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Abstract:  For environmental protection and economic purposes, reducing cement usage has become 
one of the essential goals of concrete mix designs. Aggregates can account for up to 75% of concrete 
and the application of particle packing theory may prove effective in maximising aggregates packing 
density and significantly reducing the usage of binder materials to create more sustainable concrete. In 
addition, the application of particle packing on binder materials may influence the hydration process and 
thus concrete properties. However, this application remains limited and needs optimisation. In particular, 
the effect of particle packing on fresh concrete properties requires investigation as workability is often 
compromised when maximising packing density. In this paper, particle packing theory is applied to the 
grading of fine aggregates and the particle size distribution (PSD) of binder materials, including cement 
and slag. The effect of fine aggregate and binder material packing on fresh and hardened mortar 
properties are investigated.
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1. Introduction

With the development of society, the construction industry is rapidly expanding. Cement, which is the 
most used construction material in the world, generates about 8 % of CO2 emissions caused by human 
action annually [1]. To reduce CO2 emissions, sustainable concrete has become a major focus of 
researchers. Sustainable concrete is defined to be environmentally friendly in different ways; reuse 
waste materials as part of components, or the production process could reduce the pollution of the 
environment, or the performance is outstanding and lifetime is long [2]. 

Particle packing theory can be used to optimise the components of concrete mixtures, including 
aggregates and binder materials, to produce a more sustainable concrete. The application of particle 
packing theory to concrete can reduce the voids between coarse and fine aggregates therefore allowing 
the use of less binder materials, which account for most of the embodied CO2 in concrete [3]. However, 
the application of particle packing theory to concrete and mortar remains limited and requires 
optimization. Therefore, the focus of this paper is to investigate the influence of fine aggregates and 
binder material particle packing on the properties of fresh and hardened mortar. 

2. Experiment Results

2.1 Particle size distribution of cement and ground slag

Particle packing theory could be applied to binder materials, in terms of binder PSD. Fine binder particles 
could work as fillers to fill up the voids in coarse binder particles. In addition, fine binder particles have 
higher total surface area, thus faster hydration reaction speed. However, they also need a higher amount 
of water to form the water film layer which might reduce the free water available to provide the workability 
of mortar and concrete [4].



To evaluate the effect of binder PSD on mortar properties. Original cement (C-0) and original slag (Slag-
0) samples were ground for 20, 40 and 60 mins in a ball mill. The PSD curves of these samples are 
shown in Figure 1 and Figure 2.
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Figure 1. PSD of original, 20, 40 and 60mins ground cement
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Figure 2. PSD of original, 20, 40 and 60mins ground slag

It is found the PSD curves have a high similarity in both binder material groups. Therefore, Blaine surface 
area is used as an index to quantify the fineness of binder particles, shown in Table 1. Blaine surface 
are of C-60 was increased 13% compared to C-0 and Slag-60 was increased by 11% compared to Slag-
0. This is due to the very fine particles have a significant contribution to total surface area by the same 
mass.



Table 1 Blaine surface area of cement and slag samples

Blaine Surface 
Area (m2/kg)

Original cement (C-0) 387
20 mins ground cement (C-20) 403
40 mins ground cement (C-40) 420
60 mins ground cement (C-60) 440

Original Slag (Slag-0) 424
20 mins ground slag (Slag-20) 449
40 mins ground slag (Slag-40) 461
60 mins ground slag (Slag-60) 470

2.2 Effect of binder particle packing on early hydration of mortar

To investigate the effect of binder PSD (fineness) on early hydration reaction, calorimetry test was used 
to measure the heat flow during early hydration reaction. Four samples were prepared with pure cement 
samples and four samples were prepared with 50% slag replacement by mass, shown in Table 2. In 
pure cement sample groups, No.1 has the lowest cement particle surface area at 387 m2/kg and No.2 
has the highest at 440 m2/kg. No.3 and No.4 were blended with different portion of cement samples to 
achieve the same particle surface area at 410 m2/kg to eliminate the effect of different particle surface 
areas on early hydration reaction. No.3 which contains more fine and coarse cement particles, and No.4 
which contains more medium size cement particles are used examine the effect of cement particle 
packing on early hydration reaction. In 50% slag replacement samples, 50% C-0 was used. No.5 has 
the lowest slag particle surface area at 424 m2/kg and No.6 has the highest at 470 m2/kg. No.7 and No.8 
have the same slag particle surface area at 455 m2/kg, but No.7 contains more fine and coarse slag 
particles.

Table 2. Samples for calorimetry test

C-0 C-20 C-40 C-60 Slag-0 Slag-20 Slag-40 Slag-60 Cement Slag
No. 1 100.0% 387 NA
No. 2 100.0% 440 NA
No. 3 56.6% 43.4% 410 NA
No. 4 58.8% 41.2% 410 NA
No. 5 50.0% 50.0% 387 424
No. 6 50.0% 50.0% 387 470
No. 7 50.0% 16.3% 33.7% 387 455
No. 8 50.0% 25.0% 25.0% 387 455

Sample 
No.

Proportion by mass of each binder materials Blaine surface area (m2/kg)

Calorimetry results of pure cement samples are plotted in Figure 3. By comparison between Mix 1 and 
Mix 2, it is found the heat flow of Mix 2 rises rapidly and has a higher peak. This is due to the C-60 in 
Mix 2 contains more fine cement particles and a 13% higher total surface area than C-0 in Mix 1. The 
fine cement particles in Mix 2 with higher surface area would react more rapidly with water. In addition, 
the heat flow in Mix 2 reduces more rapidly, and is lower than Mix 1 from about 13 hr onwards. The 
reason might be because that the extra fine cement particle in Mix 2 have fully reacted by then.

By comparison between Mix 3 and Mix 4, it is found the heat flow in Mix 4 rises gently faster and peaks 
higher. As Mix 3 and Mix 4 have the same total surface area, the heat flow difference might be from the 
effect of cement particle packing.  
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Figure 3. Calorimetry results of pure cement mixes

Calorimetry results of 50% slag replacement mixes are shown in Figure 4. It could be observed the heat 
flow has no difference between Mix 5 & Mix 6, either between Mix 7 & Mix 8 during the test period. It is 
because that slag particles have a much slower hydration reaction speed compared with cement 
particles. Therefore, at initial period of mix, the difference of slag PSD, or fineness would not influence 
the early hydration reaction.
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Figure 4. Calorimetry results of 50% slag replacement mixes

2.3 Effect of binder particle packing on hardened mortar properties

To further investigate the effect of binder particle packing on mortar properties, eight mortar mixes were 
prepared to examine the compressive strength and the flow (workability) difference. Binder combinations 
above were brought into mortar mixes: Mix M1, M2, M3, M4, M5, M6, M7 and M8. W/B ratio of the 
mortar mixes is fixed at 0.5, and Norman sand is used with the sand to binder mass ratio of 3:1. Flow of 
mortar, compressive strength and density of mortar mixes results are shown in Table 3.



Table 3. Flow of mortar, compressive strength and density of mortar mixes

24hr 3d 7d 28d 24hr 3d 7d 28d
M1 387(cement) 161% 16.2 39.6 53.3 63.4 2270 2276 2284 2313
M2 440(cement) 159% 18.4 38.9 53.0 61.2 2276 2268 2275 2316
M3 410(cement) 159% 16.9 39.0 54.8 61.8 2260 2276 2286 2319
M4 410(cement) 160% 17.5 41.2 55.1 63.2 2240 2266 2270 2316
M5 387(cement)+424(slag) 161% 6.8 20.8 35.3 46.5 2279 2281 2293 2328
M6 387(cement)+470(slag) 154% 7.9 26.2 42.2 51.2 2295 2295 2288 2326
M7 387(cement)+455(slag) 163% 7.4 22.0 37.0 48.2 2301 2282 2287 2335
M8 387(cement)+455(slag) 162% 6.9 21.4 35.8 47.5 2288 2305 2305 2330

Flow of mortar Compressive strength (MPa) Density (kg/m3)Mix No.
Blaine surface area 

(m2/kg)

Mix M1 which is a pure C-0 mix, achieved the highest flow at 161% in pure cement mortar mixes. As 
C-0 is the coarsest cement sample with lowest total surface area, more free water exists in Mix M1 
which would be beneficial to the flow of mortar. Mix M6 which is a 50% slag-60 replacement mix, is the 
only mix achieved the low flow at 154% in the set of 50% slag replacement mortar mixes. It might be 
because of the high total surface area of slag-60, which requires relatively more water to cover the 
particles, thus less free water. 

However, the difference among the flow of mortar results from Table 3 is minor. Two reasons may be 
assumed: 1) the difference of the total surface areas of the binder samples is not high enough, therefore 
there is no big difference on the water quantity that covers the binder particles and would not affect the 
flow of water much, 2) the water to cement ratio might be too high, and too much free water is in fresh 
mortar samples which would reduce difference on the flow.

The density, which is measured by water displacement method, of 50% slag replacement mortar 
samples are overall higher than the density of pure cement mortar samples. As the size of slag particles 
is relatively finer than cement particle, mortar mixes with slag may form a denser packing structure, thus 
has a higher density. The mortar flow results have not much difference either, which is due to the 
similarity PSD and fineness between original and ground binder particles. From this prospective, it would 
require further tests with a wider range PSD of binder samples to achieve better results. 

The compressive strength results of 8 mortar mixes are shown in Figure 5. In pure cement mortar mixes, 
with the increased cement fineness Mix M2 achieved higher 24hr compressive strength but generally 
lower 28d compressive strength. Moreover, with the same Blaine surface area, Mix M4 achieved better 
compressive strength at all the ages comparing to Mix M3 where the particle packing structure may 
have enhanced the compressive strength development. In 50% slag replacement mortar mixes, the 
increased slag fineness has significantly improved the compressive strength at all the ages. However, 
the various particle packing structure at the same Blaine surface area do not have significant effect on 
compressive strength development.

The increase of compressive strength might be from the high surface area of fine slag particles in slag-
60, so hydration reaction degree in Mix M6 is higher. The fine slag particles may have also formed a 
denser packing structure with cement particles and benefit the compressive strength.
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Figure 5. Compressive strength of mortar mixes

2.4 Effect of fine aggregate particle packing on fresh mortar properties

Two sets of mortar mixes were designed with 0.42 W/B ratio and different sand to cement by mass ratios 
at 0.2 & 0.4 respectively. The low sand ratio is because of the low torque capacity of the rheometer. 0.4 
sand to cement ratio is the highest mortar mixes can reach at present. 0.42 W/B ratio is achieved from 
the trials as the highest that could be tested without segregation happens. Manufactured sand (Msand), 
60% and 100% natural fine sand (Fsand) replacement sand samples were brought into the mortar mixes. 
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Figure 6. Shear stress and viscosity of 0.2, 0.4 (sand to cement ratio) mortar mixes
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Figure 7 Flow of 0.4 (sand to cement ratio) mortar mixes

It is found that at 0.42 W/B ratio, under the same sand to cement ratio, the additional portion of Fsand 
would cause the decreasing shear stress and viscosity values, shown in Figure 6. This matches the 
previous result from New Zealand flow cone test [5], that the sand sample with large Fsand portion 
would flow better.

An increasing mortar flow is also observed with increasing portions of Fsand at 0.4 sand to cement ratio, 
shown in Figure 7. However, the mortar flow of the samples at 0.2 sand to cement ratio is nearly the 
same, due to the low portion of sand.

3. Conclusions

 Increased cement fineness would encourage the early hydration reaction and result in higher 1-
day compressive strength but generally lower 28-day compressive strength. 

 In addition, cement particle packing at the same Blaine surface area may enhance the 
compressive strength development. Increased slag fineness significantly improved the 
compressive strength at all the ages with compromising the flow of mortar. However, slag 
particle packing at the same Blaine surface area might not impact the compressive strength 
development. 

 Moreover, fine slag particles would enhance the mortar packing structure and increase the 
density. Therefore, optimised binder particle packing only aims at higher compressive strength 
may compromise the workability of mortar. Depending on the production requirements, the 
balance of compressive strength and workability of concrete would need to be considered.

 Mortar mix with natural fine sand would achieve a low viscosity result and better workability. 
Therefore, the workability of mortar could be predicted by the flowability of sand from NZ flow 
cone results.
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