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Summary 

Understanding the role of constituents of cementitious mixtures as the 
most globally used human-made material and their effect on the flowability 
of the blends is of great importance. A comprehensive perception of the 
characteristics of the ingredients of mixtures allows for optimized 
proportioning of constituents and can lead to a reduction in cement and 
water demand of the blends.  

The thesis introduces a novel mix design model based on the relationship 
between the flow of mixtures to the specific surface area of the particles 
through the concept of excess water layer theory. The theory assumes that 
the particles are enveloped by a thin film layer that separates the grains and 
lubricates their surfaces. However, in order to study the film thickness, it is 
inevitable to consider packing density and specific surface area of the 
particles. Both of the mentioned parameters and their influence on the water 
requirement of mixtures were investigated as a part of the Ph.D. project.  

The theoretical part of the thesis includes background and explanation of 
the concepts and theories used for conducting the research including particle 
packing theory, specific surface area, and excess layer theories. Details of an 
improved method for calculating the specific surface area for different 
platonic solids and corresponding geometric relations are presented. 
Moreover, a general relationship between surface area of mixtures and their 
water demand is introduced and used as a basis for a novel mix design 
model. In addition, the thesis attempts at expounding and formulating 
vaguely defined terms and parameters such as representative shape, mixing 
efficiency, and optimal packing.  

The experimental part of the thesis consists of laboratory measurements 
of packing density in the loose state, estimation of specific surface area using 
X-ray microtomography and slump tests for mortar and concrete. The 
materials used for the experiments were chosen from commercially available 
types of aggregates and cement based on their physical properties, especially 
shape and specific surface area.  

The results indicate that the available packing models can estimate the 
packing density with acceptable accuracy. In addition, it was shown that it is 
possible to estimate flowability of mixtures based on information about the 
specific surface area of the constituents. A mix design approach is introduced 
which predicts flow spread of slump test, a measure that is often used in 
laboratories and at the building sites.  
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Moreover, the research revealed that the theoretical estimation of the 
specific surface area of particles could be improved by assuming a platonic 
solid shape for the particles instead of spheres often assumed. The more 
accurate estimation of the specific surface area enables a better prediction of 
the water demand of mixtures. Furthermore, the mixing efficiency factor was 
quantified and introduced which allows for extending the application of the 
model to mortars and concrete alike.  

The finding of the project lays a foundation for an effective yet simple 
flowability-based mix design approach. 
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Sammanfattning 

Då betong är det globalt mest använda materialet som tillverkats av 
människor är det av stor vikt att förstå vilken betydelse beståndsdelarna i 
cementblandningar har samt dess inverkan på flytegenskaper. Kunskap om 
beståndsdelarnas egenskaper utgör en bas för receptoptimering vilket kan 
reducera behovet av bindemedel och vatten.  

Avhandlingen introducerar en nyskapande proportioneringsmodell som 
baseras på relationen mellan blandningens flytegenskaper och den totala 
specifika ytan hos partiklarna, nyttjande teorier om överskottsvatten. 
Därvid antas att varje partikel omsluts av ett tunt lager av vatten som 
separerar kornen och har en smörjningseffekt. För att studera vattenfilmens 
tjocklek är det avgörande att hänsyn tas till packningsdensitet och specifik 
yta hos partiklarna. Båda nämnda parametrar och dess inverkan har 
studerats i doktorandprojektet.  

Den teoretiska delen av avhandlingen inkluderar bakgrund och 
beskrivning av koncept samt de teorier som används i forskningen kring 
partikelpackning, specifik yta och överskott av vatten eller pasta. Detaljer 
ges om en förbättrad metod att teoretiskt beräkna specifik yta för olika 
platoniska kroppar och motsvarande geometriska samband. Därutöver 
introduceras ett generellt samband mellan specifik yta hos en blandning och 
dess vattenbehov som utgör en bas för den nyskapande 
proportioneringsmodellen. Dessutom ges förslag på att tolka och formulera 
vagt definierade termer och parametrar såsom representativ form, 
blandningseffektivitet och optimal packning.  

Den experimentella delen av arbetet består av laboratorieförsök med lös 
packning, beräkning av specifik yta genom mikrotomografi samt sättmått för 
bruk och betong. I försöken användes ett urval av kommersiellt tillgängliga 
ballastmaterial och cement baserat på deras fysiska egenskaper, speciellt 
kornform och specifik yta.  

Resultaten indikerar att tillgängliga packningsmodeller kan 
prognosticera packningsdensiteten med godtagbar noggrannhet. Det visade 
sig dessutom vara möjligt att bestämma blandningars flytbarhet baserat på 
information om specifika ytan hos beståndsdelarna. 

En ansats till proportioneringsmetod är framtagen som bestämmer 
flytsättmått, en metod som ofta används i laboratorier och på 
byggarbetsplatser. 
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Forskningen visar dessutom att den teoretiska beräkningen av specifika 
ytan hos partiklar kan förbättras genom att anta en platonisk fast form för 
partiklarna istället för sfärer som ofta antas idag. Den mer exakta 
bestämningen av specifika ytan möjliggör en bättre förutsägelse av 
vattenbehovet hos betongblandningar. Vidare kvantifierades och infördes 
blandningseffektivitetsfaktorn vilket möjliggör att modellen inte bara kan 
tillämpas på bruk utan även på betong.   

Resultaten från projektet utgör en bas för en enkel 
proportioneringsmetod baserad på flytbarhet. 
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Notations 

Roman, lower case 

a  Edge length of the representative shape  [cm] 

ac Edge length of circumsphered representative 
shape  

[cm] 

am Edge length of midsphered representative shape  [cm] 

av edge length of representative shape for 
volumetric equivalency 

[cm] 

aij Coefficient for loosening effect between classes i 
and j 

- 

bij Coefficient for wall effect between classes i and j - 

d Diameter of the particles  [cm] 

d0 Diameter of the slump cone bottom opening [cm] 

d1 Measured diameter of spread [cm] 

d2 Perpendicular measured diameter of spread [cm] 

 d�i Mean diameter of particles in fraction i and i+1 [cm] 

 d�i,arith Arithmetic mean diameter of fraction i and i+1 [cm] 

 d�i,geo Geometric mean diameter of fraction of i and i+1 [cm] 

dj Diameter of the particles in class j [cm] 

e Void content - 

emixer Void ratio of materials in the mixture 
considering the compaction energy 

- 

kd Factor defining interaction of particle classes in 
modified Toufar model 

- 

ks Factor defining interaction of particle classes in 
modified Toufar model 

- 

kw Correction factor for container wall effect - 

q Exponent used for ideal curves - 

r Radius of the enveloping sphere [cm] 

rcir Circumradius of the enveloping sphere  [cm] 
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rmid Midradius of the enveloping sphere [cm] 

rvol Radius of sphere with equivalent volume to 
platonic solids 

[cm] 

yi   Volumetric share of fraction i in packing density.  - 
 

Roman, Capital 

D Diameter of the packing container [cm] 

Dmax Maximum particle size [cm] 

Dmin Minimum particle size [cm] 

Ds Opening size of sieves  [cm] 

Ep Deformation coefficient for paste layer theory - 

Ew Deformation coefficient for water layer theory - 

H Height of the packing container [cm] 

K Compaction index for CPM  - 

Ki Compaction index for CPM for particles in 
class i 

- 

Kmixer Mixing efficiency factor - 

Ms Mass of the solids [gr] 

P(D) Passing percentage of material through sieve 
with opening of Ds 

- 

Pon Volume of paste to put the mixture at the 
onset of flow 

[cm3] 

Pre Volume of relative paste required for a certain 
flow 

[cm3] 

Pvo Volume of void filling paste [cm3] 

PFTexc Excess paste film thickness [μm] 

PFTon Paste film thickness at the onset of flow [μm] 

PFTre Relative paste film thickness for increasing 
the flow 

[nm] 

SAagg Surface area of aggregates [cm2] 

SAi Surface area of the particles in fraction i [cm2] 
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SAtotal Total surface area of particles in a mixture [cm2] 

SSApoly Specific surface area assuming polyhedron 
shape for the particles 

[1/cm] 

SSAsph Specific surface area assuming spherical 
shape for the particles  

[1/cm] 

Vagg Volume of aggregates [cm3] 

Vi Volume of particles in fraction i [cm3] 

Vp Volume of paste [cm3] 

Vs Volume of solids [cm3] 

Vw Volume of water [cm3] 

Won Volume of water to put the mixture at the 
onset of flow 

[cm3] 

Wre Volume of relative water required for a certain 
flow 

[cm3] 

Wtot Total volume of water in the mixture [cm3] 

Wvo Volume of void filling water [cm3] 

WFTexc Excess water film thickness  [μm] 

WFTon Water film thickness at the onset of flow [μm] 

WFTre Relative water film thickness to achieve a 
certain relative slump 

[nm] 

 

Greek 

 𝛽𝛽𝑖𝑖 Virtual packing density of class i - 
 𝛽𝛽𝑗𝑗 Virtual packing density of class j - 

βp Paste retaining capacity - 
     𝛽𝛽𝑡𝑡𝑖𝑖 Combined virtual packing of a mixture when 

size class i is dominant 
- 

βw Water retaining capacity - 
 𝛤𝛤 Relative slump - 
 𝜂𝜂𝑚𝑚 Viscosity of mortar [Pa.s] 

 𝜂𝜂𝑝𝑝  Viscosity of paste [Pa.s] 
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μ Factor defining interaction of particle classes in 
4C model 

- 

ρ Bulk density  [gr/cm3] 

ρs Relative density of the particles [gr/cm3] 
𝜏𝜏𝑚𝑚 Yield stress of mortar [Pa] 

 𝜏𝜏𝑝𝑝  Yield stress of paste [Pa] 

 𝜑𝜑� Mean packing density of the particles.  - 

𝜑𝜑i Packing density of the particles in class i - 
𝜑𝜑loose Packing density of the particles in the loose 

state 
- 

𝜑𝜑loose* Packing density of the particles larger than 
0.063 mm in the loose state 

- 

 𝜔𝜔𝑖𝑖 The mass percentage of the fraction between di 
and di+1 

- 

 

 

 

 

 

 

 

 

 

 

      

 

 



x  

 

Abbreviations 

 

A&A  Andreasen & Andersen modulus 

BET  Brunauer, Emmett & Teller method 

CPM  Compressible Packing Model 

CT  Computed Tomography 

FRC  Fiber-Reinforced Concrete 

LPDM  Linear Packing Density Model 

PFT  Paste Film Thickness 

PMM  Particle Matrix Model 

PSD  Particle Size Distribution 

SA  Surface Area 

SCC  Self-Compacting Concrete 

SSA  Specific Surface Area 

SSM  Solid Suspension Model 

UHPC  Ultra High-Performance Concrete 

WFT  Water Film Thickness 

w/c  Water to Cement ratio (mass/mass) 
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Chapter 1 

INTRODUCTION 

Concrete and other cementitious materials play a significant role in the 
development of modern and sustainable societies. Concrete is vastly 
consumed to make world’s infrastructure, used for building roads, bridges, 
premises, energy and water management infrastructures, etc., making 
concrete the second most annually consumed material in the world, after 
water. More than half of all the concrete ever consumed was produced in the 
last 20 years [1], and growth of demand is predicted in the future [2], 
highlighting the importance of studying the material.  

The characteristics of concrete and cementitious mixtures in the fresh 
state is imperative and directly affect the properties of the hardened 
material. The proportioning of ingredients in the mixtures should be decided 
upon most economical and environmentally friendly use of available raw 
materials to produce blends of required properties, i.e., final strength and its 
development rate, elasticity, flow behavior, workability, durability, aesthetic, 
etc. While strength can be predicted by knowledge of the ratio of water to 
cement [3], the estimation of flowability of mixtures is more complex and 
problematic.    

The prime ingredient for making concrete is of course cement. Production 
of cement clinker is a highly energy intensive and pollutant procedure. 
Figure 1.1 shows the rate of growth and share of the cement industry in 
annual CO2 release to the atmosphere.  Proportioning of cementitious 
mixtures often aims at minimizing the consumption of cement and 
consequently reducing the carbon footprint of the final product as well as its 
cost. As a result, the methods and actions that result in reduction of carbon 
print of the cement is of extreme relevance to the concrete and cement 
industries. Additionally, decreasing the cement and paste content of 
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mixtures may lead to other improvements in physical and mechanical 
properties of hardened material such as reduced shrinkage and cracking.  

 
Figure 1.1.  Annual carbon dioxide emissions of the cement industry and the share 
compared to other sectors [4,5].  

Proportioning of cementitious mixtures is usually based on a mix design 
model that ideally leads to a recipe with minimum cement requirement. The 
models include a wide range of standard guidelines in addition to analytical 
and semiempirical approaches such as ACI 211.1 and packing models [6-10]. 
The latter models commonly focus on the packing density of solid particles in 
the mixtures, where the increase in packing density is achieved by 
introducing finer particles that fill the space amongst larger grains. 
Increasing the packing density means less paste/water is required for filling 
the voids [11]. As a result, for two mixtures with the same water/paste 
content; more flow should be expected for the blend with higher packing 
density. However, experimental results observed by the author and reported 
by many researchers indicate that making mixtures at the maximum 
packing density leads to “harsh” blends with low workability. Review of the 
literature suggests that optimal packing density is achieved close to 
maximum packing but no quantification approach for the optimal value is 
presented. While the packing density approach is not independently suitable 
for predicting the extent of flow, it provides vital information about water 
demand of mixtures.  
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A more recent approach to mix design is based on excess layer theories 
[12-14]. Excess layer theories can be interpreted in different ways; the most 
common ones are excess paste and excess water layer theories. In the case of 
excess paste layer theory, cementitious mixtures are assumed as a 
combination of aggregates and paste where the paste fills the voids between 
the aggregates. Once the voids are filled, an excess volume of paste covers 
the surface of aggregates with a thin paste film which relates the flowability 
of mixtures to the specific surface area of their constituents.  

Excess water layer theory follows a similar philosophy where the water is 
assumed to fill the voids between all the particles and to cover the surface of 
grains; the flow is then related to the thickness of the water film. A thicker 
water film increases dilation distance between grains, hence reducing 
friction and facilitating the flow. In that sense, introducing finer particles to 
a mixture leads to an increase in specific surface area and as a result, water 
and paste demand of mixtures. As mentioned earlier, higher packing density 
and consequently lower void ratio is achieved by including finer particles in 
the mixture [8]. At the same time, the available specific surface area in 
mixtures drastically increases as the diameter of included grains decreases, 
indicating that increase of packing density and specific surface area have 
contrary effects on the flow of mixtures. The conflict between packing 
density and water requirement of mixtures can be explained and further 
elaborated through the concept of excess layer theories. 

The studies regarding excess layer theory in literature are focused on flow 
properties of mortars and as a result, deal with mixtures with higher specific 
surface area than conventional mortars and concrete [12-14]. A series of 
novel experiments and a method are therefore included in the thesis for 
relating the flow of conventional mortars and concrete to their specific 
surface area based on excess layer theory. Moreover, most of the research 
regarding excess layer theory and film thickness relate the flow to specific 
surface area of constituents for mixtures that are already at the onset flow, 
only a few papers and a section included in this thesis are attempting at 
explaining the water demand of mixtures to be put at the onset of flow. 

 The excess layer theories were also used for comparison of flow between 
mortar and concrete. The properties of fresh concrete and the mortar it is 
made of are closely related; however, the materials are mixed with different 
types of mixers and various degree of mixing intensity. The study aims at 
formulating the correlation by introducing the mixing efficiency factor. While 
the importance of mixing efficiency and its effect on compaction of blends is 
known, the parameter is yet to be appropriately defined.  
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Both particle packing and layer theories strongly reliant on the shape of 
particles [15], an essential factor that affects flow behavior of mixtures. The 
shape of particles is difficult to define or quantify, and the property depend 
on many factors including formation condition of particles, mineralogical 
composition, source, etc. As a result, the shape is frequently defined by a 
combination of qualitative descriptors and geometric ratios such as 
sphericity and specific surface area of particles.  

The value of specific surface area can be measured by B.E.T [16] or Blaine 
[17] methods; however, the instrumental complexities of the tests raise 
issues such as cost and availability of the test equipment. Moreover, the 
methods are developed for conducting measurements on fine fractions and 
powders. Consequently, the value of the specific surface area is regularly 
estimated using particle size distribution and assumption of spheres as the 
uniform shape for the particles. The latter assumption leads to 
underestimation of specific surface area due to irregularities and angularity 
of particles [18,19] and the error becomes more significant as the diameter of 
particles decreases according to square-cube law [20]. Improvement in 
estimated value is essential for utilizing excess layer theories and can be 
achieved by assuming a more angular shape as the representative shape for 
the particles. The thesis includes a section on the importance of estimation of 
SSA and the magnitude of its effect in addition to a new method for 
assessing the value. The results of the introduced method were compared to 
measurements conducted using X-ray microtomography to judge the 
reliability of the approach.  

Combining excess layer theories and particle packing theory can be used 
as a tool for understanding the role of ingredients of cementitious mixtures 
on the flow behavior of blends and allows for optimizing the proportions 
while considering cost, associated CO2 emissions, strength, durability and 
flowability.  

1.1. Objectives 

The general objective is to provide a foundation for mix design of mortars 
and concrete considering the flow behavior of mixtures. The aim was 
achieved by combining particle packing theory and excess layer theories. The 
introduced mix design model is based on the main hypothesis that the flow 
spread of granular mixtures is related to the surface area of its constituents 
and the water film thickness that covers the particles according to excess 
layer theory [12,14]. The objective of the thesis was established by 
experimental validation and confirmation of the mentioned hypothesis for a 



 I n t r o d u c t i o n /  5 

 

variety of mortars and concrete and by formulating the approach as a mix 
design model.  

An improved method for calculating the specific surface area of the 
particles based on the particle size distribution was thus introduced since 
the parameter is an essential input to the excess layer theories. The concepts 
of excess layer theories were investigated in the specific surface area range 
applicable to conventional mortars and concrete for the first time and a new 
approach is introduced for calculating the water demand of mixtures based 
on simple measurements, namely particle size distribution and loose 
packing.  

Furthermore, a new factor was introduced for quantifying the mixing 
efficiency which allows for calibration of the model for different mixing 
regimes and conditions. The factor was also used by the author for relating 
the flow of mortars to concrete where different mixers with various mixing 
efficiency are used for the production of the blends.   

1.1.1. Research gaps and challenges 

As mentioned earlier, an accurate estimation of the specific surface area 
is essential for utilizing the excess layer theories. The common approach 
assumes spherical shape for the particles which leads to underestimation of 
the value due to dismissing the angularity and the effect of square-cube law 
[19,III]. The issue is discussed in Chapter 2 and a solution is presented in 
Papers II & III. The introduced method assumes an angular platonic solid 
shape as the uniform shape of the particles for calculation of the specific 
surface area based on the particle size distribution. 

Moreover, the combined effects of water film thickness and paste film 
thickness on the flow behavior of mixtures are discussed in Chapter 4 and 
Papers IV and V. Almost all of the literature regarding the issue focus on 
self-compacting concrete and oversaturated mixtures with high specific 
surface area [9,12-14]. Moreover, the related studies to the subject commonly 
investigate the flow behavior of mixtures that are already at the onset of 
flow without providing a solution on how the water demand of mixture at the 
onset of flow should be estimated. The research gap is addressed in this 
thesis and the appended papers.  

Furthermore, a comparison is made between the flowability of mortars 
and concrete based on the water layer theory in a unique study (Paper V) 
where the question of effect of mixers on the flowability of mixtures is 
formulized. The correlation between different sizes of slump cones are 
explained as a tool for translating the flow of mixtures measured in different 
slump cones to the flow measured by Abram’s cone.  
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Finally, the packing density and the lack of scientific definition for 
optimal packing is discussed and an approach is suggested by considering 
the contrary effects of packing density and the water demand of mixtures.   

1.1.2. Research questions 

The following research questioned were defined for addressing the 
mentioned research gaps, the answers to which can be found in the 
conclusion chapter and Section 5.1. 

1- What is the role and importance of packing density in proportioning 
of mixtures? 

2- What is the role and significance of water demand of mixtures on 
their flowability? 

3- Can a combination of particle packing theory and excess layer 
theories be used for estimation of flow in cementitious mixtures? 

4- How can the flow behavior of mortars and concretes be compared? 

5- Is it possible to use the concept of water demand for determining 
optimal packing of mixtures? 

1.2. Scope 

The thesis covers issues relevant to fresh concrete and mortars including 
estimation of packing density, shape, specific surface area, and the film 
thickness around the particles needed to achieve a specific flow.  

The packing density of particles was either measured in the laboratory or 
computed using packing models. In all the cases, loose packing method was 
utilized. The fraction of particles used in the studies varies between 0-1 for 
mortars and 0-4 mm for concrete. A coarse aggregate in fractions of 8-16 mm 
was used in the mixing of concrete. The studied commercial fractions of the 
particles are commonly used in the concrete and cement industries of 
Sweden. All of the materials were oven-dried.  

Flow behaviors of mortars and concrete were investigated by slump test- 
a cheap in-situ and accessible method for defining rheology of blends. The 
flowability tests were conducted on samples with specific surface area range 
common for conventional concrete and mortars.  
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1.3. Methods and approach 

The introduced approach for proportioning and estimating the flow of 
mixtures is profoundly based on the concept of water layer theory. The 
theory uses the specific surface area of the particles as the main input and 
assumes that the flowability of mixtures is dependent on the thickness of the 
water film that envelops the surfaces of the particles [9]. According to the 
excess water layer theory, the water in oversaturated cementitious mixtures 
is assumed to be physically consumed in three ways: 

• Water that fills the voids between the particles of aggregate and 
cement 

• Excess water that covers the surface area of the mixtures putting 
the blend at the onset of flow 

• Excess water for increasing the distance between the particles and 
governing flowability of the mixture. 

The excess water film thickness around the particles is related to the 
specific surface area of the solid constituents of the mixture according to 
excess water and paste layer theories [12]. This shows the importance of 
accurate estimation of the specific surface area. Thus, the thesis includes an 
improved approach for mathematical estimation of the specific surface area 
based on the particle size distribution and assumption of a platonic solid as 
the uniform shape of the particles. The concept of representative shape for 
the particles is introduced in Section 2.3.2. The geometrical relations 
between the platonic solids and the size of particles, required for assuming a 
representative shape for the grains, can be found in Papers II & III.  

The developed method for estimating the specific surface area was 
verified by comparing the calculated values to the measured Blaine value of 
some materials extracted from literature and presented in Paper II. The 
method was further examined by comparing the calculated values for fine 
aggregates to measured values of the specific surface area by X-ray 
Microtomography method, see Section 2.3.1.  

In addition to the specific surface area of the particles, the packing 
density has a significant influence on the water demand of the mixtures. The 
particle packing theory and some of the more important models are briefly 
explained in Chapter 3 and Section 3.2. Among the introduced model, 
Modified Toufar model, CPM, and 4C are discussed in subheadings of 
Section 3.2 and were used to study the accuracy of the models compare to the 
measurements of packing density in the loose state in the laboratory the 
details of which can be found in Section 3.3 and Paper I.  
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The combined influences of paste and water layer thicknesses on the 
flowability of mortars were studied. It should be emphasized that most of the 
literature regarding the water layer theory, deal with the relation between 
the specific surface area of the particles and the extent of the flow for the 
mixtures that are already at the onset of flow. There are only a couple of 
research that attempt to utilize the water layer theory for explaining the 
water demand of mixtures at the onset of flow, including the research 
presented in Paper IV and Section 4.1. Moreover, the concepts of excess layer 
theories were developed for self-compacting concrete and powder-rich 
mortars and were not extended to be used for conventional cementitious 
mixtures.  

The thesis also discusses the flowability of conventional concrete mixtures 
according to excess water layer theory compared to the flowability of mortar 
with similar specific surface area using the mini-slump test where an 
attempt is made for correlating the flow of the two material leading to 
inevitable introduction of a correction factor to account for mixing efficiency 
imposed on the mixture, see Section 4.3.1 and Paper V.  Since the water 
demand of mortars and concrete with the same specific surface area is not 
the same, the author assumed that the water layer theory is solely 
dependent on specific surface area of mixtures and not their fineness. 
Consequently, the difference between water demand of mortars and concrete 
is blamed on the increase in packing density caused by the compaction 
energy applied to the blend while mixing. Furthermore, since the flow spread 
of concrete and mortars are measured in slump cones of different sizes, the 
influence of the slump cone geometry on the flow spread of mixtures was 
investigated as shown in Section 4.3.2.  

The thesis expands the excess water layer theory to include the 
conventional concrete and mortars for the first time, leading to a novel mix 
design method that applies to a wide range of mortar and concrete types. 
The mix design model is introduced in Section 5.2 where a flowchart is 
presented showing the structure of the model. The input data and equations 
needed for successfully using the model are marked in the same section.  

Aside from the mix design model, the optimal packing density of mixtures 
is discussed. The approach is actually one of the applications of the model for 
proportioning of mixtures where the contrary effects of packing density and 
water demand are used for optimization of mortars and paste by assuming a 
certain water film thickness around the particles that is related to the 
specific surface area of the solid constituents. The detailed method is 
explained in Paper 6 and some of the results are mentioned in Section 5.3.  
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1.4. Limitations 

In the current thesis, only the physical interactions of particles in the 
mixtures were studied. The extent of chemical reactions and hydration was 
deemed neglectable for fresh mixtures that are only a few minutes old.  

 Moreover, for the sake of isolating the effect of water film thickness, no 
water reducing agents such as superplasticizers or air-entraining agents 
were introduced in the mixtures. This is because variation in amount and 
types of water reducing agents combined with different types of cement leads 
to an impractical number of variables to be investigated at the same time.  

The influence of air content is briefly discussed but not considered in the 
model. The effect of water absorption was neglected due to the facts that 
standard approaches to measurement of the parameter require immersing 
the material in water for 24 hours; however, in the scope of this research, the 
materials were exposed to water for a few minutes before conducting the flow 
measurements.  

Finally, the experiments were conducted in a controlled environment at 
the laboratory on limited number of materials, thus the application of the 
method should be studied for different materials, conditions, mixing regimes 
and mixer types.   

1.5. Structure of the thesis 

The work presented here aims at explaining the influence of constituents 
of cementitious mixtures on their flow behavior. As the main result of the 
thesis, a mix design model is introduced that is dependent on the packing 
density and specific surface area and utilizes the excess water layer theory 
for estimation of the flow. The packing density and specific surface area, in 
turn, are reliant on the particle size distribution. The structure of the thesis 
is visualized through the flowchart of the mix design model as shown in 
Figure 1.2. The input parameters for the mix design model and the 
corresponding chapter that addresses the parameter are marked in the 
figure, the Roman numbers in the brackets show the number of appended 
papers that are related to the subject of the chapters. Each chapter includes 
a literature review on the theories and the concepts used for compiling the 
study, details of utilized and introduced methods for conducting the 
experiments as well as a discussion regarding the assessment of the 
methods, conclusion and examples of results. More detailed results of the 
studies can be found in the appended papers.  
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The physical properties of the particles including the packing, shape and 
particle size distribution are discussed in Chapter 2. The chapter describes a 
modified approach for estimating the specific surface area of particles while 
considering their angularity. Improvement in the estimation of specific 
surface area was sought since the value is a crucial input parameter for 
excess layer theories.  

The particle packing theory is another crucial part of the mix design 
model since the value indicates the amount of water that is needed to fill the 
voids between the particles. Thus, Chapter 3 describes the particle packing 
theory, packing methods, and different analytical packing models. An 
assessment of the reliability of the models is also included in the chapter. 
Studied packing models include CPM, 4C, and modified Toufar. A brief 
explanation of compaction energy and the influence on packing density is 
presented, although the measurements of packing density were conducted in 
the loose state.  

Chapter 4 contains the definition of excess layer theories and the 
relationship between the specific surface area of mixtures constituents and 
their flow. The theories were used for predicting paste and water demand of 
mixtures made with different proportions and ingredients. Effect of both 
water film thickness and paste film thickness are explained and discussed. 
Chapter 4 also includes a new approach for estimating the flow behavior of 
cementitious mixtures using loose packing density in combination with 
excess layer theories. Experimental results of the mini-slump test and 
Abrams’ cone are analyzed and presented and a relationship between the 
flow spread of mixtures and the size of slump cone is discussed.  Moreover, a 
new factor is suggested for quantifying the mixer efficiency. The chapter also 
contains a brief literature review on the dependency of rheological 
parameters of the mixtures on the excess film thickness. 

Finally, Chapter 5 concludes the discussed issues. Optimal packing of 
particles and a method for proportioning mixtures and partial replacement 
of cement with powders are introduced. The chapter also includes a 
recommendation section for future work to address the effect of 
superplasticizer and water reducing agents on the decrease in thickness of 
the excess film.  
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Figure 1.2. The outline of the thesis according to the mix design flowchart.  

1.6. Appended papers 

The thesis contains six appended papers, referred to in the text with their 
Roman numbers.  

I. Ghasemi, Y., Emborg, M., (2014). “Particle packing of aggregates for 
concrete mix design: Models vs. reality”. Nordic concrete research, 
51(3). 85-94.  

The paper focuses on the reliability assessment of particle packing 
models. Seven binary aggregate mixtures were studied and the packing 
density of mixtures was measured in the laboratory and compared to the 
results obtained from different models.  
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II. Ghasemi, Y., Emborg, M. and Cwirzen, A., (2017). “Estimation of the 
specific surface area of particles based on size distribution 
curve”. Magazine of Concrete Research, 70(10),.533-540. 
https://doi.org/10.1680/jmacr.17.00045 

In paper II, the specific surface area of particles measured by Blaine 
method was compared to the calculated value of specific surface area based 
on the particle size distribution of the materials and assumption of different 
platonic solids as the uniform shape of particles. The paper includes 
geometrical relationships required for estimating the specific surface area for 
different platonic solid shapes leading to improved accuracy of the 
estimation.  

III. Ghasemi, Y., Rajczakowska, M., Emborg, M. and Cwirzen, A., (2018). 
“Shape-dependent calculation of specific surface area of aggregates vs. 
X-ray microtomography”.  Magazine of Concrete Research, Available 
online ahead of print. https://doi.org/10.1680/jmacr.18.00121 

Paper III emphases on the comparison of specific surface area with 
measurements conducted with X-ray microtomography on aggregate samples 
in fractions of up to 1 mm. A modified approach is introduced improving the 
theoretical estimation of specific surface area by assuming an angular 
particle shape instead of spheres, namely dodecahedron shape for round and 
cubic shape for angular particles.  

IV. Ghasemi, Y., Emborg, M. and Cwirzen, A., (2019). “Exploring the 
relation between the flow of mortar and specific surface area of its 
constituents”. Journal of Construction and Building Materials, 
Available online ahead of print. 
https://doi.org/10.1016/j.conbuildmat.2019.03.260 

Paper IV addresses the relation between the specific surface area of 
constituents in mortars to their flow. The volume of the flowable phase of 
mixtures is thus divided by the surface area of solids to obtain the thickness 
of the layer that surrounds the surface of the particles. The study includes 
mini-slump measurements on different mortar recipes. The research focuses 
on the specific surface area that applies to conventional mortars and 
concrete and is unique in that sense.   

V. Ghasemi, Y., Emborg, M. and Cwirzen, A., (2019). “Effect of water 
film thickness on the flow in conventional mortars and concretes”. 
Submitted to Journal of Materials and Structures.  

The study investigates the influence of the thickness of coating water on 
flow spread of mortars and concrete by correlating consistency of mortars to 
consistency of concrete based on the results of Paper IV. Moreover, the 

https://doi.org/10.1680/jmacr.17.00045
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relation between the flow of mixtures measured in different sizes of slump 
cone is explored to enable translating flow of mortars measured in mini-
slump cone to flow of concrete obtained from Abrams’ cone. The introduced 
method can be used for relating the flow of mortars to concrete and also lays 
a foundation for a simple mix design model.  

VI. Ghasemi, Y., Emborg, M. and Cwirzen, A., (2019). “A theoretical 
study on optimal packing in mortar and paste”. Submitted to Journal 
of Advances in Cement Research.  

The article aims at exploring the concept of optimal packing in mortars 
and paste using particle packing and excess water layer theories. A 
semiempirical method is used for calculating water demand of mixtures 
based on their specific surface area. The approach allows for estimating 
optimal packing considering water demand and water to cement ratio of 
mixtures in addition to the packing density.  The same method is suggested 
to be used for proportioning of the concrete mixtures.  

1.7. Other related publications 

A list of publications related to the thesis but not appended is shown 
below: 

VII. Ghasemi, Y., Johansson, N., (2014). “Particle packing of aggregates 
for concrete mix design: Models and Methods.”, Published in the 
proceeding of the XXII Nordic Concrete Research symposium, 
Reykjavik, Iceland, Aug 13-15, 2014. 109-112. 

VIII. Ghasemi, Y., Emborg, M., Cwirzen, A., (2016). “Quantification of the 
shape of particles for calculating specific surface area of powders”. 
Published in the proceeding of the inter. RILEM conference, 
MSSCE2016, Lyngby, Denmark, Aug 22-24, 2016. 31-41. 

IX. Ghasemi, Y., (2017). “Aggregates in concrete mix design”. Licentiate 
thesis. Luleå University of Technology. Sweden. 

X. Ghasemi, Y., Emborg, M., (2017). “A method for obtaining optimum 
packing of aggregates for concrete at the onset of flow”. Published in 
the proceeding of the XXIII Nordic Concrete Research symposium, 
Aalborg, Denmark, August 21-23, 2017. 109-112. 
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Chapter 2 

PARTICLES IN FRESH MIXTURES 

It is clear that the role of the ingredients of mixtures is critical for 
ensuring the satisfactory and desirable performance of mixtures in both 
fresh and hardened states. The solid particles of a mixture (powders, cement, 
and aggregates) commonly occupy 50-80% of fresh mortars and concrete 
volume providing rigidity and governing resistance to applied loads and 
unwanted deformations. A schematic illustration of ingredients of a basic 
concrete mixture is shown in Figure 2.1. Mortars have similar constituents 
to concrete except for the absence of coarse aggregate.  

 
Figure 2.1. Constituents of concrete mixtures.  
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Important physical properties of particles are discussed in the next 
sections. Not all of particles properties are included, and the discussion 
focuses on characteristics that are of higher significance in the production of 
cementitious mixtures.  

2.1. Physical properties of particles 

2.1.1. Absorption and moisture state.  

Porous materials absorb water. The water penetrates the interconnected 
and open to the surface pores and changes the moisture state of the material. 
The moisture content of particles, in turn, affects workability of the mixture 
in fresh state and strength of the final product. Available test methods for 
measuring absorption are subjective and not accurate [21,22] and require 
immersing the particles in water for 24 hours. The scope of the thesis is 
limited to fresh concrete that are only a few minutes old. The value is 
expressed as the ratio of the difference in the mass of an oven-dried sample 
to the mass of the saturated surface dried sample.  

2.1.2. Density and void content 

The density is the ratio of a solid’s mass to the volume it occupies. Several 
measures of density exist; among which bulk density and relative density are 
the most relevant ones in the production of cementitious mixtures.  

Bulk density is the mass of a material per unit volume including the voids 
between the particles [23] whereas relative density refers to the ratio of the 
density of a solid to the density of water. The bulk density of a material is 
calculated based on the following equation: 

𝜌𝜌 =
𝑀𝑀𝑠𝑠

𝑉𝑉𝑠𝑠
 (2.1) 

where Ms and Vs represent the mass and the volume of the solids, 
respectively.  

The ratio between bulk and relative density is related to the void content 
between the particles. Void content applies to a group of particles since the 
particles do not fit together perfectly leaving hollow spaces between the 
particles. Different factors affect the void content of particles including 
compaction energy, particle shape, surface texture, and particle size 
distribution. 
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2.1.3. Particle shape  

Particle shape is a complex function of various characteristics of the 
materials including formation condition, mineralogical composition, and 
method of production for manufactured materials [23]. Due to the 
entanglements of the parameter, no generally accepted approach for defining 
and measuring the value exist [24]. Particle shape influences the packing 
density, specific surface area, and particles interlocks, and hence, affecting 
mixtures workability and water requirement [25-27]. The shape is usually 
expressed using several descriptors such as flakiness ratio, angularity, 
sphericity, etc. A scientific way of defining shape is by using the specific 
surface area of the particles. However, the value on its own does not provide 
a comprehensive explanation of the shape.  

2.1.4. Particle size distribution 

Particle size distribution (PSD) is an essential parameter that influences 
the properties of fresh cementitious mixtures. Size distribution curve affects 
the void content of mixtures and as such is an essential factor for 
proportioning of the blends. Several intrinsic factors in mix design can be 
directly measured based on PSD including fineness modulus and specific 
surface area of particles [15]. Various approaches exist for the measurement 
of PSD, mainly dependent on the fineness of studied materials. The most 
common approach is by measuring the proportions passing through sieves 
with square openings of standard sizes, see Figure 2.2. However, the method 
lacks accuracy for finer particles and is based on the planar shape of 
aggregates via an empirical test; where there is no control over the 
movement and rotation of the particle. For example, a particle with a larger 
length comparing to its width can pass or retain on a sieve depending on its 
rotational angle.  

For finer particles, PSD can be obtained from laser diffraction analysis, 
differential sedimentation, or image analysis, see Figure 2.2. Particle size 
distribution is extensively studied due to its chief role in proportioning of 
mixtures [28-30]. The parameter greatly influences packing density which in 
turn, is a function of particle shape.  

Laser diffraction analysis uses the Mie theory of light scattering [31] to 
investigate the particle size distribution of dispersed fine particles where 
smaller particles scatter light at larger angles relative to the laser beam. The 
method allows for calculating the size of the particles based on the scattering 
patterns created by them and uses the concept of volume equivalent sphere 
diameter for describing the particle sizes.  
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Differential sedimentation uses sedimentation theory and absorption of 
X-radiation to measure the setting rate of particles in a liquid [32] where the 
setting rate is related to particle mass according to Stokes’ law. The 
measurement is conducted in specific heights and time intervals using X-ray 
transmission, allowing high-resolution and detailed measurements in a 
relatively short time. The method is suitable for PSD measurement of 
powders and fine particles, see Figure 2.2.  

Image analysis is used in a wide range of applications and purposes [33]. 
The method extracts meaningful data from digital images. Several 
techniques for digital image processing exist including X-ray 
microtomography. The method is explained and used in the thesis for 
measurement of specific surface area rather than PSD, see Section 2.3.1. 

 

Figure 2.2. Particle size distribution measurement methods, a) dry sieve, b) laser 
diffraction, c) differential sedimentation.  

It should be mentioned that no “ideal size distribution curve” exists that 
is suitable for all mixtures and ingredients, and concrete with certain 
workability can be made with a wide range of particle size distribution. The 
optimal PSD is decided upon water requirement, cost, and other essential 
mix properties in the fresh state such as the absence of segregation and 
bleeding [15]. The optimal PSD is usually determined by experimental tests 
and varies for different mixtures, see also the discussion regarding PSD and 
its effect on the flowability of mixtures in Papers IV and VI. 
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2.1.5. Packing density  

The packing density of a granular mixture is expressed as the ratio of 
solid volume in a unit of volume [8]. Alternatively, packing density may be 
described by void content and formulated as:  

e= 1- 𝜑𝜑     (2.2) 

where 𝜑𝜑 is the packing density of particles. The origin, composition of 
particles, size distribution and shape of the particles in addition to the 
packing method are the main parameters affecting packing density. Value of 
packing density can either be measured or estimated using packing models. 
The aim is often to increase the packing density of particles so fewer voids 
will be available to be filled with water. The parameter is further discussed 
in Chapter 3 and Paper I. 

2.2. Influence of particles on flow of mixtures 

As known by the scientists, particle shape- especially for finer materials - 
can be regarded as the most critical parameter influencing particle packing, 
specific surface area (SSA) and particle interlocks. Rounded particles with 
less angularity can roll or slide over each other and facilitate the flow. Poorly 
shaped particles, on the other hand, hinder the flow. Moreover, the shape of 
particles directly affects water requirement and flowability of mixtures in 
the fresh state. For the same water content, mixtures with rounder particles 
show higher flowability compared to irregular and angular particles. Round 
particles have lower SSA comparing to angular particles of the same size and 
as such require less water for wetting their surfaces.  

Particle shape may also influence the properties of hardened concrete. As 
an example, provided full compaction is achieved, use of more angular but 
not flaky aggregates leads to concrete with higher strength because cracks 
are forced to follow more convoluted and complex paths around angular 
particles [15].  

Another vital parameter for the cement and concrete industries is PSD. 
The parameter has a significant influence on flowability and other properties 
of the mixtures in fresh state such as cohesiveness, segregation or bleeding 
potential and has been the subject of many studies in the last century. PSD 
is the main factor affecting packing density and void content in an 
assemblage of particles.  Grading of particles is not a property as such and is 
more meaningful while considering the combined effects of particle shape, 
packing density and resulting SSA [15]. 
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Knowledge of packing density and void content is fundamental for 
understanding the flow behavior of cementitious mixtures. Shape and PSD 
of particles affect how the particles are fit together, more angular shape and 
poor PSD result in leaving more voids between the particles. Meaning for the 
same water content, the mixture made with particles that have higher 
packing density show more flowability since more water is available to the 
mix for governing the flow. Particle packing theories are explained in 
Chapter 3. 

2.3. Specific surface area 

Specific surface area (SSA) of particles is defined as the surface area of 
grains contained in a unit mass or unit volume of the material [23]. The 
value is directly related to the shape of particles and their surface texture 
where angular and rough grains have higher SSA compared to round 
particles of the same size. Specific surface area is vital for estimating the 
water requirement of mixtures; however, measurement of the value includes 
instrumental complexity and is expensive as described in the next sections.   

2.3.1. Methods of measuring SSA 

The importance of SSA value on water requirement and proportioning of 
mixtures has captivated many researchers [9,11-15]. However, no direct and 
accurate method for measurement of the value is developed.  

A widely used technique in cement industries is the measurement of 
surface area by air permeability [17] known as the Blaine test. The test is 
based on the time necessary for a volume of air to pass through a packed bed 
of particles and applies to materials in fineness range of cement. Results of 
the test are deponent on flow rate and kinematic viscosity of air, the 
dimension of the bed of particles, and its porosity [34]. A reference sample 
with a given specific surface area is required for calibration purpose since 
the method leads to a relative, rather than absolute fineness values.  

Several issues may occur by using the method, e.g., the standard requires 
forming a particle bed with the porosity of 0.5, which is not achievable for 
some materials such as blast furnace slag or silica fume [19]. Moreover, the 
method assumes particles have spherical shape meaning that the approach 
is not suitable for angular grains. In general, the method is developed for 
measuring SSA of cement and includes assumptions regarding the packing 
density and spherical shape of particles which is not necessarily applicable 
to other powders.  
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Another approach for measuring the specific surface of particles is the 
volumetric static multipoint method, better known as the B.E.T test [16]. 
The test is based on the amount of physical adsorption of gas molecules 
(usually nitrogen or carbon dioxide) covering the total available surface of 
solids with a monolayer of the adsorbate and as such includes the surface of 
micro-cracks and inner pores of particles. However, only the external surface 
area of particles is of interest for the calculation of water film thickness 
around the particles. The value of SSA measured by the B.E.T method can 
be several times larger than the estimated value by the Blaine test since the 
surface area of open cracks and pores are included in the former method 
[19,27].  

As mentioned earlier, both Blaine and B.E.T methods are developed for 
measuring SSA of fine particles. Another approach is estimating SSA using 
analysis of images obtained by X-ray microtomography which can be applied 
on larger particles. 

X-ray microtomography is detailed imaging of sections by using X-ray 
[35]. The method has its roots in Computerized Tomography (CT). X-ray 
scans were used in medical imaging for over 50 years and in combination 
with computer-processed image analysis allows for reconstructing the 3D 
internal structure of samples inferred from a series of 2D “slices”, the process 
is illustrated in Figure 2.3. The 3D reconstructed structure is processed by 
different image analysis approaches to extract a wide array of quantitative 
measurements on the internal structure relevant to cement and concrete 
industries such as surface area, volume, and sphericity of particles, etc. The 
minimum size of the particle that can be distinguished by the method is 
dependent on the spatial resolution of the setting, which in turn, is limited 
by the geometry of the X-ray beam in addition to characteristics of the 
detector.  

X-ray tomography allows for considering the actual shape of particles 
compared to Blaine whereas mentioned earlier, all the particles are assumed 
to be spherical. Furthermore, the surface area of internal pores and micro-
cracks on the particles can be omitted from the results, unlike the B.E.T test. 
More information regarding microtomography tests used in the current 
thesis can be found in Paper III. The explained methods for measurement of 
SSA suffer from limited availability, sophisticated instruments, and high 
cost. As an alternative to measuring SSA, the value is often estimated 
mathematically using particle size distribution data.  
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Figure 2.3. Schematic illustration of X-ray tomography 3D image reconstruction 
process. [35]  

2.3.2. Method for Estimation of SSA 

The particle size distribution (PSD) is a mathematical function that 
provides information about the relative amount of particles and their sizes. 
Assuming a uniform shape for the particles, such as spheres; allows for 
estimating the specific surface area of the sample. The approach enables 
comparing the SSA and fineness of materials with different PSD [18,19]. 
However, the assumption leads to underestimation of SSA due to dismissing 
the essential role of the shape of the particles. Value of SSA can be 
calculated as follows, assuming the particles have spherical shapes [36].  

𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠𝑝𝑝ℎ = 6�
𝜔𝜔𝑖𝑖

�̅�𝑑𝑖𝑖.𝜌𝜌𝑠𝑠

𝑛𝑛

𝑖𝑖=1

 (2.3) 

where 𝜔𝜔𝑖𝑖 is the mass of a grain fraction i, being the mass percentage of 
the fraction between di and di+1. �̅�𝑑𝑖𝑖 is the mean diameter of fraction i and i+1 
and 𝜌𝜌𝑠𝑠 is the relative density of the particles. 

Naturally, the actual shape of the particles is far from spherical. The fact 
not only affects the estimation of SSA due to dismissing angularity of the 
particles but also introduces error related to Square-cube law [20]. Moreover, 
for possible materials with similar PSD but different shape (e.g., cement and 
limestone powder or natural and crushed aggregates), the same total SSA 
will be obtained. Alternatively, the assumption of spherical shape can be 
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replaced by uniform shapes known as platonic solids to account for 
angularity of particles. Platonic solids are 3D shapes that have the same 
regular polygon shape for each face with the same number of polygons 
connect at each vertex. The replacement of spheres with platonic solids 
dictates defining a representative shape for each material. Moreover, the 
size of the representative shape should be defined in relation to the actual 
form of the particles, see Figure 2.4 and Table 2.1. The diameter of the 
spheres in each fraction is calculated based on arithmetic mean: 

�̅�𝑑𝑖𝑖,𝑎𝑎𝑎𝑎𝑖𝑖𝑡𝑡ℎ =
𝑑𝑑𝑖𝑖+𝑑𝑑𝑖𝑖+1

2
 (2.4) 

where di and di+1 are the bottom and upper limits of the fraction. 

Average diameter can also be determined using geometric mean: 

�̅�𝑑𝑖𝑖,𝑔𝑔𝑔𝑔𝑔𝑔 = �𝑑𝑑𝑖𝑖
2 + 𝑑𝑑𝑖𝑖+1

2    (2.5) 

Once the average sphere diameter is decided, the side length of platonic 
solids can be determined depending on how the geometrical relation between 
the shapes are defined. The relationship can be conditioned on geometric 
concepts such as circumsphere and midsphere or by equivalent volume 
(mass) to the spheres.  

In order to find the side length of the platonic solids, a sphere is assumed 
to envelop each of the particles. The diameter of the sphere is decided based 
on the median opening size of two adjacent size classes di and di+1.  It should 
be noted that the accuracy of SSA estimation varies depending on the 
number of sieves or bins. Increasing the number of sieves or measurements 
on narrower fractions results in more detailed PSD and better prediction of 
SSA. Whereas reducing the number of sieves or conducting cruder PSD 
measurements decreases the sensitivity of the approach. In that sense, when 
the bins become more and more narrow reaching a mono-sized fraction, the 
representative shape becomes invalid. 

In geometry, a circumscribed sphere or circumsphere of a polyhedron is 
defined as a sphere that contains a polyhedron while touching each of the 
polyhedron's vertices. The radius of sphere circumscribed around an object is 
called the circumradius (rcir). A midsphere is a sphere that envelopes a 
polyhedron while touching all of its edges. The midsphere does not inevitably 
pass through the midpoints of the edges but is rather tangential to the edges 
at the same point along their lengths [37]. The radius of the midsphere of a 
polyhedron is called midradius (rmid). Naturally, the calculated value for 
length edges of polyhedrons is smaller for the circumsphere approach 
comparing to midsphere, see Figure 2.4. It is also possible to define the 

http://geometry.askdefinebeta.com/
http://polyhedron.askdefinebeta.com/
http://sphere.askdefinebeta.com/
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polyhedron based on insphere, a sphere that is contained within the 
polyhedron and is tangent to each of the polyhedron's faces. However, this 
leads to smaller spheres for less convex polyhedrons such as tetrahedron.   

The relation between spheres and polyhedra can be defined by volumetric 
equivalency. That is the edge length of a polyhedron which has the same 
volume as a sphere with a radius of (rvol). Concepts of circumsphere, 
midsphere, and volumetric equivalent shapes are illustrated in Figure 2.4 
and the relations between the polyhedrons and spheres are presented in 
Table 2.1. 

 

Figure 2.4. Schematic representation of circumsphere, midsphere and volume 
equivalency of a cube.  
 

The author suggests estimating the SSA of samples can based on PSD 
assuming a platonic solid shape for the particles: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑝𝑝𝑔𝑔𝑝𝑝𝑝𝑝 = �
𝑆𝑆𝑆𝑆𝑖𝑖 .𝜔𝜔𝑖𝑖

𝑉𝑉𝑖𝑖 .𝜌𝜌𝑠𝑠

𝑛𝑛

𝑖𝑖=1

 (2.6) 

where SAi/Vi is the surface area to volume ratio of fraction i and is related 
to the shape as shown in Table 2.2. The table also includes the formulas for 
calculation of surface area and volume in addition to the surface area to 
volume ratio calculated for the unit volume of each shape.  

 
 
 
 
 
 
 
 
 
 
 

https://en.wikipedia.org/wiki/Sphere
https://en.wikipedia.org/wiki/Tangent
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Table 2.1: Edge lengths of polyhedrons [II]. 

Shape Circumsphered 
edge length 
(ac) 

Midsphered 
edge length (am) 

Equiv. volume 
edge length (av) 

Tetrahedron 
 

4𝑟𝑟
√6

 
 

4𝑟𝑟
√2

 
 

�
16𝜋𝜋
√2

3
 𝑟𝑟 

Cube 

 

2𝑟𝑟
√3

 
2𝑟𝑟
√2

 �4𝜋𝜋
3

 
3

 𝑟𝑟 

Octahedron 
 

2𝑟𝑟
√2

 2𝑟𝑟 �
4𝜋𝜋
√2

 
3

 𝑟𝑟 

Dodecahedron 
 

4𝑟𝑟
√3(1 + √5)

 
4𝑟𝑟

(3 + √5)
 �

16𝜋𝜋
3(15 + 7√5)

 
3

 𝑟𝑟 

Icosahedron 
 

4𝑟𝑟

�10 + 2 × √5
 

4𝑟𝑟
(1 + √5)

 �
16𝜋𝜋

5(3 + √5)
 

3
 𝑟𝑟 

 

As it can be interpreted from Table 2.2, substituting spheres with the 
platonic solids not only changes the calculated volume and specific surface 
area but also affects the rate of growth in SA/Volume ratio according to the 
square-cube law as described below. The influence of square-cube law 
becomes more pronounced as the size of particles decreases.  
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Table 2.2. Surface area and volume of Platonic solids for an edge length of a [II]. 

Shape Surface Area Volume SA/V  SA/V 
for 
unit 
vol. 

Tetrahedron 

 

√3𝑎𝑎2  √2𝑎𝑎3

12
 

 

14.697
𝑎𝑎

 

 

7.21 

Cube 

 

6𝑎𝑎2 𝑎𝑎3 6
𝑎𝑎

 6 

Octahedron 

 

2√3𝑎𝑎2  1
3√

2𝑎𝑎3 
 

7.348
𝑎𝑎

 5.72 

Dodecahedron 

 
3 �25 + 10√5𝑎𝑎2 

1
4

(15 + 7√5)𝑎𝑎3 
2.694
𝑎𝑎

 5.31 

Icosahedron 

 

5√3𝑎𝑎2 

 

5
12

(3 + √5)𝑎𝑎3 
3.970
𝑎𝑎

 5.148 

Sphere 

 

4𝜋𝜋𝑎𝑎2 4𝜋𝜋𝑎𝑎3

3
 

3
𝑎𝑎

 4.835 

 

Square-cube law 

When comparing the size of objects, statements such as one object is twice 
as large as another one is often used without clarifying if the comparison is 
based on a one-dimensional attribute such as edge length, two dimensional, 
e.g., area or three dimensional, e.g., volume. An important issue here is that 
the length, area, and volume of objects with different shapes do not scale 
proportionally. This can be seen through the ratio between surface area and 
volume of a shape where two similar shaped, yet different size objects will 
have a different ratio of surface area to volume.  

Figure 2.5 shows the relation between the size of a cube and surface area 
to volume ratio. Note that the value of SA/V becomes larger for smaller 
particles, explaining the importance of finer particles and powders on total 
SSA of mixtures.  
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Figure 2.5. The growth rate of surface area to volume ratio for cubes.  

The square-cube law was first introduced by Galileo [20], and it defines a 
mathematical principle that describes the relationship between the volume 
and the area in accordance with changes in size. According to the principle, 
as particles grow in size, their volume grows faster than the surface area. 
Consequently, as the size of particles decreases their surface area grows 
faster than their volume. Figure 2.6 illustrates the difference in the growth 
of SA/V ratio of polyhedra showing the effect of square-cube law. The figure 
indicates that changing the assumption of the spherical shape for calculation 
of SSA with polyhedra not only alters the estimated value of SSA due to the 
angularity of the shapes but also dismisses the growth in the ratio of SA/V 
according to square-cube law. Substituting spheres with platonic solids 
improves the estimation of SSA.  
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Figure 2.6. Surface area vs. volume of platonic solids and sphere [II].  

2.3.3. Results and assessment of SSA 

As a part of the Ph.D. project, methods for estimation of SSA were studied 
to investigate the effect of the shape assumption on the resulting value. The 
investigation included calculations of SSA based on both arithmetic and 
geometric means and assuming different platonic shapes. The calculated 
values of SSA were then compared to Blaine values for some powders 
extracted from literature [34,38] and reported in Paper II. The PSD of 
powders were measured by Hunger & Brouwers [34] using low angle laser 
light scattering technique. For coarse particles and aggregates, dry sieving 
was used for obtaining the PSD.   

The calculated SSA for most of the studied powders was close to their 
Blaine value. It should be noted that the Blaine test is exclusively designed 
for measuring SSA of cement and includes assumptions applicable to the 
material including certain packing density and round shape. As a result 
Blaine value agrees well with calculations based on spherical shape. 
However, since the particle shapes are far from spherical, the actual SSA of 
convex grains should be higher than of the one calculated by assuming 
spherical shapes.  
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Nevertheless, among the introduced approaches for defining a 
representative shape and mean diameter, the assumption of midsphere 
equivalency and arithmetic mean resulted in less error comparing to the 
other approaches. Figure 2.7 shows the relation between the calculated SSA 
based on the midsphere and arithmetic mean assuming different platonic 
solids as the representative shape of the particles vs. measured SSA by the 
Blaine method.  

 
Figure 2.7. Blaine values vs. calculated SSA based on the midsphere and arithmetic 
mean assumption [II]. 

A separate study, Paper III, was launched on mortars with maximum 
nominal aggregate size of 1 mm and lower SSA than powders. The 
calculation was performed in the same way, but the SSA measurements 
were conducted using X-ray microtomography instead of the Blaine method. 
Investigating larger particles facilitates PSD measurements and allows for 
studying the shape visually. Microtomography and image processing were 
used for the measurement of SSA since the method enables distinguishing 
different shapes. However, the resolution and consequently the smallest 
particle that can be distinguished limits the accuracy of the method. Particle 
size distributions were obtained from dry sieving for the studied natural and 
crushed aggregates. More information about the physical properties of the 
aggregates can be found in the appended Paper III. 
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The X-ray microtomography technique enables non-destructive 
reconstruction of a three-dimensional structure. The method is based on the 
transmission of X-ray radiation through a rotating sample, recorded at unit 
steps on the detector as line integrals of the radiation that has not been 
absorbed by the material [39]. Computation of the obtained signal 
radiographs makes it possible to reconstruct the specimen inner geometry, 
Figure 2.8.  

A set of slice images is acquired as the output of the test, representing the 
attenuation map of the material. Image processing techniques, ImageJ 
software [40] and CTAn software [41] were used for extracting different 
parameters from the image stacks including and not limited to volume 
fractions of each component, porosity, and specific surface. The method has 
been successfully applied for granular materials [42-44]. Technical 
specification of the tomography machine is listed in Paper III.  

 

Figure 2.8: X-ray microtomography fragment of 3D reconstruction [III]. 

The loose packing density of materials was measured in the laboratory 
and used as a control parameter in the image analysis. The smallest size 
grain that could be analysed by the method for SSA measurement was 
limited by the spatial resolution of the tomography scanner (in this case 
14.89 µm per pixel), which means that the diameter of the smallest size of 
grain contributing to the SSA measurement was 0.06 mm (4 pixels). As a 
result, the listed SSA in Paper III is indeed measured on fractions of 0.06 to 
1 mm, missing smaller particles. In order to treat the measurement and the 
calculated SSA in the same way, finer fractions than 0.06 mm were excluded 
from the calculations.  

The results of Paper III indicates that replacing spheres with platonic 
solids improves the accuracy of SSA calculation. The choice of dodecahedra 
and cubes as the representative shapes of particles are shown to be suitable 
for estimating SSA of round and angular particles (natural and crushed 
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aggregates respectively). A close agreement between measured packing 
density in the laboratory and obtained value from image analysis was 
observed and interpreted as an indication for acceptable segmentation of the 
tomography images. While the SSA measurements by tomography were 
limited to fractions 0.06 to 1 mm, it is possible to calculate SSA of the whole 
fraction 0-1mm by using the representative shape and PSD. The accuracy of 
the calculation depends on the method used for finding PSD as well as the 
number of bins.  Bins in statistical analysis are defined as series of ranges of 
numerical values (in this case the range is the size difference of adjacent 
sieves) into which data are sorted. 

In order to study the validity of the representative shape for different size 
fractions, the image analysis was conducted on fractions 0.063 to 0.125 mm 
by filtering the images to exclude undesired fractions. 

The accuracy of SSA calculations decreases as the number of bins 
reduces. However, the chosen representative shape of particles stays 
relevant for SSA estimation. Note that the values are based on averaging 
and should not be treated as absolute SSA. Paper III suggests that replacing 
spheres with dodecahedra and cubes for round and angular particles 
respectively, improves the reliability of SSA estimation. Results of the 
measured and calculated value of SSA for different shapes are shown in 
Figure 2.9. 

 

Figure 2.9. Calculated versus measured values for SSA of crushed material with 
assumptions of cubic and spherical shapes [III]. 
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The accuracy of the estimated value of SSA is disturbed for finer 
particles. This is mainly due to the approach chosen for obtaining PSD since 
PSD is the primary input for calculation of SSA. for finer particles and 
powders, a suitable method for measurement of PSD should be followed. A 
more accurate PSD can be achieved utilizing static laser light scattering or 
sedimentation analysis. It should be mentioned that the actual SSA of 
materials is higher than calculated and measured values by tomography due 
to the loss of data for finer particles and also dismissing the effect of surface 
texture. In the case of coarser particles, dry sieving showed a reasonable 
accuracy for the size fractions studied by tomography imaging.  

Presented results here and in appended Papers II and III make it possible 
to conclude that the microtomography scanning technique is an excellent 
technology for quantitative analysis of morphological properties of granular 
materials. Moreover, substituting the assumption of spherical shape with 
angular standard platonic solids improves the accuracy of SSA estimation 
while considering the irregularities of particles and the effect of square-cube 
law. The same method was applied for the estimation of SSA in appended 
Papers IV, V and VI providing a platform for categorizing ingredients of 
cementitious mixtures based on their angularity, representative shape, and 
water demand.  

The SSA of particles directly influences the water demand of mixtures. 
The parameter itself is dependent on particles shape and PSD. According to 
[11,28], part of the available water in a mixture is consumed for filling the 
voids between the particles whereas the rest of water is used for wetting the 
surface of particles. Naturally, higher SSA means more water is required for 
enveloping the surface of particles. Excess layer theories are used for 
relating SSA to the flow of mixtures in Chapter 4. 
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Chapter 3 

PARTICLE PACKING THEORY 

Packing problems are valid in many industries from packaging purposes 
to storage and transportation issues, and as a result, are extensively studied. 
Generally, the particle packing theory deals with the packing of a collection 
of objects into a confined volume with the aim to achieve the least possible 
void content.  

Particle packing is of extreme relevance for optimizing cementitious 
mixtures where tighter packing among the aggregate leaves fewer voids to 
be filled with paste leading to a decrease in paste demand of the mixture to 
achieve a certain flowability [11-14]. In the same manner, fewer voids among 
cement and aggregates translate to less water demand for the mixture, 
leading to lower water to cement ratio and consequently stronger mixture. 
Most of the current mix design models including methods suggested by 
Powers [28] and De Larrard [8] rely deeply on particle packing in one way or 
another [45-47]. Researchers attempted at defining ideal curves for the 
particle to achieve the optimal packing, such as Andreasen & Andersen 
distribution modulus [10] and Fuller curve [48]. Figure 3.1 shows different 
mix design approaches commonly used in the concrete industry, the 
mentioned methods and models are briefly explained in Section 3.2.  

The 17th-century mathematician, Kepler, offered a solution for stacking 
cannonballs in the most efficient way on the deck of a ship, later known as 
Kepler conjecture. According to Kepler, the closest packing possible for 
mono-sized spheres that can be achieved by selectively arranging the objects 
is equal to 0.74. A proof for the theory was suggested by Hales et al. [54] and 
the theory regarded as to be “99% proven”. 
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Figure 3.1. Overview of particle packing approaches and models for granular 
mixtures.   

The tightest packing of particles can be achieved in case of cubes in a 
cubic honeycomb arrangement, leaving no voids at all. This is not true for 
any other platonic solid. The tightest mono-size packing densities for 
platonic solids are listed in Table 3.1 [55]. However, Kepler’s conjecture 
remains the fundamental assumption in particle packing models. The 
models’ main concern is the pattern of the packing rather than the geometry 
of the container.  

The values in Table 3.1 are preliminary results for the packing of uniform 
mono-size particles that are fit perfectly together. In reality, granular 
materials have different shapes and sizes that affect their rotational 
momentum and the interactions between the particles. Introduced packing 
models in Figure 3.1 consider the variation in particle sizes through the ratio 
of diameter between the combined classes. In some of the models, the 
interaction between particles is also accounted for; using concepts of 
loosening effect and wall effect as explained in Section 3.2.  
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Table 3.1. The maximum packing density of mono-sized platonic solids [55]. 
 

Shape Packing density 

Tetrahedron 
 

85%  

Cube 

 

100% 

Octahedron 
 

95% 

Dodecahedron 

  
90% 

Icosahedron 
 

84% 

The concept of particle packing theory indicates that the void between 
larger particles can be filled with smaller grains leading to an increase in 
packing density. According to the concept, even finer particles should be 
added to the mix to raise the packing density further. Once the maximum 
packing density of the two classes is reached, the addition of finer particles 
disturbs the packing locally. Smaller particles push coarser grains away 
from each other since there is no available space for the added particles; the 
phenomenon is known as the loosening effect, see Figure 3.2. On the other 
hand, when the coarser class is the dominant one and are immersed in a 
collection of fine grains, a larger number of voids in the smaller class should 
be expected in the interface vicinity of larger particles, known as the wall 
effect. Moreover, the local packing density is expected to be lower close to the 
walls of the container due to the similar concept as wall effect but occurring 
at the inner sides of the container, called the container wall effect as 
introduced by De Larrard [8]. 

Available particle packing models can be divided into binary and multi-
component categories. The difference between some of the particle packing 
models is discussed in Section 3.2. In addition, ideal curves that are 
supposed to result in the optimal packing are explained in Section 3.4. 
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Figure 3.2. Principals of particle packing models for a binary mixture of a fine and a 
coarse size class. 

3.1. Packing procedures 

Measurements and estimation of packing density are strongly reliant on 
the method of packing. Among the different approaches, loose packing is 
widely used. The method, as stipulated in standards [21,56], measures the 
packing of materials in dry condition and with no introduced compaction 
energy. The materials are poured into a container from a certain distance 
and the ratio between bulk and relative density is calculated. The method is 
simple and fast and is suitable for a wide range of particle fractions.   

Hard packing procedure includes packing of the material at each third of 
the container height with a standard rod for a certain number of strokes. 
Standard guidelines and methods such as [57,58] should be followed for 
measurements of packing density in the hard-packed state. Furthermore, 
Joisel [59] used vibration as the means for compaction of the particles. It 
should be noted that the effect of vibration on the increase of packing density 
is more significant for coarser materials since fewer contacts per unit of the 
volume are available between the particles and the movement frictions 
between the particle may decrease packing by dissipating energy [60]. 
Moreover, for an equal size, rounded particles are compacted more efficiently 
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compared to angular grains [8]. Logically, the compaction degree is also 
dependent on the time of vibration and its frequency and amplitude [60,61].  

Another approach to the packing of granular mixtures is by using 
vibration plus compression as explained by De Larrard [8]. The method is 
followed by subjecting the sample to vibration while applying compression of 
10 kPa by a steel piston. The vibration is performed in time sequences of 2 
minutes, 40 seconds and 1 minute at amplitudes of 0.4 mm, 0.2 mm and 0.08 
mm respectively.  

The discussed methods of measuring packing density are based on dry 
condition. However, the approaches are not suitable for material with fine 
grains in the dimension of cement particles due to the presence of Van der 
Waals and other cohesive forces [62,63]. Hence, measuring the packing 
density in the wet state is more relevant for cement industries. The wet 
packing method is less sensitive to compaction compared to the dry packing 
methods. Additionally, the method allows for studying the effect of 
superplasticizers and other water reducing agents on the packing. On the 
other hand, the wet packing is dependent on the method of measurement 
and includes the unrealistic assumption that at a certain packing density, 
the water only fills the void between the particles and does not wet the 
surface of particles.  

In the current thesis, the loose packing method was used for conducting 
the measurements and as the reference packing density since it is measured 
in the absence of any additional compaction energy. Still, the effect of 
compression energy on the measured value of packing density and its role in 
packing models are discussed in the following sections. 

3.1.1. Effect of compaction on packing density  

The dynamics of compression introduced to the mixtures is challenging to 
comprehend. Many factors are involved in how different materials react to 
compaction [64].  The magnitude of compaction effect on the packing density 
is related to PSD, shape of particles, characteristic diameter, surface 
condition, and packing method among others. As a result, compiling a 
conversion method between packing densities measured with different 
methods is only possible experimentally.  

According to Hunger & Brouwers [34], different ratios between various 
packing methods are achieved depending on the characteristics of the 
materials. Table 3.2 shows the packing ratio between different powders 
studied in the article [34]. 
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Table 3.2. The ratio between packing density of powders measured with different 
procedures [34].  

Material Loose/Hard 
packing 

Loose/Vibrated 
packing 

Vibrated/Hard 
packing 

CEM I 52.5 R 0.47 0.76 0.62 
CEM I 52.5 N 0.42 0.73 0.58 
CEM III/B 42.5 N 0.45 0.72 0.63 
Limestone powder 0.46 0.72 0.63 
Granite powder 0.39 0.66 0.58 
Dolomitic marble powder 0.51 0.77 0.67 
Calcitic marble powder 0.49 0.73 0.67 
Fly ash 0.54 0.77 0.70 
Glass beads (0-50 μm) - 0.92 - 
Glass beads (50-105 μm) - 0.95 - 

The ratio between different packing densities was studied by Johansson & 
Emborg [65] for aggregates in different fractions and is reported in Table 3.3. 

As can be concluded from Tables 3.2, the vibration method leads to less 
deviation from loose packing density compared to the hard packing method. 
As for the aggregates in Table 3.3, the compaction seems to be more effective 
for coarser materials. Natural aggregate showed higher loose packing 
density but less compatibility comparing to crushed aggregate. Nevertheless, 
the ratio between packing densities measured by different methods is not 
constant for different materials and as such is difficult to predict. Moreover, 
The measurement of packing density includes up to 2% repeatability error 
[I]. 

Note that the discussed packing methods in Tables 3.2 and 3.3 deal with 
dry material. Research conducted by Kwan & McKinley [66] concluded that 
the presence of water increases packing density substantially, even with no 
compaction and water reducing agents. The void content was showed to 
decrease by 30% once water is introduced into the blends. It should also be 
mentioned that the efficiency of mixers can have a significant influence on 
the packing density of suspensions too [67].  
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Table 3.3. The ratio between the packing density of aggregates measured with 
different approaches [65]. 

Material Loose 
packing 

Hard 
packing 

Loose/Hard 
packing 

Crushed aggregate (0-4 mm) 0.61 0.76 0.80 
Natural aggregate (0-8 mm) 0.66 0.77 0.86 
Crushed, cubisized agg. (4-8 mm) 0.54 0.61 0.88 
Crushed, cubisized agg. (8-16 mm) 0.53 0.60 0.88 
Crushed aggregate (8-16 mm) 0.48 0.55 0.87 
Natural aggregate (8-16 mm) 0.60 0.65 0.92 

3.1.2. Effect of boundary condition on packing density  

The particles close to the wall of a container show more orderly 
structured compared to the particles inside the internal region of packings. 
The container wall effect leads to different structural properties between 
particles far away from container walls and the grains positioned near the 
wall [68]. 

The magnitude of the container wall effect is related to the ratio of the 
container diameter to the particle diameter. Logically, the effect is 
minimized for materials with a particle size much smaller than container 
dimensions [8]. A correlation for packing density as a function of the 
container to particle diameter ratio of spheres and equilateral solid cylinders 
was developed by Dixon [69]. In addition, Li & Funkenbusch [70] concluded 
that for the larger ratios of the container to particle diameter, hard packing 
increases the density of anisotropic grains more efficiently comparing to 
smaller diameter ratios.   

Besides the diameter, the height of the container affects the packing 
density. A correlation was found for equilateral as well as longer and shorter 
cylinders by Lumay & Vandewalle [71]. The maximum packing density was 
obtained in the case that the length of the cylinder was approximately equal 
to its diameter.  

Nevertheless, no general equation is developed for estimating the packing 
density of particles in containers with different geometries. However, Aïm 
[72] suggested a formula for considering the cylindrical container wall effect, 
assuming a uniform spherical shape for the particles. According to Aïm [72] 
the mean packing density in a hypothetical volume of VH close to the wall of 
a container is decreased by the factor of Kw; however, the packing density in 
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the rest of the container remains the same. The mean packing density, 𝜑𝜑� , 
for the whole container is calculated according to:  

𝜑𝜑� =
𝜑𝜑

1 − (1 − 𝑘𝑘𝑤𝑤)[1 − (1 − 𝑑𝑑/𝐷𝐷)2(1 − 𝑑𝑑/ℎ)]
 (3.1) 

 

where the wall effect is assumed to permeate to half of the mean diameter 
of particles, d, as shown in Figure 3.3.  h and D are the height and diameter 
of the container, respectively. The values of Kw were calibrated for natural 
and crushed aggregates by De Larrard [8] and assigned as Kw= 0.88 for 
round grains and Kw= 0.73 for crushed grains.  

 
Figure 3.3. Packing of particles submitted to the container wall effect according to [8].  

The packing densities obtained by experimental tests that are reported in 
appended papers were corrected for the container wall effect. Packing of the 
particles was measured in containers with standard dimensions according to 
the standard BS EN 1097-3 [56] for minimizing the wall effect. 

3.2. Packing models 

The first packing model was proposed in 1930 by Furnas [50] for 
investigating the flow of gasses through packed beds on grains. The model 
assumes that the cavities between the larger particles were filled with 
smaller particles without disturbing the initial packing density, hence no 
interaction between the particles. The model is based on the volume share of 
each fraction and its diameter ratio. The interaction of particles and their 
effect was presented in Powers’ model, see Figure 3.1. Toufar model [51] 
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suggested in case of particle diameter ratio of greater than 0.22 between two 
classes, the voids between larger particles are too small to contain smaller 
particles; introducing a new dimension to packing models that is the 
loosening effect. The model was compared to experimental data and was 
later modified by Goltermann et al. [45] the details of which is presented in 
Section 3.2.1. Europack [73] is a software that uses the modified Toufar 
model for predicting the packing density of blends.  

Dewar model [47] assumes cubical shapes for estimating interaction of 
the particle and their packing density and as a result, includes surface 
texture and particle shape of the grains to some extent. Mixsim [74] is a 
commercially available software based on the Dewar model.  

Linear packing density model (LPDM) was developed by Stovall et al. [52] 
for predicting the packing of multi-sized grains and is a mathematically 
consistent model. However, the accuracy of the model depends on the 
interaction formulas that define the loosening and wall effects. 4C-packing 
[46] is a commercial software based on the concepts of PSD curve 
optimization in combination with LPDM. The so-called solid suspension 
model (SSM) [53] was compiled by De Larrard and his coworkers by 
modifying LPDM to account for plastic viscosity of concentrated suspensions.  

Compressible packing model (CPM) [8] presumed that the packing 
density also depends on the compaction effort resulted from the process and 
method of packing. As mentioned earlier, the model is capable of predicting 
the packing density of mixtures of many classes while considering both wall 
and loosening effects in addition to compaction energy. Betonlab is a 
software based on CPM [75].  

The accuracy of three packing models was studied in the scope of this 
thesis on binary mixtures of commercial aggregates, namely, modified 
Toufar, CPM and 4C model. The models are further explained in the next 
sections.  

3.2.1. Modified Toufar model 

The Toufar model was initially developed as a binary packing model for 
classes with a diameter ratio in the range of 0.22< d1/d2 <1 [51]. The concept 
of the model is that for the diameter ratios smaller than 0.22, the smaller 
particles would be too large to fit in the voids among larger particles. A 
factor of kd was introduced for relating the packing density to the diameter 
ratio of the two classes. The model assumes that each of the smaller particles 
is surrounded by exactly four of the coarse particles, which led to the factor 
ks. The total packing density is calculated based on the following equations:  
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𝜑𝜑 =
1

𝑦𝑦1
𝜑𝜑1

+ 𝑦𝑦2
𝜑𝜑2

− 𝑦𝑦2( 1
𝜑𝜑2

− 1)𝑘𝑘𝑑𝑑𝑘𝑘𝑠𝑠
 (3.2) 

𝑘𝑘𝑑𝑑 = �
𝑑𝑑2 − 𝑑𝑑1
𝑑𝑑2 + 𝑑𝑑1

� (3.3) 

𝑘𝑘𝑠𝑠 = 1 −
1 + 4𝑥𝑥

(1 + 𝑥𝑥)4
 (3.4) 

𝑥𝑥 =
𝑦𝑦1
𝑦𝑦2

𝜑𝜑2
𝜑𝜑1(1 − 𝜑𝜑2)

 (3.5) 

  

where yi and 𝜑𝜑𝑖𝑖 are the volume and packing density of class i, respectively 
and factors kd and ks define the interaction between the particles. The model 
corresponds to the Furnas model [50] assuming no interaction between the 
particle (kd=1). Experimental tests conducted by Goltermann et al. [45] 
revealed that the model is insensitive to a small addition of fine particles to a 
coarse skeleton. The defect was related to the assumption of the 
arrangement of coarse particles implemented in the interaction factor ks. 
The factor was then modified to correct the inconsistency between 
experiments and the model. The corrected model was later known as the 
modified Toufar model: 

𝑘𝑘𝑠𝑠 =
0.3881𝑥𝑥
0.4753

 For x < 0.4753 (3.6) 

𝑘𝑘𝑠𝑠 = 1 −
1 + 4𝑥𝑥

(1 + 𝑥𝑥)4
 For x ≥ 0.4753 (3.7) 

where x is calculated by Eq. 3.5.  

The modified Toufar model is simple and easy to use. The model requires 
information about initial packing density, relative density and characteristic 
diameter of each class. The characteristic diameter is defined for the size at 
which 63% of the material is smaller than it, and the cumulative probability 
of the Rosin-Rammler distribution is 0.37 [45,76]. Rosin-Rammler 
distribution is a mathematical model for probability distribution widely used 
in mineral processing and as a representative for the size distribution of 
particles generated by milling, grinding and crushing operations. The 
characteristic diameter is obtained from the PSD data. The model was 
developed for binary mixtures; however, it is possible to estimate the packing 
density of a blend containing more classes by combining a binary mixture 
with a third class in sequences. The accuracy of the model is expected to 
decrease with an increase in the number of size classes [76].  
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3.2.2. Compressible Packing Model 

Compressible packing model (CPM), originally developed by De Larrard 
[8], is capable of considering the interactions between particles of several 
class sizes. Aside from the loosening and wall effect, the model accounts for 
compaction of a mixture through the concept of virtual packing density, 𝛽𝛽 . 
The virtual packing density is the maximum packing density that can be 
theoretically achieved assuming that all of the particles are placed in the 
perfect position to minimize the volume of the voids.  

The interaction between the particles is expressed via loosening and wall 
effects: 

𝑎𝑎𝑖𝑖𝑗𝑗 = �1 − (1 −
𝑑𝑑𝑗𝑗
𝑑𝑑𝑖𝑖

)1.02  (3.8) 

𝑏𝑏𝑖𝑖𝑗𝑗 = 1 − (1 −
𝑑𝑑𝑖𝑖
𝑑𝑑𝑗𝑗

)1.50  (3.9) 

where coefficients aij and bij represent the loosening and wall effect, 
respectively. di is the diameter of dominant particle size class i and dj is the 
diameter of particle class j.   

The general formula for calculating virtual packing density is expressed as: 

𝛽𝛽𝑡𝑡𝑖𝑖 =
𝛽𝛽𝑖𝑖

1 − ∑ [1 − 𝛽𝛽𝑖𝑖 + 𝑏𝑏𝑖𝑖𝑗𝑗𝑖𝑖−1
𝑗𝑗=1 𝛽𝛽𝑖𝑖(1 − 1

𝛽𝛽𝑗𝑗
)]𝑦𝑦𝑗𝑗 − ∑ �1 −

𝑎𝑎𝑖𝑖𝑗𝑗𝛽𝛽𝑖𝑖
𝛽𝛽𝑗𝑗

� 𝑦𝑦𝑗𝑗𝑛𝑛
𝑗𝑗=𝑖𝑖+1

 (3.10) 

where 𝛽𝛽𝑡𝑡𝑖𝑖represent combined virtual packing of a mixture when size class i is 
dominant. 𝛽𝛽𝑖𝑖 and 𝛽𝛽𝑗𝑗 are the calculated virtual packing of classes i and j. The 
virtual packing, 𝛽𝛽𝑖𝑖 ,can be calculated from the experimentally determined 
packing density of each size class (𝜑𝜑𝑖𝑖) and its accompanying compaction 
index, Ki: 

𝜑𝜑𝑖𝑖 =
𝛽𝛽𝑖𝑖

1 + 1
𝐾𝐾𝑖𝑖

   (3.11) 

The virtual packing density, 𝛽𝛽𝑖𝑖 , is higher than the measured packing 
density of materials, 𝜑𝜑𝑖𝑖 , depending on the applied compaction energy. The 
scalar K represents the compaction index of a mixture and Ki is the 
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compaction index of each size class. As the applied compaction reaches 
infinity so does K, and the packing density 𝜑𝜑𝑖𝑖 tends to the virtual packing 
density 𝛽𝛽𝑖𝑖. Effect of variation in compaction index, K, is illustrated in Figure 
3.4. 

a)                                                                       b) 

 
Figure 3.4. Schematics of the influence of K value on compaction of particles. a) 
influence on combined packing density of two classes b) influence on packing density 
of each class [8].  

The value of the compaction index should be considered for the combined 
packing density of all the fractions depending on the packing process as 
listed in Table 3.4 [8,76]. In the case that the packing density of each size 
class is experimentally measured, the model can predict the combined 
packing density of any possible mixture compositions. 

  
Table 3.4. Compaction index values for different packing processes. 

Packing method K value 
Dry Loose packing 4.1 

Hard packing 4.5 
Vibration 4.75 
Vibration+ compression 9 

Wet Smooth thick paste [76] 6.7 
Proctor test [77] 12 

Virtual - 
∞ 
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The packing densities should be determined experimentally for each of 
the size classes. The value of Ki for each size fraction is calculated according 
to: 

𝐾𝐾 = �𝐾𝐾𝑖𝑖 = �
𝑦𝑦𝑖𝑖/𝛽𝛽𝑖𝑖

1
𝜑𝜑𝑖𝑖
−  1
𝛽𝛽𝑡𝑡𝑖𝑖

𝑛𝑛

𝑖𝑖=1

𝑛𝑛

𝑖𝑖=1

 (3.12) 

Considering the role of compaction energy in the CPM increases the 
accuracy of packing prediction comparing to the other models. The solution 
of the model becomes more complex as the number of size classes increases.  

3.2.3. 4C model 

The 4C model is a software developed by the Danish Technological 
Institute and is based on the LPDM and PSD target curve fitting method 
[46]. The 4C model is applicable for binary and ternary mixtures. The model 
requires particle density, PSD, and packing as the input. In addition, a 
factor is introduced to the model to consider the effect of particle 
interactions, μ. The value of the factor indicates the maximum ratio between 
small and large particles possible with no interaction between the particles. 
The μ value for spherical particles is around 0.2 [52]. The value decreases as 
the particle shape deviates more from a sphere and is experimentally 
estimated at 0.07 for Danish pit materials [46].  

The model is developed to calculated combined packing of three size 
classes, i.e., cement, fine aggregate, and coarse aggregate. The results are 
shown in a ternary diagram similar to Figure 3.5. While the model is capable 
of calculating the maximum packing density, the manual suggests choosing 
a packing density value close but not equal to the maximum packing density. 
However, the extent of the difference between the maximum packing density 
and the optimal packing density is not defined by the method.  
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Figure 3.5. Example of ternary diagram of packing density produced by 4C Packing 
model [46].  

3.3. Results and assessment of packing models 

The results presented in Paper I shows a good agreement between the 
prediction of packing density of the studied models (Modified Toufar, CPM, 
and 4C) and data obtained by experiments in the loose packing state. 
Moreover, the results were in line with similar research on the matter [78]. 
A repeatability error of up to 2% was observed in measurements of loose 
packing density. Figure 3.6 shows an example of the output of the models for 
a binary mixture between crushed material in fractions of 0 to 4 and 8 to 16 
mm. The value of μ for the 4C model was varied to 0.03, 0.05, and 0.07 to 
investigate the sensitivity of the model.  

The modified Toufar model was used in the current thesis and for 
prediction of packing densities in Papers IV to VI. The method showed a 
mean difference of 1.72% between the calculated values of packing density 
and the measured values in the laboratory, Figure 3.7. More information on 
the matter can be found in the appended Paper I. 
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Figure 3.6. Packing density of a binary mixture predicted by modified Toufar, CPM 
and 4C models compared to laboratory results [I].  

 
Figure 3.7. Calculated packing density by the modified Toufar model vs. 
experimental measurements [I].  
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3.4. Ideal PSD curves 

Ideal particle size distribution curves are used as the target for modifying 
the size distribution of combinations of classes. The ideal curves are assumed 
to lead to the optimal packing of granular mixtures. The concept was first 
introduced by Fuller [48] and dealt with continuous grading curve for 
particles in a mixture. The general formula is expressed as: 

𝑃𝑃(𝐷𝐷) = (
𝐷𝐷𝑠𝑠
𝐷𝐷𝑚𝑚𝑎𝑎𝑚𝑚

)𝑞𝑞 (3.13) 

where D is the opening size of a sieve, Dmax is the maximum particle size 
and P(D) is the fraction of the material that passes a sieve with the opening 
size of Ds. The value of q was initially considered constant and equal to 0.5 
by Fuller and Thompson [48]. The Andreasen & Andersen (A&A) 
distribution modulus [10] later argued that q should be equal to 0.37 for 
optimal grading. Note that a decrease in q value leads to more fine particles 
in the PSD and as a result higher SSA.  It should also be mentioned that 
neither Fuller or A&A can be used for gap-graded size distributions since 
they do not consider the diameter of the smallest particle (Dmin) in the mix. 
The A&A modulus was modified by Funk & Dinger [49] to include the 
minimum diameter of the particles: 

𝑃𝑃(𝐷𝐷) =
𝐷𝐷𝑠𝑠
𝑞𝑞 − 𝐷𝐷𝑚𝑚𝑖𝑖𝑛𝑛

𝑞𝑞

𝐷𝐷𝑚𝑚𝑎𝑎𝑚𝑚
𝑞𝑞 − 𝐷𝐷𝑚𝑚𝑖𝑖𝑛𝑛

𝑞𝑞  (3.14) 

The effect of variation in q value on PSD is illustrated in Figure 3.8. The 
value of q influences PSD and consequently SSA of the material. Figure 3.9 
shows the effect of q-value on SSA of hypothetical materials according to the 
modified A&A curve. 
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Figure 3.8. Ideal PSD curves according to [10,43,44] for size range of 0.063 to 16 mm. 

 
Figure 3.9. Effect of q-value on SSA according to modified A&A for different platonic 
solid shapes, particles in fraction 0.032-16 mm.
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Chapter 4 

EXCESS LAYER THEORIES 

Although the consistency of cementitious mixtures and the relationship to 
mixture proportions has been the subject of many studies [3,9-14], few can 
explain the relation theoretically [79]. Excess layer theories are among the 
approaches used for describing the flow behavior of saturated mixtures. The 
concept of the excess paste layer theory was first introduced by Kennedy [11] 
and further studied by Powers [28]. Development of self-compacting concrete 
(SCC) in the ‘80s in Japan attracted even more attention towards the theory. 
Several studies regarding the development of SSC and the fundamentals of 
its flow behavior was carried out at the University of Tokyo [9].   

According to the original theory, concrete can be considered as a 
combination of aggregates and paste where the paste fills the cavities 
between the aggregates. At this point, no deformability in the fresh concrete 
can be expected. However, an addition of excess paste leads to the flow of 
mixtures. The excess paste covers the surfaces of the particles by a thin film 
and reduces the friction between the grains by increasing the distance 
between the particle. The paste film thickness (PFT) is shown to be related 
to the flow of the mixtures [12]. 

The same concept was defined in various ways depending on how the 
binary phases of the mixture are interpreted, including and not limited to 
excess mortar [80] and excess water [81] layer theories. According to excess 
water layer theory, in order to achieve a certain flowability in a mixture, the 
voids between solid particles including cement and aggregates should be 
filled by water and in addition, an excess amount of water should be 
introduced to the blend to lubricate the surface and separate the particle by 
average distance of twice as water film thickness (WFT) that envelops the 
grains. It should be mentioned that in the current study, paste is defined as 
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the combination of water and all the particles smaller than 0.063 mm 
including finer fractions of aggregates and possibly powders. 

Experimental tests on the flow of mortars with a nominal maximum size 
of 1 mm and no superplasticizer reveal that a certain amount of water is 
required to put a mixture at the onset of flow. The onset of flow state is a 
condition at which the mixture shows no flow, but a small addition in the 
flowable phase of the mixture initiates the deformation of the blend. Figure 
4.1 illustrated the concept of excess paste and excess water layer theories 
where it is indicated that the volume of paste in consumed in three ways in a 
mixture: 

• The volume of paste that fills the voids between the aggregates (Pvo) 
• The volume of excess paste that covers the surface of aggregates to 

put the mixture at the onset of flow (Pon). 
• The volume of relative excess paste for reaching a certain flow (Pre). 

 The same categorization applies to the consumption of water according to 
excess water layer theory: 

• The volume of water that fills the voids between the solid 
particles (Wvo) 

• The volume of excess water that covers the surface of solid 
particles, including cement, aggregates and powders, to put the 
mixture at the onset of flow (Won). 

• The volume of relative excess water for reaching a certain flow 
(Wre). 

 
Figure 4.1. Schematic illustration of excess water and paste film around the particles 
[IV]. 
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Many researchers related the volume of excess paste or water to the flow 
behavior of mixtures [11,28,29,81]. It is also common to compare the mass 
ratio of water over cement (w/c) to the flowability of blends [82,83]. However, 
the studies regarding w/c ratio cannot simultaneously account for 
consistency of the mixtures due to the difference in performance of pastes 
made with different proportions. Even by assuming the same paste content 
and w/c ratio, the performance of cementitious mixtures varies when the 
condition of the constituents, i.e., fineness of the material, shape of particles, 
packing density and particle size distribution (PSD) are altered [79]. As a 
result, the concept of paste film thickness and water film thickness are used 
to account for SSA and consequently fineness, shape, PSD and packing 
density of particles. The PFT has shown to affect the cohesiveness and 
adhesiveness of mixtures whereas WFT is regarded as the most important 
factor influencing the rheology and deformation of cementitious mixtures. It 
should be noted that the effects of PFT and WFT are interrelated [12]. The 
excess water and paste layer theories were used in Papers IV, V, and VI to 
investigate the flow behavior of mixtures.  

4.1. Method for estimating water demand  

The water demand of a mixture refers to a state where all of the voids 
between the particles in the mixture filled with water and the surface of the 
grains are wetted, at which point the blend is at the onset of flow and a small 
addition of water results in deformability of the mixture, in the scope of this 
thesis, the water absorption of the particles is neglected. Several methods 
exist for estimating the water demand of mixtures [84-87], some of the 
methods aim at measuring wet packing by assuming that water only fills the 
void and no water film exist around the particles at this point. Nevertheless, 
none of the models prove that no excess water is enveloping the particles or 
that the maximum packing density has achieved.  

Studies on the comparison of water demand measurement methods 
revealed that different methods lead to different results depending on the 
procedure of measurements and compaction energy introduced to the sample 
[88,89]. Generally, the methods that include less compaction energy lead to 
lower packing density and higher water demand. Moreover, different 
methods measure different characteristics of the fresh mix in different 
states, i.e., slump test [87] represents yield stress and cohesiveness whereas 
Vebe [86] measures paste retention capacity. Some of the approaches such as 
mixing energy [84] and Vebe methods are conducted on samples under 
dynamic loads, unlike the slump test. Even for the same method, i.e., mini-
slump test, the compaction energy and the duration of mixing affect 
rheological behavior of the mixtures where the higher rotation speed of 
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mixer leads to higher spread radius of the blends due to a reduction in yield 
stress [89].   

Since the slump cone [3] is vastly used in the concrete and construction 
industries as a cheap in-situ method for measuring the workability of 
mixtures, the method is preferred in this study for investigating the water 
demand of the blends. Experimental studies show that although the 
technique is considered as a single-point test, it leads to relevant results 
[14,34,81,87]. A single-point test measures only one point on the flow curve 
that relates shear stress and shear rate, and thus represents an incomplete 
description of workability. The slump spread is related to the yield stress of 
the mixtures.  

The mini-slump test enables indirect determination of water and paste 
demands of powders from measurements conducted on various oversaturated 
and flowable mixtures. The water and paste demands are calculated by a 
linear relationship between the volumetric ratio of flowable and solid 
portions in a mix and the flow expressed in terms of relative slump.  

The method includes mixing mortar with known proportions and variable 
water contents, the blend is then poured in a conical frustum-shaped mold. 
The mold is lifted and the spread of the mixture on perpendicular directions 
are measured to obtain an average spread diameter. The value of relative 
slump, 𝛤𝛤 ,is then calculated: 

𝛤𝛤 = ��
𝑑𝑑1 + 𝑑𝑑2

2
� /𝑑𝑑0�

2

− 1 (4.1) 

where d1 and d2 are the measured diameters of the spread and d0 is the 
diameter of the bottom opening of the cone. The principals of estimating 
water and paste demand according to water and paste layer theories are 
shown in Figure 4.2. and 4.3 respectively. 

In Figure 4.2 the intersection of the trendline from regression and Y-axis 
at relative slump of zero is regarded as water retaining capacity, βw, 
indicating the water demand of a mixture. In the thesis, water demand is 
defined as the amount of water needed to put a mixture at the onset of flow 
(zero-slump), this includes both void filling water and excess water 
enveloping the particles at the onset of flow.  
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Figure 4.2. Schematic relationship between relative slump and volumetric water to 
solids ratio [IV].  

The slope of the trendline is called the deformation coefficient, Ew, and 
shows deformation resistance of the mixture to an increase in water content. 
A steeper slope is translated to a material that requires higher water content 
to achieve a certain relative slump. The same concept can be defined 
according to paste layer theory where the paste retaining capacity, βp, refers 
to paste demand of a mixture and Ep indicates the resistance of flowability of 
the mixture to excess paste, see Figure 4.3.  

 
Figure 4.3. Schematic relationship between relative slump and volumetric paste to 
aggregate ratio [IV].  

The relation between the relative slump and water and paste requirement of 
mixtures are expressed as: 
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𝑉𝑉𝑤𝑤/𝑉𝑉𝑠𝑠 =  𝛽𝛽𝑤𝑤 + 𝐸𝐸𝑤𝑤𝛤𝛤 (4.2) 

𝑉𝑉𝑝𝑝/𝑉𝑉𝑎𝑎𝑔𝑔𝑔𝑔 =  𝛽𝛽𝑝𝑝 + 𝐸𝐸𝑝𝑝𝛤𝛤 (4.3) 

where Vw, Vs, Vp and Vagg are the volumes of water, solids, paste and 
aggregates, respectively.  

The volume of excess water is obtained by subtracting the void filling 
water from the total amount of water for a unit volume of particles. The 
volume of voids is calculated based on the packing density of the solid phase. 
In the current project, the loose packing method was chosen for the 
measurement of packing densities (𝜑𝜑𝐿𝐿𝑔𝑔𝑔𝑔𝑠𝑠𝑔𝑔). Following equations can be used 
for the calculation of excess water volume: 

𝑊𝑊𝑣𝑣𝑔𝑔  =  1 − 𝜑𝜑𝐿𝐿𝑔𝑔𝑔𝑔𝑠𝑠𝑔𝑔  (4.4) 

𝑊𝑊𝑔𝑔𝑚𝑚  =  𝑊𝑊𝑡𝑡𝑔𝑔𝑡𝑡  −  𝑊𝑊𝑣𝑣𝑔𝑔 = 𝑊𝑊𝑔𝑔𝑛𝑛 + 𝑊𝑊𝑎𝑎𝑔𝑔 (4.5) 

As mentioned before, the volume of excess water can be divided to the 
volume of water surrounding the particles and hence putting the mixture at 
the onset of flow (Won), and relative excess water necessary for increasing 
relative slump by a unit (Wre): 

𝑊𝑊𝑎𝑎𝑔𝑔  =  𝑊𝑊𝑡𝑡𝑔𝑔𝑡𝑡  −  𝛽𝛽𝑤𝑤 (4.6) 

𝑊𝑊𝑔𝑔𝑛𝑛 = 𝛽𝛽𝑤𝑤 −𝑊𝑊𝑣𝑣𝑔𝑔 (4.7) 

The same approach can be used for estimating the volume of void filling and 
excess paste: 

𝑃𝑃𝑣𝑣𝑔𝑔  =  1 − 𝜑𝜑𝐿𝐿𝑔𝑔𝑔𝑔𝑠𝑠𝑔𝑔 ∗ (4.8) 

𝑃𝑃𝑔𝑔𝑛𝑛  =  𝛽𝛽𝑝𝑝 − 𝑃𝑃𝑣𝑣𝑔𝑔 (4.9) 

𝑃𝑃𝑎𝑎𝑔𝑔  =  𝐸𝐸𝑝𝑝𝛤𝛤  (4.10) 

where 𝜑𝜑𝐿𝐿𝑔𝑔𝑔𝑔𝑠𝑠𝑔𝑔 ∗ is the packing density of particles larger than 0.063 mm in the 
loose state. 

Comparison of water and paste volume to the flowability of mixture 
overlooks the effects of particle shape, SSA and packing density. The concept 
of film thickness allows for considering the mentioned factors and can be 
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calculated according to both excess water and paste theories for the mixtures 
at the onset of flow:  

𝑊𝑊𝑊𝑊𝑊𝑊𝑔𝑔𝑛𝑛  =
𝑊𝑊𝑔𝑔𝑛𝑛

𝑆𝑆𝑆𝑆𝑡𝑡𝑔𝑔𝑡𝑡𝑎𝑎𝑝𝑝
 (4.11) 

𝑃𝑃𝑊𝑊𝑊𝑊𝑔𝑔𝑛𝑛  =
𝑃𝑃𝑔𝑔𝑛𝑛

𝑆𝑆𝑆𝑆𝑎𝑎𝑔𝑔𝑔𝑔
 (4.12) 

where WFTon is the water film thickness around the particles at the onset of 
flow and SAtotal is the total surface area of solid particles in a the volume of 
the blend. Likewise, PFTon indicates the thickness of paste film at the onset 
of flow and SAagg represents surface area of particles larger than 0.063 mm 
in the volume of the mix.  

Following the same logic, the relative water film thickness, that as the 
additional thickness of water required to transform the mixture from the 
onset of flow to flowing stage, is calculated according to: 

𝑊𝑊𝑊𝑊𝑊𝑊𝑎𝑎𝑔𝑔  =
𝑊𝑊𝑎𝑎𝑔𝑔

𝑆𝑆𝑆𝑆𝑡𝑡𝑔𝑔𝑡𝑡𝑎𝑎𝑝𝑝
 (4.13) 

𝑃𝑃𝑊𝑊𝑊𝑊𝑎𝑎𝑔𝑔  =
𝑃𝑃𝑎𝑎𝑔𝑔

𝑆𝑆𝑆𝑆𝑎𝑎𝑔𝑔𝑔𝑔
 (4.14) 

The excess film thicknesses can be used for confirming the following 
hypotheses according to excess layer theories.  

1- Water/paste demand of a mixture, that is the amount of water/paste 
needed to put a mixture at the onset of flow (𝛽𝛽𝑊𝑊 and 𝛽𝛽𝑃𝑃), is related to 
packing density and SSA of the constituents of the mix.  

2- Water/paste requirement of a mixture (EW and EP), the amount of 
water/paste required to transform a mixture at the onset of flow to a 
workable suspension with the relative slump of unit, is directly 
related to SSA of the blend’s ingredients.  

The hypotheses were used and validated in the thesis, Papers IV, V and VI 
and are briefly discussed in the following sections. 

It should be mentioned that water demand is sometimes used 
interchangeably with wet packing density. While the studied water demand 
of the mixtures represents a point on the wet packing diagram, the water 
demand of a mixture is not necessarily the same as maximum wet packing 
density. The packing density of a mixture in the wet state according to Fung 
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et al. [63] is measured by mixing the solid constituents with water and 
measuring the solid concentration of particles at different water to solid 
ratios. Higher water to solid volumetric ratio than that of saturated state 
leads to dispersion of particles in a suspension form resulting in a decrease 
of solid concentration as the volumetric ratio of water to solids increases. At 
the same time for the water solid volumetric ratios lower than of saturated 
state, the water is not sufficient for filling the voids and hence water bridges 
and trapped air bubbles are expected to occur between the particles leading 
to decrease of solid concentration as the volumetric ratio of water to solids 
decreases [63].  

4.2. Results of experiments on mortar 

Experimental tests were conducted on a series of mortars and reported in 
Paper IV. The article aimed at investigating the water and paste demand of 
blends of different cement types and aggregates and the type of the function 
that related the film thickness to SSA. The study utilizes both excess water 
and paste theories for calculating film thickness at the onset of flow as well 
as the flowing state. The mini-slump test was used for obtaining retaining 
capacity and deformation coefficient of mixtures, and the result revealed a 
better correlation between excess water film theory and flow behavior of 
mixtures compared to paste layer theory. Figure 4.4 shows the relationship 
between the SSA of particles and the required WFTon around the particles 
for mixtures at the onset of flow. 

The equation of the trendline fitted in Figure 4.4 is presented below. A 
regression coefficient of 0.91 was calculated for the trendline [VI]: 

𝑊𝑊𝑊𝑊𝑊𝑊𝑔𝑔𝑛𝑛  =  357.57 𝑆𝑆𝑆𝑆𝑆𝑆−0.749  (4.15) 

It should be mentioned that while some of the data presented in Figures 
4.4 and 4.5 were measured by the author and reported in Paper V, the rest of 
the data was produced by extracting input parameters from literature 
[34,90,91] and feeding them to the methods explained in Sections 2.3.2 and 
4.1. For this purpose, the author recalculated the values of SSA based on Eq 
2.6 and the volume of water at the onset of flow according to Eq. 4.11-4.14 as 
presented in Figures 4.4 and 4.5. 
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Figure 4.4. Correlation between WFT at the onset of flow and SSA of particles 
measured for mortars [IV] and extracted from literature [34,90,91].  

The study conducted by Hunger and Brouwers [34] investigates the 
relationship between the relative film thickness and the flow spread for 
mixtures that are already at the onset of flow and as such does not calculate 
the WFT at the onset of flow. Moreover, the shape of particles and 
consequently their SSA is calculated based on the concept of the shape factor 
where the factor is related to the ratio of SSA measured by Blaine test to 
SSA calculated assuming spherical shapes for the particles. The materials 
used for conducting the research in [34] included mixtures of water and 
powder with no cement suggesting that the flow is mostly dependent on the 
SSA and that the excess layer theory applies to granular mixtures. 

Mehdipour and Khayat [90] studied the effect of water film thickness 
both at the onset of flow and the flowing state in binary and ternary systems 
and compared their results to A&A distribution modulus. The SSA was 
calculated based on PSD and assumption of spherical shape. The values 
presented in Figures 4.4 and 4.5 were reanalyzed by the author according to 
the method suggested in this thesis, see 2.3.2. 

Brouwers and Radix [91] conducted a research on self-compacting 
concrete that included a study of the relative water film thickness and the 
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flow, the SSA was measured by Blaine test. Moreover, the article does not 
consider the water film thickness at the onset of flow. All of the data were 
converted to be used in the system introduced in the thesis, the SSA was 
recalculated using PSD and assumption of platonic solids as the uniform 
shape of the particles and water film thickness at the onset of flow is based 
on the void content of mixtures measured in loose state.  

The relative WFT for initiating the flow and reaching a relative slump of 
a unit for mixtures at the onset of flow and the relation to SSA is illustrated 
in Figure 4.5. 

 
Figure 4.5. Relative WFT for achieving a relative slump of unit vs. SSA of particles 
measured for mortars [IV] and extracted from literature [34,90,91].  

The equation of the fitted trendline in Figure 4.5 is shown in the following 
equation with R2=0.92 [VI]: 

 𝑊𝑊𝑊𝑊𝑊𝑊𝑎𝑎𝑔𝑔  =  118821 𝑆𝑆𝑆𝑆𝑆𝑆−0.856  (4.16) 

The water film thickness showed to have a significant influence on flow 
characteristics of mortars and deemed as the most important factor affecting 
the rheology of cementitious mixtures.  
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4.3. Results of experiments on concrete 

A study was launched to investigate the extent and effect magnitude of 
WFT on the flowability of concrete. The article, Paper V, also compares the 
flow of mortars and concretes with similar SSA. The relative slump of both 
mortars and concretes were shown to be similar and directly related to 
relative WFT as illustrated in Figure 4.6. However, the water retaining 
capacity or the water demand at the onset of flow for mortars is much higher 
compared to concrete, see Figure 4.7. 

 
Figure 4.6. Relative water film thickness vs. relative slump for concrete & mortars 
[V]. 
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Figure 4.7. Water retaining capacity for concrete and mortars [V].  

According to Figure 4.7, the water demand of concrete is much lower than 
of mortar with similar SSA. Several factors affect the phenomenon including 
fineness modulus, air content and compaction energy. Since the excess water 
layer was verified for the relationship between excess film thickness and the 
flow for both concrete and mortars of the same SSA regardless of the 
difference in their fineness modulus, see Figure 4.6, the study assumes that 
WFTon at the onset of flow is solely dependent on SSA. In turn, the difference 
between water demand of mortar and concrete may be blamed on the 
variation in mixing energy of mixers and consequently changes in packing 
density of the materials. In this sense, the packing density should be 
corrected corresponding to the compaction/mixing energy that was 
introduced to the mix. Figure 4.8 shows the relationship between SSA and 
the water film thickness at the onset of flow, assuming that the particles are 
in loose state, with no additional introduced compaction energy and no 
correction factor. 

According to Figure 4.8, the water film thickness at the onset of flow is 
smaller for concrete compared to mortars of the same SSA which contrasts 
with the assumption that the water film thickness is solely dependent on 
SSA. The difference in the water film thickness for mortars and concrete can 
be explained by introducing a correction factor related to the compaction 
energy imposed on the mixture.  
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Figure 4.8. Water film thickness at the onset of flow for mortars and concrete [V]. 

4.3.1. Compaction energy and mixing efficiency 

The mixing energy is one of the main issues in rheological testing 
methods and has a significant impact on flow behaviour of cementitious 
mixtures and the water demand by affecting the particles dispersion and the 
packing density [89,92]. Several experimental studies exist regarding the 
effect of compaction on the packing density of mixtures [34,63-66]. Fung et 
al. [63] studied the difference in packing density of mixtures made with 
different size classes of aggregates under loose, compacted, and wet 
conditions. The study concluded that the packing density increases up to 
25% from loose state to compacted with rodding and a change of 24% is 
reported in the presence of water and no additional compaction. The effect of 
rodding and water on loose packing density becomes less significant as the 
fineness of the mixture increases.  

The effect of compaction energy can also be seen in the differences in 
water demand of mixtures measured with different methods. The results of 
the study conducted by Fennis [88] show that generally, measurement 
methods that introduced more energy into the mixture resulted in lower 
water demand.  

-0,2

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

1000 2000 3000 4000 5000 6000 7000

W
FT

 a
t o

ns
et

 o
f f

lo
w

 (μ
m

)

SSA (cm2/cm3)

Riksten + CEM I-N

Riksten + CEM I-R

Bro + CEM I-N

Bro + CEM I-R

Jehnader + CEM I-N

Jehander + CEM I-R

Riksten Conc

Bro conc

Jehander conc



64 / E x c e s s  l a y e r  t h e o r i e s  

 

Logically, the mixers used for blending concrete apply higher compaction 
energy to the mixture comparing to mixers used for production of paste or 
mortar such as a Hobart mixer. Since the concept of water demand is 
measured by the mini-slump test and uses the behavior of mortars as the 
reference, a correction factor is introduced for defining the relation between 
the mixing efficiency in mortars and concrete. The Hobart mixer is used as 
the reference point with mixing efficiency coefficient, kmixer, equal to unit. 

The water film thickness at the onset of the flow for the mixtures shown 
in Figure 4.8 is corrected based on the assumption that the difference in 
water demand of mixtures is related to an increase in packing density due to 
the higher efficiency of mixing in concrete mixers compared to Hobart 
mixers, see Figure 4.9. The assumption allows for quantifying the mixer 
efficiency by implementing the effect as a correction factor applied to void 
content of particles and also makes it possible to use the model for different 
mixing conditions.   

 
Figure 4.9. Corrected WFT at the onset of flow vs. SSA for concrete and mortars [V].  

Correlation between Figures 4.8 and 4.9 suggests that by assigning kmixer 
= 0.33, WFTon of mortar and concrete fall in the same range according to: 

𝑒𝑒𝑚𝑚𝑖𝑖𝑚𝑚𝑔𝑔𝑎𝑎 = 0.33 (1 − 𝜑𝜑𝑝𝑝𝑔𝑔𝑔𝑔𝑠𝑠𝑔𝑔)  (4.17) 
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where emixer is the void ratio of materials after mixing considering the 
compaction energy, the correlation coefficient is influenced by the efficiency 
of mixers and mixing time and is interpreted as an indication of compaction 
energy introduced to the blend by the mixer. More information regarding the 
issue can be found in Paper V. 

4.3.2. The slump cone geometry 

As mentioned earlier, the flowability of mixtures is measured with 
different sizes of slump cones, i.e., Marsh cone, micro mortar cone, mini-
slump cone, Abrams’ cone; depending on the fineness and volume of the 
studied sample. In order to relate the flow behavior of mixture with different 
fineness modulus measured in different cones, an investigation was 
launched on the effect of the geometry of slump cone on the flow spread of 
the mixtures, see Paper V. For this purpose the follow of concrete was 
measured by Abrams’ cone in addition to two custom cones made from 
dividing an Abrams’ cone in half of its height as shown in Figure 4.10. 

 
Figure 4.10. Conical frustums used for measuring flow spread [V].  

The dependency of relative slump spread on the geometry of the cones is 
illustrated in Figure 4.11. 

From Figure 4.11 it can be concluded that the effect of the size of the cone 
on flow spread becomes more significant for oversaturated mixtures and is 
more pronounced as the volume of the cone shrinks, i.e., the top piece. The 
results can be used for converting the relative slump measured in different 
sizes of cones to the relative slump of standard Abrams’ cone.  

 

 



66 / E x c e s s  l a y e r  t h e o r i e s  

 

 
Figure 4.11. Effect of the cone geometry on relative slump of concrete [V].  

4.4. Effect of film thickness on rheology of mixtures 

The flow behavior of cementitious mixtures is often expressed through 
qualitative descriptors and measured by the use of empirical methods. The 
terms used for explaining flow characteristic for cementitious mixtures are 
vaguely defined including pumpability, workability, flowability, consistency, 
etc.  

Rheology is the science of flow and deformation of matter and is 
commonly associated with viscometers and rheometers. The apparatuses are 
used for measuring plastic viscosity and yield stress of fluids and 
suspensions. Plastic viscosity refers to the slope of shear stress/shear rate 
line starting from the yield point and represents the material resistance to 
flow after deformation. The yield stress is the point at which shear stress 
causes deformation and initiation of flow [93]. 

The rheological behavior of mixtures can be directly related to WFT and 
PFT as shown by [12,97]. Although the Ph.D. project investigates the flow 
behavior of mixtures through the mini-slump test to predict the water film 
thickness of the blends, it is possible to relate both WFT and PFT to 
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rheological parameters. No viscometer was used for conducting this Ph.D. 
project, however, a brief discussion based on the literature review of the 
influence of WFT and PFT on viscosity and yield stress is included.  

The relation between yield stress and WFT was explored by Kwan and Li 
[12] and is shown in Figure 4.12. Note that the study was conducted on 
mortars including variable amounts of superplasticizer and different WFT 
and PFT, SSA was calculated from the PSD assuming spherical shapes for 
the particles. Moreover, the excess water film thickness, WFTexc, is 
calculated as the sum of WFTon plus WFTre. 

 
Figure 4.12. Relation between yield stress and excess water film thickness for 
different paste film thicknesses, taken from [12]. 

It is also possible to relate WFT and PFT to the viscosity of mortars as 
shown in Figure 4.13. 

Several models exist for predicting rheology of cementitious mixtures as a 
function of proportion ratio of constituent and their packing density like the 
ones developed by De Larrard and Roussel [94-96]. A model proposed by Hu 
[97] indicates that the yield stress and viscosity are directly related to 
reciprocal of dilation distance between the aggregates. In this way, the paste 
is considered as the flowable phase of the mixture and the calculations of 
viscosity (𝜂𝜂𝑚𝑚) and yield stress (𝜏𝜏𝑚𝑚) of mortars based on excess paste layer 
theory can be expressed as: 
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𝜂𝜂𝑚𝑚 = 2.04 𝜂𝜂𝑝𝑝0.649 (1 + 1
𝑃𝑃𝑃𝑃𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒

)0.0823   (4.18) 

𝜏𝜏𝑚𝑚 = 5.29 𝜏𝜏𝑝𝑝0.676 (1 +
1

𝑃𝑃𝑊𝑊𝑊𝑊𝑔𝑔𝑚𝑚𝑒𝑒
)0.116 (4.19) 

where 𝜂𝜂𝑝𝑝 and 𝜏𝜏𝑝𝑝 are the viscosity and yield stress of paste and PFTexc is the 
excess paste film thickness. The viscosity and yield stress of the paste, in 
turn, is related to the water film thickness. According to Hu [97] rheological 
behavior of concrete can be estimated in a similar approach but by utilizing 
excess mortar layer theory. Moreover, Hu [97] concluded that a comparison 
between the measured and calculated values of yield stress and viscosity 
resulted in regression coefficients of 0.85 and 0.92 respectively. 

 
Figure 4.13. Relation between apparent viscosity and excess water film thickness for 
different paste film thicknesses, taken from [12]. 

According to Eq 4.18 and 4.19, the yield stress and viscosity of mortars 
decrease as the PFTexc increases due to the increase in the distance between 
the particles leading to better followability of the mortar.  
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Chapter 5 

DISCUSSION AND CONCLUSION 

The Ph.D. project focused on understanding the role of constituents of 
cementitious mixtures to develop a basis for proportioning ingredients to 
achieve a mix with specific performance in the fresh state. The most critical 
factors affecting the flow behavior of mixes were identified as packing 
density, specific surface area and water film thickness that envelops the 
particles. The influential parameters were studied by investigating their 
effects and available methods for obtaining their value. A summary of the 
conclusions drawn from the investigations is listed in Section 5.1. The 
applications of the Ph.D. project including the mix design model and the 
approach for optimizing the mixture based on their water demand are 
discussed in Sections 5.2 and 5.3. 

The developed mix design model can be used for a variety of basic 
granular mixtures while considering the mixing efficiency and water demand 
of the blends. The method is simple and requires a small number of 
experimentally measured input data. Moreover, it is possible to calibrate the 
model for different mixing conditions, regimes, and mixers. The model 
predicts the flow of mixtures based on loose packing density and specific 
surface area of the constituents utilizing a rather unique approach for 
calculation of specific surface area and the water demand of mixtures.  

5.1. General remarks 

The aim of the Ph.D. project was to compile a foundation for a simple 
flowability based mix design model for cementitious mixtures. Each of the 
influential factors on flow behavior of mixtures were studied and presented 
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in a separate chapter and reported in papers I to VI. The current section 
includes the answer to the research questions mentioned in Section 1.1.2.  

• The reliability of three particle packing models (Modified Toufar, 4C, 
CPM) was experimentally studied for loose packing method; it was 
concluded that all three models lead to an acceptable estimation of the 
packing density, although some of the models perform better with 
certain class diameter ratio [I]. 
 

• The importance of specific surface was studied and it was revealed that 
exchanging the assumption of a uniform spherical shape for the particles 
with more angular shapes, such as dodecahedron for rounder particles 
and cube for irregular grains, results in better accuracy in prediction of 
the specific surface area.  The geometrical relationship between platonic 
solids and spheres were studied and the mathematical estimations were 
compared to results obtained from microtomography and image analysis. 
The specific surface area is of great importance as an input to excess 
layer theories. Estimation of the value allows for considering the particle 
size distribution in the calculation of water film thickness [II,III].    
 

• The water demand of mortars and concrete were studied as an essential 
factor for mix design and prediction of mechanical and physical 
properties of mixtures in the fresh and hardened states. Aside from 
compressing and tensile strength, permeability, durability, creep, and 
shrinkage among other parameters are affected by the volume of water. 
The excess layer theories were explained and a correlation between 
specific surface area, water film thickness (WFT) and relative slump of 
mixtures was found. The specific surface area of investigated mixtures 
was in the range applicable to conventional mortar and concrete (2000-
7000 cm2/cm3). The WFT showed to be the most significant factor 
influencing the flow of mixtures [IV].  
 

• The relation between WFT and the flow of mortars was then compared to 
the flow behavior of concrete. The upscaling requires considering the 
difference in compaction energy and mixing efficiency of mixers which 
lead to developing a correction factor in the packing density of 
constituents enabling quantification the efficiency of different mixers [V]. 
 

• The increase in packing density is achieved by filling the voids between 
larger grains with smaller particles. The idea is that less volume of voids 
means less volume of water or paste is needed to fill the cavities. 
However, the addition of finer particles results in higher SSA of the 
material meaning a larger volume of water is required to cover the 
surface of particles. The conflict was further discussed in [VI] and it was 
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concluded that the issue could be eliminated by optimization. The 
concept can be used for partial replacement of cement with powders or 
proportioning of aggregates as discussed in Section 5.3. 

5.2. The flowability based mix design  

The discussed approaches for calculating water requirement of mixtures 
lays a foundation for a simple yet effective mix design model that accounts 
for flowability of the mix. The preliminary model presented in Figure 5.1 can 
be used for proportioning of mortars and concrete made without water 
reducing agents. The rheological behavior of mixtures is expressed by the 
slump spread, a cheap and in-situ test commonly used in the cement and 
concrete industry.  

 
Figure 5.1. Flowchart of the proposed flowability based mix design model.  

The effect of air content can be implemented in the packing density as the 
air pores can be perceived impenetrable by water. The effect is not included 
in the scope of the thesis, but it is possible to implement the concept in the 
mix design model. Moreover, effect of water reducing agents may be applied 
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by reducing the thickness of water film at the onset of flow. The model can be 
improved by further studies mentioned in Section 5.4. 

The developed model presented in the thesis is less complex and thus 
faster compared to mix design models like compressible packing model 
(CPM) [8]. The CPM requires several input data including and not limited to 
size distribution, packing density of every fraction of aggregates and 
powders, cement strength, water demand and packing density of cement 
without superplasticizer, water demand and packing density of cement with 
superplasticizer, bond coefficient of aggregates, etc. The number of input 
values and the tests required to obtain the values are time-consuming and 
the final recipe requires fine tuning by making trial batches. However, the 
CPM can design a mixture not only based on flowability but also by 
considering segregation potential and the effects of water reducing agents 
and is a more comprehensive model comparing to what is presented in this 
thesis.  

The proposed mix design model shares some assumptions with the 
Particle Matrix Model (PMM) [98]. The PMM assumes the mixture as a 
combination of two phases namely the fluid matrix phase (≤ 0.125 mm) and 
the solid particle phase (> 0.125) and in that sense can be interpreted as a 
special case of excess paste layer theory. According to PMM, the workability 
of the mixture is related to the volumetric share of each phase. The PMM 
works with the flow resistance ratio which is a single-point workability 
measured by FlowCyl test, a modification of Marsh cone test. The air voids 
modulus is another important parameter used in the model and is based on 
the packing density of the solid phase. The method was shown to lead to 
acceptable results for conventional concrete. However, the research did not 
result in a correlation between the flow resistance ratio of the matrix and 
workability of SCC [99]. While the PMM is similar to the proposed model in 
terms of assuming mixtures of two phases, the approaches taken for defining 
the specific surface area and the flow are different. Moreover, the presented 
model here focuses on the thickness of water around the particles while 
PMM deals with the volumetric share of the paste phase. In addition, the 
proposed flowability based mix design model benefits from the mixing 
efficiency correction factor which enables using the method for different 
mixing conditions.  

5.3. Optimal packing density 

While the packing density of granular mixtures can be estimated with 
acceptable accuracy, the concept of optimal packing is yet to be 
comprehensively defined. The term optimal packing is vaguely defined as the 
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tightest packing possible that leads to mixtures with good workability. As a 
part of the Ph.D. project, an attempt was made at defining the concept of 
optimal packing scientifically by optimizing the packing density against 
water demand of mixtures. The same approach can be used for deciding the 
proportions of mixture constituents or for partial replacement of cement with 
powders.  

Increase in packing density of blends is desirable and is achieved by 
introducing smaller particles to the skeleton with the aim of filling the void 
between larger particles. This leads to a reduction of water required for 
filling the voids. At the same time, the addition of finer particles results in 
higher surface area and consequently higher water requirement for covering 
the surface of the grains. The contrary effects of the addition of fine particles 
on packing density and water demand are used for a basis of optimization. 
Figure 5.2 shows an example of the contrary effects of packing density and 
water requirement for a mixture of cement and crushed aggregates in 
addition to mass-based w/c ratio for some of the data.  

As it can be seen the figure, the addition of cement up to 20% to the 
aggregates skeleton increase the packing density and at the same time 
reduces the volume of water needed to fill the voids. The volume of water 
that covers the particle surfaces and put the mixture at the onset of flow 
grows with an increase in the number of cement particles and the specific 
surface area of the solids in the mixture. As a result, the water demand of 
mixture stays more or less the same for volumetric cement share of 10% to 
20% in the mixture.  In the span that the water demand remains the same, 
the volume of cement and as result water to cement ratio of the mixtures are 
the deciding parameters for the preferred packing density. With this logic, 
the optimal packing density can be defined as the densest packing possible 
with low water demand at a desirable w/c ratio. 
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Figure 5.2. Water demand for a combination of cement and crushed aggregate (0-1 
mm) [VI]. 

The same concept presented in Figure 5.2 was explored for the theoretical 
estimation of optimal packing density in mortars and paste, see Paper VI. 

5.4. Future work 

As mentioned earlier, the developed model considers cementitious 
mixtures with their most basic ingredients. However, nowadays water 
reducing agents and specially superplasticizers are widely used in the 
production of the mixes. In order to extend the applicability of the model, it 
is imperative to study the effect of superplasticizer on the reduction of WFT 
in a systematic way. The relation between different types of superplasticizer 
and WFT on the flow of mixtures for different applications has been 
investigated by limited number of researchers [80,100,101]. However, the 
function of superplasticizer on the reduction of WFT and the effect on the 
flowability of the mixtures needs to be formulated in a general form. 
Additionally, implementing the effect of superplasticizer allow for extending 
the application of the model to a broader range of cementitious mixtures and 
concrete such as fiber-reinforced concrete (FRC) and ultra-high-performance 
concrete (UHPC). 

Moreover, the correlation between PFT, WFT and the segregation and 
bleeding of the mixtures can be investigated to examine the possibility of 
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defining a possible maximum PFT and WFT that leads to a consistent 
homogenous blend.  

The mixer efficiency was shown to have a notable influence on the 
rheology of mixtures [67] and should be investigated further to evaluate the 
validity of the model for different mixing conditions. For this purpose, a 
study is launched for exploring the effect of mixing efficiency by blending the 
same recipe with different mixers and preferably different laboratory and 
staff. The study will allow for better judgment of the model and the validity 
of the correction factor for mixing efficiency. 

Moreover, the optimization of size distribution of cement is a valid 
research gap that can be studied based on both packing density and SSA. 
Aside from the obvious effect of SSA on WFT, the parameter can be 
optimized for controlling strength development and rate of hydration in the 
mixtures.  
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ABSTRACT 
  
The packing density of aggregates is of great importance in 
concrete mix design as obtaining a higher packing density leads to 
less usage of cement paste which has technical, environmental and 
economic benefits. It is thus of interest to model particle packing 
correctly. Hence, in this study, packing densities of seven mixes of 
aggregate were attained in the laboratory using the loose packing 
method and were compared to values suggested by three models: 
4C, Compressible Packing Model and Modified Toufar Model. 
Modified Toufar showed 1.72% mean difference from the 
laboratory values while CPM and 4C had mean differences of 
1.79% and 1.84% respectively. In addition, it was found that some 
of the models are preferable in certain mixtures. 
 
Keywords: Aggregates, Loose Packing, Mix Design, CPM, 4C, 
Modified Toufar 
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Aggregate is a major component of the concrete, occupying 60% to 80% of its total volume. 
Increasing the amount of aggregates corresponds to less usage of cement in the concrete which 
has several beneficial effects, e.g. reduction in the cost of producing concrete, decrease in most 
of the durability problems of hardened concrete, reducing shrinkage and cracking, etc. 
 
In addition, reduction in usage of cement leads to a decrease in pollution caused by its 
production. The cement industry produces about 5% of global man-made CO2 emissions; the 
amount of CO2 emitted by the cement industry can be as high as 900 kg of CO2 for every 1000 
kg of cement produced [1].  It should be noted that the cement industry worldwide and 
especially in Scandinavia and Europe takes its responsibility and strong efforts are taken to 
reduce the CO2 emissions at production. Some companies have formulated a zero-vision [2] and 
others are engaged in carbon capturing of emitted gas see [3] describing a Heidelberg Cement 
supported project. Also, concrete producers are now striving to reduce the amount of clinker and 
thus CO2 by replacements such as fly ash, blast furnace slag, lime stone filler etc.   

The packing density concept can be used as a part of concrete mix design with the aim of 
minimizing the inter-particle voids between the constituents of concrete in order to reduce the 
paste demand. Packing density is the ratio of the volume of solids to the bulk volume of the 
solid particles [4, 5]. The date for one of the first articles on particle packing goes as far as 1892 
[6] further researches were conducted mainly concentrating on designing an ideal aggregate size 
distribution curve [7, 8]. In 1929 the first analytical packing model was designed to predict the 
void ratio of a mixture of two particle groups [9].  Since then, plenty of researches were 
conducted on the subject resulting in development of several analytical models and computer-
aided mix design software.  
 
Particle packing models can be used as a tool to determine the optimum combination of 
aggregate mix constitutes that will provide a maximum packing density and minimize the 
remaining voids. Although it has been recognized nowadays that the binder phase can also be 
graded just as the aggregate phase for the purpose of achieving tight particle packing or 
minimum void, research results have shown that improvements achieved in the reduction of 
void ratio are far greater with the aggregate phase than with the binder phase [10].  
 
The aim of this paper is to examine the reliability and accuracy of analytical particle packing 
models by comparing the suggested values by the models to actual aggregate packing values 
obtained in the laboratory.  For this purpose, three of more common packing models –Modified 
Toufar, 4C and CPM- were studied. The results from this type of study can assist the 
development of future mix design philosophies.  
 
 
2.          PARTICLE PACKING MODELS 
 
As mentioned above, it is of extreme importance to minimize voids for optimising concrete 
mixes. In order to fulfil this requirement it is vital to select an acceptably accurate packing 
model to estimate the packing density. A number of particle packing models were developed 
over the past 80 years. However, some of them were proved to be unsuitable for concrete mix 
constituent proportioning [11, 12]. Among the remaining models, three of more common ones 
were chosen and are described briefly in the following sections. 
 
2.1.       Modified Toufar 
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According to Toufar et al. [13] the packing density depends on the diameter ratio of the two 
particle class that are to be mixed. It is assumed that each of fine particles is placed between 
exactly four of the course particles. The Toufar model was later modified by Golterman et al. 
[14] since it was shown that the original model predicts that the packing density of a sample of 
coarse particles does not increase when a small amount of fine particles is added to the coarse 
particles, which is in contrast with reality.  
 
The required input data for Modified Toufar model includes packing density φ and characteristic 
diameter dchar of each material that is used in the combination. Modified Toufar model can be 
used for estimating packing density of a multicomponent system. However, calculation of multi-
component mixtures based on this procedure tends to underestimate the packing density [15]. 
On the other hand Modified Toufar model is fairly easy to use and can be implemented in a 
spreadsheet with a little effort.  
 
2.2.     4C Model  
 
4C is a computer program developed by Danish Technological Institute and is based on the 
Linear Packing Density Model (LPDM). The Linear Packing Density Model can be used to 
optimize the grading curve of a concrete mixture. The key elements of the LPDM used to 
determine packing density are: 
 
i. Calibrate the eigenpacking density ai of each constituent material 
ii. Calculate ai of combination for each clustered size class di  
iii. Calculate yi (volume) of combination for each clustered size class di 
iv. Claculate the total packing density 
 
The Linear Packing Density Model can predict the packing density for several particle classes, 
which makes the model suitable for real concrete mixtures [10]. The accuracy of the model 
depends on interaction formulas which are relations derived from the packing density of two-
component mixtures [16, 17].  4C packing model uses μ-value as an interaction factor which 
indicates possible maximum ratio (size) between small and large particles without the smaller 
particle interfering with the packing of the larger particles. For the purpose of this study three 
values of μ were compared to actual data obtained from laboratory tests. It should be mentioned 
that μ is an empirical value and needs to be calibrated based on the laboratory data. 
 
2.3.      Compressible Packing Model (CPM) 
 
The CPM is a refined version of a previous model (LPDM) for grain mixtures [18]. The 
Compressible Packing Model calculates packing density via the virtual compactness βi instead 
of ai (eigenpacking) and a compaction index K.  Virtual packing density is defined as the 
maximum potential packing density of a mixture if the particles would have been placed one by 
one in such a way that they use the minimum amount of space.  
 
Obviously, the virtual packing density is higher than the real packing density. The difference 
depends on the applied compaction energy. To drive the real packing density from virtual 
density, compaction index K is used; the value of K depends on the compaction energy applied 
to the mixture.  K index was suggested to have the value of 4.1, 4.5, 4.75 and 9 for loose 
packing, rodding, vibration and vibration+compression respectively. Figure 1 shows the effect 
of compaction index on packing density of a mixture based on CPM [18]. 
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Figure1: (a) Effect of K value on compaction where actual packing densities of two classes 
assumed to be constant. (b) Variation of K vs. packing density [18]. 
 
LPDM can be considered as a special case of CPM for which the compaction index K tends to 
infinity.  
 
Another difference between 4C and CPM is in the way that models handle the interaction of 
packing densities of components in the mixture. While this is implanted in 4C by means of μ- 
value, CPM suggest calculating the effect by using mathematical formulas. 
 
In order to use the CPM model, packing density of each fraction, mean diameter and K-value 
needs to be introduced to the model. CPM can be used to predict the packing density/void ratio 
for combination of any given number of fractions. However, comparing to the other two models 
CPM is more complex and requires more input data.  
 
 
3.          MATERIALS AND METHODS 
 
3.1.       Materials 
 
Seven binary aggregate mixtures were made out of eight fractions of three quarries. The mixes 
were made in several steps by adding 10% to 20% of volume of fines to coarse material in each 
step for every binary mixture. Table 1 shows the consumables used in the experiments, Figure 2 
illustrates the sieving curves for the materials and Table 2 shows the ingredients for the 
mixtures. 
 
Table 1 – Aggregates used for the experiments 
Quarry Type Fraction 
Riksten Natural 0 - 4 mm  
  8 - 16mm 
Riksten Crushed 0 - 2 mm 
  0 - 4 mm 
  4 - 8 mm 
  8 - 16 mm 
Ledinge Cubic crushed 0 - 4 mm 
  8 - 16 mm 
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Figure 2 – aggregate sieving curves 
 
Table 2 – Mixtures ingredients 
Combo Fine Coarse d50(fine) / d50(coarse)* 
Mix1 Riksten Crushed 0-4 mm Riksten Crushed 8-16 mm 0.12 
Mix2 Riksten Crushed 0-2 mm Riksten Crushed 8-16 mm 0.09 
Mix3 Riksten Crushed 4-8 mm Riksten Crushed 8-16 mm 0.52 
Mix4 Riksten Natural 0-4 mm Riksten Natural 8-16 mm 0.08 
Mix5 Ledinge Cubic Crushed 0-4 mm** Ledinge Cubic Crushed 8-16 mm 0.07 
Mix6 Ledinge Cubic Crushed 0-4 mm Riksten Natural 8-16 mm 0.09 
Mix7 Riksten Natural 0-4 mm Ledinge Cubic Crushed 8-16 mm 0.07 
* The ratio of mean diameter of fine aggregate class to mean diameter of coarse aggregate class. 
**crushed aggregates formed in a crusher to a cubic shape so they become less angular. 
 
3.2.       Packing Method 
 
The packing densities for each of listed materials and their mixtures were determined according 
to European standard EN-1097:3 [19] by means of pouring the aggregate in a standard cylinder 
form the distance of maximum 50mm. The dry particle densities and the bulk densities were 
determined and their packing densities were calculated as the ratio of bulk density of the 
aggregate to the solid density of the dry aggregate particles. Table 3 shows packing density of 
aggregates. 
 
 
 
 
Table 3 – Packing density of aggregates in un-compacted condition 
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Quarry Fraction Bulk density (kg/m3) Particle density 
(kg/m3) 

Packing density* 

Riksten Natural 0-4 mm 1682 2645 0.636 
 8-16 mm 1642 2645 0.621 
Riksten Crushed 0-2 mm 1572 2674 0.588 
 0-4 mm 1695 2674 0.634 
 4-8 mm 1342 2674 0.502 
 8-16 mm 1562 2674 0.584 
Ledinge Cubic Crushed 0-4 mm 1863 3064 0.608 

 8-16 mm 1657 3064 0.541 
* Particle packing densities were corrected for cylinder wall effect. 
 
 
4.          RESULTS 
 
Figure 3 illustrates the results of packing densities obtained from the laboratory experiment 
versus Modified Toufar model, 4C and CPM. For the purpose of sensitivity analysis three 
different μ-values were introduced in 4C software as 0.07, 0.05 and 0.03. The models’ 
estimation had a point to point deviation of 0.5 % to 5.8 % in packing density comparing to the 
laboratory data. The least error occurred in mixtures with higher mean diameter ratio between 
fine and coarse aggregate fractions. The maximum error took place in prediction of packing 
densities for mixtures combined of natural aggregate as coarse and cubic crushed material as 
fine. 
 
Figure 4 shows the total comparison of differences between measured and calculated packing 
densities. Considering all the data obtained in the laboratory, Modified Toufar showed 1.72 % 
mean difference while the mean difference for CPM and 4C were 1.79 % and 1.84 % 
respectively. However, comparing each mixture leads to different values as some of the models 
are more suitable with specific mixtures; see Table 4 in Section 5. 
 
For the purpose of unified comparison only results with assumption of μ-value = 0.07 was 
considered for 4C model as this number is suggested in 4C manual and furthermore, it is not 
possible to choose the best value of μ prior to conducting actual laboratory tests. 
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Figure 3 – Packing densities of binary mixes, models vs. lab data.  
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Figure 4 – Comparison of difference between calculated and measured values  
 
 
5.          DISCUSSION AND CONCLUSION 
 
There were some subtle differences between the models: Modified Toufar and CPM suggested 
more or less the same values of fine percentage corresponding to the packing density. However, 
CPM slightly overestimated packing values comparing to Modified Toufar model. This is in 
agreement with what was concluded earlier by Jones et al. [10].  Both CPM and Modified 
Toufar overestimated the packing density where volume of fines engaged in the mixture was 
less than 40% of the total volume. 4C tends to behave more inconsistently with variation of 
mixtures.  

According to Figure 4, Modified Toufar’s predictions show the least deviation from the 
measured packing densities (1.72%). However, it had been showed that the model’s accuracy 
decreases as the number of ingredients in a mixture increases [15].   

CPM was able to predict the packing density with a mean difference of 1.79%. CPM is more 
suitable for using with multicomponent mixtures as it was formulated in a way that theoretically 
it can predict packing density of any given number of fractions in one equation, the same cannot 
be said about Toufar as for Modified Toufar model, packing density of classes of aggregates 
need to be calculated in a binary system and then the result should be added to a third class and 

Line of Equality 

a) Modified Toufar 
Mean difference = 1.72%  

b) CPM 
Mean difference = 1.79%  

Line of Equality 

c) 4C μ=0.07 
Mean difference = 1.84%  

Line of Equality 
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so on. 4C is capable of calculating the packing density for a mixture with up to three constitutes. 
However, for a binary mixture, Toufar is preferable comparing to CPM and 4C as it has higher 
accuracy and is simpler to use. 

It should be mentioned that, all of the models trends merge and became more in agreement with 
each other and the laboratory data on the finer side of the packing diagrams.  

In order to compare the data in more detail, Table 4 is presented which shows the mean 
difference between the calculated data by each of three models and measured values for each 
mixture. It should be mentioned that for the calculation of mean difference, only the data 
corresponding to 40 % to 60 % of fine/ total volume of aggregate was taken into account. The 
reason for choosing the mentioned range is firstly, the maximum packing density usually occurs 
in this domain and secondly, it is more practical to have concrete recipes with 40 % to 60 % of 
fine / total volume of aggregate since using more than 60 % of fines will lead to a very viscous 
concrete with large demand for superplasticizer and less than 40% of fines results in “too stony” 
concrete. 
 
Table 4 – Comparison of models suitability on each mixture 

Combo d50(fine) / 
d50(coarse) 

Mean difference Suitability 
M.Toufar CPM 4C High Medium Low N/A 

Mix1 0.12 0.78% 1.86% 1.37% 4C, Toufar CPM -- -- 
Mix2 0.09 1.12% 0.98% 1.64% CPM, Toufar 4C -- -- 
Mix3 0.52 1.83% 3.40% 1.40% 4C Toufar -- CPM 
Mix4 0.08 1.24% 1.07% 1.67% CPM, Toufar 4C -- -- 
Mix5 0.07 1.62% 1.99% 1.62% 4C, Toufar 4C, Toufar, CPM -- -- 
Mix6 0.09 1.80% 1.34% 3.94% CPM Toufar -- 4C 
Mix7 0.07 2.65% 1.75% 1.52% 4C CPM Toufar -- 

 
Note that in Table 4, suitability of the models was decided based on the mean difference from 
the laboratory data where high suitability was assigned to predictions with less than 1.5 % mean 
difference, medium was used for predictions with mean difference between 1.5 % to 2 % and 
low suitability for predictions with error higher than 2 % and finally, predictions with error 
higher than 3 % were considered as unsuitable. The criterion can be justified by the fact that 
trials in the lab consisted of up to 2% variation in the packing density due to changes of size 
distribution and randomness of aggregate shapes in the quarries. 
 
Results from Table 4 imply that as the mean size ratio of fines over coarse material decreases 
the accuracy of CPM and Modified Toufar increase. Contrariwise, 4C is more suitable with 
higher mean size ratios. Note that Mix6 was consisting of cubic crushed materials as fine and 
natural aggregate as coarse; this led to incapability of 4C model to predict the packing density 
with good accuracy.  Nevertheless, further work is necessary to examine the effect of changes in 
packing density of a mixture on workability of concrete so that a basis for acceptable error range 
of packing density/void ratio prediction of the models can be established. 
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Workability in the fresh state is one of the most important factors in design and production of concrete and can be
related to the water demand of the mixture, which in addition to other factors is a function of the particle shape of
aggregates and binders and their specific surface area. While it is known that the shape of fine particles has a
significant effect on the water demand, there are uncertainties regarding how the various shape parameters would
affect the specific surface area, mainly because up to now many of the shape parameters have not yet been clearly
defined and there are no commonly accepted methods for their measurement and/or estimation. In this research, the
actual particle shapes were replaced with regular convex polyhedrons to calculate the total specific surface area
using the size distribution curves of the samples. The obtained results indicate that while, in some cases, the
assumption of a spherical particle shape leads to an acceptable estimation of the specific surface area when
compared with Blaine test results, the specific surface area of powders with more angular particles could be
calculated more accurately with the assumption of a polyhedron shape rather than a sphere.

Notation
ac circumsphered edge lentgh
am midsphered edge lentgh
di,arith arithmetic mean diameter of particles in fraction i
di,geo geometric mean diameter of particles in fraction i
d̄ i mean diameter of fraction i and i+ 1.
SAi/Vi specific surface area to volume ratio of fraction i
αsph calculated specific surface area of spherical particles
ρs specific density of the particles.
ωi mass of a grain fraction i, being the mass percentage

of the fraction between di and di+1

Introduction
Concrete in the plastic state can be characterised by several
parameters, among which workability is probably the most
important one. This is influenced by the water requirement,
which in turn is a function of the aggregates’ shape, size, and
fines content. Thus, understanding the role of aggregates is
fundamental to the production of high-performance concrete
(Alexander and Mindess, 2010).

Aggregates have a large variability in mineral composition,
shape, surface roughness and texture, and specific surface area
(SSA). One major parameter influencing water demand is a
comprehensive measurement of size, shape, and roughness
(Wang and Lai, 1998).

The shape of particles is a complex function of their formation
conditions, the mineralogical composition and particle size,
and not only refers to the basic shape of the aggregates, but

also to other characteristics such as angularity, flakiness,
and so on. There is a considerable confusion about how
various shape parameters are defined. There are also no com-
monly accepted methods for their measurement (Kwan and
Mora, 2002). Particle shape can be classified by measuring the
particles’ length, width, and thickness; estimation is easier for
larger particles. The SSA can be used as an indicator of their
size, shape, and surface roughness.

In asphalt mixtures, the SSA of the aggregate can be directly
related to the asphalt concrete binder thickness, and is there-
fore related to the rutting and fatigue performance of asphalt
concrete (Alexander and Mindess, 2010). Furthermore,
Hunger (2010) concluded that, in the case of self-compacting
concrete, a certain thickness of water layer surrounding the
particles in water–powder dispersion will put the mixture at
the onset of flow. In other words, the relative slump of a
water–powder mixture becomes a function of the SSA when
sufficient water is present to enable the flow (Brouwers and
Radix, 2005).

It is also possible to estimate the SSA using particle size distri-
bution data based on the assumption that particles have spheri-
cal shapes. However, particle shapes are far from being
spherical due to 3D randomness in their dimensions, related to
the origin of the aggregates, and their production method.
This is particularly true in the case of crushed aggregate.

The SSA is the quotient of the absolute available surface
inclusive of all open inner surfaces (pore walls) divided by the
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mass (m2/g). For concrete mix design, only the outer surface in
contact with water is of interest. With the consideration of the
specific density, the SSA could also be expressed as area per
volume (m2/m3). The total surface area of a set of aggregates is
governed by the finer fractions of aggregates and powders
according to the square-cube law. Assuming all particles were
spherical in shape, the SSA, αsph, would be easy to calculate
based on the particle size distribution and grading curves
(McCabe et al., 1993),

1: asph ¼ 6
Xn
i¼1

ωi

d̄ i:ρs

where ωi is the mass of a grain fraction i, being the mass per-
centage of the fraction between di and di+1; d̄ i is the mean
diameter of fraction i and i+1; and ρs is the specific density of
the particles.

Since the solid constituents of concrete mixtures seldom have a
spherical particle shape, some error should be expected in the
results from Equation 1. It has been found that the SSA of
the aggregates can be much larger than that of spheres of
equivalent size (Wang and Frost, 2003).

There are several ways of determining the SSA based on direct
and indirect measurements – for example the Blaine test
(ASTM C204 (ASTM, 2016)), and the Lea and Nurse method
(Lea and Nurse, 1939). Both tests give similar results, but are
not applicable to fine and ultra-fine powders. The Blaine test
method was developed exclusively for measurement of the SSA
of cement and is based on assuming a spherical particle shape,
which leads to relative measures for materials other than
cement.

Another method that has been used to determine the SSA is
the volumetric static multi-point method, better known as
the BET (Brunauer–Emmett–Teller)method (Brunauer et al.,
1938). Results from the BET test include the measurement of
the surface area of the internal pores, which is not of interest
for calculation of water demand in concrete mixtures.

Determination of the SSA value using the aforementioned test
methods includes complex measuring devices. As a result,
developing a method that is cheaper and easier to use for
estimation of the SSA is necessary. The main aim of this
research was to verify the effect of the assumption of ideal
polyhedron shapes for the particles, instead of spheres, on
calculation of the SSA. For this purpose, the SSAs of the
particles were mathematically calculated based on the size dis-
tribution curve and the assumption that particles have a
uniform shape. The particle shapes were substituted with the
shape of standard Platonic solids. The calculated values were
compared to the SSA of the samples measured using the
Blaine method.

Materials
Four types of powders were used in this study and all required
input data were extracted from earlier test results.
Characteristics of the first three materials shown in Table 1
were extracted from Hunger and Brouwers (2009) and included
specific density, bulk density, grading curve, Blaine values, and
scanning electron microscope (SEM) images. The information
on the Quartz powder was obtained from Jennings et al.
(2013).

The particle size distribution curve of the materials was
obtained by deploying the low angle laser light scattering tech-
nique conducted by Hunger and Brouwers (2009), Figure 1.

Additionally, to further validate the relation between poly-
hedrons and the particle shape and to be able to distinguish
the difference in particle geometry, SEM images from Hunger
and Brouwers (2009) are shown in Figure 2.

Computation of the SSA

Square-cube law
The square-cube law defines a mathematical principle describ-
ing the relationship between the volume and the area related to
changes in size, and was first introduced by Galilei (Galilei

Table 1. Densities and SSA of the powders, from Hunger and
Brouwers (2009) and Jennings et al., (1996)

Material

Specific
density:
g/cm3

Loose
packing
density

Bulk
density:
g/cm3

SSA
based on
Blaine:
cm2/g

CEM III/B
42·5 N

2·96 0·72 2·13 4500

Marble
powder

2·80 0·64 1·79 4580

Limestone 2·21 0·69 1·87 4040
Quartz
powder

2·60 0·64 1·66 2600
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Figure 1. Particle size distribution curves (Hunger and Brouwers,
2009; Jennings et al., 2013)
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and Drake, 1946). According to the principle, as a shape grows
in size, its volume grows faster than its surface area.
Consequently, as the size decreases, its surface area grows

faster than its volume. The effect of the square-cube law
becomes especially significant for calculation of the SSA of
finer particles, namely powders and cement – that is, for a
given mass of aggregate, the surface area increases with redu-
cing particle size. The SSA can be calculated mathematically
by the assumption of a spherical shape for the particle. In
cases where spheres are replaced by another shape, the differ-
ence in calculations is caused by the fact that different shapes
have different volumes, and also the ratio between SSA
and volume changes based on the chosen shape according to
the square-cube law. Figure 3 shows the difference in pace
of growth of surface area/volume ratio (SA/V) of so called
Platonic solids – a set of five 3D regular convex polyhedrons –
obeying the square-cube law.

The formula presented in Equation 1 deals with a special case
of calculating the SSA for spherical particles. The equation
can be written in its general form, where the ratio of SA/V
implements the square-cube law in the formula

2: apoly ¼
Xn
i¼1

SAi:ωi

Vi:ρs

where SAi/Vi is the surface area to volume ratio of fraction i
and is related to the shape as shown in Table 2.

As mentioned before, it is possible to calculate the SSA based
on particle size distribution curves and with the assumption of
mono-shaped particles. The Platonic solids that were examined
to re-calculate the SSA are shown in Table 2. Substituting
spheres with the Platonic solids will not only change the

(a)

(b)

(c)

Figure 2. SEM images of studied powders,
1000 � magnification. (a) Dolomite marble powder, (b) limestone
powder, (c) CEM III/B 42·5 N (Hunger and Brouwers, 2009)
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Figure 3. Surface area plotted against volume of the Platonic
solids and a sphere (Ghasemi et al., 2016)
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calculated volume and SSA but will also affect the rate of
growth in SA/V according to the square-cube law.

Equivalent polyhedron shape
The SSA of each fraction can be calculated using Equation 1.
To do so, the mean diameter of the particle sizes di and di+1 of
a fraction i, as the characteristic particle size, is required. The
mean diameter di can be calculated using either the arithmetic
mean or geometric mean, as in Equations 3 and 4, respectively.

3: di;arith ¼ di þ diþ1

2

4: di;geo ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2
i þ d2

iþ1

q

For the corresponding calculations of the polyhedrons, the
length of the sides is needed since the Platonic solids should be
defined in relation to the spheres. This relation can be con-
ditioned based on the geometric properties of the spheres
using the concepts of circumsphere and midsphere or by equiv-
alent volume (mass) to the spheres. In geometry, a circum-
scribed sphere, or circumsphere, of a polyhedron is a sphere
that contains the polyhedron and touches each of the poly-
hedron’s vertices. A midsphere is defined as a sphere that
touches all the polyhedron edges. The midsphere does not
necessarily pass through the midpoints of the edges, but is
rather only tangent to the edges at the same point along their
lengths (Cundy and Rollett, 1981). The length of the edges
of Platonic solids are smaller for the circumsphere approach
compared to midsphere.

For volumetric equivalency, the sides of the polyhedrons can
be back-calculated by replacing the volume of the polyhedrons

by the volume of the spheres assumed for each fraction
(Figure 4).

It is also possible to define the equivalency based on
the concept of the insphere. The insphere is a sphere that is
contained within the polyhedron and is tangent to each of the

Table 2. Platonic solids used in the calculation of SSA and their volumes

Shape Surface area Volume SA/V

Tetrahedron
ffiffiffi
3

p
a2

ffiffiffi
2

p
a3

12
14�697

a

Cube 6a2 a3
6
a

Octahedron 2
ffiffiffi
3

p
a2

1
3

ffiffiffi
2

p
a3

7�348
a

Dodecahedron
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
25þ 10

ffiffiffi
5

p
3
p

a2
1
4
ð15þ 7

ffiffiffi
5

p
Þa3 2�694

a

Icosahedron 5
ffiffiffi
3

p
a2

5
12

ð3þ
ffiffiffi
5

p
Þa3 3�970

a

Sphere 4πa2
4πa3

3
3
a

(a) (b)

(c)

Figure 4. (a) Circumsphere, (b) midsphere and (c) volume
equivalency of a cube
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polyhedron’s faces. The issue with calculation based on the
insphere is for some polyhedrons – for example the tetrahedron
– only a relatively small sphere can be contained in compari-
son with other shapes. This would affect the calculation of
the SSA, and therefore calculation based on the insphere
was ignored.

In this study, different approaches have been examined to
define the equivalent polyhedrons to the spheres by utilising
the concepts of the circumsphere, midsphere, and volume
equivalency. The computation was based on both arithmetic
and geometric means.

The lengths of the sides of the polyhedrons were calculated for
different assumptions.

& The polyhedrons are contained in spheres (circumsphere)
with the diameter calculation based on the
arithmetic mean.

& The polyhedrons are contained in spheres
(circumsphere) with the diameter calculation based on
the geometric mean.

& The sphere touches all the polyhedron edges
(midsphere) with the diameter calculation based on the
arithmetic mean.

& The sphere touches all the polyhedron edges
(midsphere) with the diameter calculation based on the
geometric mean.

& The polyhedrons have the same volume as the spheres
(volumetric) with the diameter calculation based on the
arithmetic mean.

& The polyhedrons have the same volume as the spheres
(volumetric) with the diameter calculation based on the
geometric mean.

The edge lengths of the polyhedrons, a, were calculated
by the equations listed in Table 3. The median radius of equiv-
alent spheres, r, can be calculated by either Equation 3 or 4.

Results and discussion
Calculated SSAs according to Equation 2 and their corre-
sponding Blaine values obtained from laboratory tests of the
studies referred to previously are presented in Table 4 where
the SSA was calculated based on the size distribution curve
assuming different Platonic solids.

In the case of most of the studied powders, the calculated
spherical values of SSA were close to the Blaine value. The
marble powder showed the largest deviation, and thus its
calculation should be conducted with the assumption of
a different shape other than spherical. This result corresponds
well to the observed elongated, flaky particle shape of marble
powder (Figure 2).

Moreover, in the cases of CEM III/B 42·5 N, limestone
powder and quartz powder, the calculation based on the
assumption of a spherical shape for the particles led to an
overestimation of SSA. It should be noted that, for the same
volume, the less spherical a particle is, the greater is its SSA.
Since the particle shapes of powders are normally anything
but spherical, the SSA of the actual particles should therefore
be higher than that calculated based on the assumption of
spherical shape. A slight overestimation of spherical SSA can
be related to the approach that is taken in determining the
mean diameter of a particle.

In the case of marble powder, the calculated spherical
SSA differs most noticeably from the Blaine value and is also
the least spherical in terms of particle shape (Figure 2).
It should also be mentioned that the Blaine test is a relative
test designed for measuring the SSA of cement and not necess-
arily any non-spherical powder; in other words, the Blaine
value is a relative value and not an absolute one.

To sum up, among the studied scenarios used for defining
the equivalent shape and mean diameter, the assumption of
midsphere equivalency and arithmetic mean results in less

Table 3. Edge lengths of polyhedron

Shape Circumsphered edge length: ac Midsphered edge length: am

Tetrahedron
4rffiffiffi
6

p 4rffiffiffi
2

p

Cube
2rffiffiffi
3

p 2rffiffiffi
2

p

Octahedron
2rffiffiffi
2

p 2r

Dodecahedron
4rffiffiffi

3
p ð1þ ffiffiffi

5
p Þ

4r

ð3þ ffiffiffi
5

p Þ

Icosahedron
4rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

10þ 2� ffiffiffi
5

pp 4r

ð1þ ffiffiffi
5

p Þ
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error compared to other approaches (see the compilation
in Figure 5).

As can be seen in Figure 5, the assumption of spherical shape
agrees with the Blaine values for CEM III and quartz. While
cement particles are usually round, the same cannot be said
for quartz. The reason that the SSA calculated for quartz
agrees with the spherical shape could be related to the fact that
the source of information for quartz comes from different
research (Jennings et al., 2013).

In the case of marble powder, an assumption of cubical shape
leads to a better estimation of SSA, which can be directly
related to the angularity of marble grains. The calculations
based on a cubical shape rather than spherical for marble
powder shows a 40% increase in SSA; in that sense, assuming
two identical concrete recipes at a water:cement ratio of 0·5,
with the only difference being the assumption made for the
general shape of particles for the marble powder, the concrete
made with cubical particles requires around 5 more litres of
water in a cubic metre of concrete for the mixture to be put at
the onset of flow (according to the excess water layer theory,
with a water layer thickness of 25 nm, as mentioned by
Hunger and Brouwers (2009)) compared to the water require-
ment of spherical particles, which illustrates the significance of
replacing the spherical shape with a more representative shape.
Moreover, it should be noted that for the finer particles, there
is a larger difference in the calculated SSA for different shapes,
which can be related to the principle of the square-cube law.

It should also be mentioned that each column of data in
Figure 5 shows the difference in calculated SSA based
on a different shape for a given size distribution curve. The
difference in SSA for different shapes becomes more significant
as the fine content of the studied materials increases as a result
of the square-cube law; for example, see the difference in SSA
for limestone compared to quartz.

Conclusion
The SSA of aggregates, fillers and binders affects the fresh
and hardened concrete properties. The water layer theory is a
potentially useful tool for prediction of fresh concrete flowabil-
ity. However, the complexity of the analytical instruments
required to measure the SSA limits wider use of that approach
for example, in concrete mix design. An alternative is to
formulate an equation enabling theoretical prediction of the
SSA using only simple input data. The results of the present
study showed that while the assumption of spherical shape
for particles leads to an acceptable estimation of the SSA for
round particles, in the case of more angular, flaky particles,
substituting polyhedrons for spheres improves the accuracy of
SSA estimation. The significance of the study lies in the fact
that in almost all approaches taken for quantifying the shape,
such as sphericity (the ratio of the SA of a material to the SA
of a sphere of the same volume), the concept of the square-
cube law and changes in the pace of growth of the SA to
volume ratio is overlooked, while in the proposed approach of
replacing spheres with standard 3D shapes, the size of fractions
and the square-cube law are implemented.

The concept described in this paper is being used to develop a
mix design model based on the size distribution curve, packing
density and water layer theory principles. Some pilot concrete
tests conducted in the laboratory, based on the model, showed
promising results.
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The specific surface area (SSA) of constituents in a concrete mixture has a significant effect on its workability in fresh
state. Excess layer theories relate the SSA to the flow behaviour of mixtures and can be used as part of an approach to
mix design. However, measurement of SSA is complex and includes several issues, and thus is commonly replaced by
mathematical estimation of the parameter. The mathematical approximation of surface area is based on the
assumption of a spherical shape for the particles, which leads to failure of taking into account the effect of shape and
the square–cube law. The article explores the possibility of replacing the assumption of a spherical shape with that of
Platonic solids as the representative shape to account for the angularity of aggregates. The calculation was conducted
based on information on the particle size distribution (PSD) obtained from dry sieving method. A calculated surface
area on the assumption of a dodecahedron shape for natural aggregates and a cubical shape for crushed aggregates
showed good agreement with SSA measurements conducted by X-ray microtomography. Furthermore, the effect of
changes in PSD on the accuracy of the approach was also studied. It was found that the estimated value of SSA was
improved in comparison with the traditional way of calculation on the assumption of a spherical shape.

Notation
a length of sides of Platonic solids
apoly specific surface area calculated on the assumption of

a polyhedron shape for particles
asph specific surface area calculated on the assumption of

a spherical shape for particles
d̄ i mean diameter of fraction i and i+ 1
r radius of midspheres
SAi/Vi surface area to volume ratio of fraction i
ρs specific density of the particles
ωi mass of grains in fraction i

Introduction
The characteristics of concrete in both fresh and hardened
states are of great importance for optimising concrete mixes. It
is known that properties of the aggregate – occupying most of
the volume of concrete – affects the behaviour of concrete in
both its hardened and especially fresh state (Fennis, 2011;
Ghasemi, 2017; Kozul and Darwin, 1997). Among the phys-
ical properties of aggregates, the grading, shape and, conse-
quently, packing density and water demand are the dominant
influences on the resulting concrete.

The shape of aggregates is complex and difficult to describe,
and, as a result, combinations of different parameters are

often used. These parameters can be obtained by measure-
ments based on geometric ratio, standard descriptors (e.g.
ASTM C 295 (ASTM, 2012); ASTM C 1252 (ASTM,
2017a)), appearance, or indirect measures such as bulk density
and void content (Galloway, 1994; Kwan and Mora, 2002;
Powers, 1953). The current study is focused on the specific
surface area of the particles as one of the main characteristics
of grains affecting the rheological behaviour of granular
mixtures.

The ratio of surface area of particles to their volume, known
as the specific surface area (SSA), can be used for defining
shape quantitively. The SSA of particles can also provide
information about the grading and fineness modulus of the
sampled aggregate. Research also shows that SSA (especially
for fines) can be directly linked to the water demand of mix-
tures (Brouwers and Radix, 2005; Hunger and Brouwers, 2009;
Okamura and Ozawa, 1995).

The measurement of SSA, however, is complicated. Common
methods of measuring the surface area of powders including
the Brunauer–Emmett–Teller (BET) (Brunauer et al., 1938)
and Blaine (ASTM C 204 (ASTM, 2017b)) methods are intri-
cate and expensive. In the case of the Blaine method, the test
was developed for measuring the surface area of cement and
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includes assumptions about particle size and shape that are rel-
evant for cement but not necessarily for other materials. As for
the BET method, the measured value includes the surface area
of the open inner pores, which can lead to values several times
larger than those obtained from the Blaine test (Arvaniti et al.,
2015).

As an alternative to the measurement of SSA, the value is
often calculated based on the particle size distribution (PSD)
and on the assumption of a spherical shape for the particles.
The latter assumption leads to the effect of shape being over-
looked and thus also the related surface area to volume ratio
according to the square–cube law (Galilei and Drake, 1974;
Ghasemi et al., 2017).

Research significance
In the current study, X-ray microtomography was chosen for
measuring the SSA as it provides a means for distinguishing
the effect of shape in comparison with the BET and Blaine
methods. In addition, the SSAs of aggregates were calculated
based on the PSD and on the assumption of a uniform
Platonic solid shape for aggregates, instead of the aforemen-
tioned spherical shape, to increase the accuracy of estimation.
The calculated values were then compared to the results
obtained from analysing microtomography images. An ade-
quate estimation of SSA is essential for calculating the water
demand of cementitious mixtures based on the water layer
theory (Midorikawa et al., 2009).

Materials
Commercially available aggregates with a maximum particle
size of 1 mm sourced from four different Swedish quarries
were used in this study. Aggregates from the Jehander and
Ledinge quarries were produced by crushing, while aggregates
from the Bro quarry were crushed and wind-sieved. The
material from the Riksten quarry was untreated. Jehander
material was used with two variations of size distribution: one
with the commercially sold PSD while, for the other, the PSD
was modified by dry sieving (indicated by the ‘MC’ extension
in Table 1) to achieve the target size distribution of the natural
aggregates. This was done to study the dependency between
the calculation of surface area and the PSD curve. The proper-
ties of the materials used are shown in Table 1. The fraction of
0–1 mm was selected for this study because, for hypothetical
spherical-shaped aggregates with a range of up to 16 mm and

PSD, according to Fuller (Fuller and Thompson, 1907), more
than 85% of the total surface area comes from the finer frac-
tion of 0–1 mm. The percentage will be even higher for more
angular and fine-rich aggregates.

Methods

Tests on aggregates
The basic methods used for testing aggregates include
measurements of density and specific gravity according to
ASTM C 128 (ASTM, 2015). The packing density of aggre-
gates was measured according to ASTM C 29/29M (ASTM,
2017c) in loose state. More information about the methods
used for image analysis and PSD is provided in the following
sections.

PSD
The grading of aggregates has a strong influence on packing
density, and consequently the amount of voids needing to be
filled with paste, in addition to the amount of excess paste
required for coating the surface of the particles. The PSD
curve was obtained using dry sieving (ASTM C 136/C 136M
(ASTM, 2014)). The results are illustrated in Figure 1.

X-ray microtomography
X-ray microtomography is a technique that enables the non-
destructive reconstruction of a three-dimensional (3D) struc-
ture. The method involves transmission of X-ray radiation
through a rotating sample, recorded at unit steps on the detec-
tor as line integrals of the radiation that has not been absorbed
by the material (Flannery et al., 1987). Mathematical analysis
of the obtained signal radiographs allows reconstruction of the
specimen’s inner geometry. As the output of the test, a set of
images is acquired – that is, cross-sections along the vertical
axis of the object. These images represent the attenuation map
of the material, with the grey scale corresponding to the
amount of attenuated radiation, which in turn is proportional
to the density and atomic number of the material (Landis and
Keane, 2010). By utilising image-processing techniques, differ-
ent parameters of the materials structure can be calculated –

for example the volume fractions of each component, porosity,
volume, specific surface and chemical composition. This
method has been applied successfully in material science for
the evaluation of granular materials (Alshibli and Hasan,
2008; Hall et al., 2010; Richard et al., 2003).

Table 1. Aggregate properties

Material Type Specific density: g/cm3 Bulk density: g/cm3 Packing: % Comment

Riksten Natural 2·70 1·52 56·46 —

Bro Cubic crushed, wind sieved 2·60 1·51 56·08 —

Jehander Cone crushed 2·71 1·59 53·21 —

Jehander MC Cone crushed 2·71 1·57 55·24 Modified PSD
Ledinge Crushed 2·59 1·67 56·11 —
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The instrument used in this study was a Microfocus X-ray
Sources from Hamamatsu Photonics (L7901-01), a motorised
rotation stage from Linos Photonics (RT120 ST) and an X-ray
detector unit from Hamamatsu Photonics (C7876-10). The
rotation stage has a microstep resolution of 0·002q and an
absolute positioning accuracy of 0·05q (Forsberg, 2008).

The X-ray voltage and power in this study were 80 kV and 7 W,
respectively. The special resolution of the scan was 14·89 μm per
pixel. The exposure time for each projection was 5·5 s and a
special filter was used to avoid the so-called beam hardening
effects, a phenomenon observed as polychromatic energies pass
through an object and become ‘harder’ due to easier attenuation
of low-energy X-ray photons. During the experiment 1601 pro-
jections were captured, distributed at equal angles of over 360°.
The reconstruction was carried out with a Feldkamp cone-beam
reconstruction algorithm (Feldkamp et al., 1984). Prior to
reconstruction, a set of correction schemes were applied to the
projection data to reduce artefacts (Forsberg, 2008).

Image processing
Reconstructed images were processed using ImageJ software
(Schneider et al., 2012). The 3D median filter was applied
with a 2� 2� 2-pixel kernel in order to remove the noise.
Histogram equalisation was used to improve contrast in the
images. In the next step, the aggregate particles were separated
from the background and binarised. Different segmentation
algorithms were tested on the datasets aiming for a result that
corresponds to the packing density measurements carried out
in the laboratory. Finally, the segmentation was performed
with the use of an IsoData automated threshold. For specific
surface calculation, the aggregate particles were additionally
separated by applying the erosion–dilation procedure – a mor-
phological operation that involves adding or removing
pixels/voxels to or from the surface of all selected binarised

objects with the purpose of separating objects that are con-
nected at a narrow junction (Stevenson and Arce, 1987). Due
to the irregular shape of the particles, the use of a classic
watershed algorithm did not lead to satisfactory results.

Morphological algorithms
Binarised images were analysed with respect to different mor-
phological parameters of the aggregate using Skyscan CTAn
software (CTAn Manual, 2007).

The volume of the particles was determined as a sum of voxels
corresponding to the binarised elements. The packing of particles
was calculated as a volume fraction of the particles in the cylind-
rical container. The specific surface of the material was estimated
using the marching cubes algorithm (Lorensen and Cline, 1987).
This method enables the creation of triangular models of con-
stant density surfaces from 3D binary data – see Figure 2.

It is also possible to obtain the PSD based on analysed micro-
tomography data. However, the results would not be compar-
able with the laboratory sieve analysis due to a fundamental
difference in their methodology. The PSD obtained by sieving
is based on the planar shape of aggregates via an empirical
test, where there is no control over the movement of the par-
ticle through the sieve mesh. On the other hand, difficulties in
separating particles using the image processing tools lead to
their local agglomeration, and, as a result, it is impossible to
retrieve their true size. There is a method for the determination
of the PSD based on microtomography images using a 3D
structure thickness calculation (CTAn Manual, 2007). This,
however, has the possible outcome of ignoring the problem of
touching particles. The method involves a ‘skeletonisation’
process to identify the medial axes of all structures. Then, the
local thickness measurement is performed for all the voxels
along the medial axes by ‘sphere fitting’ (see Figure 3). In
other words, the thickness at a given point (x) is defined as the
radius of the maximal sphere fitted within the structure pro-
vided that the particle space includes the entire sphere and the
sphere includes point (x). Determination of the structure thick-
ness results in a relative volume distribution over discrete size
intervals (classes or bins) (Van Dalen and Koster, 2012).
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Figure 1. Particle size distribution (PSD) curves
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Figure 2. Examples of: (a) triangle meshed surface of a particle;
(b) 3D reconstruction of a particle
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The particle size can be defined based on different approaches
such as the discussed descriptions for dry sieving or the struc-
ture thickness approach. In this study, a sphere fitting
approach was chosen for defining the sizes based on the
concept of the midsphere for calculating SSA with a mean
radius calculated on arithmetic means of adjacent sieve sizes
(Ghasemi et al., 2017). All the discussed approaches for defin-
ing shape are statistical, indicating that the methods describe
the distribution of many particles rather than the size of an
individual particle.

Calibration
Calibration was performed to verify the applicability and accu-
racy of the tomography measurements of the specific surface
and volume of the aggregates. The particles were simulated by
mono-sized metallic balls of 2 mm dia. scanned in a glass
cylinder, which allowed for both X-ray analysis and theoretical
calculation for control of the test results. 3D reconstruction of
the segmented balls is presented in Figure 4.

The volume and specific surface were calculated based on
microtomography images according to the algorithms men-
tioned in Section ‘Image processing’. Results of the calibration
are listed in Table 2.

Differences between the analysed tomography images and the
theoretical values can be related to the limitations of regenerat-
ing a spherical shape using triangular meshes and also to the
fact that metallic balls are not ideal spheres. It should be men-
tioned that the error is expected to be higher for highly irregu-
lar fine-rich aggregates.

Calculation of SSA
As mentioned earlier, the SSA of particles can be estimated
mathematically based on the PSD and by utilising the assump-
tion of a spherical shape for the aggregates as shown in
Equation 1 (McCabe et al., 1993) (the actual shape of aggre-
gates is far from spherical).

1: asph ¼ 6
Xn
i¼1

ωi

d̄ i:ρs

where ωi is the mass of a grain fraction, i, being the mass per-
centage of the fraction between di and di+1, d̄ i is the mean
diameter of fraction i and i+1, and ρs is the specific density of
the particles.

The SSA of aggregates is governed by their finer fractions
according to the square–cube law indicating the relation
between the surface area of the particles and their volumes,
where smaller particles have a higher surface area to volume
ratio. The effect of the square–cube law becomes more pro-
nounced as the size of particles decreases.

In the current study, the assumption of a spherical shape has
been substituted that of uniform Platonic solid shapes because
it has been found that the SSA of the aggregate can be much
larger than that of spheres of equivalent size (Wang and Frost,
2004). In this case, the SSA will be calculated based on
Equation 2.

2: apoly ¼
Xn
i¼1

SAi:ωi

Vi:ρs

where SAi/Vi is the surface area to volume ratio of fraction i
and is related to the shape.

Tn

Figure 3. Schematic representation of the structure local
thickness (Tn) determination process (based on Rémy and Thiel,
2002)

2 mm

Figure 4. Calibration by 3D reconstruction of the segmented balls

Table 2. Results of calibration for mono-size metallic balls

Parameter Theoretical X-ray microCT Ratio

Mean volume of a
ball: μm3

4 188 880 000 4 000 608 536 0·95

Mean surface of a
ball: μm2

12 560 000 13 368 865 1·06
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To calculate the SSA for Platonic solids, it is necessary to
obtain the length of the sides of Platonic solids, a, which in turn
were defined in relation to the radius (r) of fitting midspheres.
In geometry, a midsphere is defined as a sphere that touches all
the polyhedron edges. The midsphere does not necessarily pass
through the midpoints of the edges but is rather only tangent to
the edges at same point along their lengths (Cundy and Rollett,
1981). Table 3 defines the mathematical relation between
volume and surface area of Platonic solids.

Substituting spheres with the Platonic solids will not only
change the calculated volume and SSA but also affect the rate
of growth in the surface area to volume ratio according to the
square–cube law (Ghasemi et al., 2017).

Results and discussion
As mentioned before, X-ray microtomography was utilised to
study loosely packed granular particles. Examples of planar
views of tomography images are presented in Figure 5. The

Table 3. Platonic solids used in the calculation of specific surface area (SSA) (Ghasemi et al., 2017)

Shape Edge length (a) Surface area Volume SA/V

Tetrahedron 4rffiffiffi
2

p ffiffiffi
3

p
a2

ffiffiffi
2

p
a3

12
14�697

a

Cube
2rffiffiffi
2

p 6a2 a3
6
a

Octahedron 2r 2
ffiffiffi
3

p
a2

1
3

ffiffiffi
2

p
a3

7�348
a

Dodecahedron
4r

ð3þ ffiffiffi
5

p Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
25þ 10

ffiffiffi
5

p
3
p

a2
1
4
ð15þ 7

ffiffiffi
5

p
Þa3 2�694

a

Icosahedron
4r

ð1þ ffiffiffi
5

p Þ 5
ffiffiffi
3

p
a2

5
12

ð3þ
ffiffiffi
5

p
Þa3 3�970

a

Sphere r 4πa2
4πa3

3
3
a

Bro Ledinge

Jehander Jehander MC

Riksten5 mm

Figure 5. X-ray microtomography planar view of loosely packed particles fraction 0–1 mm
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image stacks were processed and analysed to generate a 3D
reconstructed skeleton of aggregates, as shown in Figure 6.

The differences in the shape and fine content of the materials
can be distinguished by visual inspection of Figure 5 where the
aggregates from the Riksten quarry have a more rounded
shape compared to the crushed material. Moreover, among the
studied materials, the agregates from the Riksten (natural) and
Bro (wind sieved) quarries have the lowest fine content and
consequently are expected to have a lower SSA.

Aside from the visible properties of the materials, some quanti-
tative measurements were conducted on the analysed images,
namely the packing density and, of course, the SSA, as listed
in Table 4.

As mentioned earlier, since the spatial resolution of the
scanner was 14·89 μm per pixel, the smallest size grain that
can be meshed and included in the SSA measurement is
limited to 0·06 mm (4 pixels). This means that the listed SSA
in Table 4 is indeed measured on a fraction of 0·06 to 1 mm,
thereby missing out smaller particles.

The SSA measured by analysing binarised images was com-
pared to the mathematically calculated SSA based on the PSD
on the assumption of both a spherical shape and a Platonic
solids shape. In order to treat the approaches in the same way,
finer fractions of 0·06 mm and lower were excluded from the
calculation. Table 5 shows the calculated value of SSA accord-
ing to Equation 2 for different Platonic solids, emphasising the
impact of the assumed shape for the particles on the resulting
SSA. The calculated SSA is compared to the results obtained
from the CTAn software.

According to Table 5, replacing the sphere assumption with
more angular shapes like cubes will significantly affect the cal-
culated SSA, leading to more realistic estimation of the value.

The effect of the assumed shape becomes even more pronounced
for more angular and fine-rich aggregates due to the square–cube
law. The results show that the chosen representative shape (in this
case a cube for the crushed aggregates and a dodecahedron for
the natural ones, emboldened in Tables 5 and 6) will persist for
changes in the PSD, as it is the case for Jehander and Jehander
MC. Moreover, the packing densities measured in the laboratory
have good agreement with the tomography results. This can be
interpreted as an indication of the acceptable segmentation of the

2 mm
Aggregate
particles

Figure 6. X-ray microtomography fragment of 3D
reconstruction – Jehander sample

Table 4. Measured parameters of different aggregates based on analysed tomography images

Parameter Unit Bro Jehander Jehander MC Ledinge Riksten

Packing % 54·90 54·05 55·24 56·11 56·50
Relative density g/cm3 2·59 2·7 2·7 2·59 2·59
Particles volume cm3 0·82 0·66 0·72 0·75 0·80
Particles surface cm2 170·7 210·52 197·57 181·617 178·192
Specific surface cm2/g 80·39 118·45 101·22 93·89 85·79
Specific surface 1/cm 208·22 319·81 273·30 243·17 222·21

Table 5. Calculation of specific surface area (SSA) on the assumption of different Platonic solid shapes – fraction 0·06 to 1 mm

Material

Specific surface area: cm2/cm3 Packing: % (fraction 0–1 mm)

Analysed
by CTAn

Analysed
by CTAn Lab

Riksten 222·21 339·50 265·79 237·88 222·34 206·86 189·05 56·50 56·46
Bro 208·22 246·45 190·51 174·49 159·32 151·58 135·53 54·90 56·08
Jehander 319·81 398·56 314·69 281·07 246·43 241·66 209·56 54·05 53·21
Jehander MC 273·30 327·32 255·79 231·62 206·72 200·53 175·81 55·24 55·32
Ledinge 243·17 315·12 244·97 220·87 199·05 190·11 169·26 56·11 58·05
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tomography images. In addition, the results from Table 6 indicate
that working on the assumption of the same Platonic solid as the
representative shape makes it possible to calculate the SSA for
the whole range of 0–1 mm aggregate including materials
passing a 63 μm sieve. The accuracy of the calculation, of course,
depends on the sieving method and the number of bins. Bins in
statistical analysis are defined as a series of ranges of numerical
values (in this case the range is the size difference of the adjacent
sieves) into which data are sorted. This means that increasing the
number of sieves by reducing the size ratio of meshes will result
in a finer, more detailed PSD and consequently a better esti-
mation of the SSA. Conversely, reducing the number of bins will
decrease the sensitivity of the approach. In that sense, when the
bins become more and more narrow, reaching a mono-sized frac-
tion, the representative shape becomes invalid.

Binarised tomography images were filtered to exclude particles
larger than 125 μm with the purpose of studying the relevance
of assumed representative shapes (a cube for crushed particles
and a dodecahedron for natural ones) for lower bin fractions
(63 μm to 125 μm), as shown in Figure 7.

The calculation of SSA was conducted based on information
from retained material on sieve size 63 μm and a hypothetical
sieve size of 94 μm obtained from regression. See Table 6 for a
comparison of results.

As it can be expected, the accuracy of calculations decreases as
the number of bins reduces. Table 6 shows that the representa-
tive shape of the particles stays quite relevant for the calcu-
lation of SSA. However, in the case of the Riksten and
Ledinge material a different shape would result in increased
accuracy – for example, an icosahedron instead of dodecahe-
dron for the Riksten material and a tetrahedron instead of a
cube for the Ledinge material. Nevertheless, the values are
based on averages and should not be treated as an absolute
SSA. Figure 8 shows the accuracy of SSA estimation and its
dependency on representative shape.

Figure 8 indicates that estimation of SSA becomes more accu-
rate by assuming a cubic shape for crushed material. However,
the approach loses accuracy for finer particles. For powders
and finer particles, a more accurate PSD obtained from static
laser light scattering or sedimentation analysis is required to
base the calculation on. Nevertheless, the same concept of
replacing spheres with Platonic solids can be applied to
powders as well. Moreover, the actual SSA of the aggregates
must be larger than both calculated and measured by tomogra-
phy due to loss of data for finer particles.

Table 6. Calculation of SSA on the assumption of different Platonic solid shapes – fraction 0·06 to 0·125 mm

Material

Specific surface area: cm2/cm3

Measured by CT

Riksten 562·80 956·73 744·19 688·36 614·33 564·78 545·24
Bro 725·17 810·94 649·45 580·93 564·70 483·52 467·18
Jehander 641·64 810·22 648·98 580·40 564·46 483·09 466·76
Jehander MC 660·22 844·76 671·43 605·85 576·22 502·37 485·29
Ledinge 710·03 750·67 610·28 536·52 544·19 449·93 434·91

5 mm

a b

Figure 7. Processing operation on X-ray microtomography
images: (a) unfiltered planar view of Riksten material; (b) the same
image filtered by size limit of 0·06–0·125 mm
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The suggested approach of substituting the assumption of a
spherical shape with Platonic solids and the calculation of SSA
value is highly dependent on the PSD as the main and indeed
only input to the calculation. Therefore, utilising a suitable
method for obtaining the PSD based on the fineness of
materials is very important. Higher-resolution PSD with more
bins will result in better estimation of SSA. In this study, dry
sieving was used for obtaining the PSD. The curve produced
by the method underestimates the number of finer particles
and is based on the planar shape of aggregates. On the other
hand, the method is accessible and relatively cheap. The SSA
calculation based on the PSD by dry sieving includes a limited
number of bins depending on the sieves used in the method. A
smaller size ratio between the sieves means more bins and con-
sequently improved estimation. The results presented here indi-
cate that the utilised dry sieving method can be acceptable for
the measured size fractions, especially considering the limit-
ations of tomography measurements. Furthermore, it should
be mentioned that the tomography results underestimate SSA
due to the limited resolution of the instruments involved. In
case of this study, while the volume of particles can be distin-
guished for particles with a minimum diameter of 0·014 mm,
the minimum size of particles to be included in SSA measure-
ment is limited to 0·06 mm (4 pixels) due to the computational
limits of generating a measurable mesh.

Conclusion
The present work addresses issues relating to the measurement
and estimation of SSA as an important parameter for predict-
ing the water demand of mixtures according to excess layer
theories. Alternative approaches were proposed for both the
measurement and mathematical calculation of SSA. The
following can be concluded based on the results.

(a) The microtomography scanning technique was found
to be an excellent technology for quantitative analysis
of the morphological properties of granular materials.
The spatial resolution and the size of smaller
distinguishable grains are dependent on the size of
samples, settings and limitations of the machine. Higher
resolution can be achieved by decreasing the size of
samples, which in turn leads to a smaller volume of
material to be examined. Moreover, mixing the particles
in epoxy can be used as a measure to minimise the
connection point between the aggregates, making it easier
to separate and isolate them for further analysis. This
method would be useful particularly in the case of
particles with irregular shape which cause significant
difficulties during image processing. Nevertheless, the
results showed good agreement with calculated SSA for
the studied range size in this paper (63 μm to 1 mm).
However, data from grains smaller than 63 μm could not
be included in SSAvalue due to insufficient resolution of
the scan.

(b) Replacing the assumption of spherical shape with more
angular standard Platonic solids will not only improve the
accuracy of estimation of SSA but also provide a
platform for categorising aggregates based on their
angularity, representative shape and water demand.
It should be mentioned that the accuracy of calculation
of SSA is strongly dependent on particle size distribution
(PSD) and, as a result, on the sieving method and size of
the bins (ratio between opening sizes of adjacent sieves)
that calculations were performed on. In the current study,
dry sieving was used. However, for investigating SSA of
finer particles, a more appropriate sieving method such as
low-angle laser diffraction or wet sieving should be
selected. While the choice of sieving method may affect
the SSAvalue and thus the representative shape for a
certain material, the SSAvalues for different aggregates
can still be compared relatively in the same system.

(c) The rheological behaviour of mortars and concrete can be
related to the SSA of constituents according to the excess
layer theory, indicating that the amount of water needed
to govern flow in a mixture is dependent on packing
density and the SSA of particles; in other words, by
assuming a certain thickness of water film that covers the
particles in a mixture according to water layer theory
(Midorikawa et al., 2009) and by measuring the water
demand of a mixture, the SSA and representative shape
can be back calculated. In that sense, the representative
shape approach is an efficient way for recalculating SSA
when the PSD is changed. While the error involved in
the method of calculating SSA based on Platonic solid
shapes varies based on the angularity and fineness of the
studied material, the assumption of a more angular shape
for the particles (e.g. a cube for crushed aggregates) is
nevertheless more realistic and will lead to better results
compared to calculations based on the assumption of
a spherical shape.

(d ) The current study provides the foundation for an
approach to concrete mix design where calculating
SSA based on the more angular shapes instead of
spheres leads to better approximation of the value and
consequently more accurate estimation of flow by water
layer theory.
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� The water demand of mortars depended on the surface area of the mixture ingredients.
� The flowability was studied for typical SSAs of conventional mortars and concretes.
� Estimation of the specific surface area was improved by accounting for angularity.
� Water and paste film thicknesses were vital for predicting the flowability.
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Mortars can be studied as mixtures of solid and flowable phases. The volume of the flowable phase
required for deformation depends on the solid phase surface area according to excess layer theories.
This paper examines the relation between the specific surface area of constituents in mortars and their
flow. The flowable phase volume was divided by the solid phase surface area to obtain the layer thickness
surrounding the surface of the particles. The results suggested that the amount of water and paste needed
to ensure flow could be estimated from the packing density and specific surface area of the particles.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The rheology of concrete is thought to be closely related to the
flowability of the mortar it contains [1]. In turn, the workability of
mortars is governed by the size distribution and shape of the con-
stituent particles and their resulting packing density [2]. However,
only a few studies have attempted to theoretically explain the rela-
tion between ingredients of a mortar mixture and its flowability.
Most of these studies were based on the concept of excess paste
layer theory and its derivations first proposed by Kennedy [3]
and/or studies conducted on fresh concrete properties by Powers
[4], where concrete is assumed to be a two-phase mixture com-
posed of paste and aggregates. According to Kennedy [3], to
achieve flow in granular mixtures, the amount of paste introduced
to the mix should be enough to not only fill the voids in the aggre-
gate matrix but also cover the surfaces of particles with a certain
layer thickness to act as lubricant separating the particles, reducing
the friction between them. The mixture can also be considered as a
combination of water and solid particles, where water fills the
voids between cement and aggregate and envelops the surface area
of the grains. This idea has been explored by several researchers
[1,5–7], who confirmed a strong relation between the water/paste
film thickness and consistency of mortars. The shape and specific
surface area (SSA) of particles have been reported to have a signif-
icant effect on the water demand of mixtures [8–10]. SSA can
either be determined by computation or by standardized methods,
such as BET [11] and the Blaine test [12].

The particle size distribution (PSD) and shape are two parame-
ters affecting both SSA and the packing density. According to
excess layer theories, the packing density has a significant impact
on the water demand of mortars because denser packing leads to
fewer voids between the particles that can be filled with water.
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De Schutter and Poppe [13] concluded that the flow behavior of
mortars is closely related to the packing density of fine aggregates,
which has implications for the mix design of mortars. Reddy and
Gupta [14] showed that a high water content is required for mor-
tars made with fine sands to achieve a given flowability because of
the higher total surface area of finer particles. Based on these find-
ings, it can be inferred that the main parameters influencing the
flow of mortars are water content, packing density, shape of parti-
cles and associated surface area.

The packing density of mixtures has been extensively studied
and can be measured by standardizedmethods in a dry or wet state
or by computational models [15–17]. In the case of SSA measure-
ment, available methods are complex and do not usually give accu-
rate values. For example, the Blaine testwas designed formeasuring
thefineness of cementbut not necessarily otherpowders.Hence, the
assumptions involved in calculation of the surface area may not be
applicable to powders with more angular shape and different pack-
ing density compared to cement. In the case of BET, the surface of
open inner pores of particles is considered in addition to their
external surface area. Due to the complexity and expense involved
in conducting the aforementioned tests, SSA is often estimated
mathematically based on the particle size distribution assuming a
spherical shape for the particles. However, the latter assumption
leads to underestimation of SSA since actual particle shapes are far
from spherical. It has been shown that SSA of aggregates ismuch lar-
ger than that of spheres of equivalent size [18–20].

In the current study, dodecahedra and cubes were used as
model uniform shapes instead of spheres to improve estimation
of SSA and distinguish between natural and crushed aggregates,
as discussed in [21]. The current article explores a hypothesis
regarding the dependency of the flow behavior of mortars on the
packing density and surface area of its constituents and supported
it with results from mini-slump tests and calculations from excess
water/paste layer theories. Application of the excess layer theories
suggested that an excess layer thickness can be used to validate the
following hypotheses:

1- The minimum amount of water/paste required to initiate the
onset of flow in a mixture (bW and bP , respectively) is related
to SSA and the packing density of particles in the mix.

2- Once the mixture turns into a workable suspension, SSA can
be related to amount of water required (EW and EP) for
extending the flow.

The aim of this study was to relate the flowability of mortars to
both excess water and paste layer theories by investigating the
thicknesses of excess paste/water film at zero slump and under a
flowing state of mortars. The layer thickness was expected to be
a key parameter influencing the flow behavior of mortars. Whereas
most previous studies on layer thickness in the literature were
conducted on powders with high SSA [22–24], we considered an
SSA range typical of conventional mortars and concretes.

2. Experimental program

Aggregate with maximum nominal size of 1 mm were studied
to facilitate determination of their geometry. The studied fraction
was accountable for more than 80% of total SSA of hypothetical
aggregates in a concrete mix with maximum size of 16 mm and
particle size distribution according to the Fuller curve [25] assum-
ing the particles had spherical shape.

2.1. Materials

Two different types of Portland cement were mixed with com-
mercial aggregates from 3 different Swedish quarries (Table 1 and
Fig. 1) to prepare 23 mixtures with varying cement type, cement
content and aggregate type. The materials were oven-dried, and
it was assumed that the water absorption is neglected due to the
facts that standards such as [26] require immersing the material
in water for 24 h, however, in the scope of this research, the mate-
rial was exposed to water for only a fewminutes before conducting
the flow measurements. The proportions of the mixtures were
adjusted to have SSA in a range typical for conventional mortars
and concretes, and hence they contained different volumes of
cement and water. Total SSA of each mixture was obtained from
the volumetric share and SSA of each constituent. The cement vol-
umetric share varied between 15 and 40% of the total volume of
particles. The proportions of ingredients in the mixtures and their
calculated SSA are shown in Table 2. The water content of each
mixture was altered at least 3 times to explore its effect on the
flow.

The cement types were selected based on consideration of SSA.
The rapid hardening cement CEM I 52.5 R was much finer than
CEM I 42.5, enabling investigation of the effect of fineness of the
cement on the excess layer thickness and flow for a given SSA.

2.2. Mortar tests

The relation between the consistencies of fresh mortars and
their ingredients was investigated using mini-slump tests. All the
mortars were mixed in 2 L batches using a high shear Hobart mixer
without any chemical admixtures. The recommended mixing
regime described in [22] was adopted. Briefly, the procedure was
as follows:

1- Addition of a known amount of water to the mixing bowl.
2- Addition of the solid materials.
3- Mixing for 30 s.
4- Cessation of mixing for 60 s; the first 30 s was used for

scrapping material from the paddles and wall of the mixing
bowl, followed by 30 s resting.

5- Mixing for another 90 s.

The tests were carried out by filling a mini-slump cone with a
sample, then lifting the mould to allow free flow of the sample
on a clean dry plate. The spread of slump was calculated relative
to the diameter of the bottom opening of the cone. The relative
slump parameter enables comparison of spreads measured in
cones with different geometries and was calculated according to
Eq (1) [22]:

C ¼ d1 þ d2

2

� �
=d0

� �2
� 1 ð1Þ

where d1 and d2 are the measured perpendicular diameters of
spread and d0 is the diameter of opening of the cone, in this case
10 cm. Such tests can be used to investigate how the flowability
of mortars varies with water and paste content.

Each mixture was produced with at least three variations of
water content and spreads were measured twice, excluding tests
that resulted in bleeding or segregation. This enabled statistically
reliable trendlines to be obtained for regression analysis. Linear
trendlines were fitted for both the water–solid (Vw/Vs) and paste-
aggregate (VP/VAgg) ratios according to Eq. (2) & (3):

Vw=Vs ¼ bw þ EwC ð2Þ

Vp=Vagg ¼ bp þ EpC ð3Þ
where bW, the intercept of the trendline with the Y-axis, is called the
water retaining capacity and corresponds to the minimum water
demand needed to put the mixture at the onset of flow (zero



Fig. 1. Particle size distribution of aggregates from three different Swedish quarries
(Bro, Jehander, Riksten). Among the three different aggregates used, the Riksten
material had a natural origin, whereas the Bro and Jehander material were
manufactured sands. In addition, the Bro material was wind sieved, and thus
contained fewer fine particles than the other aggregates. All the studied aggregates
were sieved to achieve a maximum nominal size of 1 mm.

Table 2
Volumetric proportion of constituents in the studied mixtures.

Mixture Code Cement Aggregate

Type Vol. % of solids Quarry

S1M1 CEM I 42.5 N 20.01 Riksten
S1M2 CEM I 42.5 N 18.84 Bro
S1M3 CEM I 42.5 N 19.51 Jehander
S2M1 CEM I 42.5 N 25.10 Riksten
S2M2 CEM I 42.5 N 23.64 Bro
S2M3 CEM I 42.5 N 24.42 Jehander
S3M1 CEM I 52.5 R 15.84 Riksten
S3M2 CEM I 52.5 R 14.85 Bro
S3M3 CEM I 52.5 R 15.40 Jehander
S4M1 CEM I 52.5 R 24.85 Riksten
S4M2 CEM I 52.5 R 24.07 Bro
S4M3 CEM I 52.5 R 24.86 Jehander
S5M1 CEM I 42.5 N 36.11 Riksten
S5M2 CEM I 42.5 N 35.14 Bro
S5M3 CEM I 42.5 N 36.13 Jehander
S6M1 CEM I 52.5 R 32.63 Riksten
S6M2 CEM I 52.5 R 31.70 Bro
S6M3 CEM I 52.5 R 32.65 Jehander
S7M1 CEM I 52.5 R 36.11 Riksten
S7M2 CEM I 52.5 R 35.14 Bro
S7M3 CEM I 52.5 R 36.12 Jehander
S8M2 CEM I 42.5 N 41.05 Bro
S8M3 CEM I 42.5 N 42.10 Jehander

a Calculated by modified Toufar model [26].

Table 1
Physical properties of the studied materials.

Material Relative density (kg/m3) Bulk density (kg/m3) Packing density %a Blaine SSA (cm2/cm3) Calculated SSA (cm2/cm3)

0–1 mm 0.063–1 mm

Riksten 2702 1523 56.4 – 250 222.34
Bro 2597 1513 58.3 – 196.97 190.51
Jehander 2704 1595 58.9 – 359.54 314.69
CEM I 42.5 N 3200 1250 39 9920 –
CEM I 52.5 R 3125 1250 40 17,187 –

a Measured loose packing in laboratory fraction 0.06–1 mm.
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slump,C = 0). In other words, exceeding the water retaining capac-
ity of a mixture changes it from a coherent bulk into a concentrated
suspension. The slope of the trendline, EW, is called the deformation
coefficient and indicates the sensitivity of the mixture to variation
of the water content for a specified flow spread. The value of EW
represents the relative water demand of the mixture for each unit
increase of the relative slump (C ¼ 1Þ. Knowing the values of bW

and EW (Fig. 2) enabled prediction of the flow behavior of the mix-
tures, i.e., their spread diameter. Following the same concept, bP

represents the minimum paste demand at the onset of flow and
EP indicates the relative paste demand per unit increase of the rel-
ative slump.
3. Excess layer theories

Fresh mortar can be considered as a mixture of paste and fine
aggregates, where the paste in the matrix fills the voids between
the aggregates. At this point, no movement can be observed in
the mixture, but any further increase in the paste volume will
induce the onset of flow of the mixture. Initially, the mixture does
not flow freely but a slight increase in paste volume leads to defor-
mation of the mixture. Eventually, as more paste is added, the flow
increases. Under these conditions, the paste can be considered as a
lubricant between the particles of fine aggregate. The paste itself
can be regarded as a composite of water and cement, where water
Total SSA Total Packing Density %a

Vol. % of solids cm2/cm3

79.99 2162.64 63.2
81.16 2047.60 68.6
80.49 2188.45 65
74.90 2656.18 65.2
76.36 2512.77 67.3
75.58 2660.50 64.6
84.61 2832.78 60
85.15 2738.81 65.4
84.60 2912.58 60.1
75.15 4437.90 62.3
75.93 4303.59 67.4
75.14 4509.57 65.9
63.89 3723.66 63.1
64.86 3628.12 66
63.87 3784.33 61.2
67.37 5758.08 62.3
68.30 5599.91 67.6
67.35 5823.70 62.5
63.89 6347.59 61.5
64.86 6181.51 65.2
63.88 6409.51 58.7
58.95 4202.11 66.2
57.90 4358.33 61.1



Fig. 2. Schematic of the relationship between relative slump and a) paste to aggregate ratio, b) water to solid ratio.
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fills the spaces among the cement and fine aggregate particles
[7,28], as shown in Fig. 3. To ensure flow in mortars, excess water
is required to lubricate the surface of the particles while separating
them, lowering the interparticle friction. The thickness of the
excess layer around the particles is the essence of layer theories
and can be related to the flow behavior of mixtures.

3.1. Excess layer thickness

The concept of excess layer theory can be applied by different
approaches depending on how the flowable phase of the mortar
is defined, i.e., if the mortar is defined as a mixture of solid particles
and water, then it is regarded as excess water layer theory, but if
Fig. 3. Schematic of excess water and paste films around particles in mortar. It should be
which is far from the actual situation. In addition, the thicknesses of the excess films are il
assumption.
the mortar is regarded as combination of paste (here paste is
defined as water and all particles smaller than 63 mm) and aggre-
gates (particles with fractions larger than 63 mm), then it is
regarded as excess paste layer theory. It is necessary for the parti-
cles to be separated over a specific dilation distance to overcome
interlocks and aid movement in the mortar.

According to the representation in Fig. 3, the available water in
the mixture can be divided into three types:

1- Void filling water (Wvo).
2- Excess water to put the mixture at the onset of flow (Won).
3- Relative excess water that is available for increasing the rel-

ative slump (Wre).
noted that in Fig. 3, the particles of cement are shown as being approximately round,
lustrated with uniform distribution around the particles, which is also an unrealistic
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In the current study, the amount of void filling water was
assumed to be equal to the porosity of the materials in loosely
packed state, Eqs. (4) &(5).

Uloose ¼ qbulk

qrelative
ð4Þ

Wvo ¼ 1�Uloose ð5Þ
where qbulk and qrelative are the bulk and relative density andUloose is
the packing density of the particles in the loose state. The packing
density of the aggregates was measured in the laboratory, whereas
the combined packing density of cement and aggregate was calcu-
lated by the modified Toufar model [27] (Table 2). The model
proved to have an acceptable accuracy for estimating the packing
density of granular mixtures [27,29]. According to the Toufar model,
the packing density depends on the diameter ratio of the two par-
ticle classes and number of interstices between the particles.

The packing density of cement can vary significantly depending
on the compaction method, i.e., loose packing density vs. wet pack-
ing density. However, since the modified Toufar model does not
consider the packing method, loose packing was assumed for cal-
culating the combined packing density of the cement and
aggregates.

According to excess water layer theory, a mortar mixture can
be divided into water and solid phases. Thus, the packing density
should be measured on a whole fraction of particles, including
both aggregates and cement. The volume of excess water needed
to put the mixture at the onset of flow can be determined from
Eq. (6):

Won ¼ bw �Wvo ð6Þ
The volume of relative excess water (Wre) per cubic meter vol-

ume of solids can be calculated by setting the value of bw to zero in
Eq. (2), allowing estimation of the relative excess water demand to
reach a certain relative slump, as shown in Eq. (7):

W re ¼ EwC ð7Þ
Once the volume of excess water is known, the water layer

(film) thickness enveloping the surface of particles can be calcu-
lated according to Eqs. (8) and (9):

WFTon ¼ Won=SAtotal ð8Þ

WFTre ¼ W re=SAtotal ð9Þ
where WFTon is the water film (layer) thickness required to put the
mixture at the onset of flow and WFTre is the water film thickness
required to increase the relative slump by one unit. SAtotal is the
total surface area of all the available particles in the mixture, includ-
ing cement and possibly powders.

The thickness of the paste layer (film) surrounding the aggre-
gates was determined by a similar approach, Fig. 3 suggests that
paste content of mixtures can be divided as follows:

1- Void filling paste between the aggregates (Pvo).
2- Excess paste to put the mixture at onset of flow (Pon).
3- Relative excess paste available for increasing relative slump

(Pre).

By the same logic, it should be possible to calculate Pvo based on
the packing density. However, in this case, measurement of the
packing must be conducted on fractions >0.063 mm because paste
was defined as comprising water and all particles smaller than
0.063 mm. Formulae used for calculation of the paste demand
are presented below:

Pon ¼ bp � Pvo ð10Þ
Pre ¼ EpC ð11Þ
PFTon ¼ Pon=SAagg ð12Þ
PFTre ¼ Pre=SAagg ð13Þ

where PFTon is the paste film thickness required to put the mixture
at the onset of flow, PFTre is the paste film thickness required to
increase the relative slump by one unit and SAagg is the surface area
of all particles larger than 0.063 mm in a cubic centimetre of the
mix.

According to Kwan and Li [1], the water film thickness (WFT) is
the most important factor affecting the rheology and deformation
of mortars, whereas the paste film thickness (PFT) affects the cohe-
siveness and adhesiveness of mortars. It should be noted that the
effect of WFT is dependent on PFT and vice versa. In the current
study, the effects of both the water and paste film thicknesses were
studied and compared to SSA of particles in different mortars.
3.2. Estimation of specific surface area

Quantification of SSA has attracted attention from many
researchers, yet no direct and accurate measurement method has
been developed [18]. Because of the complexity and shortcomings
of SSA measurement methods, the value is commonly estimated by
averaging SSA of smooth spheres with diameters equal to the arith-
metic mean of two adjacent sieve sizes. Cepuritis et al. [30] com-
pared calculated SSA to modeled values obtained by X-ray
microtomography. Calculation of SSA was based on their particle
size distribution measured by laser diffraction and X-ray sedimen-
tation. The study concluded that in the case of crushed material,
assumption of a spherical shape introduced an error in the estima-
tion of SSA of about 20–30%. It should be mentioned that the cal-
culation of SSA did not account for shape, roughness and texture
effects.

Ghasemi et al. [20,21] compared SSA values calculated from the
particle size distribution to values obtained from microtomogra-
phy. In this case, instead of a spherical shape, a dodecahedron
and cubic shape was assumed for natural and crushed aggregates,
respectively. The authors concluded that substituting the spherical
assumption with more angular standard shapes, such as a dodeca-
hedron and cube, improves the accuracy of estimation of SSA. In
this case, the particles were fitted to a midsphere with radius of
r. A representative shape was chosen, e.g., cube, and was fitted to
the same midsphere to calculate the side length a of the shapes.
SSA of the particles was then calculated based on the particle size
distribution and assumption of a representative shape for the par-
ticles according to Eq. (14):

SSA ¼
Xn

i¼1

SAi:xi

V i:qs
ð14Þ

where SAi/Vi is the surface area to volume ratio of fraction i and is
related to the representative shape according to Table 3, xi is the
mass of a grain fraction of i, which is the mass percentage of
the fraction between di and di+1, and qs is the relative density of
the particles.

Replacing spheres with Platonic solids changes the calculated
SSA and rate of growth via the surface area/volume ratio according
to the so-called square-cube law [20].

In the present study, we investigated the behavior of mixtures
for an SSA range applicable to conventional concretes and mortars
(2000–7000 cm2/cm3). Fig. 4 shows typical SSA values of
ingredients commonly used in the concrete industry.



Table 3
Surface area and volume of Platonic solids for an edge length of a [20].

Shape Surface Area Volume SA/V SA/V for unit volume

Cube 6a2 a3 6
a

6

Dodecahedron 3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
25þ 10

ffiffiffi
5

pp
a2 1

4 ð15þ 7
ffiffiffi
5

p
Þa3 2:694

a
5.31

Sphere 4pr2 4pr3
3

3
r

4.83

Fig. 4. Particle size and typical SSA of materials used in concrete (taken from [31]).
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4. Results and discussion

As mentioned earlier, the flow behavior of mortars can be
defined using mini-slump tests. Thus, we analyzed slump mea-
surements according to both paste layer and water layer theory.
Values of bW and bP (Fig. 2) provide information on the minimum
water/paste demand of mixtures at the onset of flow, whereas
the deformation coefficients Ew and EP indicate the sensitivity of
the mixture to changes in the amount of water/paste for a specified
flow spread. Results obtained from the mini-slump tests are
numerically presented in Table 4.

The water retaining capacity and minimum water demand, bW,
strongly depended on SSA of the particles. For the blends with a
fixed recipe and water content, mixtures made with finer particles
exhibited lower flowability. The effect of layer (film) thickness is
discussed below.
Table 4
Flow characteristics of different mortars.

Mixture bP EP bW EW

S1M1 0.4824 0.011 0.5552 0.03
S1M2 0.4805 0.0134 0.5572 0.0441
S1M3 0.5212 0.0145 0.6519 0.0544
S2M1 0.5145 0.0104 0.5287 0.038
S2M2 0.521 0.0114 0.5898 0.0415
S2M3 0.551 0.0144 0.667 0.0601
S3M1 0.4582 0.0109 0.5709 0.0338
S3M2 0.4749 0.0111 0.6169 0.0377
S3M3 0.507 0.0089 0.6992 0.0335
S4M1 0.5377 0.0084 0.6149 0.0311
S4M2 0.5443 0.0085 0.664 0.0327
S4M3 0.5681 0.02 0.7265 0.04
4.1. Paste film thickness at the onset of flow

The combined effect of the paste volume, water content, SSA
and packing density of particles dictates the flow of mortars. The
minimum paste demand of a mixture for zero slump (C = 0) was
calculated from knowledge of the packing density of aggregates
and paste retaining capacity bP according to Eq. (3). The thickness
of the paste film was estimated based on surface area (SA) of the
aggregates according to Eq. (12).

Fig. 5 shows the relation between the paste retaining capacity
(bP) and total SSA of all the particles. Two separate trendlines were
distinguished corresponding to the two different types of cement
used.

The trends in Fig. 5 indicate that the paste retaining capacity
depended on the fineness of cement in addition to the packing den-
sity and SSA. By utilizing the concept of PFT, it was possible to
account for the effect of the packing density and analyze the
dependency of PFT on SSA. Subtracting the void filling paste from
the retaining capacity revealed the relation between PFT at the
onset of flow and SA of the aggregates (Fig. 6).

Fig. 6 shows that PFT was dependent on SA of the aggregates,
with two different trendlines apparent for materials with similar
SA. Note that excess paste layer theory does not include the prop-
erties of the paste itself and the paste component in mixtures may
have different consistencies and water contents. A mixture with a
certain PFT shows different flow behavior depending on theWFT in
the paste. Thicker paste film can be translated to higher flow and
cohesiveness, however; for two blends with similar PFT, the mix-
ture with larger WFT leads to more flowability and less
cohesiveness.
4.2. Relative paste film thickness for increasing flow

We also studied the amount of excess paste needed to increase
the slump from the onset of flow to a certain value (relative paste
Mixture bP EP bW EW

S5M1 0.5953 0.0105 0.5688 0.0445
S5M2 0.6046 0.0079 0.6282 0.0348
S5M3 0.6376 0.0101 0.7521 0.0519
S6M1 0.5889 0.0086 0.6274 0.037
S6M2 0.5932 0.0103 0.6738 0.0469
S6M3 0.6246 0.0093 0.781 0.0491
S7M1 0.6177 0.0101 0.6581 0.0503
S7M2 0.6208 0.0097 0.7078 0.0476
S7M3 0.6537 0.0073 0.8321 0.0414
S8M2 0.6457 0.0108 0.6586 0.0563
S8M3 0.6813 0.0069 0.8062 0.032
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demand). The thickness of the relative paste film required to
increase the relative slump by one unit was calculated according
to Eq. (13) and plotted against SA of the aggregates (excluding frac-
tion < 0.063 mm) (Fig. 7).

Assessment of the results in Figs. 6 and 7 shows that a much lar-
ger film thickness was required to put the mixtures at the onset of
flow compared to the film thickness needed to initiate deformation
in the mortar, meaning that once the mixture was at the onset of
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Fig. 7. Relative paste film thickness to increase the relative slump by one unit.
flow, addition of extra paste had a dramatic influence on the spread
of flow. Moreover, no obvious trend was found between the rela-
tive paste film thickness and SA of the aggregates, mainly because
the rheological properties of the pastes in the mixtures were differ-
ent. Note that studies based on excess paste layer theory do not
provide information regarding the composition of the paste. For a
mortar to be at the onset of flow, the paste itself should have a suf-
ficient amount of water to fill the voids between the cement parti-
cles and also cover their surfaces, suggesting that water film
thickness (WFT) is the single most important factor affecting the
rheology of the paste [1].

4.3. Water film thickness at the onset of flow

The amount of water required to put a mixture at the onset of
flow depends on several parameters, e.g., the SSA, packing density,
shape and surface-wetting characteristics of the constituents [32].
The combined effect of these parameters affects the thickness of
the water layer (film) surrounding the particles in the mixtures.
The thickness of the water film was calculated using Eqs. (8) and
(9). Fig. 8 shows the relation between the water retaining capacity
bw and SSA of the particles.

Fig. 8 shows that bW, and consequently the minimum water
demand, increased with increasing SSA. This is logical since more
water is required to cover the large surface area of finer particles.
Additionally, the shape of the aggregates had a more pronounced
effect according to excess water layer theory compared to excess
paste layer theory. Mortars containing aggregates with higher
SSA and angular shape required more water for the same amount
of cement. Therefore, to account for the effect of the packing den-
sity and shape of the particles, WFT was investigated at the onset
of flow (Fig. 9).

Judging by the results shown is Fig. 9, WFT was higher for the
crushed aggregates (Bro and Jehander) than for the natural aggre-
gate (Riksten) at the same SSA. Fitted trendlines for the natural and
crushed aggregates yielded a coefficient of correlation (R2) of 0.93
and 0.86, respectively.

The difference in WFT for the natural and crushed material is
due to the simplifying assumption of uniform dispersion of water
around the particles. However, the form and thickness of the water
film varies for different shapes and depends on the angularity of
the particles and their sizes. Furthermore, the shape of the aggre-
gates affects the momentum of the particles, their rotation charac-
teristics and possible interlocks. For example, irregular particles
disturb the flow, and hence require a larger WFT for separation.

We examined a SSA range typical of conventional mortars and
concretes. However, previous studies on excess water layer theory
0.4

0.5

0.6

0.7

0.8

0.9

1

1000 2000 3000 4000 5000 6000 7000

W
at

er
 re

ta
in

in
g 

ca
pa

ci
ty

 (
w

)

SSA (cm2/cm3)

Riksten + CEM I-N

Riksten + CEM I-R

Bro + CEM I-N

Bro + CEM I-R

Jehnader + CEM I-N

Jehander + CEM I-R

Fig. 8. Water retaining capacity of the mixtures.



0.3

0.5

0.7

0.9

1.1

1.3

1.5

1000 2000 3000 4000 5000 6000 7000

W
FT

 a
t o

ns
et

 o
f f

lo
w

 (
m

)

SSA (cm2/cm3)

Riksten + CEM I-N

Riksten + CEM I-R

Bro + CEM I-N

Bro + CEM I-R

Jehnader + CEM I-N

Jehander + CEM I-R

Fig. 9. Water film thickness at the onset of flow.

0

50

100

150

200

250

300

1000 2000 3000 4000 5000 6000 7000

R
el

at
iv

e 
W

FT
 (n

m
)

SSA (cm2/cm3)

Riksten + CEM I-N
Riksten + CEM I-R
Bro + CEM I-N
Bro + CEM I-R
Jehnader + CEM I-N
Jehander + CEM I-R

Fig. 11. Relative water film thickness needed to increase the relative slump by one
unit.

Y. Ghasemi et al. / Construction and Building Materials 211 (2019) 492–501 499
have mostly been conducted on powders with SSA up to ten times
higher than those studied in this paper [22–24]. Extracted results
from the literature were used for calculation of WFT and showed
good agreement with the results obtained in this study (Fig. 10).
Note that the approaches we used for measurement and calcula-
tion of SSA were not identical to those used in the mentioned
research. The blends used in the literature included both binary
and ternary mixtures of cement blends with fly ash, blast furnace
slag, limestone powder, gypsum and silica fume in addition to mix-
tures of water and powders without cement.

Fig. 10 shows the dependency of the water demand of mixtures
on SSA of their constituents. The observed relation was valid for a
wide range of SSA values and mixtures with different
compositions.
4.4. Relative water film thickness for increasing flow

WFT was calculated during flow of the mortar to estimate the
relative water demand of mixtures per unit increase in the relative
slump (Fig. 11).

For most of the tested samples, the relative water demand
increased with increasing SSA, while at the same time, WFT
decreased. In other words, materials with higher SSA required thin-
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Fig. 10. Water film thickness at onset of flow for granular mixtures.
ner WFT. However, because the volume of water was calculated by
multiplication of SA and WFT, a higher SSA corresponded to a
higher volume of water. The results in Fig. 11 are compared with
data from the literature in Fig. 12, which shows good agreement
between them.

The amount of excess water required to achieve a desired
relative slump can be estimated from knowledge of SSA of the con-
stituents according to Figs. 10 and 12.

Although both WFT and PFT were found to be essential param-
eters for predicting the flow behavior of mortars, the approach
suffered from several shortcomings. Firstly, the approach only
included physical properties and did not consider any chemical
reactions between the constituents. Hence, the effect of hydration
was not accounted for. However, since the mixtures were only few
minutes old at the time of conducting the mini-slump tests, the
influence of hydration on the results was arguably negligible.
Moreover, the air content of the mixtures was not considered in
calculation of the film thicknesses. Despite the fact that this simpli-
fication is commonly used, increasing the air content of cementi-
tious mixtures may affect the flowability of the blends
drastically, in particular, air bubbles may act similarly to fine round
particles in the matrix, and hence facilitate the flow. In addition,
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the air content of mixtures can be added to the packing density
since the air volume is not accessible for water. Thus, increasing
the air content reduces the amount required of void filling water
and as a result the total water demand of the blends.

Furthermore, no water reducing agents were used in mixing to
isolate the effect of the water film thickness. The primary function
of water reducing agents is to disperse and overcome flocculation
in cement particles which affects the flow significantly, the water
requirement for a certain workability can be reduced by 5% to
30% [33]. Addition of chemical admixtures increases the complex-
ity of the flow behavior of mortars and makes it difficult to com-
pare mixtures made with different superplasticizers and/or water
reducers and retarders. It should be emphasized that addition of
water reducing agents can drastically affect the water film thick-
ness required for achieving a specified flow.
5. Conclusions

The influence of excess film thicknesses in various mortars
made with different aggregate and cement types was studied by
excess layer theories. Effects of the SSA, packing density and shape
of particles were assessed using film thickness as a parameter,
which was shown to have a significant influence on the flow char-
acteristics of mortars. The study revealed a strong connection
between the excess layer thicknesses and flow. The main findings
of the study are listed below:

� The hypothesis regarding dependency of the flow behavior of
mortars on SSA of the ingredients and their resulting packing
was confirmed by considering concepts of water and paste film
thicknesses.

� PFT and especially WFT were found to be the chief parameters
affecting the flow behavior of mortars, suggesting that the rhe-
ology of mixtures can be estimated from knowledge of the
packing density and SSA.

� Water film thickness showed stronger dependence on SSA com-
paring to paste film thickness.

� The studied approach of utilizing paste and water film thick-
nesses for predication of flow can be expanded as a tool in con-
crete mix design, where figures such as Figs. 10 and 12 serve as
design charts. Therefore, it is important to study PFT and WFT
for an SSA range relevant to the specific type of concrete (e.g.,
conventional concrete, SCC, UHPC, etc.).

� The concepts of water and paste layer theories can be used to
assess partial replacement of cement with additives such as
fly ash, limestone, etc., where both the effects of particle pack-
ing and water demand can be controlled. While addition of fine
particles to a granular mixture increases the packing density by
filling the voids, the amount of water required to cover the sur-
face of the particles also increases. Thus, it is possible to have a
highly packed material with low water demand for filling the
voids but high water demand to cover the surface of the parti-
cles. That means that the maximum packing in granular mixes
is not necessarily the same as the optimal packing and also
the packing density on its own is not sufficient for identifying
the optimal packing or basing a mix design on.
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Abstract 

Mortar and concrete can be divided into two phases of solids and water, where 
water fills the voids between the grains and also coats the surface of the particles. The 
current study investigates the influence of the thickness of coating water on flow 
spread of mortars and concrete. The article aims at correlating consistency of concrete 
to consistency of mortar using the concept of excess water layer theory. It was found 
that the flow behavior of granular mixtures can be directly related to the average water 
film thickness that envelops the particles. The concept was tested on mortars and 
concrete mixtures with different cement types, aggregate grading, aggregate shape, 
fineness and proportioning; proving water film thickness to be the most critical 
parameter affecting the flow. The results of the study indicate the possibility of 
predicting the flowability of mixtures by knowing the thickness of the water film that 
envelops the grains. In addition, the relation between flowability of mixtures measured 
in different sizes of slump cone is explored to enable translating flow of mortars 
measured in mini-slump cone to flow of concrete obtained from Abrams’ cone.  
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1. Introduction 
 

Researchers have made several attempts at formulating the flow behavior of fresh 
concrete. The workability of concrete, i.e. consistency, pumpability, flowability, etc. is 
of great importance when it comes to the daily production of mixtures based on a mix 
design model. Researchers often relate their formulation attempt to the science of 
rheology of fresh concrete and the parameters of the Bingham model, i.e., yield stress 
and plastic viscosity. The interest in investigating the rheology of mixtures has grown 
during the last decades especially on highly flowable mixtures like self-compacting 
concrete. Thus, it was found that the rheology of fresh concrete, in turn, is dependent 
mainly on the flow behavior of its mortar portion [1]. Moreover, it was found that the 
flowability of concrete increases with flowability of its mortar portion [2]. Thus, the 
relation between the flowability of concrete and mortar implies that it is possible to 
understand the flow behavior of a concrete mixture by studying its mortar. However, 
to the authors’ knowledge, the number of studies that are capable of explaining the 
relationship and corresponding the flow of mortar to concrete in a scientific way is 
scarce.  

Most of the literature concerning flowability of cementitious mixtures focus on the 
relationship between water to cement ratio or water content to the flow of the blends. 
Utilizing water content or water to cement ratio dismisses the roles of packing density 
and fineness of constituents. The correlation between the flow of mortars and concrete 
can be improved by investigating the flowability of the mixtures using excess water 
layer theory. 

Cementitious mixtures in the fresh state can be seen as a two-phase suspension 
where particles are enveloped by a layer of excess water that reduces friction in 
aggregate skeleton by separating and lubricating those particles [3,4]. In this way, by 
dividing the volume of excess water to the specific surface area of aggregates, an 
average water film thickness is obtained that can be related to the flow of mixtures, as 
described later in this article.   

Throughout the years, several of studies were conducted on the effect of water film 
thickness on the flow behavior of mixtures where strong relationships were found 
between both yield stress and viscosity of mixtures and the flow [3-7]. For instance, 
Kwan and Li [8] concluded that the main factors affecting the rheology of granular 
mixtures are water content, the specific surface area of particles and packing density, 
factors that are implemented in water film thickness value. The key role of water film 
thickness in rheology of mixtures is also confirmed by other researchers [9,10]. 

the primary purpose of the article is to study the relationship between the 
consistency of conventional mortar and concrete through the concept of water film 
thickness. The available literature concerning the subject commonly covers mixtures 
with larger specific surface area (applicable to self-compacting concrete or powder rich 
mortars) due to high volumetric share of finer particles.  
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Therefore, in this work, it was decided to limit the range of specific surface area to 
the applicable range in the production of conventional mortars and concrete which is 
several times lower than of studied materials in the literature. Moreover, concrete 
mixtures studied in the literature mostly include superplasticizer which makes it 
difficult to compare the flow of concrete with mortars containing no superplasticizer. 
Additionally, compaction energy introduced to mortars and concretes is not equal since 
concrete mixers generally apply more energy to the blends comparing to mixers used 
for mortars. Furthermore, the spread of mortars and concretes are measured in molds 
with different geometry which enforces an additional factor in the comparison of flow 
of mortars vs. concretes. Influence of both compaction energy and geometry of slump 
cones are discussed in the following sections.  

The study provides a foundation for estimating the flowability of mixtures based on 
simple input data, i.e., packing density and the specific surface area. The authors 
inspected the following hypotheses in the paper: 

• Water demand of granular mixtures to be put at the onset of flow, that is the 
state where the voids between the particles are filled and an additional water 
film wetted the surfaces of the grain, is related to the specific surface area of 
particles as well as packing density of matrix.  

• Amount of water required to increase the diameter of flow spread measured 
by a slump cone is related to the total surface area of solids available in the 
mixtures.  

The following conditions were assumed for calculating the amount of excess water: 

1- Particles have uniform shapes. A necessary assumption for calculating the 
specific surface area based on particle size distribution. In the current study 
dodecahedron and cube were chosen as the representative shapes for natural 
aggregates and crushed, angular particles respectively. 

2- Water film thickness is calculated as an average with the assumption that the 
film thickness is equal for particles with different sizes.   

3- All the particles are homogeneously distributed in the blend with no 
segregation or agglomeration occurrence.  
 

2. Methods and theories 
 

The effect of water content on the flowability of mixtures has been extensively 
studied by many researchers [11-14]. Most of the times the volume of water or w/c ratio 
is compared with the flow of mixtures employing flowability measures such as slump, 
flow spread, etc. and/or rheological parameters, i.e., yield stress and viscosity. 
However, mixtures with the same flowability can have different water content 
depending on the characteristics of constituents in the mix [12].  Even for the same w/c 
ratio and cement content, the rheological characters of concretes and mortars changes 
when the condition of aggregates such as particle size distribution or volumetric share 
is altered [3]. Hence, the thickness of water film that covers the surface of particles is 
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a better parameter for relating the flowability of blends compared to the water content 
in the mixtures since the parameter includes the effect of shape and surface area of the 
particles. According to excess water layer theory, mixtures with the same specific 
surface area (SSA) require similar water film thickness to achieve a certain flow. The 
theories and methods used in this study are further described in the following sections. 

2.1. Excess water layer theory 

Fresh concrete is considered to be composed of aggregates and paste. A certain 
amount of paste is required to fill the voids between the aggregates; at this point, the 
mixture is not workable and has no flow. However, the addition of paste separates the 
aggregates and acts as a lubricant among the particles of aggregates [15].  

The paste itself is composed of cement, possibly fine particles and water. In a 
similar concept, cementitious mixtures can be seen as a suspension of solid particles in 
water, see Fig. 1. This water can be divided into:  

1- Water that fills the spaces among the particles of cement and aggregates (Wvo) 
which is related to packing density of solids in the mixture. A mixture 
containing only Wvo exhibits no slump and additional water is required for 
governing the flow, see Fig. 2. 

2- Excess water (Wexc) that coats the surfaces of particles, separating and 
reducing friction inside the particles’ skeleton. The excess water can be 
alienated into two parts as well: 

 
a. Excess water that is required to put a mixture at the onset of flow (Won).  
b. Excess water required for governing a certain flow of the mixture (Wre).  

 

Fig. 1 Schematic illustration of void filling and excess water [25] 
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Mix design approaches that are mainly based on particle packing theory focus on 
the effect of void filling water and dismiss the importance of excess water influence on 
the flow of mixtures. Mix design models strive for a higher packing in mixtures and 
hence lower void content, which is usually obtained by introducing fine particles to the 
blend. In this case, while the amount of void filling water decreases, more excess water 
is required for covering the large surfaces of fine particles. According to [16], the 
increase in packing density and SSA have counter effects on the flowability of mixtures. 
The suggested approach in this study considers the effects of both void filling water (1 
– loose packing density) and the excess water (related to SSA), details of which is 
introduced in Section 2.1.2.  

The effect of excess water can be studied through the concept of water film 
thickness, that is the average thickness of water film that covers the surface of 
aggregates and is calculated by dividing the volume of excess water by surface area of 
solid constituents in the mixture indicating the importance of accurate estimation of 
SSA. Different approaches for estimating the specific surface area of particles is 

2.1.1. Specific surface area (SSA) 

Effect of the surface area of particles in cementitious mixtures has been widely 
discussed by scientists and concrete engineers [17-20]. While the researchers agree on 
the importance of the parameter, an accurate general measuring method is yet to be 
developed. The Blaine test method [21] can be used for measuring the surface area of 
cement but not necessarily other powders, and results from the BET test [22] includes 
the surface area of open inner pores in the particles. Consequently, Blaine and BET 
values for the same material can be entirely different [23].  

A common approach to estimating the value of SSA for granular materials is by 
calculation based on the particle size distribution curve and assuming spherical shapes 
for the grains. Alternatively, the authors [24,25] previously suggested replacing the 
assumption of spheres with dodecahedra and cubical shaped particles for natural and 
crushed aggregates respectively which has shown to improve the estimated value by 
accounting for angularity of natural and crushed materials [24,25]. Thus, in the 
current study SSAs of aggregates were calculated based on their particle size 
distribution and assumption of dodecahedron and cube shapes using the method 
discussed in [24] where results were justified by comparison to the values obtained 
from X-ray microtomography method. In this article, the Blaine values were used as 
SSA for different types of cement.    

2.1.2. Water film thickness 

In order to determine the water film thickness (WFT), the packing density of solid 
constituents should be known. This can be achieved either by lab measurements and/or 
using packing models. The current study utilizes the modified Toufar model [26] for 
calculating the combined packing densities of particles due to acceptable accuracy and 
simplicity of the model. Packing density can be measured in wet, loose, vibrated and 
compact state. Loose packing [27] was chosen for measurement of packing density for 
the current study.  



6 

 

The volume of excess water can be obtained by subtracting void filling water (𝑊𝑊𝑣𝑣𝑣𝑣) 
from the total amount of water for a unit volume of particles (𝑊𝑊𝑡𝑡𝑣𝑣𝑡𝑡), the volume of void 
filling itself is equal to the void content of the particle’s skeleton: 

𝑊𝑊𝑣𝑣𝑣𝑣  =  1 − 𝜑𝜑𝐿𝐿𝑣𝑣𝑣𝑣𝐿𝐿𝐿𝐿    Eq. (1) 

𝑊𝑊𝐿𝐿𝑒𝑒  =  𝑊𝑊𝑡𝑡𝑣𝑣𝑡𝑡  −  𝑊𝑊𝑣𝑣𝑣𝑣    Eq. (2) 

where 𝜑𝜑𝐿𝐿𝑣𝑣𝑣𝑣𝐿𝐿𝐿𝐿 is packing density of particles in the loose state. With known SSA and 
excess water volume, the WFT can be simply obtained by dividing excess water volume 
by surface area of particles in the mixture.  

As mentioned earlier, excess water can be divided into excess water required for 
initiation of flow (Won) and excess water necessary for the continuation of flow (Wre): 

𝑊𝑊𝐿𝐿𝑒𝑒 = 𝑊𝑊𝑣𝑣𝑜𝑜 + 𝑊𝑊𝑟𝑟𝐿𝐿    Eq. (3) 

𝑊𝑊𝑟𝑟𝐿𝐿  =  𝑊𝑊𝑡𝑡𝑣𝑣𝑡𝑡  −  𝛽𝛽𝑤𝑤    Eq. (4) 

The amount of water required to put the mixture at the onset of flow (Won) for a unit 
volume of solids, in turn, can be obtained by: 

𝑊𝑊𝑣𝑣𝑜𝑜 = 𝛽𝛽𝑤𝑤 −𝑊𝑊𝑣𝑣𝑣𝑣    Eq. (5) 

Water film thickness can be calculated for both at the onset of flow conditions as well 
as the flowing state according to: 

𝑊𝑊𝑊𝑊𝑊𝑊𝑣𝑣𝑜𝑜 = 𝑊𝑊𝑜𝑜𝑜𝑜

𝑆𝑆𝑆𝑆
    Eq. (6) 

𝑊𝑊𝑊𝑊𝑊𝑊𝑟𝑟𝐿𝐿 = 𝑊𝑊𝑟𝑟𝑟𝑟

𝑆𝑆𝑆𝑆
    Eq. (7) 

where 𝛽𝛽𝑤𝑤 is water retaining capacity of mixture and SA is the surface area of all 
the solid constituents in the mixture. Values of 𝛽𝛽𝑤𝑤  and volumes of Won and Wre were 
obtained by slump tests. In the case of mortars, a mini-slump cone is used for 
performing the flow test. However, for concrete, the tests were conducted using 
Abrams’ cone. 

In the slump tests, a cone is filled with the blend and the diameter of flow is 
measured once the cone is lifted, the relative slump, 𝛤𝛤 ,is then calculated based on:  

𝛤𝛤 = ��𝑑𝑑1+𝑑𝑑2
2

� /𝑑𝑑0�
2
− 1  Eq. (8) 

where d1 and d2 are the measured perpendicular diameters of spread and d0 is the 
diameter of the bottom opening of the cone. By repeating the test with different 
volumes of water, a trendline similar to the one in Fig. 2 can be expected, showing 
variations in flowability of mortars with respect to volumetric changes in the water-
solid ratio [18]. 
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Fig. 2 Schematic relationship between relative slump and water to solids ratio.   
The interception of the trendline in Fig. 2 with the Y-axis, is called the water 

retaining capacity, 𝛽𝛽𝑤𝑤, and shows the minimum water demand for putting the mixture 
at the onset of flow (zero slump, 𝛤𝛤=0). The volume of water at the onset of flow is equal 
to void filling water (𝑊𝑊𝑣𝑣𝑣𝑣) plus water required for initiation of the flow (𝑊𝑊𝑣𝑣𝑜𝑜).  

Moreover, the slope of the trendline is called deformation coefficient, Ew, and 
indicates the sensitivity of the mixture on variation in water content for specified 
flowability. The coefficient represents the relative water requirement of mixtures for 
increasing the relative slump by a unit. The volume of water required for governing a 
certain flow ( 𝑊𝑊𝑟𝑟𝐿𝐿) can be calculated by knowing the slope of the trendline and expected 
relative slump. According to Fig. 2, a linear relationship exists between the relative 
slump and water content as:  

𝑉𝑉𝑊𝑊𝑊𝑊𝑊𝑊𝑟𝑟𝑟𝑟

𝑉𝑉𝑆𝑆𝑜𝑜𝑆𝑆𝑆𝑆𝑆𝑆
= 𝛽𝛽𝑤𝑤 + 𝐸𝐸𝑤𝑤𝛤𝛤  Eq. (9) 

Mortars listed in Table 2 were made with at least three different water content to 
achieve a reliable trendline and consequently more accurate 𝛽𝛽𝑤𝑤 and Ew. Each test is 
repeated at least twice. In the case of concrete, every three mixes with the same SSA 
were analyzed for obtaining water demand of mixtures, see Table 3.  

 

3. Materials 
 

To validate the relationship between specific surface area (SSA), the water film 
thickness (WFT) and flow of mortars and concrete, a series of 71 mortar and 26 
concrete mixes were prepared and tested in the laboratory. The same type of coarse 
aggregate (8-16 mm) was used in all the concrete mixtures. Recipes were designed to 
have a specific surface area in the range of conventional concrete and mortars.  The 
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employed types of cement were produced by Cementa AB and Jehander AB supplied 
the aggregates as listed in Table 1. The packing densities were measured in the loose 
state according to [27]. Particle size distribution of aggregates and limestone were 
measured by dry sieving and laser diffraction particle size analyzer respectively. The 
sieving curves are presented in Fig. 3.  

Table 1. Constituents of mixtures. 

Material Relative 
density 
(gr/cm3) 

 Loose 
Packing 

density (%) 

SSA 
(cm2/cm3) 

CEM I 42.5 N (Anlägning) 3.200 39 9920a 

CEM I 52.5 R (Skövde SH) 3.125 40 17187a 

CEM II 52.5 N (Bascement) 3.000 42 13500a 

CEM II 42.5 N (Anlägning FA) 3.017 42 11374a 

Limestone (Limus 40, Nordkalk) 2.700 41 11046b 

Natural 0-4 mm (Riksten) 2.702 60 154.17b 

Natural 0-1 mm (Riksten) 2.702 56 250b 

Cubic crushed 0-4 mm (Bro) 2.600 63 117.44b 

Cubic crushed 0-1 mm (Bro) 2.600 55 190.51b 

Cone crushed 0-4 mm (Jehander) 2.704 64 195.90b 

Cone crushed 0-1 mm (Jehander) 2.704 59 314.69b 

Mid - Crushed 4-8 mm 2.600 53 16.84b 

Coarse 8-16 mm (Ledinge) 2.680 66 7.06b 
a reported Blaine value by the producer. 
b Calculated based on particle size distribution [24] 

 



9 

 

 

Fig. 3 Particle size distribution of aggregates and limestone 

3.1. Mixtures proportions 

The studied mixtures were made using three types of cement and with variation in 
aggregate type, water to cement ratio and volumetric share of constituents. Proportions 
were decided based on their resulting SSA as calculated using particle size distribution 
and assumption of dodecahedron and cube as the uniform shape of natural and crushed 
aggregates, respectively [24]. the ingredients of mortars and concretes and their 
volumetric share are listed in Tables 2 and 3. Mortars mix ID is reported in the format 
of M#X where # is the test number and the letter represents the type of aggregate used 
in the mortar, “R”,”B”,”J” stand for Riksten, Bro and Jehander, respectively. Each 
mixture was produced with at least three water content.  
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Table 2. Mortars constituents and proportions 

Mixture 
Code 

Cement Fines (0-1 mm) Calc. SSA Packing 
Density 
% Type Vol. % of 

solids 
Type Vol. % of 

solids 
cm2/cm3 

M1R I42.5N 20.01 Riksten 79.99 2162.64 63 

M2B I42.5N 18.84 Bro 81.16 2047.60 68 

M3J I42.5N 19.51 Jehander 80.49 2188.45 65 

M4R I42.5N 25.10 Riksten 74.90 2656.18 65 

M5B I42.5N 23.64 Bro 76.36 2512.77 67 

M6J I42.5N 24.42 Jehander 75.58 2660.50 64 

M7R I52.5R 15.84 Riksten 84.61 2832.78 60 

M8B I52.5R 14.85 Bro 85.15 2738.81 65 

M9J I52.5R 15.40 Jehander 84.60 2912.58 60 

M10R I52.5R 24.85 Riksten 75.15 4437.90 62 

M11B I52.5R 24.07 Bro 75.93 4303.59 67 

M12J I52.5R 24.86 Jehander 75.14 4509.57 66 

M13R I42.5N 36.11 Riksten 63.89 3723.66 63 

M14B I42.5N 35.14 Bro 64.86 3628.12 66 

M15J I42.5N 36.13 Jehander 63.87 3784.33 61 

M16R I52.5R 32.63 Riksten 67.37 5758.08 62 

M17B I52.5R 31.70 Bro 68.30 5599.91 67 

M18J I52.5R 32.65 Jehander 67.35 5823.70 62 

M19R I52.5R 36.11 Riksten 63.89 6347.59 61 

M20B I52.5R 35.14 Bro 64.86 6181.51 65 

M21J I52.5R 36.12 Jehander 63.88 6409.51 58 

M22B I42.5N 41.05 Bro 58.95 4202.11 66 

M23J I42.5N 42.10 Jehander 57.90 4358.33 61 

Concrete mixtures are designated mix ID in the format of C#X where blends with 
the same number have the same total SSA, and the letter represents different water 
content, see Table 3. Note that due to rounding of number, the sum of the volumetric 
share of constituents may slightly be lower or higher than 100%.  
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Table 3. Concretes constituents and proportions

 
Mortars were prepared in 2 liters batches using a Hobart mixer on low speed with 

the power rating of 120W whereas a Zyklos mixer with power rate of 2.2kW was 
utilized for production of 30 liters batches of concrete. 

 

4. Flowability measurements 
 

Several approaches exist for evaluating the flow characteristics of cementitious 
mixtures among which, slump flow tests are the most practiced ones for designing 
workable mixtures. The method is preferred in the study due to its availability as an 
in-situ, simple and cheap test. Slump tests are based on the fact that flow stops when 
shear stress in the tested sample becomes smaller than the plastic yield value [28]. 

It should be noted that the slump test and especially the slump flow test is geometry 
and density-dependent method. Size of the conical frustum used for measuring the flow 
is related to the fineness of mixture under study. Thus, the flow of mortars is measured 
by smaller cones such as min-slump cone compared to the slump of concrete which is 
measured by Abrams’ cone.  

In order to compare the flow spread of mortars to concrete, the concept of the 
relative slump is conveniently used, as described earlier (see Eq 8). The equation only 
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considers the size of the bottom opening and dismisses effects of volume and height of 
the cone. Moreover, since a larger volume of material is used in Abrams’ cone 
comparing to mini-slump cone, the higher mass of the sample facilitates the flow by a 
dynamic effect. Particles traveling from the top of the Abrams’ cone will have a higher 
velocity and a prolonged stoppage time comparing to mini-slump cone caused by the 
difference in their heights. Hence, for the same material, a larger relative slump should 
be expected for results obtained from Abram’s cone comparing to mini-slump cone.  

In order to study the effect of frustum geometry on resulting relative slump, the 
Abrams’ cone was cut in half of its height to make two new cones as shown in Fig. 4. 
Flow spread was measured by the new cones for some of the concrete mixes and 
compared to the relative slump of Abrams’ cones.  

 

Fig. 4 Conical frustums used for measuring the flow spread of mortars and concretes 
The materials were poured inside the cones with no additional compaction force 

such as rodding or vibration to minimize the effect of compaction. Spread was 
measured by averaging perpendicular diameters of the stoppage shape.   

 

5. Results and Discussion 
 

The flow of mixtures is commonly related to the water to cement ratio or water 
content of the blends. Fig. 5 illustrates the dependency of the relative slump on w/c 
ratio of the examined cementitious mixtures. The parameter of the relative slump is 
chosen for comparison since mortars and concrete exhibit different flow spreads related 
to the size of the bottom opening of the cone used for conducting the measurement.  

As can be seen in Fig. 5, different relative slumps can be achieved with the same 
w/c ratio. It should be mentioned that while the parameter of w/c provides some 
information about the water content of the mixtures, it does not define how the water 
is being consumed inside the mixture. Thus, in order to further investigate the effect 
of water content, it is essential to study water film thickness covering the particles in 
the matrix at the onset of flow as well as in flowing state as described in 5.1 and 5.2.  

 



13 

 

Water demand at the onset of flow is the minimum required water to put the 
mixture in a state where the addition of water will result in deformation of the mix and 
is equal to the water retaining capacity, 𝛽𝛽𝑤𝑤. Fig. 6 present a comparison between 𝛽𝛽𝑤𝑤 
for mortars and concretes while Table 4 reports 𝛽𝛽𝑤𝑤 and Ew  (i.e., water retaining 
capacity and deformation coefficient) for mixtures.  

 

 

Fig. 5 Water to cement ratio vs. relative slump measured by mini-slump and Abrams’ 
cones 
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Table 4. Water retaining (𝛽𝛽𝑤𝑤) and deformation coefficient (Ew) of mixtures.  
 

Mortar mixtures 

Mixture  βw EW Mixture β𝑤𝑤 EW 

M1R 0.5552 0.03 M13R 0.5688 0.0445 

M2B 0.5572 0.0441 M14B 0.6282 0.0348 

M3J 0.6519 0.0544 M15J 0.7521 0.0519 

M4R 0.5287 0.038 M16R 0.6274 0.037 

M5B 0.5898 0.0415 M17B 0.6738 0.0469 

M6J 0.667 0.0601 M18J 0.781 0.0491 

M7R 0.5709 0.0338 M19R 0.6581 0.0503 

M8B 0.6169 0.0377 M20B 0.7078 0.0476 

M9J 0.6992 0.0335 M21J 0.8321 0.0414 

M10R 0.6149 0.0311 M22B 0.6586 0.0563 

M11B 0.664 0.0327 M23J 0.8062 0.032 

M12J 0.7265 0.04  

Concrete Mixtures 

Mixture  βw EW Mixture β𝑤𝑤 EW 

C1 0.2519 0.02 C6 0.338 0.053 

C2 0.2377 0.03 C8 0.2926 0.0384 

C3 0.2868 0.0243 C10 0.3536 0.03 

C4 0.28 0.0434  

 

According to Fig. 6, the water retaining capacity increases with an increase in SSA 
for both mortar and concrete. While the trends are similar for mortar and concrete, the 
value of 𝛽𝛽𝑤𝑤 is much smaller for the latter. As mentioned earlier, water retaining 
capacity is obtained from the sum of the volume of void filling water (Wvo) and the 
volume of water required to put the mixture at the onset of flow (Won). The authors 
assume that the water film thickness at the onset of flow is related to specific surface 
area of particles, hence the same water film thickness is required for concretes and 
mortars with the same SSA. Mixtures can be produced with different SSA by altering 
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volume share, particle size distribution, shape and fineness of constituents, likewise it 
is possible to achieve same SSA for mixtures with different proportions; however, 
fineness modulus of particles would be different.  

 

 

Fig. 6 Water retaining capacity of cementitious mixtures  
The difference in the water retaining capacity of mortars and concretes with the 

same SSA is assumed to be related to the fact that the value of 𝛽𝛽𝑤𝑤, among other factors, 
is influenced by mixer efficiency see Eq. 10. Mixers with higher efficiency introduce 
more compaction energy to the mix resulting in particle matrix with higher packing 
density and hence lower voids to be filled with water. Various parameters affect the 
efficiency of mixers namely geometric volume of mixing container, feeding procedure, 
the arrangement of stirring blades, mixing velocity, power consumption, etc. [29,30].  
In the current study, the difference between water retaining capacities of mortars and 
concrete were related to the increase in packing density of particles in concrete due to 
higher compaction energy applied to the blend by the concrete mixer.  

5.1. Relative water film thickness 

The volume of relative excess water (Wre) is calculated by subtracting water 
retaining capacity from total water available in a unit volume of the mixture, according 
to Eq 4. The thickness of relative water is calculated based on Eq 7 and is shown for 
both mortars and concrete in Fig. 7. 
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Fig. 7 Relative water film thickness vs. relative slump for cementitious mixtures  
The negative values of WFT in Fig. 7 indicate a lack of water for surrounding the 

particles which lead to mixtures with zero slumps. 

It should be mentioned that due to differences in geometry of mini-slump cone (used 
for measuring the flow of mortars) comparing to Abrams’ cone (used for measuring the 
flow of concrete), a slightly larger relative slump should be expected in Abrams’ cone 
comparing to mini-slump cone for the same mixture.  

 Nevertheless, Fig. 7 shows that relation between relative water film thickness and 
the relative slump is valid for both mortars and concrete, meaning that the relative 
water film thickness is dependent chiefly on SSA of mixtures since concrete and 
mortars with similar SSA require similar WFTre, although the fineness modulus of the 
blends are different, see Fig. 8. Concrete mixtures showed regression of 84% for the 
relation between the relative slump and WFTre.  

Fig. 8 confirms that the relation between relative WFT and SSA is valid for mortar 
and concrete alike. However, the value of relative WFTre is not enough for estimating 
flow spread of mixtures. The relation between WFTon at the onset of flow and SSA are 
also required for predicting water demand of blends.  
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Fig. 8 Dependency of relative water film thickness on SSA of cementitious mixtures 

5.2. Water film thickness at the onset of flow 

The amount of water required for putting a mixture at the onset of flow is calculated 
by subtracting void filling water from water retaining capacity according to Eq 5. The 
value is influence by packing density since higher packing density leads to a reduction 
in void filling water and hence more water will be available to the mixture as excess 
water. The packing density of particles in mixtures, in turn, is affected by the efficiency 
of mixers. Wallevik and Wallevik [31] showed that the same recipes of self-compacting 
concrete made with different mixers resulted in different consistencies. According to 
[32], increasing the intensity of mixing results in a decrease in yield stress and water 
demand of mixtures, the plastic viscosity, on the other hand, is less affected by mixing 
efficiency.  

Using mixers with higher efficiency leads to an increase in packing density and 
decrease in void filling water. This means that for the same 𝛽𝛽𝑤𝑤, available excess water 
increases with an increase in packing density. Since a mixture produced in Hobart 
mixer was under less compaction energy comparing to concrete mixers, the packing 
density of the solid skeleton is lower than the one made in a concrete mixture and as a 
result more water is required for filling the voids in the blend made with a Hobart 
mixer comparing to a more efficient mixer. The packing density of particle plays a 
major role in the calculation of WFTon at the onset of flow. The water film thickness at 
the onset of flow is plotted against SSA in Fig. 9, assuming mortar and concrete 
experience no compaction energy (packing density in the loose state).  
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Fig. 9 Water film thickness at the onset of flow for cementitious mixtures 
Since relative water film thickness showed to be the same for materials with the 

same SSA regardless their fineness modulus (see Fig. 7), it is here assumed that the 
same concept is valid for WFTon at the onset of flow. In that sense, the variation 
between WFTon for mortars and concretes is blamed on compaction energy of mixers. 
Thus, the effect of compaction can be calculated for different mixers by averaging the 
increase in packing density required to arrive at the same WFTon for same SSA in both 
mortars and concrete. Corrected WFTon for the mixer used in this study is shown in 
Fig. 10 where it can be seen that the available water film thickness increases inside 
the concrete once the void fraction is reduced by a correction factor. Correlation 
between Fig. 10 and 11 suggest that by reducing void fraction according to Eq 10 so the 
WFTon of mortar and concrete fall in the same range for the mixers used in this study.  

𝑒𝑒𝑚𝑚𝑚𝑚𝑒𝑒𝐿𝐿𝑟𝑟 = 𝑘𝑘𝑚𝑚𝑚𝑚𝑒𝑒𝐿𝐿𝑟𝑟(1 − 𝜑𝜑𝑙𝑙𝑣𝑣𝑣𝑣𝐿𝐿𝐿𝐿)   Eq. (10) 

Where emixer is the void ratio of materials in the mixture, the value of kmixer is 
influenced by the efficiency of mixers and mixing time and can be interpreted as an 
indication of compaction energy introduced to the blend by the mixer. 
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Fig. 10 Corrected water film thickness at onset of flow for cementitious mixtures 
The magnitude of the mixing efficiency coefficient, kmixer, varies between 0 to 1 

where a lower value indicates higher mixer efficiency and consequently larger 
compaction energy, in this paper value of 0.33 used as the kmixer for the ZH 75 HE 
Zyklos rotating pan mixer utilized for mixing the concrete.  It should be mentioned that 
different materials do not act the same way under compaction and the extent of the 
effect is related to shape and particle size distribution of particle among other factors. 
The constant in Eq 10 is close to what was found by Hunger [28] as the average ratio 
between void fraction in the loose and compacted state: 

𝑒𝑒𝑐𝑐𝑣𝑣𝑚𝑚𝑐𝑐 = 0.428 (1 −𝜑𝜑𝑙𝑙𝑣𝑣𝑣𝑣𝐿𝐿𝐿𝐿)   Eq. (11) 

Moreover, Kwan and McKinley [33] concluded that packing density increases 
substantially in the presence of water, with no compaction and superplasticizer added. 
Packing density in the wet state showed to lower porosity of materials by 30% 
comparing to loose packing. The correlation coefficient, kmixer, in this case, is smaller 
than both mentioned values meaning that the blend inside the mixer had a more 
substantial reduction in void fraction comparing to both compacted packing and wet 
state. It should be emphasized again that the correlation coefficient is related to the 
type of mixer that is used for the production of cementitious mixes and requires 
calibration for different mixers. Generally, lower compaction energy for mixing leads 
to higher yield stress [34]. Research by [35] showed that the plastic viscosity of 
mixtures decreases with an increase in shear rate and rotational speed of the mixer. 
The study compared viscosity of different paste mixed with variety of mixers including 
hand mixing, Hobart mixer, and Ross mixers on two different speeds and it was 
concluded that increasing the shear rate of mixers results in improved flow properties. 
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Nevertheless, the value of kmixer in Eq 10 was assumed to be equal to one for Hobart 
mixers as the reference since the water film thickness that the study is based on were 
measured on mortar mixtures that were made using a Hobart mixer.  

5.3. Effect of cone geometry on flow 

Translating the flow measured with mini-slump cone to Abrams’ cone is 
problematic and imposes an assumption about the sample shape at the stoppage which 
is related to the surface tension of the mixtures [36]. The effect of geometry of cones 
was experimentally studied by measuring the flow of some of the concrete mixtures in 
two cones made by dividing an Abrams’ cone in half of its height, see Fig. 4. Relative 
slumps of spreads were calculated for each cone and are presented in Fig. 11. Due to 
the small ratio between the opening of mini-slump cone and the maximum diameter of 
aggregates in concrete, results from tests with mini-slump cone would be influenced by 
container wall effect, thus is invalid and as such not measured.  

 

Fig. 11 Effect of cone geometry on the relative slump of concrete  
Fig. 11 confirms the fact that for the same material larger relative slump should be 

expected when the size of the bottom opening of cone increases, which is more evident 
for oversaturated mixtures with a larger flow spreads.  By that logic, the relative slump 
of mini-slump cone should be smaller than the relative slump of the studied cones. 
According to Fig. 11, water content required for flow is related to the size of cone used 
for measuring the spread. This allows explaining the difference between slump of the 
mini cone to Abram’s cone at the onset of flow where for a mixture with zero-slump 
measured in mini-slump cone, shows some degree of flowability once measured by 
Abrams’ cone. 
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Aside from the geometry of the slump cones, the difference in density of mortar and 
concrete, depending on the recipes, introduces another source of error for comparing 
the flow of mortars to concrete. Moreover, mortars and concrete do not have the same 
air content.  It was found that increasing air content in concrete mixtures increases 
flowability [37]. This can be explained by means of excess water layer theory. An 
increase in air content can be translated to the increase in total packing of materials 
since the air bubbles are inaccessible for water, similar to solid particles. Augmentation 
of packing density means there will be less water needed for filling the voids (Wvo) 
hence more water will be available as excess relative water (Wre). 

 

6. Conclusion 
 

Previous studies revealed that flow behavior of cementitious mixtures is strongly 
correlated to specific surface area, water demand and packing density of the blends [3-
5,16]. The overall effects of the mentioned parameters are reflected in WFT enveloping 
the solid particles. Current article investigates the influence of WFT on the flow of 
mortars and concrete. Moreover, the relation between spread flow of mortars measured 
by mini-slump cone and spread of concretes obtained from Abrams’ cone is studied in 
an attempt to relate concrete mix design to characteristics of its mortar. Generally, 
tests on mortars are preferred over tests on concrete as a quick way to estimate the 
flow behavior of mixtures. Tests on mortars require a smaller volume of sample and 
less time and include less complexity comparing to concrete tests.  

Based on presented results following conclusions can be drawn: 

• Excess water layer theory and concept of WFT proved to be a practical 
approach for studying the flow of granular mixtures. The correlation between 
relative WFT and flow is valid for both concrete and mortar in a wide range of 
mixtures with various proportioning, cement type, water to cement ratio and 
SSA. The study confirms that although rheological behavior of cementitious 
mixtures depends on many parameters in an inter-related complicated 
manner, the flow is indeed chiefly reliant on WFT verifying the hypotheses 
put forward in the study.    

• Mortars showed to have much higher water demand than concrete. Since WFT 
is assumed to be only dependent on SSA, mortar and concrete with the same 
SSA and water content are expected to have a similar flow. In reality, the 
concrete would be more flowable due to compaction energy introduced to the 
blend by mixer since concrete mixers have higher efficiency comparing to 
mixers used for mortars.  

• Compaction energy of mixer proved to have a significant effect on the 
flowability of mixtures. Higher compaction energy leads to higher packing 
density and consequently less demand for void filling water. In the current 
study, the parameter is quantified by comparing water film thickness at the 
onset of flow for mortar and concrete with similar SSA.  
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• A comparison between flow spread measured with conical frustums of 
different sizes indicates that for the same concrete mixture, larger relative 
slump should be expected for molds with higher volume and larger bottom 
opening.   

• The concept of water film thickness can be used for estimating the flowability 
of concrete mixtures and producing recipes for preliminary proportioning of 
the blends based on flow properties of their mortars. 

• The concept of excess water layer theory and WFT can be used for proportion 
constituents of mixtures by considering the combined effect of packing density 
and SSA. The performance of fresh concrete cannot be based on packing 
density approach alone as concretes produced at maximum packing density 
tend to be “harsh” and resistant to shear deformation.  

It should be noted that no superplasticizer was used in producing concrete mixtures 
with the purpose of isolating the effect of WFT; however, modern concretes are rarely 
made without superplasticizer. Current method can be further developed to include 
the effect of superplasticizer by punishing the parameter of WFT. Further 
investigation is required to effectively implement the role of superplasticizer on WFT 
and flow of granular mixtures.  
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A theoretical study on optimal packing in mortar 
and paste 
Ghasemi Y., Emborg, M., Cwirzen A. 

 

Abstract 

The packing density of particles is regarded as a critical factor affecting the 
workability of cementitious mixtures. While the value can be easily measured, and 
several models are available for estimating the parameter, no generally accepted 
definition exists for the optimal packing. The current study aims at exploring the 
concept of optimal packing in mortars and paste using particle packing and excess 
water layer theories. It is assumed that the surface of particles is covered by a 
thin water film which thickness is related to the specific surface area of the 
particles. A semiempirical method is used for calculating water demand of 
mixtures at the onset of flow based on their specific surface area. The concept 
allows for the optimization of packing density while considering the water demand 
of the mixtures and the water to cement ratio of the blends.   

Keywords: Particle packing theory, Excess water layer theory, Mix design, 
Granular mixtures 

1. Introduction 

The influence of particle packing on the workability of cementitious mixtures 
has been the subject of many research (Powers, 1968; Neville, 2011; Fennis, 2011; 
Wong et al., 2013; Ng et al, 2016). The packing density for a combination of 
different fractions is explained by particle packing theory and can be calculated 
by different models (Goltermann et al., 1997; Dewar, 1999; De Larrard, 1999). The 
value of packing density is affected by many factors namely shape, angularity and 
surface texture of particles, particle size distribution, the maximum and minimum 
size of particles, etc. Existing packing models in literature showed to have good 
agreement with measurements conducted in the laboratory (Jones et al, 2002).  

Generally, higher packing in the matrix of mixtures is desirable since it leaves 
less voids to be filled with paste leading to less pollutant and more economical 
production of the blend. Moreover, a higher volume of aggregate can reduce 
shrinkage and creep and improve the stiffness of concrete. However, it was found 
that making mixtures at maximum packing density leads to “harsh” blends 
(Fennis, 2011) and a proportioning approach that leads to optimal packing is yet 
to be defined. The optimal packing is dependent on required properties of the 
mixture in the fresh and hardened state such as flowability, pumpability, 
strength, etc. and hence is not the same for different applications and recipes. The 
optimal packing is usually found near maximum packing where small changes in 
the proportions of constituents have an insignificant effect on packing density.  
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Aside from packing density, the water demand of mixtures has an important 
role in deciding the proportions of mixtures ingredients. Increase in packing 
density is achieved by introducing smaller particles to the combination that fill 
the void among larger grains. Adding even finer particle will lead to further 
increase in packing density. However, the water demand of mixtures increases 
with a decrease in diameters of particles (Reddy and Gupta, 2008). The effect 
becomes more pronounced as the particle size becomes smaller according to 
square-cube law (Galilei and Drake, 1946). The phenomenon can be explained 
using excess water layer theory (Miyake and Matsushita, 2007). According to the 
theory, in order to put a mixture at the onset of flow, the blend should have enough 
water to fill the voids between the particles in addition to excess water that covers 
the surface of particles with a thin film. The thickness of excess water film, in 
turn, is related to specific surface area of constituents of mixtures (Hunger and 
Brouwers, 2009). 

Addition of finer particle to mixtures with the purpose of increasing packing 
density leads to increase in available surface area of particles in the blend and 
consequently more water is required to envelop the particles with a certain film 
thickness. That means increasing the packing density and specific surface area 
have contrary effects on the flow of mixtures (Ferraris et al., 2001). In this sense, 
for two mixtures with the same packing and water content, the one with the less 
specific surface will have higher workability.  

The current study aims at optimizing packing density against water demand 
of mixtures related to specific surface area of particles in the blend. The article is 
presented with theoretical results since experimental confirmation of optimal 
packing is not possible due to a lack of definition for the parameter.    

2. Materials  

The materials used for compiling the article is presented in Table 1.  

Table 1. Physical properties of the materials used in the study.  

Material Specific 
density 
(gr/cm3) 

 Loose 
Packing 

density (%) 

SSA 
(cm2/cm3) 

CEM I 42.5 N 3.200 39 9920* 

CEM I 52.5 R 3.125 40 17187* 

Limestone powder 2.700 43 11046** 

Silica fume powder 2.200 37 227371* 

Natural aggregate (0-1 mm) 2.702 56 250** 

Cone crushed aggregate (0-1 mm) 2.704 59 590** 
* Blaine value. 
** Calculated based on particle size distribution 
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The study is conducted on three mortars made as combinations of two types of 
cement and two types of fine aggregates. Additionally, three paste mixtures made 
with different types of powder and cement were investigated. Particle size 
distribution of powders and aggregate is shown in Figure 1. 

 

Figure 1. Particle size distribution of aggregates and powders.  

3. Methods 

The packing density of each material was measured in the laboratory in the 
loose state according to (ASTM C29, 2017). The specific surface areas of cement 
and Silica fume powder were measured by Blaine test whereas for the aggregates 
and limestone powder, the value was calculated based on particle size distribution 
assuming a uniform shape for particles as explained in (Ghasemi et al, 2019). 
Modified Toufar model (Goltermann et al., 1997) was used for estimating packing 
density in mixtures. The relation between the surface area of particles and their 
water demand is argued through the concept of excess water layer theory as 
explained in the following sections.  

3.1. Excess water layer theory 

Consumption of water in granular mixtures can be investigated according to 
excess water layer theory (Miyake and Matsushita, 2007). The theory suggests 
that water introduced to a solid matrix will fill the voids between the particles and 
as such is related to packing density of solids. At this point, the mixture will have 
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zero slump and no deformation. Further addition of water will put the mixture at 
the onset of flow. Added water will envelop the particles with a thin film; this 
leads to separation of particles from each other and hence reduction of friction and 
interlocks between the grains. So far, the volume of water can be divided into two 
parts, water used for filling voids and also water that contributes to film thickness 
around the particles needed to put the mixture at the onset of flow. Figure 2 
explains the logic behind the excess water layer theory.  

 

Figure 2. Schematic representation of excess water around the particles 
(Ghasemi et al., 2019). 

The role of water and its effect on the flow of mortar and paste can be studied 
using the mini-slump test. The test is designed for measuring the flow spread of 
over-saturated fine granular mixtures. Measurement is conducted by filling slump 
cone with no additional compaction other than gravity. The cone is then lifted, and 
the average diameters of spread is measured. The spread is then defined in 
relation to the size of the bottom opening of the cone by means of :  

𝛤𝛤 = ��𝑑𝑑1+𝑑𝑑2
2

� /𝑑𝑑0�
2
− 1   (1) 

where 𝛤𝛤  is the relative slump, d1 and d2 are the measured perpendicular 
diameters of spread and d0 is the diameter of the bottom opening of the cone. 
Repetition of the test for the same material and different water content results in 
a chart similar to Figure 3. 
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Figure 3. Schematic correlation between relative slump and water to solid ratio 
(Ghasemi et al., 2019). 

As can be seen in Figure 3, a linear trendline can be fitted in the chart with 
the following formula: 

Vw/Vs = βw + EwΓ   (2) 

where the intersection of the trendline in Figure 3 with y-axis represents water 
retaining capacity or minimum water demand, βw, of a mixture to be put at the 
onset of flow and Ew is the resistance of the mixture flow to addition of water. The 
mini-slump test allows for a deeper analysis of flow behavior in mortars and paste 
by investigating the role of water film thickness that surrounds the particles and 
governs flowability.  

3.2. Water film thickness 

As mentioned earlier, the water inside granular mixtures at the onset of flow 
can be divided into two categories: 

• Water used for filling the void between particles (Wvo) 
• Excess water to put the mixture at the onset of flow (Won). 

The amount of void filling water is obtained from packing density and as such 
depends on the packing method and introduced compaction energy. The current 
study is based on the loose packing density of mixtures. The volume of void filling 
water for a unit volume of particles is calculated according to : 

Wvo = 1- 𝜑𝜑𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙   (3) 

where 𝜑𝜑𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 is the packing density of all particles in the mixture measured in the 
loose state. Once the volume of void filling is known, the amount of excess water 
to put unit volume of solids at the onset of flow can be calculated by: 

Won = βw - Wvo   (4) 
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The minimum water demand at the onset of flow includes both void filling water 
and water required to put the mixture at the onset of flow: 

Vw/Vs = Won + Wvo    (5) 

Once the volume of water at the onset of flow is known, water film thickness 
(WFT) enveloping surface area of particles can be calculated at the onset of flow 
according to:  

WFTon = Won / SAtot   (6) 

where WFTon is water film thickness required to put the mixture at the onset of 
flow and SAtot is the available surface area of solids in the mixture.  

The effect of WFT on the rheology of cementitious mixtures has been the 
subject of many research (Brouwers and Radix, 2005; Hunger and Brouwers, 2009; 
Kwan and Li, 2012; Mehidpour and Khayat, 2017; Ghasemi et al., 2019). Available 
data in the literature indicate a strong relation between the flow behavior of 
granular mixtures and the water film thickness around the particles, although 
the studies were conducted in different ways and on a variety of mixture 
compositions. Water film thickness itself, in turn, is related to specific surface area 
(SSA) of particles as shown in Figure 4. 

A trendline with regression coefficient, R2 of 0.91 is fitted to the chart and is 
used for calculation of water demand of mixtures at onset of flow, see Eq 7. 

WFTon = 357.57 SAtot-0.749                        (7) 

 

 

Figure 4. Water film thickness at the onset of flow (WFTon) vs. specific surface 
area of particles.  
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4. Results and discussion 

The water demand of mixtures is investigated concerning the changes in 
particle packing for optimizing packing density against surface area of particles. 
Combined packing of particles is estimated using the modified Toufar model. The 
water film thicknesses at the onset of flow were calculated by Eq 6.  

4.1. Proportioning of mortars 

Combinations of two types of fine aggregates in fractions of 0 to 1 mm with two 
types of cement were studied. Water demand of a mixture of natural aggregate 
with ordinary Portland cement is shown in Figures 5, the water to cement ratio is 
calculated by mass. 

The chart shown in Figure 5 allows for considering water content and potential 
strength (related to w/c ratio) of mixtures when studying packing density. 
Generally, a mixture with less water content is desirable due to positive effects on 
properties of cementitious mixtures, e.g., less shrinkage, creep and permeability 
and higher durability and strength. While the addition of finer particles increases 
packing density, it also increases available SSA in the mixture leading to higher 
water demand for covering the surface area of particles.  

 

 

Figure 5. Water demand for a combination of ordinary cement and natural 
aggregate. 
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In the diagram shown in Figure 5, the horizontal axis shows the volumetric 
share of cement in the mixture and the secondary horizontal axis indicates the 
SSA for the mixture increasing with increase in the volume of cement. Note that 
the secondary axis is not linear. The Figure visualizes the combined effects of 
packing and water demand where addition of cement to the mixture initially 
increase the packing density and as a result volume of void filling water, after 
reaching the maximum packing the value will drop and leads to an increase in the 
amount of water needed to fill the voids. At the same time, increasing the packing 
density by introducing finer particles to the skeleton increases the water demand 
for covering the surface of particle leading to a higher total water demand of 
mixtures.  

According to Figure 5, the maximum packing density is reached when the 
volumetric share of cement is at 25%. The water content, on the other hand, 
increases by the addition of cement up to 12.5% , at which point, water content 
remains almost the same until 22.5% share of cement is reached. Note that 
mixture made at 25% cement content (maximum packing) will have slightly lower 
w/c than mixtures produced at 22.5% cement share but at the same time suffers 
from higher water and cement content.   

Water to cement ratio is decreasing by addition of cement, suggesting that it 
is favorable to design mixtures with higher cement content in order to increase 
the strength of the mixture; however, this leads to more expensive and pollutant 
mixtures. Nevertheless, Figure 5 shows that optimal packing for this mixture is 
located close to maximum packing. By using the method discussed in the article, 
it is possible to choose proportions of mortar mixture for a certain cement content 
and strength in a scientific way. Figure 6 shows a similar concept to Figure 5, 
although this time natural aggregate was combined with rapid hardening cement. 

Figure 6 indicates that a higher water content is required for the same natural 
aggregate mixed with rapid hardening cement due to increase in SSA of the 
mixture. In this case, maximum packing is achieved at 27.5% volumetric share of 
cement. The water content varies insignificantly between 7.5 to 20% cement share 
meaning that optimal packing is achieved close to 20%, depending on the desired 
w/c ratio. Addition of more than 20% of cement decreases required water for filling 
the void but increases the volume of water needed to put the mixture at the onset 
of flow.  

Comparison of Figure 5 to 6 reveals that for the same aggregate, mixtures 
made with ordinary cement demand less water comparing to the blend made with 
rapid hardening due to the higher specific surface area of the cement type. 
However, the latter shows less w/c ratio. This is due to the difference in fineness 
of mixtures, the density of cement and WFT required for ensuring flowability. 
Variation in water demand is investigated for a blend made with crushed 
aggregate which includes a higher volume of fine particles comparing to natural 
aggregate. The results are reported in Figure 7. 
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Figure 6. Water demand for a combination of rapid hardening cement and 
natural aggregate. 

 

Figure 7. Water demand for a combination of rapid hardening cement and 
crushed aggregate. 
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Since the crushed aggregate had higher SSA comparing to the natural, more 
water is required for putting the mixture at the onset of flow. However, a higher 
packing density of crushed aggregates reduces the volume of void filling water. 
This can be distinguished in Figures 6 and 7.   

4.2. Proportioning of paste 

Similar to the concept discussed above, proportioning of paste can be based on 
water demand and packing of its constituents. In the case of paste, the materials 
are much finer and have higher SSA comparing to mortars. The effect of SSA 
amplifies as the size of particles decreases according to square-cube law (Galilei 
and Drake, 1946). It is common to partially replace cement by different powders 
with the purpose of reducing carbon dioxide emissions and production cost of 
mixtures among other benefits. Figure 8 shows the water demand for a 
combination of ordinary cement and limestone powder. 

 

Figure 8. Water demand for a combination of ordinary cement and limestone 
powder. 

Since the studied limestone had similar SSA, packing density and fineness as 
ordinary cement, the impact of water demand is less obvious in the example shown 
in Figure 8. In this case, because changes in water demand are insignificant for 
variation of cement content, the optimal packing should be decided based on w/c 
where a lower value for the parameter is advantageous. Water demand for a 
mixture of limestone and rapid hardening cement is shown in Figure 9. 

Comparison of Figures 8 and 9 indicates that mixture made with rapid 
hardening cement had higher water demand due to a higher surface area of 
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particles. The water to cement ratio at the same cement content was also 
increased for the mixtures made with rapid hardening cement.  

As mentioned earlier, the effect of SSA on water demand of mixtures becomes 
more evident for materials with finer particles such as Silica fume powder. The 
powder was chosen as a replacement of ordinary cement for exploring the 
relationship between packing density and water demand of the combination as 
illustrated in Figure 10.  

 

 

Figure 9. Water demand for a combination of rapid hardening cement and 
limestone powder. 

Based on Figure 10, the addition of studied Silica fume to the mixture does not 
contribute positively to packing density due to the low packing density of the 
powder. Moreover, the specific surface area of the combination increases rapidly 
as the number of Silica fume particles in the mixture increases. Figure 10 suggests 
that Silica fume should only be used in small volumes.   
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Figure 10. Water demand for a combination of ordinary cement and Silica fume 
powder. 
 

5. Conclusion 
The interrelated effects of particle packing and water demand of mortars and 

paste were studied through the concept of excess water layer theory. A 
semiempirical method was used for calculating water demand of mixture related 
to the surface area of constituents. Following conclusions can be drawn from the 
study:  

• The concept can be used for estimating water demand of mixtures, 
proportioning of mortars and quantifying suitability of aggregates for 
production of mortar or concrete where mixtures with lower water 
content and w/c ratio for the same cement content and workability class, 
are preferable. Moreover, the method provides a tool for investigating 
optimal partial replacement of cement with powders. 

• The approach allows for defining optimal packing in cementitious 
mixtures, that is the densest packing possible with low water demand at 
a desirable w/c ratio. The term was commonly defined as tightest packing 
possible that leads to mixtures with good workability. 

• Optimal packing was shown to be different for mixtures with different 
constituents. Moreover, there are more than one optimal packing for each 
mixture based on design characteristics of the blend in the fresh and 
hardened state.  
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• In the case of mortars, optimal packing was obtained near the maximum 
packing density value. However, for paste, the parameter depends very 
much on the fineness of ingredients and their packing densities.  

It should be mentioned that the partial replacement of cement with 
powders was solely studied in term of flowability and as such does not 
consider the effects of the action on properties of mixtures such as strength, 
strength development, shrinkage, cracking potential, etc.  

Nevertheless, the introduced approach is solely based on physical 
interactions between the particles and as such dismissing the role of 
composition of grains on their water demand. The value of optimal packing is 
estimated, however, the approach is theoretical and the result cannot be 
proven as the optimal packing due to lack of definition for the parameter.  
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