the water to cement ratio (w/c), with w/c of 0.3, 0.35, 0.4, and 0.5 by analyzing the actual
use of the cement content and the needs of superplasticizer (T series). The second part of the mix
design was casting concrete using a combination of two sizes of coarse aggregate with varying ratios
of Vp/Vv (A and B series) at a w/c of 0.35. The second part aimed to determine the effect of
increasing Vp/Vv on the workability of concrete with the application of superplasticizer to control the
workability. The third part of mix design was replacing part of the cement with fly ash to reduce
cement usage to investigate the effect of cementitious materials and Vp/Vv to the workability of
concrete with the application of superplasticizer to control the mixture’s workability (C series).




4. Results and discussion
4.1. Low-cement concrete mix proportion

4.1.1. Aggregate combination and minimum void volume. Void volume analysis was carried out to
find out the voids contained in the combination of coarse and fine aggregates. The voids contained in
combination of coarse and fine aggregates are then filled with cement paste. Void volume analysis was
performed with combinations of coarse aggregates of various maximum sizes and sand as the fine
aggregate. The aggregates were put in in a cylindrical steel container and then vibrated for 10 seconds
until the container was filled and packed down. An average of the two measurements was obtained for
each variation. 2

The first void volume test used coarse aggregates of 25 mm, 15 mm. 12.5 mm. and 8 mm. each
combined with the fine aggregate. The second test was done on the sand with coarse aggregate,
combining the 25 mm and 12.5 mm sizes, and the third combination was sand and coarse aggregate,
combining the 12.5 mm and 4.75 mm sizes. Each combination was done at 100% coarse aggregate,
80% coarse aggregate and 20% sand, 60% coarse aggregate and 40% sand, 40% coarse aggregate and
60% sand, 20% coarse aggregate and 80% sand, and 100% sand.

Figure 2 compares the void volume values of different maximum aggregate sizes with the
percentage combination of coarse and fine aggregates. The results obtained using a single size coarse
aggregate show that the larger the maximum coarse aggregate used would result mn a lower void
volume. The densest conditions were reached on average at 60% coarse aggregate and 40% fine
aggregate by volume. However, by using a combination of coarse aggregates of 25 mm and 12.5 mm,
a lower void volume can be obtained that only uses a single size aggregate of 25 mm. The lowest void
volume obtained was 23.5% void volume by a combination of 45% coarse aggregate and 55% sand.
Similarly, the combination of coarse aggregate sizes of 12.5 mm and 4.75 mm produced a smaller void
volume compared with using only a coarse aggregate size of 12.5 mm. The lowest void volume at
27.5% was obtained at 50% of fine and coarse aggregate.

60
8 mm
12.5 mm
~50 ——12.5-4.75 mm
= —8— |5 mm
= —— 25 mm
g [ —8—25-12.5mm
=40
=]
= 50.0,27.5
)
230
=
20 450,235
0 20 40 60 80 100
Sand / total aggregate (%om)

Figure 2. Combination of fine and coarse aggregates to
achieve the lowest void volume.

These results are in line with previous studies [12] where the densest conditions were achieved in
combination with 60% coarse aggregate mass and fine aggregate mass of 40% for coarse aggregates of
size 6-16 mm and fine aggregates measuring 0—4 mm. Using a packing particle simulation program,
maximum density obtained could reach up to 84%, which means only a 16% void volume. Results
were obtained from the combination of 35% fine aggregate size 0—4 mm, 25% coarse aggregate
measuring 6—-16 mm, and 40% coarse aggregate with sizes 16-32 mm. Many factors influence the
highest packing particles such as the particle shape, aggregate size and gradation, and the compaction
method.




4.1.2. Paste content in the concrete mixture. With the particle paclggg method applied, an analysis of
the amount of cement needed against the void ratio was carried out to determine the amount of cement
needed theoretically to make concrete using a combination of coarse and fine aggregates that yielded
the smallest void volume. The amount of cement needed 1s also influenced by the water to cement
ratio (w/c) determined in the mix design to obtain the desired compressive strength. The amount of
cement needed based on void ratios was obtained from various theoretically different maximum
aggregate sizes as displayed in figure 3. The minimum cement demand is results from using coarse
aggregates measuring 25—12.5 mm, that is, with cement requirements of 287 kg/m?* at w/c of 0.5. This
cement requirement is quite low compared with the mimimum cement content requirements according
to ACI Commuttee 302 [5]. which 1s 310 kg/m* for aggregates with a maximum size of 25 mm.
However, the cement demand is only theoretically obtained at a fairly high w/c so that it will reduce
the compressive strength of the concrete due to the increase of porosity. For w/c of 0.4, 0.35, and 0.3,
the need for cement is still not low because it still exceeds the minimum cement requirement.
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Figure 3. Cement content and water to cement ratio
needed to fill the volume of voids for different
combinations of aggregate size and gradation.

During the trial mix, the paste content and superplasticizer dosage were controlled so that the fresh
concrete could be mixed thoroughly and without bleeding and segregation. When making concrete
with w/c of (8. the use of paste volume at Vp/Vv of 100% had not shown a good result. This was
possibly due to the lack of water in the fresh concrete mixture. By adding water, the quality of the
concrete was reduced so that a superplasticizer of 0.2% by mass of cement was added. However,
bleeding and segregation still occurred and the fresh concrete was still unworkable (figure 4). The
addition of a large amount of superplasticizer directly in the mixture caused excessive bleeding. With
the gradual addition of superplasticizers, the risk of bleeding in fresh concrete can be minimized. To
obtain a workable concrete mixture, the paste volume to void volume ratio (Vp/VV) was increased
about 10% so that the majority of the concrete mixture used had Vp/Vv of 110%. The fresh concrete
produced was shown to be cohesive although the slump value was still low. Obla [13] stated that a
reasonable paste volume should be around 25% to 30% for a workable mixture, which converts the
Vp/Vv of regular concrete to around 110-120%.

From the trial mix results, a higher value of Vp/Vv improved the workability of fresh concrete. The
cement content in the mixture needs to be changed with higher Vp/Vv. At w/c of 0.4, 0.35, and 0.3,
the superplasticizer and the paste volume was increased gradually until the fresh concrete mixed
cohesively. The actual mix design results with different Vp/Vv are reported in table 1. A series of four
concrete mixtures was investigated to observe the effect of variation of w/c, a combination of larger
and smaller-coarse aggregate, and the utilization of cementitious materials in the mixture. The fresh
and hardened properties of the concrete produced are shown in table 2.
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Figure 4. Segregated concrete with w/c of 0.5, Vp/Vv of 100%,
and superplasticizer dosage of 0.2% by mass of cement.

Table 1. Mix designs of the produced concrete.

Coarse Agg. . Cement Fly Ash Water Fine Agg. Coarse Agg. o
ok Speqnm  V° gg) (kgin) g) ) kghwy  VPYVO)
T1 0.5 309 - 154 928 1101 110
T2 25125 0.4 328 - 131 950 1127 100
T3 ' 0.35 385 - 135 923 1095 112:5
T4 0.3 409 - 123 928 1101 110
Al 0.35 402 - 141 909 1079 119
A2 23=]2.5 0.35 416 - 145 897 1064 125
A3 035 429 - 150 885 1050 131
Bl 035 418 - 146 995 916 102
B2 125-475 035 432 - 151 981 904 107
B3 0.35 445 - 156 968 892 112
Cl 0.35 198 198 139 897 1064 125
C2 25-125 035 205 205 144 887 1052 130
C3 0.35 212 212 148 876 1039 136
Table 2. Fresh and hardened properties of the produced concrete.

. _ Ccmenti_tious Vp/Vv SP added Slump Concr_cte 28 dayS? '

ode w/b material %v) hmek o) ) Density Compressive

(kg/m?) . % (kg/m?) Strength (MPa)

T1 05 309 110 0 1 2477 15.30

T2 04 328 100 0.066 2.5 2482 22.64

T3 035 385 1125 0.253 4 2505 28.86

T4 03 409 110 0.328 0 2544 41.00

Al 035 402 119 0.158 2 2488 35.60

A2 035 416 125 0.203 35 2506 36.78

A3 035 429 131 0.210 45 2516 40.74

Bl 035 418 102 0.197 0 2454 49.51

B2 035 432 107 0.200 1 2463 37.63

B3 035 445 112 0.203 4 2472 41.31

Cl 035 396 125 0.207 175 2490 44.14

C2 035 410 130 0.162 19 2499 41.88

C3 035 424 136 0.054 16 2503 33.95




4.2. Fresh concrete behavior of low-cement concrete
Workability of the fresh concrete is characterized by the slump values shown in figure 5. Concrete of
the Pseries was shown to have no trend due to different paste viscosity with the increase of w/c. For
the concrete with different maximum aggregate size, the workability of concrete with a smaller
maximum aggregate size of 12.5-4.7 (B series) was lower even though 1t uses higher cement
content compared with cement used for concrete with a coarse aggregate size of 25-12.5 mm (A
series). This can be explained by the lower Vp/Vv value of the B series because the void volume was
higher at the combination of 12.5-4.75 mm aggregates.

It also needs to be noted that the superplasticizer dosage was increased with the increase of Vp/Vv
used for the A and B series. The superplasticizer was added gradually when mixing the concrete and
the higher paste volume required a higher dosage for a cohesive mixture,
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Figure 5. Relationship of the slump value of the fresh concrete based on (a) the cementitious
materials content and (b) paste volume to void volume ratio (Vp/Vv).
1

Different behavior was observed on concrete that utilized Ey ash as a partial cement replacement
(C series). The fly ash was substituting as much as 50% of the cement, by mass, to produce excellent
workability. The use of superplasticizer decreases with the increase of Vp/Vv. The spherical particle
shape of the fly ash mainly contributes to an increase of workability and reduces the water and
superplasticizer demand in the concrete. Concretes of the C series had more than 15 cm of the slump
value. The ratio of paste volume to void volume (Vp/Vv) also increases by replacing 50% cement with
fly ash because the specific gravity of the fly ash is lower than that of cement. Thus, for concrete with
fly ash as the cementitious materials, lower Vp/Vv can be utilized.

4.3. Concrete compressive strength

The concrete compressive strength test was carried out at 28 days with two replications for each mix
design. The concrete sample was cured in water until one day before the testing. Sulfur capping was
used to ensure a flat testing surface. The compressive strength of the T series to show the variation of
w/c is shown in figure 6. The compressive strength was increased with reduced w/c consistent to the
common knowledge in concrete technology. However, the compressive strength obtained was
relatively low at the same w/c compared with the reference [14]. The lower strength can be attributed
to the lower workability of the concrete due to the reduced paste volume.

Figure 7 shows the compressive strength of the concrete produced at w/c of 0.35. The figure shows
that for the A series. the higher amount of cement and Vp/Vv the higher the compressive strength
obtained. However, the same condition was not observed for the B series. Although the Vp/Vv of the
B series was lower, higher compressive strength was obtained, indicating other factors influencing the
strength. Smaller maximum aggregate size typically produces concrete with higher strength due to the
reduced microcracks in the aggregate itself. These results are the same as those obtained by Gillespie




et al. [15], where the larger the maximum aggregate size. the lower the strength of the concrete. This
shows that the addition of cementitious material and an increase of Vp/Vv do not necessarily produce
higher compressive strength.

When replacing the cement with 50% fly ash, by mass, in the C series, the compressive strength of
the concrete obtained was similar to the A series although the cement content was half of the A series.
The highest compressive strength produced was 44.14 MPa with w/c of 0.35 and the use of cement
and fly ash for both was 198 kg/m?®. This strength was higher than the one obtained in the A series,
which was 40.74 MPa with cement content of 429 kg/m®. This result suggests that for increased
strength and workability, good quality cementitious material such as fly ash needs to be used as an
additional material m the mixture. With the use of fly ash, the cement content actually can be lowered
much more compared with the mimimum cement content required by the ACI 302 [5].
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Figure 6. Compressive strength of the T series
concretes with varied water to cement ratio.
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Figure 7. Relationship of 28-day compressive strength of the concrete with w/em of 0.35 to
(a) the cementitious materials content and (b) paste volume to void volume ratio (Vp/Vv).

5. Conclusions

The following conclusions can be drawn from the study results:

¢ With the smallest void volume of the aggregate combination (23.5%), the required theoretical
cement demand is 287 kg/m® with water to cement ratio (w/c) of 0.5. After trial casting, the
cement demand increases to reach 309 kg/m? (similar to the ACI 302 at 310 kg/m?).
Compressive strength is still relatively low due to low workability, but can be increased by
lowering the water to cement ratio.




Usually, the cement content needs to be increased, at constant water content in concrete
mixture, in order to increase the compressive strength of concrete by reducing the wiec.
However, when considering the constant paste volume to void volume ratio (Vp/Vv). the
water content should be reduced and the cement content needs to be increased when higher
concrete strength 1s required.

The replacement of cement with 50% fly ash reduces cement usage to below the minimum
cement requirement standard of ACI 302. Furthermore, the quality of the concrete is higher
(44.14 MPa) than that of concrete using only cement (40.74 MPa).

Adding superplasticizer to concrete with low cement content (287 kg/m®) does not assist in
improving workability and causes bleeding. Increasing Vp/Vv improves the workability of the
fresh concrete mixture.
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