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Abstract—Modern day infrastructural needs, architecture, 

space constraints and the cutting-edge construction practices 

require the concretes that are highly flowable, possess high 

strengths, durable and sustainable. Highly flowable concretes 

like self compacting concrete and ultra-high performance 

concrete are the promising types for the present and future 

trends especially from the perspective of 3D printing of 

structural elements. The enhanced flowability of these concretes, 

at low water-binder ratio, is the result of the dense packing of 

the constituent fine and ultra-fine particles, coupled by the 

action of super plasticizers. Nano materials consisting of 

particles in the size range of 0.1 to 100nm, exhibit novel 

properties that are different from their bulk counterparts, that 

also include surface reactivity and filler effect. In this study an 

attempt is made to study the synergistic effect of micro silica 

(which is also an essential ingredient of high and ultra-high 

performance concretes) and nano silica on packing properties of 

the cement matrix, as it is the microstructural packing that 

controls the rheology and flow characteristics of the concrete to 

a large extent. Puntke test is used to evaluate the packing 

density of the control, binary and ternary cement matrices. It is 

observed that the synergistic effect of micro silica and nano 

silica resulted in enhanced packing density of the ternary 

cement matrix when compared to their individual effect. 

Keywords—Flowability, microstructural packing, nano silica, 

packing density,  silica fume, synergistic effect 

I. INTRODUCTION

Traditional concretes made with ordinary Portland cement 

(OPC) and other cementitious materials or industrial by-

products of particle size distribution (PSD) in the similar 

range as that of OPC are unable to match the requirements, in 

terms of strength, durability and construction practices, of the 

special and ultra-high performance concretes, that are required 

for the construction of specialty structures like super tall 

buildings, blast resistant structures, bridge piers and deck 

connections, marine structures, sleek architectural facades, 

high-strength precast elements, repair concretes and 3D 

printable concretes [1-3]. To match the special properties the 

concretes should possess to make them suitable for such 

applications, concretes having high flowability, ductilty in 

addition to high compressive and tensile strengths are to be 

developed. These characteristics can be achieved by 

improving the packing density of the concrete mixtures, 

reducing the void content and having a discontinuous pore 

structure [4]. To design concrete mixtures with higher packing 

density, the materials used for making the concrete should be 

so selected, that they contain a wide particle size distribution 

(PSD) range in order to fill in the voids leftover by larger 

particles, by smaller particles and so on. Such enhanced 

microstructural packing can be attained by making a dense 

cement matrix that has micro and nano particles which are 

carefully selected and very well proportioned based on 

particle packing technology [5-6].  

Ultra-high performance concrete (UHPC) is one such 

emerging and innovative concrete that has high flowability, 

greater compressive and tensile strengths, improved ductility 

and toughness and highly durable, which is again a 

consequence of high packing density of the cement matrix [4]. 

The extensive use of micro silica (M), (owing to its reactivity, 

shape and sub-micron particle size), in designing densely 

packed cementitious matrices, ultra-high performance 

concrete (UHPC) and reactive powder concrete (RPC) has 

been widely reported in literature [7-8]. To achieve denser 

particle packing and pozzolanic reactivity, micro silica 

dosages of about 20% to 30% of the total binder material in 

UHPC, have been recommended [8-12].  

      More recently, inclusion of nano particles in the cement 

based materials have been increasingly attracting the 

attention of researchers, specifically to improve the rheology, 

packing density, strength and durability properties of the 

concrete [13-14]. Nano silica (N) is one such material that 

has been reported to exert effective influence on packing 

density and the strength of cementitious materials. A 

considerable increase in the compressive strength of the 

cementitious paste with less than 2.0% nano silica at 3 days 

has been reported [13,15]. Studies also showed that 1% N 

increased the strength by 13% at 7 days and 8.6% at 28 days 

when compared to control specimen [14, 16]. Nano silica 

could also serve as a base for the precipitation of C-S-H gel 

to promote the hydration of cement [17]. In most cases, the 

interfacial transition zone (ITZ) is densified in the presence 

of N, due to its filling effects and also due to the additional C-

S-H formed from nano silica [18]. Nano silica exerts both 

physical effect (by providing nucleation sites and as a 

reactive filler) and chemical effect (being pozzolanic) on 

hydration reaction [19, 20, 21, 22]. Above literature survey 

points to a conclusion that both micro silica (M) and nano 

silica (N) can be used in designing and developing densified 

cement matrices having  enhanced properties.  

      Despite the positive effects of M and N on fresh and 

hardened properties of concrete, when used individually 

along with other cementitious materials and fillers, there is 

very limited study regarding the simultaneous use of both M 
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and N and their combined effect on cement matrices. The 

combination of different pozzolanic materials in the 

cementitious matrix alters the rheology, packing density, 

reaction processes, phase compositions and microstructure 

development in addition to mechanical properties. In this 

paper, an experimental investigation is done to study the 

synergistic effect of micro silica and nano silica on the 

packing density of the cement matrix when both these 

materials are used simultaneously. The effect of these 

materials on packing density of cement matrix when used 

individually, at varying levels is also studied. Packing density 

is considered as the main parameter, as a cement matrix with 

optimized microstructural packing and high packing density 

results in the production of concrete that has superior 

rheological and mechanical properties [23-34]. Puntke water 

demand test [35] is used to evaluate the packing density of 

the control, binary and ternary blended cement matrices. 

 

II.  EXPERIMENTAL PROGRAM 

      The intention of the experimental program was to 

determine the synergistic effect of M and N on the packing 

density, Ø of the various cement matrices at different levels 

of cement replacement so as to determine which combination 

of constituent materials result in a cement matrix with 

maximum packing density. The reference cement matrix was 

made of ordinary Portland cement (OPC). Two types of 

binary cement matrices were formulated i) using OPC and M, 

with M percentages varying from 5 to 20% with an increment 

of 5% and ii) using OPC and N, with N percentages varying 

from 1 to 4% with an increment of 1%. Ternary cement 

matrices were formulated using OPC, M and N, with M 

percentages varying from 5 to 20% with an increment of 5% 

and N percentages varying from 1 to 4% with an increment of 

1%. For adequate dispersion of fine particles, Poly carboxylic 

ether (PCE) based super plasticizer, 2% by mass of binder is 

used for all mixtures. To determine the packing density 

and/or water demand of the fine particle mixtures in wet 

condition, Puntke test (water demand Germany) is adopted in 

this study. The test method is based on the principle that, a 

fine and less cohesive particle packing without a load, then 

and then only, can be compacted to a powder specific value, 

when the water content is sufficient to fill all the voids in the 

packing. When the particle packing is humid but not yet 

saturated, the capillary forces block the water from 

surrounding the particles. These capillary forces vanish at the 

saturation point and the particles  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

can easily be packed to the characteristic highest packing 

density. Its not the compaction energy that is important, but 

the compactability. The test is relatively simple to perform, 

and as the results are reliable [36], it has been extensively 

used for the evaluation of packing density of fine powders 

esp. in the concrete industry. 

 

A. Materials 

      The materials used for the preparation of blended cement 

matrices are: Ordinary Portland cement (OPC) (53 grade; 

consistency = 30%; Soundness = 1.5 mm; IST = 120 min; 

FST = 230 min) conforming to IS: 12269-1987 (R2004), 

microsilica (M) 920 supplied by Elkem Industries, Mumbai 

conforming to ASTM-C(1240-2000) in dry densified form 

and nano silica (N) supplied by Astrra chemicals, Chennai. 

Poly carboxylic ether (PCE) based super plasticizer (SP) 

supplied by Hella infra, Mumbai and potable water 

conforming to IS 456-2000 are used. The chemical 

composition and physical properties of the materials used in 

the study is presented in Table 1. Fig. 1 shows the 

representational SEM and TEM images of OPC, micro silica 

and nano silica. 

(a)   
 

(b)   
 

(c)   

Fig. 1. Representational particle sizes of micro and nano materials  a) SEM 

image of cement b) SEM image of micro silica  c) TEM image of nano silica 
 

 

 

 

 

 

 

 

 

Material 
SiO2 

% 

Al2O3 

% 

Fe2O3 

% 

CaO 

% 

MgO 

% 

SO3 

% 

LOI 

% 

Avg. Particle 

size - µm 

Specific 

gravity 

Fineness 

M2/gm 

OPC (C) 21.41 4.88 3.82 63.69 1.56 2.36 1.4 15 3.15 0.33 

Micro silica 

(M) 92.9 1.2 0.74 0.02 1 0.1 1.8 0.15 2.2 15 (min) 

Nano silica (N) 99.88 0.005 0.001 - - - 0.66 0.017 2.3 202 

 

Table 1 Chemical composition and physical properties of materials used 

20 nm 

10µm 

nm 
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B. Test method  

Puntke test was performed to find the ideal combination of 

materials that yield the highest possible packing density. The 

advantage of this test procedure is that the materials are tested 

in wet condition which closely represent the field conditions. 

Total volume of the cement matrix considered is 20cm3 for 

all mixes. Materials were proportioned by volume for 

different cement matrix combinations. PCE super plasticizer, 

2% by mass of binder is used for all mixes. The mix 

proportions for control (reference mix), binary and ternary 

blends of cement matrices are represented in Table 2. 
 
       Table 2 Mix proportions for control, binary and ternary cement matrix 

Mix ID
OPC

(Vol%)

Micro

silica (M)

(Vol%)

Nano

silica (N)

(Vol%)

OPC

(grams)

Micro

silica (M)

(grams)

Nano

silica (N)

(grams)

Water

demand

(cm
3
)

C100 100 63.00 15.83

C95M5 95 5 59.85 2.22 16.25

C90M10 90 10 56.70 4.44 15.92

C85M15 85 15 53.55 6.66 15.33

C80M20 80 20 50.40 8.88 16.25

C99N1 99 0 1 62.37 0.46 16.58

C98N2 98 0 2 61.74 0.92 16.33

C97N3 97 0 3 61.11 1.38 17.00

C96N4 96 0 4 60.48 1.84 17.58

C94M5N1 94 5 1 59.22 2.22 0.46 16.42

C93M5N2 93 5 2 58.59 2.22 0.92 16.83

C92M5N3 92 5 3 57.96 2.22 1.38 17.00

C91M5N4 91 5 4 57.33 2.22 1.84 17.42

C89M10N1 89 10 1 56.07 4.44 0.46 16.33

C88M10N2 88 10 2 55.44 4.44 0.92 15.75

C87M10N3 87 10 3 54.81 4.44 1.38 16.42

C86M10N4 86 10 4 54.18 4.44 1.84 17.08

C84M15N1 84 15 1 52.92 6.66 0.46 16.25

C83M15N2 83 15 2 52.29 6.66 0.92 16.08

C82M15N3 82 15 3 51.66 6.66 1.38 16.33

C81M15N4 81 15 4 51.03 6.66 1.84 16.83

C79M20N1 79 20 1 49.77 8.88 0.46 16.58

C78M20N2 78 20 2 49.14 8.88 0.92 16.92

C77M20N3 77 20 3 48.51 8.88 1.38 17.25

C76M20N4 76 20 4 47.88 8.88 1.84 17.42
 

 

      Calculated amounts of selected materials were dry-mixed 

adequately in a container having a flat bottom, to get a 

homogenous mixture before adding water. Low amount of 

potable water (pre-mixed with super plasticizer) was 

gradually added to the dry mix with continuous mixing and 

simultaneous pressing of the mixture against the wall of the 

container. The container was then tapped twenty times on a 

flow table. The procedure was repeated by gradually adding 

the water in increments, till a glossy and shiny surface is 

achieved on the top of the mix which indicates that the 

saturation point has reached. For each mix the test was 

repeated three times to obtain the least amount of water 

required for saturation. Mean value of the water required for 

saturation was recorded and packing density was calculated 

by using the Eq. 1. 
 

 Packing density, Ø = 1 – [Vw / (Vs + Vw)]       (1) 
 

Where, Vw is volume of  water and Vs is volume of solids. 

Packing density of all mixes was calculated. 

 

III. RESULTS AND DISCUSSION 

 

      Packing density of the cement matrices for different 

combinations of OPC, micro silica and nano silica was 

calculated using Eq.2. Packing density of binary cement 

matrices containing  i) OPC and micro silica (at varying 

levels)   and  ii) OPC and nano silica  (at varying levels) are 

shown in Fig. 2 and Fig. 3 respectively. Fig. 4 shows the 

packing density of ternary cement matrices containing OPC, 

10% micro silica and 1 to 4% of nano silica. Packing density 

for all the cement matrices are shown in Fig. 2. 

 
                   Fig. 2. Cement to Micro silica Vs Packing density 

 

 
                     Fig. 3. Cement to Nano  silica Vs Packing density 

 
 

 

                     Fig. 4. Cement to Nano silica Vs Packing density 
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Fig. 5. Packing densities of various mix proportions for control, binary 

and ternary cement matrix 
 

From figures 2 to 4, it is observed that the packing density Ø, 
for the control cement matrix containing OPC alone is 

calculated as 0.558. From Fig. 2, it is noted that, from the 

group of all the binary cement matrices containing OPC and 

M (with percentages of  5, 10, 15 and 20%), the matrix with 

15% M has the maximum packing density of 0.566, and all 

other matrices with 5, 10 and 20% M have Ø even less than 

the control matrix. This means that lower percentages of M (5 

and 10%) are inadequate to fill-in the voids of the cement 

matrix. At 20% of M the Ø is again lowered which may be 

due to the loosening effect that has occurred due to the 

presence excess fine particles. 15% M is the optimum content 

in the binary matrix in order to have the higher Ø. From Fig. 

3, it is noted that, from the group of all the binary cement 

matrices containing OPC and N (with percentages of 1, 2, 3 

and 4%), the matrix with 2% N has the maximum Ø of 0.55, 

and all other matrices with 1, 3 and 4% N have Ø much less 

than that of the control matrix packing density of 0.558. Also 

beyond 2% N, the Ø decreased as N% increased. This low Ø 

can be attributed to the nano size of the particles that possess 

high inter-particle forces which result in increased voids. 

Effect of very high specific surface area of the nano silica 

may also result in more water demand. Also the effect of 

manual mixing cannot be ruled out. 

 

     From Fig. 4 and Fig. 5, it is seen that, of all the ternary  

cement matrices containing OPC, M (with percentages of  5, 

10, 15 and 20%),  and  N (with percentages of 1, 2, 3 and 

4%), the cement matrix with a combination of OPC,  10% M 

and 2% N has  a Ø of  0.56, which is marginally higher than 

the control matrix. Also it can be noted that the ternary 

matrices containing OPC, M and N, have a better packing 

density than that of the binary matrices containing OPC and 

N. The higher Ø of the ternary matrices clearly direct to the 

improved and optimum microstructural packing of the matrix. 

This is due to the presence of wide particle size distribution 

range that has resulted in a reduced void content which in-

turn is a consequence of inclusion of M in the matrix with 

OPC and N. Thus, it can be said, that the synergistic effect of 

using both M and N in the cement matrix with OPC resulted 

in the matrices with improved packing density. 

 

IV. CONCLUSIONS 
 
 

      In this paper, an attempt is made to study the individual 

and synergistic effects of using micro silica and nano silica 

on packing properties of the cement matrix. Cement matrix is 

the base for all types of concretes, which along with the 

aggregates,  controls the rheology/flowability and also the 

strength of the resultant concretes. High packing density of 

the cement matrix, because of denser microstructural 

packing, results in low water to binder ratio, which is an 

essential parameter to improve the rheology and strength 

charac-teristics of the concretes. A simple and easy to 

perform, Puntke test was adopted to determine the packing 

density of cement matrix. From the presented results of the 

study, conclusions drawn are as follows: 

 

1. Binary cement matrices containing OPC and only micro 

silica have a higher packing density when compared to the 

packing density of the binary cement matrices containing 

OPC and only nano silica. The packing density decreased 

with the increasing percentage of nano silica. In-adequate 

dispersion and high specific surface area of nano particles 

could be the reason for the low packing density. Avoiding use 

of only nano silica in the cement matrix seem to be 

appropriate . 

 

2. Use of both micro silica and nano silica in the ternary  

cement matrix along with OPC resulted in the improved 

packing density due to the presence of wider particle size 

distribution. Due to filling effect of differently sized particles, 

reduction in void content has occurred, which has resulted in 

reduced water demand. Hence, a combination of micro and 

nano materials in the cement matrix, by acting 

synergistically, improve the packing density of the cement 

matrix. Also the proportion of the nano material should be 

optimum, which, in this study, is obtained as 2% by volume 

of the cement matrix 

 

3.  By conducting tests on a large number of sample mixes, it 

has been observed that, Puntke test provides reliable and 

consistent results and can be used to evaluate packing density 

of the fine powders in wet condition. 
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