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Abstract: Ultra-High Performance Concrete (UHPC) has been defined as a cementitious based compo-

site material with compressive strength above 150 MPa and enhanced durability via its discontinuous 

pore structure. The microstructure of UHPC is denser and more homogeneous in comparison to conven-

tional concrete. UHPC has several advantages over conventional concrete but the use of it is limited due 

to the high cost and limited design codes. Methodology for production and development of UHPC needs 

to be established. The paper covers both optimization and evaluation of Ultra-High-Performance Con-

crete along with highlighting the importance of packing density, mixing procedure and curing regimes 

containing a high volume of mineral admixture and ultrafine materials. Cementitious content of all the 

mixes in the study was kept in the range of 1000 kg/m3
 and water to binder ratio was kept as 0.17. This 

study focuses on the methodology to be adopted for optimizing the packing density of UHPC, the chal-

lenges associated with it and their influence on compressive strength. 

 

Keywords UHPC; Packing Density; Compressive strength; Distribution Modulus; Curing Regime. 

 

1. Introduction 
 Over the last two decades, remarkable 

advances have taken place in the research and 

application of Ultra-High Performance Concrete 

(UHPC) [1]. UHPC is the ‘future’ material with the 

potential to be a viable solution for improving the 

sustainability of buildings and other infrastructure 

components. Ultra-high-performance concrete 

(UHPC) with more than 150 MPa compressive 

strength [2] generally incorporates relatively high 

dosages of silica fume and superplasticizer, with a 

relatively low concentration of aggregates of small 

size. Some distinguishing features of UHPC include 

an optimized gradation of the granular matter for 

achieving high packing density, and water to 

cementitious materials ratio of less than 0.25 [3]. The 

hydrated paste in UHPC has a dense microstructure 

which provides a distinct balance of strength, imper-

meability and durability [4, 5]. The superior mechan-

ical and durability characteristics of UHPC have led 

to its use in the rehabilitation of concrete structures 

[6, 7]. Recent developments in this field have em-

phasized the broadening of the raw materials selec-

tions and the use of common concrete production 

methods to facilitate commercial applications of 

UHPC [7, 8]. The basic principles for the develop-

ment of UHPC are as follows [9, 10]: 

• Minimizing composite porosity by optimizing 

the granular mixture through a wide distribution 

of powder size classes and reducing the wa-

ter/binder ratio. 

• Enhancement of the microstructure by the post 

set heat treatment to speed up the pozzolanic re-

action of Silica Fume and other ultrafine ce-

mentitious materials to improve the mechanical 

properties. 

• The optimal usage of superplasticizer to reduce 

water/binder ratio and improve workability. 

• Improvement of homogeneity by eliminating the 

coarse aggregate resulting in a decrease in me-

chanical effects of heterogeneity. 

 

It has been well recognized by many researchers 

that increasing the packing density of the granular 

mix could lead to a better performance of the con-

crete. Increasing the packing density of the granular 

mix would decrease the volume of paste needed to 
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fill up the voids and increase the amount of ‘‘ex-

cess’’ paste that could be utilized to improve the 

workability of the concrete. Drawing analogy to the 

case of a paste, increasing the packing density of the 

cementitious materials would decrease the volume of 

water needed to fill up the voids and increase the 

amount of ‘‘excess’’ water that could be utilized to 

improve the flowability of the paste. Hence, the key 

to the production of UHPC, which demands both a 

low water/binder (w/b) ratio to be used and high 

workability to be attained, is the maximization of the 

packing density of the granular skeleton of the con-

crete [11,12]. The effectiveness of supplementary 

cementitious material in filling up the voids or in im-

proving the packing of the cementitious materials is 

dependent on the fineness of the supplementary ce-

mentitious material. In general, a broader range of 

particle size distribution would yield a higher pack-

ing density. This is because, with a broader range of 

particle size distribution, the medium particles would 

fill up the voids between the large particles, the fine 

particles would fill up the voids between the medium 

particles and the very fine particles would fill up the 

voids between the fine particles and so on, leading to 

the removal of more voids by the successive filling 

effect. The addition of a supplementary cementitious 

material finer than Ordinary Portland Cement (OPC) 

would broaden the range of particle size distribution 

and thus increase the packing density. A supplemen-

tary cementitious material with a higher fineness is 

more effective because it would produce a broader 

range of particle size distribution. [13, 14, 15]. Parti-

cle packing density can be defined as the solid vol-

ume of particles in unit volume. It has been reported 

that when water/cementitious materials ratio was re-

duced to as low as 0.14 by weight, concrete having 

the strength of 165–236 MPa was produced [16]. By 

maximizing the packing of all granular materials in 

the concrete mix using the same packing model and 

also applying other advanced production techniques, 

concrete having strengths in the order of 200–800 

MPa was developed [17]. In 1996, packing theory 

was applied for the design of self-consolidating con-

crete and based on the successful outcome it was 

concluded that the performance optimization of con-

crete is mainly a matter of improving the packing 

density of its granular skeleton [18]. Particle optimi-

zation methods can be divided into three groups (fig-

ure 1): 

 

 
Fig 1: Mix design approaches for optimizing packing density [13] 

 

• Optimization curves: Groups of particles, with a 

specific particle size distribution, are combined 

in such a way that the total particle size distribu-

tion of the mixture is closest to an optimum 

curve. 

• Particle packing models: These models are ana-

lytical models that calculate the overall packing 

density of a mixture based on the geometry of the 

combined particle groups. 

• Discrete element models: With numerical mod-

els, a ‘virtual’ particle structure from given par-

ticle size distribution is generated. 

 

In the present study, approach of the ideal curve 

has been adopted for the optimization of concrete 
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mix to attain the maximum possible packing density. 

The fundamental work of Fuller and Thomsen 

showed that the packing of concrete aggregates is af-

fecting the properties of the produced concrete [19]. 

They concluded that a geometric continuous grading 

of the aggregates in the composed concrete mixture 

can help to improve the concrete properties. Based 

on the investigation of Fuller and Thompson [19, 20] 

& Andreasen and Andersen, a minimal porosity can 

be theoretically achieved by an optimal particle size 

distribution (PSD) of all the applied particle materi-

als in the mix as per empirical equation 1 below: 

P(D) =  ( 
D

Dmax
)

q
…………… (1) 

Where P (D) is a fraction of the total solids be-

ing smaller than the particle size D (μm), Dmax is the 

maximum particle size (μm) and q is the distribution 

modulus. However, in the above empirical equation, 

the minimum particle size is not incorporated, while 

in reality there must be a finite lower size limit. In 

continuation of this study, Funk and Dinger pro-

posed a modified model based on the Andreasen and 

Andersen Equation. In this study, all the concrete 

mixtures are designed based on modified Andreasen 

and Andersen model, which is as follows [20,21]: 

𝑃(𝐷) =
𝑑𝑞−𝑑𝑚𝑖𝑛

𝑞

𝑑𝑚𝑎𝑥
𝑞

−𝑑𝑚𝑖𝑛
𝑞  ….……… (2) 

Where Dmin is the minimum particle size (μm). 

Using the above particle packing model, UHPC 

mixes were optimised and compressive strength of 

about 150 MPa at 28 days with low binder content 

was achieved. The modified Andreasen and Ander-

sen packing model has already been successfully em-

ployed in optimization algorithms for the design of 

normal density concrete and Lightweight concrete 

[9, 10]. 

Different types of concrete mixes can be de-

signed using above equation 2 by applying different 

values of the distribution modulus q, as the value of 

q influences the ratio between coarse and fine parti-

cles. Higher values of distribution modulus (q>0.5) 

lead to coarser mixtures whereas smaller values 

(q<0.25) results in mixes that will be rich in fine par-

ticles [20]. A very high value of q above 0.50 leads 

to higher aggregates to paste volumetric ratio and 

therefore, the lesser paste will be available to lubri-

cate the fine aggregate particles, which in turn will 

have decreased workability. Few trials were con-

ducted with a value of q below 0.37 and in those tri-

als as the value of q was lower, the concrete mix was 

found to be stiff and required high-efficiency water 

reducers.  Hence, to obtain a workable mix with 

available water reducing admixture and well-graded 

particle size distribution, the value of distribution 

modulus q has been taken as 0.37 in this study, keep-

ing in view the findings of the studies done by the 

past researchers [20, 22]. Elrahman et al. also men-

tioned the work of Andreasen et al, wherein it was 

suggested to use the exponent q in the range of 0.35 

to 0.50 because fine particles are not able to pack 

similar to bigger particles [22]. 

 

Table 1 Physical properties of materials 

S. No. Properties Cement G.G.B.S Flyash UFGGBS Silica Fume 

1. Fineness(m2/kg) 323 400 310 2026 16701 

2. Specific Gravity 3.15 2.93 2.28 2.88 2.28 

 

Table 2 Chemical properties of materials 

S.No. Properties Cement G.G.B.S Flyash UFGGBS 
Silica 

Fume 

1 Loss of Ignition (LOI), % 2.3 0.33 0.4 0.17 2.73 

2 Silica (SiO2), % 20.71 34.41 60.95 33.05 85.03 

3 Iron oxide (Fe2O3), % 4.08 1.18 5.7 0.58 - 

4 Aluminium oxide (Al2O3) , % 5.15 18.45 26.67 20.40 - 

5 Calcium oxide (CaO), % 59.96 36.46 2.08 33.14 - 

6 Magnesium oxide (MgO), % 4.57 7.00 0.69 7.62 - 

7 Sulphate (SO3), % 1.84 0.097 0.29 0.19 - 

8 Na2O, % 0.42 0.30 0.06 0.19 0.73 

9 K2O, % 0.56 0.37 1.46 0.58 2.96 

10 Chloride, % 0.012 0.022 0.009 0.016 - 

11 Insoluble Residue, % 1.25 0.40 - 0.86 - 

 

2. Materials 

 
Properties of UHPC are highly dependent on the 

type of material used in its production. In this study 

cementitious material were selected in such a way 

that particle size distribution has a wide range that 

leads to the higher packing density of the concrete. 

Cementitious Materials used in the study are OPC 

53G, GGBS, ultrafine GGBS and Silica fume, Nano-

silica. Similarly, to increase the packing density of 
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aggregates, three different types of aggregates 

namely Fine Quartz sand, Ground Quartz and Coarse 

Quartz sand were used. 

 
2.1 Cementitious materials 

Cement: Ordinary Portland Cement (OPC) of 

53 grade complying with IS 269: 2015 [23] was used 

throughout the study. The physical properties of ce-

ment are tabulated in Table 1. Chemical properties 

of cement have been listed in Table 2. Particles of 

OPC 53 were in the range of 1.375 to 175 microns. 

Particle size distribution has been shown in figure 5. 

Ground granulated blast furnace slag 

(GGBS): GGBS complying with IS 16714:2015 

[24] was used in this study. Physical and chemical 

properties have been listed in Table 1 and Table 2 

respectively. Particles of GGBS were in the range of 

1.15 to 250 microns. Particle size distribution has 

been shown in figure 5. 

Ultra-Fine Ground granulated blast furnace 

slag (UFGGBS): Ultrafine ground powder of GGBS 

used in this study has ultra-fineness which shows im-

provement in the properties of regular GGBS like 

high surface area. UFGGBS is a specially processed 

product based on high glass content with high reac-

tivity obtained through the process of controlled 

granulation. For the production of UFGGBS, the 

granulated slag with value-added material is ground 

in a ball mill attached with a high-efficiency classi-

fier, which classifies the material and ensures that 

only the required micro size particle enters the final 

product. The entire process is operated by an auto-

matic process controller. Ultrafine GGBS commer-

cially available as Alccofine-1203 is a low calcium 

silicate-based mineral additive which is generally 

used as a replacement of silica fume in high-perfor-

mance concrete. Its latent hydraulic property and 

pozzolanic reactivity results in the enhanced hydra-

tion process. UGGBS complying with IS 16715: 

2015 [25] was used in this study. Physical and chem-

ical properties have been listed in Table 1 and Table 

2 respectively. Particles of Ultra-Fine Ground gran-

ulated blast furnace slag are very fine and were found 

to be in the range of 1 to 18 microns. Particle size 

distribution has been shown in figure 5. 

Silica Fume: Silica fume complying with IS 

15388 [26] was used in this study. Physical and 

chemical properties have been listed in Table 1 and 

Table 2 respectively. Majority of the particles of Sil-

ica fume were found to be in the range of 0 to 10 

microns. Particle size distribution has been shown in 

fig.5. 

Fly ash: Flyash complying with IS 3812 [27] 

was used in this study. Physical and chemical prop-

erties have been listed in Table 1 and Table 2 respec-

tively. Particles of Flyash are slightly coarser than 

the particle size of OPC and are in range of 1 to 300 

microns. Particle size distribution has been shown in 

figure 5. 

Nano Silica: The mechanism of influence of 

Nano silica on the cement hydration are available in 

the literature. The studies indicated that the hydra-

tion heat of Ordinary Portland Cement blended with 

Nano silica in the main period increases significantly 

with an increased surface area of silica and the hy-

dration of tri-calcium silicate (C3S) gets accelerated 

by the addition of Nano-scaled silica or CSH parti-

cles. A Nano silica slurry is selected as a pozzolanic 

material to be used in this study. The solid content 

and Brunauer–Emmett–Teller (BET) fineness are 20 

(% w/w) and 24 m2/g. The specific density of Nano 

silica was found to be 2.21 g/cm3. 

 
2.2 Fine aggregates 

Ground Quartz: Particle size of Ground 

Quartz used in this project is on the coarser side of 

the particle size of cement particles. It is used as a 

micro filler to optimize the packing density of the 

powder mix. Its particle size ranges from 0.5 to 140 

microns. Particle size distribution has been shown in 

figure 5. The microstructure of ground quartz by Op-

tical microscopy (Fig. 2) suggests that the minerals 

present in order of abundance are quartz, orthoclase-

feldspar and iron oxide. Subhedral to anhedral quartz 

grains with sharp grain margins are well-graded and 

homogenously distributed. The majority of quartz 

grains are in the size range of 20µm to 30µm. The 

strained quartz percentage is about 9% and their un-

dulatory extinction angle (UEA) varies from 100 to 

120.  Subhedral orthoclase grains with smooth grain 

margins are fresh in nature. Subhedral iron oxide 

grains with sharp grain margins are randomly distrib-

uted in the sample. 

 

 
Fig 2: Distribution of minerals grains in Ground 

Quartz. (5x, X-Nicols) 

 

Fine Quartz Sand: UHPC mixes were pro-

duced using quartz sand having a particle size rang-
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ing from 150 to 996 microns. Particle size distribu-

tion has been shown in figure 5. The microstructure 

of ground quartz sand by optical microscopy (Fig. 3) 

suggests that it has a subhedral to anhedral quartz 

grains with sharp grain margins which are well-

graded and homogenously distributed. The majority 

of quartz grains are in the size range of 300µm to 

600µm. 

 

 
Fig 3: Distribution of minerals grains in fine Quartz 

sand (11.25x) 

 

Coarse Quartz sand: Coarse quartz sand used 

in this study have a particle size ranging from 1mm 

to 3mm. The microstructure of coarse quartz sand by 

optical microscopy (Fig. 4) suggests that it has a sub-

hedral to anhedral quartz grains with sharp grain 

margins which are well-graded and homogenously 

distributed. 

 

 
Fig 4: Distribution of mineral grains in Coarse 

Quartz sand sample (11.25x) 

 

 
Fig 5: Particle size distribution of materials 

 

3. Experimental 
 

3.1 Packing density 

In the present research, the ideal curve method-

ology has been adopted. In this method, materials are 

combined in such fractions that there combined grad-

ing lies close to a certain optimum curve given by 

Modified Andreasen and Andersen equation as men-

tioned above in equation 2. The proportions of each 

material in the mix are adjusted until an optimum fit 

between the composed mix and the target curve is 

reached, using an optimization algorithm based on 

the Least Squares Method (LSM), as presented in 

equation 3. When the deviation between the target 

curve and the composed mix expressed by the sum 

of the squares of the residuals (RSS) at defined par-

ticle sizes, is minimized, the composition of the con-

crete is treated as the most optimum one. 

RSS = ∑ (𝑃𝑚𝑖𝑥(𝐷𝑖
𝑖+1) − 𝑃𝑡𝑎𝑟(𝐷𝑖

𝑖+1))2𝑛

𝑖=1
… (3) 

where, Pmix is the composed mix and Ptar is the target 

grading. 

Around 40 mixes with cementitious materials of 

OPC-53, GGBS, UFGGBS & Silica fume, Flyash 

and aggregates including Fine Quartz Sand, Quartz 

powder and Coarse Quartz sand were theoretically 

optimized for optimum particle packing with the 

help of above mentioned Modified Andreasen and 

Andersen equation. The value of q adopted in this 

research is 0.37 based on the literature. The mixes 
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with the least value of RSS were selected for experi-

mental study.  Mixing of UHPC requires equip-

ment that provides more energy and shear than reg-

ular concrete mixers due to the low water content and 

high powder content. In general, the expected perfor-

mance (including fresh and hard-solid properties) of 

the selected mixture cannot be achieved when low-

energy mixers are used to mix UHPC. Moreover, the 

use of a low-energy mixer will also increase the turn-

over time of the mixture, causing the temperature of 

the mix to rise, which is detrimental to the UHPC 

mixing process [28, 29]. Therefore, for homogene-

ous mixing of UHPC authors designed and devel-

oped planetary mixer of 60 litre capacity with high 

mixing efficiency that can be operated at variable 

speed with maximum speed up to 325 RPM. Selected 

mixes were cast using the developed planetary 

mixer. Compressive strength was measured using a 

cube with a specimen size of 70.6 mm. Wet packing 

density was also determined using the below-men-

tioned equation given by Kwan [30, 31, 32].  If a 

UHPC mix consists of several different materials de-

noted by α, β, γ and so forth, ρ and R are solid density 

and volumetric ratio of the respective material. uw is 

the ratio of water to solid content. Then, the solid 

volume of the cementitious materials Vc and wet 

packing density ɸ may be worked out from equations 

4 and 5 mentioned below: 

𝑉𝑐 =  
𝑀

ρ 𝑤u 𝑤+ρ αR α+ρ βR β+ρ γR γ 
…......... (4) 

ɸ =  
𝑉𝑐

𝑉
................................ (5) 

As per numerous researchers, the packing den-

sity of concrete is in the range as given below in table 

3. 

 

Table 3 Packing density of different types of concrete [27]  

Type of Concrete Packing Density range 

Normal strength Concrete 0.65 - 0.72 

High Strength Concrete 0.72 – 0.8 

Ultra high-performance concrete More than 0.8 

  

3.2 Curing regimes 

 

Heat treatment of concrete plays a significant 

impact on the rate of strength development and also 

has a strong influence on mechanical properties as 

well as micro-texture of UHPC. Apart from the ef-

fect of accelerating the curing process and increasing 

early strength, heat treatment could be useful for ce-

mentitious systems containing supplementary ce-

mentitious materials such as silica fume, granulated 

blast furnace slag, fly ash by influencing the reaction 

rate of these mineral additions compared to the same 

system cured at ambient conditions. Compared to the 

UHPC cured under ambient conditions, heat-treated 

specimens of UHPC show generally a denser micro-

structure that can lead to an increase in compressive 

strength and thus can improve overall mechanical 

properties of UHPC [33, 34]. In the present study, 

three different curing regimes are used as given be-

low: 

a) Autoclave curing at 2.1 MPa and 215ºC for 8 

hours followed by Standard curing till the age 

of testing (up to 07 days) 

b) Steam curing at 90ºC and 100% RH for 24 

hours followed by Standard curing till the age 

of testing (up to 28 days) 

c) Standard water curing until the age of testing 

(28 days). 

 

3.3 Mix design details 

In the present study, the proportion of individ-

ual cementitious material was decided using the 

Modified Andreasen and Andersen equation. Out of 

40 mixes that were theoretically optimized, three fi-

nal mixes were cast in the laboratory for a study on 

compressive strength. The details of the composition 

of the cementitious material of these three optimized 

mixes are discussed later. The total cementitious 

content in concrete mixes is kept around 1000 kg/m3. 

To attain better particle packing density, a combina-

tion of three fine aggregates were used i.e. Ground 

quartz, Fine quartz sand and Coarse quartz sand in 

the proportion of 30:40:30 respectively. The nano-

silica was used as a 3% replacement to OPC content. 

Dosage of PC based superplasticizer was kept as 2% 

by weight of cementitious material. 

 

3.4 Mix methodology 

UHPC has been produced using a wide variety 

of mixers, ranging from laboratory-sized pan mixers 

to revolving drum truck mixers. In general, mixing 

UHPC is a somewhat different process than mixing 

conventional concrete. UHPC typically includes a 

limited amount of water and no coarse aggregate. As 

such, the UHPC requires the input of extra mixing 

energy both to disperse the water and to overcome 

the low internal mixing action from the lack of 

coarse aggregate. Different researchers have adopted 

various mixing protocols to achieve homogenization 

of the UHPC mixture in a shorter span. Although 
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specific details of the overall mixing process dif-

fered, all researchers were unified in that UHPC 

components had to be dry mixed before adding water 

and superplasticizer. Dry mixing intends to ensure 

higher bulk density and lower moisture require-

ments. A typical mixing process involves first charg-

ing the mixer with the dry components and ensuring 

that the mix is blended homogenously. Thereafter, 

water and chemical admixtures are added and dis-

persed. Mixing continues, sometimes for an ex-

tended period depending on the mixer energy input, 

until the UHPC changes from a dry powder into a 

fluid mixture. The mixing methodology adopted in 

this study is given in Table 4. 

 

Table 4 Mixing methodology to prepare concrete mixes in this study 

Step No. Mixing methodology Duration 

Step 1 
Dry mixing of all cementitious material and aggregates at low speed of 125 

rpm 
3 minutes 

Step 2 
Adding 100% water & 75% superplasticizer and mix at medium speed of 250 

rpm 
5 minutes 

Step 3 
Add remaining superplasticizer and mix the constituents at high speed of 325 

rpm 
5 minutes 

Step 4 Mixing continues until concrete achieve the required flow - 

 

Table 5 (a) Details of proportion (% of total cementitious content) of several combinations of cementitious 

materials 

Mixes OPC 53 (%) Silica Fume (%) GGBS (%) UFGGBS (%) Flyash (%) RSS 

M1 40 10 20 30 - 424.8 

M2 40 10 10 40 - 465.3 

M3 35 - 35 30 - 454.3 

M4 20 15 35 30 - 434.0 

M5 30 10 40 20 - 439.4 

M6 70 10 - 10 10 442.2 

M7 60 20 - 10 10 424.0 

PM 1 60 10 20 10 - 418.0 

PM 2 80 20 - - - 417.0 

PM 3 60 10 - 10 20 380.0 

 

Table 5 (b) Details of proportion (% of total fine aggregates) of several combinations of fine aggregates  

Mixes Fine Quartz sand (%) Coarse Quartz sand (%) Ground Quartz (%) RSS 

C1 70 10 20 437.3 

C2 50 30 20 275.5 

C3 30 50 20 291.7 

C4 10 70 20 486.1 

C5 50 10 40 340.9 

C6 30 30 40 295.5 

C7 10 50 40 428.1 

C 8 60 10 30 367.5 

C9 40 30 30 263.8 

C10 20 50 30 338.2 

 

4. Results & discussion 

 
4.1 Optimization of mix 

As mentioned earlier, in the present study the 

ideal curve methodology was used for the optimiza-

tion of particle packing of concrete mix. For optimi-

zation of concrete mix, proportions of cementitious 

materials and fine aggregates were optimized sepa-

rately. Several mixes were theoretically analyzed 

with help of Modified Andreasen and Andersen 

equation and mix with least RSS values were used 

for laboratory study. Out of several sets of combina-

tions having different proportions, 10 sets of combi-

nations for cementitious materials and 10 sets of 

combinations for fine aggregates with least RSS val-

ues have been tabulated below in table 5(a) and 5(b). 

Dmin and Dmax (for optimizing the proportion of ce-

mentitious materials) used in modified Andersen and 
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Andreasen equation for the ideal curve are 0.112 mi-

crons and 1408 micron. Whereas, Dmin and Dmax (for 

optimizing the proportion of inert fine aggregates) 

used in modified Andersen and Andreasen equation 

for the ideal curve are 0.5 microns and 2360 micron 

respectively. Out of all the cementitious combina-

tions, PM1, PM2 and PM3 were selected to prepare 

concrete. For fine aggregates, combination C9 was 

selected to be used for all the three mixes (having 

optimized cementitious combinations of PM1, PM2 

and PM3) as it has the least RSS value in comparison 

to other combinations. The combined particles size 

distribution of selected cementitious combination 

along with ideal particle size distribution calculated 

using Modified Andreasen and Andersen equation is 

given in Fig 6. The details of the composition of se-

lected concrete mixes are given in Table 6. 

 

Table 6: Details of mix design  

 

 
Fig 6: Grading of ideal curve and designed mixes 

 

4.2 Compressive strength 

As discussed earlier in section 4.1, cementitious 

combinations, PM1, PM2 and PM3 with combina-

tion C9 of fine aggregates were selected to prepare 

concrete. Concrete specimen of all the three mixes 

were subjected to three curing regimes (mentioned in 

3.2) and were evaluated for compressive strength. 

For each mix, nine cubes were cast and an average 

compressive strength of three cubes for each curing 

regime has been plotted for these three selected 

mixes (Fig 7). Apart from the interfacial transition 

zone (ITZ) between aggregate and cement paste, the 

role of the particle packing density is a major factor 

governing the compressive strength of the UHPC. 

For all three curing regimes studied, PM3 has a 

highest compressive strength in comparison to PM1 

and PM3. Wet packing density was determined as 

per equation 4 and 5. It was observed that for all the 

three mixes, value of wet packing density (ɸ) is more 

than 0.8. Such a high value of wet packing density 

suggests that mixes optimized using ideal curve 

methodology have a dense microstructure that helps 

in achieving ultra-high compressive strength. Com-

pressive strength in the case of the Autoclave curing 

regime is significantly higher in comparison to the 

other two curing regimes for all the three optimized 

mixes. The maximum compressive strength 

achieved is 186.5 MPa for mix PM3 in the case of an 

autoclave curing regime. The increment in compres-

sive strength in case of steam curing varied from 

12% to 47.3% and in the case of autoclave curing it 

varied from 19.11% to 81.9%. Under the conditions 

of high temperature and pressure, the chemistry of 

hydration is substantially altered. CSH forms but is 

converted to a crystalline product α -calcium silicate 

hydrate (α-C2S) which causes an increase in porosity 

and reduction in strength. However, in the presence 

of silica α -C2S converts to tobermorite (C5S6H5) on 

continued heating thus high strength can be obtained. 

On the other hand, prolonged autoclaving may cause 

the formation of other crystalline calcium silicate hy-

drates with a strength reduction. It is believed that 

Mix 
Cement 

kg/m3 

Silica fume (SF) + GGBS (BS) + 

UFGGBS (UFBS) + Flyash (FA) 

+ Nano Silica (NS) kg/m3 W/B 

Fine Quartz Sand (FQ) 

+ Ground Quartz Sand 

(GQ) + Coarse Quartz 

Sand (CQ) kg/m3 

Super 

Plasticizer  

kg/m3 
SF BS UFBS FA NS 

FQ GQ CQ 

PM1 582 100 200 100 0 18 0.17 498.4 292.6 371.0 20 

PM2 776 200 0 0 0 24 0.17 501.0 294.1 372.9 20 

PM3 582.0 100 0 100 200 18 0.17 489.9 287.6 364.7 20 



Journal of Asian Concrete Federation, Vol. 6, No. 1, June 2020 

34 

 

the complete conversion to tobermorite is not desir-

able and that there is an optimum ratio of amorphous 

to crystalline material for maximum strength [35, 

36]. The strength level after autoclaving generally 

cannot be reached even with 24-hour steam curing 

for all three mixes. This can be explained by the dif-

ferent hydration mechanisms due to these curing 

methods. While steam curing increases the reactivity 

of ingredients, autoclaving leads to the development 

of different phases and incorporation of ultrafine ma-

terial is essential to achieve ultra-high compressive 

strength. 

 

 
Fig 7 Compressive strength for three different curing regimes 

 

5. Conclusions 
 

(1) In order to obtain a workable and satisfactory 

mix with available water reducing admixture and 

well-graded particle size distribution, the value 

of distribution modulus q was adopted as 0.37. 

Ideal curve methodology has been used for the 

optimization of particle packing of concrete mix. 

For the preparation of concrete mix, proportions 

of cementitious materials and fine aggregates 

were optimized separately. Several mixes were 

theoretically analyzed and optimized with help 

of Modified Andreasen and Andersen equation 

and mixes with least RSS values were used for 

laboratory study. Mixes optimized and prepared 

using lower values of q may result in higher 

compressive strength. However, such mixes 

were found to be very stiff and required very 

high-efficiency water reducers 
 

(2) Wet packing density was determined as per the 

method given by Kwan. It was observed that the 

value of wet packing density (ɸ) for all the three 

mixes is more than 0.8. Such a high value of wet 

packing density suggests that mixes optimized 

using ideal curve methodology have a dense mi-

crostructure that helps in achieving ultra-high 

compressive strength. 

(3) Cementitious content (fine particles) in a UHPC 

mix is quite high in comparison to a normal 

strength concrete mix. Mixing methodology and 

type of mixer used for the preparation of UHPC 

have a large influence on the mixing efficiency 

and uniformity of UHPC which eventually af-

fects its properties in a fresh and hardened state. 

The mixing methodology adopted in this study 

and preparation of concrete mix using planetary 

mixer developed for this study ensured homoge-

neous mixing without any lump formation. 

(4) The curing regime plays a vital role in the devel-

opment of hardened properties of the UHPC 

mix, which contains a high amount of mineral 

admixtures. Post set heat treatment enhances the 

microstructure by speeding up the pozzolanic re-

action of Silica fume and other ultrafine cementi-

tious materials to enhance the mechanical prop-

erties. From results, it can be observed that the 

maximum compressive strength achieved was 

186.5 MPa in case of autoclave curing for mix 

PM3. The percentage improvement in compres-

sive strength in case of steam curing varied from 

12% to 47.3% and in the case of autoclave curing 

it varied from 19.11% to 81.9% in comparison to 

the compressive strength observed in case of 

standard curing.  
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