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ABSTRACT. The aim of this investigation is to develop ultra high performance concrete 
(UHPC) for multipurpose - higher mechanical and ionizing radiation protection. The effect of 
nano-silica replacement (2 or 5%) on the properties of UHPC was compared with the referent 
concrete by testing compressive and flexural strength. As nano-silica influences cement 
hydration and modifies the pore structure, qualitative and quantitative analysis of pores was 
done using a device RapidAir 457. The second objective of this paper is to evaluate the 
influence of different aggregates on concrete properties. Two types of aggregate were used: 
quartz and barite. One of the most important characteristics of the concrete for protection 
against gamma and X radiation is its Total Attenuation Coefficient (µ/ρ)tot. 
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INTRODUCTION 
 
Modern construction industry required building materials with improved properties. Ultra 
high performance concrete is one of them. Significant increases in mechanical properties of 
cementitious materials have been achieved by incorporating nano-silica [1]. By replacing a 
part of cement content with nano-silica it is possible to produce concrete with high 
performance and it can also reduce CO2 emission. 
 
Land and Stephan studied the way different nanoparticles affect cement hydration [2]. The 
acceleration of cement hydration was dependant on the total surface size of added nano-silica 
particles [3]. The pore size distribution also showed that nano-silica refined the large 
capillary pores, due to the combined contribution of the nano-filler effect and the pozzolanic 
reaction [4]. The fact that pore-size distribution was becoming finer, reduced pore volume 
and improved physico-mechanical properties of the mortars after the addition of nano-
powders could be explained by the filler effect or the amount of hydration products of cement 
[5]. 
 
By adding between 3% and 10% w/w of colloidal silica suspension in the fiber-cement 
composites, the pullout of the fibers increased significantly [6]. Compressive strength and 
transport properties of UHPC also increased with the addition of nano-silica. For best 
performance, the optimum amount of nano-silica for cement replacement in the cement paste 
was 3 wt.% [7]. The results showed that up to 3% increase in the nano-silica content resulted 
in the increase in compressive and flexural strength of UHPC, and when the nano-silica 
content was more than 3% the mechanical properties decreased slightly due to agglomeration 
of nano-silica particles. The addition of nano-silica accelerated the hydration process. By 
increasing the nano-silica content the average pore diameter and porosity decreased. The 
microstructure was more homogenous and dense for nano-silica specimens when compared 
to the control specimen [8]. 
 
By using new nanomaterials higher temperatures will be allowed and hence a more efficient 
operation of power plants will be achieved, and the development of new energy production 
systems based on solar, nuclear and renewable sources will be enabled [9]. Ultra high 
performance concrete can be used in nuclear power plants and defensive facilities due to its 
dynamical behavior [10]. 
 
Barite aggregate is used to produce heavyweight concrete which is used for shielding in 
nuclear facilities and hospitals. Concrete with barite powder used as sand substitution in 
range between 0% and 25% decreased the compressive strength at 28 days just by 10% [11]. 
The grading curve of barite was modified by mixing process at a higher extent than for other 
aggregates. This influenced the properties of concrete by increasing workability, but 
decreasing compressive strength and the modulus of elasticity [12]. The basic characteristics 
of ordinary concrete and heavy-weight concrete with barite were studied for the application 
in shielding from gamma radiation [13, 14]. 
 
Also, one of the goals is the implementation of appropriate numerical calculations for 
obtaining the total mass attenuation coefficient value in the energy range 10 keV - 150 MeV 
of gamma and X radiation, depending on the changes in the concrete type in UHPC concrete 
with specially defined mechanical properties. 
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EXPERIMENTAL WORK 

The design of ultra high performance concrete is different than ordinary concrete. High 
amount of fine particles is used for UHPC manufacturing. Their properties are shown in 
Table 1. 
 

Table 1   Properties of powder materials and sand 
 

 CEMENT SILICA 
FUME 

QUARTZ 
POWDER 

QUARTZ 
SAND 

BARITE 
SAND 

SiO2, % 20.51 92.52 97.54 97.54 11.13 
Al2O3, % 6.15 0.64 0.52 0.52 2.24 
Fe2O3, % 2.80 0.31 0.57 0.57 1.55 
CaO, % 63.41 0.38 0 0 0.18 
MgO, % 1.85 0.44 0 0 0 
Na2O, % 0.29 0.32 0 0 0.86 
K2O, % 0.79 0.87 0.24 0.24 0.72 
SO3, % 2.69 0.22 0 0 28.05 
Ba, % 0 0 0 0 53.15 
Cr, % 0 0 0 0 0.4 
Sr, % 0 0 0 0 1.72 
Specific density, kg/m³ 3100 2200 2695 2695 3770 
Bulk density, kg/m³    1650 2260 

 
 
Concrete was made with ordinary Portland cement CEM I 42.5 R. Also, silica fume (SF) and 
nano-silica (nS) with average particle size of 7 nm were pozzolanic materials. Quartz powder 
(Qp) with average particle size of 50 µm and quartz sand (Qs) or barite sand (B) up to 4 mm 
were used as aggregate. A modified polycarboxylates based superplasticizer allowed 
high water reduction. Brass coated steel fibers with 8 mm length and a diameter of 0.15 mm 
were used (5% by volume). Six types of concrete were made with varying percent of nano-
silica (0%, 2% and 5%) and aggregate type (quartz and barite). Composition of concrete 
mixtures are shown in Table 2. 
 
 

Table 2   Concrete mixture composition, kg/m³ 
 

 K0f5 K2f5 K5f5 B0f5 B2f5 B5f5 

C 950 931 902.5 950 931 902.5 
SF 200 200 200 200 200 200 
nS 0 19 47.5 0 19 47.5 
Qp 350 350 350 335 335 335 
Qs 570 570 570 0 0 0 
B 0 0 0 810 810 810 
Water 230 250 250 230 250 250 
Superplasticizer 55 55 55 55 55 55 
Fibers 390 390 390 390 390 390 
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NUMERICAL CALCULATIONS OF TOTAL MASS  
ATTENUATION COEFFICIENT 

 
Total Mass Attenuation Coefficient (µ/ρ)tot is one of the most important concrete 
characteristics for protection against gamma and X radiation. 
 
The definition of Total Mass Attenuation Coefficient for mixture is given by: 
 

 
jj

j
tot

w 







⋅=







 ∑ ρ
µ

ρ
µ  (1) 

 
where (µ/ρ)j and wj are the weight fraction and mass attenuation coefficient of the constituent 
element j. 
 
The numerical calculations included two steps: 1. The composition of each type of concrete 
from Table 2 was determined in accordance with the nomenclature of chemical elements and 
chemical compounds, 2. Interactive use of the XCOM program [15], where the known 
composition of individual types of concrete determines the total mass attenuation coefficient 
depending on the change of energy photon radiation. 
 
XCOM program enables the calculation of interaction coefficients for the following 
processes: Compton (incoherent) and Rayleigh (coherent) scattering, photoelectric 
absorption, and pair production in the fields of the atomic nucleus and atomic electrons. The 
mean free paths between scatterings, between photo-electric absorption events, or between 
pair production events are the reciprocals of partial interaction coefficients. The total 
attenuation coefficient is calculated as the sum of the interaction coefficients for the 
individual processes. 
 

RESULTS AND DISCUSSION 

Samples for testing the mechanical properties were prepared in molds 4 cm × 4 cm × 16 cm 
by the vibration on vibro-table for 60 s. Next day, specimens were demoulded and put into 
water and cured up to testing. 
 
The results of compressive strength of concrete with quartz were given in Figure 1 and for 
UHPC with barite aggregate were shown in Figure 2. 
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Figure 1   Compressive strength of UHPC with quartz aggregate 

 
Figure 2   Compressive strength of UHPC with barite aggregate 

 
Obtained values of flexural strength of all concrete types are shown in Table 3. 
 

Table 3   Flexural strength of concrete, N/mm² 
 

 K0f5 K2f5 K5f5 B0f5 B2f5 B5f5 
7 days 26.1 29.4 25.0 25.0 34.0 24.8 
28 days 28.0 37.4 27.3 31.1 38.9 32.0 

 
By comparing concrete made with different aggregate it can be seen that the concrete made 
with barite aggregate had better results than concrete made with quartz aggregate. For 
compressive strength, the difference is about 4% for concrete with nano-silica and 3% for 
concrete without nano-silica. Flexural strength of concrete with barite sand and 5% of nano-
silica is 17% higher, for UHPC without nano-silca is 11% higher, while concrete made with 
2% nano-silica had only 4% higher flexural strength when compared to concrete made only 
with quartz aggregate. 
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Comparing concrete made with the same type of aggregate we can see that its compressive 
strength increases with the addition of nano-silica. For barite concrete, the difference is 3% 
for concrete with 2% nano-silica and 6% for concrete with 5% nano-silica related to UHPC 
without nano-silica. Concrete with quartz sand and 2% nano-silica had only 2% higher 
compressive strength and with 5% nano-silica had 4% greater compressive strength 
comparing to mixture without nano-silica. Influence of 2% nano-silica had positive effect on 
flexural strength. It increased 34% for quartz concrete and 25% for barite concrete. With 5% 
nano-silica flexural strength slightly decreased for concrete with quartz aggregate, while it 
slightly increased for concrete with barite aggregate when compared to UHPC without nano-
silica. 
 
Pore-size distribution was tested by RapidAir 457 device. With the increase in the nano-silica 
content pore-size distribution became finer. Results for concrete with barite sand are given in 
Table 4. 
 

Table 4  Test results by device RapidAir 457 
 

CONCRETE B0f5 B2f5 B5f5 
Air Content, % 3.35 3.30 2.64 

Specific Surface, mm-1 24.14 30.17 68.61 
Spacing Factor, mm 0.421 0.278 0.164 

Void Frequency, mm-1 0.202 0.400 0.454 
Average Chord Length, mm 0.166 0.133 0.058 

 
For a selected value of the nano-silica content (2%) calculations for the mass attenuation 
coefficients were carried out and their dependence on energy photon radiation is shown in the 
Figure 3. 
 
Larger values of mass attenuation coefficient for concrete B2 in relation to the K2 concrete 
due to the presence of barium (Ba) as a component of the aggregate with which the concrete 
B2 was made (Figure 3). Especially it can be observed the influence of the presence of 
barium in the concrete type B2 because it significantly increases its capability for absorption 
of X and gamma rays with energies below 300 keV. 

 
Figure 3   Total mass attenuation coefficients for concrete with 2% nano-silica 
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CONCLUSIONS 
 
If we compare concrete made with the same type of aggregate, it can be concluded that 
cement replacement with nano-silica in the amount of 2% has a positive impact on both the 
compressive and flexural strength. The flexural strength decreased, but the compressive 
strength increased when the nano-silica content was 5%. 
 
Concrete with barite aggregate had better mechanical properties than concrete with quartz 
aggregate. Type of used aggregate has a much greater influence on flexural strength than on 
the compressive strength, e.g. for mixtures with 5% nano-silica content, concrete made with 
barite sand had 4% greater compressive and 17% greater flexural strength than concrete with 
quartz sand. 
 
Based on the results of the corresponding graphs for Total Mass Attenuation Coefficient it 
can be concluded that in the range of energy of gamma and X radiation from 10 keV to 
150 MeV, concrete with barite sand has greater protective power than concrete with quartz 
sand. From the aspect of compressive, flexural strength and radiation protection UHPC with 
barite sand and 2% cement replacement with nano-silica is optimal. 
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