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h i g h l i g h t s

� Investigation on neutron shielding efficiency of concrete is presented.
� Ordinary concrete was modified by change of aggregate from granite to magnetite one.
� Additional modification by Gd2O3, acrylic and epoxy dispersion, NaBH4 was performed.
� Fiber concrete with polypropylene macro- or/and microfibers was tested as well.
� Relation microstructure, technical properties and shielding efficiency was analyzed.
� A mix with acrylic dispersion and Gd2O3 was the most effective in neutron shielding.
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The paper presents a study on the properties of New Generation Shielding Concrete (NGS-Concrete) mod-
ified by materials containing fast neutron moderators and thermal neutron absorbers. The reference ordi-
nary concrete (OC) was modified by the change of the coarse aggregate from crushed granite to magnetite
one and cement from CEM III 42.5N to CEM I 42.5R. The addition of gadolinium oxide, polypropylene
macro- or/and microfibers, acrylic dispersion, acrylic dispersion together with gadolinium oxide, epoxy
dispersion, and finally the inorganic chemical compound containing boron (NaBH4) was used as well.
The experimental program included: microstructure studies (analysis of fracture surface, visual and
image analysis of cross sections, observations using scanning electron microscopy – SEM, volume and
absolute density and total porosity calculated from gravimetric measurements), compressive strength,
ultrasonic pulse velocity (UPV) as well as neutron radiation shielding efficiency measurement expressed
as half value layer (HVL), determined by the neutron radiation equivalent dose reduction. The relations
were investigated using a multiple regression analysis of experimental results. A good correlation
between the compressive strength and ultrasonic pulse velocity for all concretes was confirmed. The neu-
tron radiation shielding efficiency expressed as HVL was mainly influenced by volume density (VD). The
mathematical model HVL (VD) turned out to be the most reliable, whereas any other independent vari-
able added to this bivariate model was statistically not significant. It was concluded that neutron radia-
tion shielding depends on the volume density of concrete, which is determined mainly by phase and
atomic composition changes of aggregate and a lesser extent by microstructure changes.
� 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Global demand for advanced construction materials is still
growing and causes necessity of improving already known materi-
als by modification or searching for new ones. This also concerns
concrete, the widest and most commonly used material in the
world. The most effective way to improve quality of concrete is
the use of chemical admixtures, mineral or polymer additives as
well as impregnating agents [1]. Modifiers may constitute addi-
tional, separated phases e.g. macrofibers, or be impossible to dis-
tinguish in the structure but in both cases may cause a
significant change in properties e.g. admixtures. An example of
the material modification performed to develop a defined perfor-
mance concrete is New Generation Shielding (NGS) concrete
against ionizing radiation [1–3]. The aim of the optimization was
to perform material modifications at the atomic level of the com-
posite using components containing atoms that are able to scatter

http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2019.117389&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.conbuildmat.2019.117389
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:t.piotrowski@il.pw.edu.pl
https://doi.org/10.1016/j.conbuildmat.2019.117389
http://www.sciencedirect.com/science/journal/09500618
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and attenuate the neutron radiation without any negative effect on
the basic technical attributes e.g. compressive strength.

1.1. Neutron radiation shielding efficiency of concrete

Concrete is commonly used as a shield against high-energy pho-
tons (gamma) especially due to the fact that increase of its density
by change of aggregate type (for heavy-weight one) is sufficiently
effective [4–6]. Protection against neutrons is more complex and
sophisticated task [7–12] and it is often stated that increasing
gamma attenuation leads to decrease of neutron shielding effi-
ciency [13]. Moreover, importance of the research on neutron
shielding evaluation is demonstrated by experimental results that
prove that up to neutron fluence of the order of 1019 n/cm2 the
effects on concrete properties are relatively small, while higher flu-
ence may have harmful effects on concrete compressive and tensile
strength and modulus of elasticity [14–19]. Neutrons are no-
charge particles, therefore they travel in straight lines, deviating
from their path only when they collide with a nucleus. After colli-
sion they could be scattered into a new direction or absorbed. Nei-
ther the electrons surrounding a nucleus (atomic electron cloud)
nor the electric field caused by a positively charged nucleus affect
a neutrons flight. A measure of the probability of occurrence of the
given reaction of neutrons with the nucleus is named ‘‘cross-
section” and it is defined as the effective area in which a neutron
must hit to produce a specific phenomenon. The cross-sections
depend on: target nucleus (hydrogen, boron, uranium, etc.) cause
each isotope has its own set of cross-sections: (1) type of the reac-
tion (capture, fission, etc.) – cross-sections are different for each
nuclear reaction; (2) neutron energy (thermal neutron, resonance
neutron, fast neutron) – for the given target and reaction type,
the cross-section is strongly dependent on the neutron energy, in
the common case, the cross section is usually much larger at low
energies than at high energies, and this is why most nuclear reac-
tors use a neutron moderator to reduce the energy of the neutron
and thus increase the probability of fission, essential to produce
energy and sustain the chain reaction; (3) target energy (tempera-
ture of target material – Doppler broadening) – this dependency is
not so significant, but the target energy strongly influences inher-
ent safety of nuclear reactors due to a Doppler broadening of
resonances.

As the cross-section for absorption of fast (high energy) neu-
trons is rather small, in order to get the neutron flux weakening
by shielding material, it should be optimized so that the atoms of
which it is composed first cause precipitation of energy in the pro-
cesses of elastic and inelastic scattering – attenuation by neutron
moderators; then absorb slow (thermal) neutrons – absorption
by neutron absorbers. Attenuation of fast neutrons is mainly due
to elastic collisions with the nuclei of light elements (like hydro-
gen) and inelastic scattering on nuclei of heavy elements, for which
the energy of the lowest excited state is much less than for light
elements (e.g. Pb � 0.4 MeV, O � 6.0 MeV).

The common components of concrete are not very efficient
thermal neutron absorbers so the material modification for neu-
tron shielding efficiency assumes incorporation of gadolinium,
cadmium and boron compounds [13,20,21]. According to literature
[22], the most effective shielding material for mixed neutron and
gamma-rays is obtained by mixed hydrogenous materials, heavy
metal elements and other neutron absorbers.

1.2. Compressive strength of concrete

Installations that use ionizing radiation require not just
increased level of nuclear safety but also stability of construction
and high durability. The modifiers cannot negatively influence
compressive strength, the basic parameter of hardened concrete,
which is crucial for its quality and possibility of its application as
a construction material. Moreover, compressive strength could
have a significant effect on the shielding properties of concrete
against gamma and neutron radiation. In material modification
for shielding purposes it is important to identify the impact of
modifiers on technical properties. Al-Humaiqani [23] showed that,
in contrast to the ordinary concrete, the attenuation of gamma
radiation for hematite and barite heavy-weight concretes exhibits
nearly linear increase while increasing the strength. On the other
hand, Monte Carlo simulations on neutron shielding carried out
by Piotrowski et al. [24] showed that a decrease in the dose from
neutrons is proportional to the strength increase of normal and
heavy-weight concrete, caused by increase of the cement content
and thus associated increase of mass of bound water as a result
of its hydration.

The key issue of concrete quality in existing structures is the
strength assessment by nondestructive test (NDT) methods. They
offer an interesting approach, as they allow for both concrete tech-
nical properties and integrity evaluation [25–27] while remaining
rapid and of moderate cost. Especially recommended for such a
task is ultrasonic technique, thus it is required to analyze its usabil-
ity for estimation of concrete properties after modification pro-
posed in this study. The relation between compressive strength
(Fc) and ultrasonic pulse velocity (UPV) of concrete has been widely
studied especially in case of ordinary concrete. Researchers have
commonly reported very good exponential correlation Fc(UPV)
with coefficient of correlation r ranging from 0.85 up to 0.95
[28–31]. In contrast to the mentioned works, Rao et al. [32] have
found a linear correlation of Fc and UPV. Authors of presented
study also investigated the possibility to predict Fc of shielding
concretes on the basis of nondestructive measurements of UPV
[33]. The work was aimed to verify the correlation curve acc. to
Eq. (1.1) and the calibration curve acc. to Eq. (1.2) for ordinary
and heavy-weight concrete with magnetite and different types of
modifiers enhancing shielding properties [33]:

f ck ¼ 6:25 � UPV2 � 497:5 � UPVþ 990 ð1:1Þ
f ck ¼ 1:5� 2:7ð Þ � 2:75 � UPV2 � 8:12 � UPVþ 4:8
� �

ð1:2Þ

Experimental results of the characteristic compressive strength
(fck) and ultrasonic pulse velocity (UPV) revealed fit to the correla-
tion curve (Eq. (1.1)) with r = 0.60. It suggests that in this case it
could be necessary to analyse the results separately for both con-
crete types – ordinary and heavy-weight one. Nevertheless the
experimental results were in the ranges of the shifted calibration
curve acc. to Eq. (1.2). The best fit was obtained using shifting fac-
tor 2.48 when the correlation coefficient was equal to r = 0.82.
1.3. Microstructure of concrete

The strength of any solid material is directly linked to its poros-
ity and in case of cement based materials such relation is known as
well [33–35]. It should be noticed that low level of total porosity is
not the only condition for receiving good quality and durable con-
crete, but pore sizes distribution also plays an important role. In
cement composites the pore size usually ranges between 1 nm
and 1 cm, and depending on their origin and characteristic, they
can be classified into the smallest gel pores, capillary pores and
the biggest one – macro pores (Fig. 1) resulting from inadequate
compaction [36]. The gel pores do not impact the concrete strength
and durability as they are inaccessible voids and cannot contribute
to water storage or flow. Capillary and macropores as well as larger
air voids (out of the scale in Fig. 1) are strongly responsible for
reduction of both mechanical properties and durability [37].



Fig. 1. Density of pores with different sizes and range of porosity measuring
methods (acc. to [36]).
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Cement composites with greater capillary porosity are more
water permeable and, in consequence, less resistant against chem-
ical attack e.g. sulphate or chloride corrosion. Concrete porosity
can be evaluated in different methods e.g. mercury or gas intru-
sion, calculation from gravimetric measurements or image analy-
sis. The last one is becoming popular in building materials
engineering [38–40]. For this purpose computer software is used
to obtain quantitative information about 3d microstructure based
on 2d images, i.e. fracture volume, number, size or spatial distribu-
tion. A typical image analysis of microstructure requires following
stages: (1) preparation of the material surface (cutting, grinding,
polishing etc.), (2) image collection by commonly used light micro-
scope or using the high resolution scanner, which provides pictures
of enough quality for such an analysis [41], (3) image processing to
separate the objects of interest from the background, (4) quantita-
tive image analysis and (5) interpretation of results. The quality of
images obtained in the stage (2), namely their resolution, decides
about the minimal diameter of pores that may be detected by this
technique.

Precise identification of the modifications impact on the con-
crete microstructure requires observations on level lower than is
achievable using light microscope or scanner. It could be done by
scanning electron microscope (SEM), a powerful tool with broad
range of applications, which beside observations with magnifica-
tion ranging up to 30,000X and spatial resolution even 100 nm
allows for determination of chemical composition. Primarily, SEM
could provide useful information about morphology of interfacial
transition zone (ITZ), an approximately 30�50 mm zone around
each aggregate in cement composites [42]. ITZ is weaker than the
rest of cement paste because of crystal enrichment and orientation
of Ca(OH)2, that indirectly reflects pore structure and compact
degree of interface. ITZ can be additionally weakened by a presence
of dust on aggregate surface. In contrary to dust, a group of fine
reactive mineral additives (e.g. microsilica) could improve the ITZ
performance.
1.4. Aims and directions

The first goal was to analyse the influence of material modifica-
tion on the properties and microstructure of concrete. Due to that
following characteristics were obtained: compressive strength (Fc),
ultrasonic pulse velocity (UPV), absolute density (AD), volume den-
sity (VD), total porosity (P), porosity from image analysis (VV) and
porosity from image analysis excluding pores with diameters � 2
mm. Additionally, the observations of fracture surface of the sam-
ples after three points bending flexural test and samples cross sec-
tions by SEM were made.

The general aim of the paper was to evaluate the effectiveness
of ordinary concrete modification in shielding properties against
neutron radiation (expressed in half value layer HVL and effective
macroscopic cross section RR). Emission of secondary gamma radi-
ation was taken into consideration by using heavy-weight aggre-
gate. Final objective was to evaluate the relations between
determined parameters, with particular focus on relation of HVL
and Fc with parameters describing microstructure (VD, P, VV), as
well as relation of Fc with UPV.

Also an attempt to find a mathematical model describing vari-
ability of shielding effectiveness against neutrons expressed as
HVL, using the multiple regression analysis with stepwise forward
selection has been made.
2. Research program

2.1. Materials

The basic concrete for analysis was an ordinary concrete (OC) composed of CEM
III/A 42,5N LH/HSR/NA, river sand and crushed granite. This type of cement was
chosen, because further application of NGS concrete in massive structures e.g.
nuclear power plants was considered. Water/cement ratio was fixed to 0.4. Consis-
tence of concrete mixes measured by the slump test was kept at S4 level
(160 � 210 mm) by changing the amount of superplasticizing admixture. The aim
of material modification presented in this paper was to use the additions containing
the atoms that are able to improve both gamma and neutron shielding properties
without negative effect on the strength and microstructure. Moreover, taking into
consideration that absorption of neutrons in concrete is linked with excitation of
long- and short-lived gamma emitting radionuclides, the heavy-weight concrete
was deeply investigated. It has been already proved that barite aggregate is improv-
ing gamma shielding efficiency [4,43–45] but it has negative influence on neutron
flux attenuation [21]. Thus, a better aggregate for shielding purpose against both
types of radiation seems to be magnetite. Crystals of magnetite have a small ther-
mal expansion and thermal conductivity of concretes with magnetite aggregate is
good [46]. Barite is characterized by low thermal resistance caused by anisotropy
of its thermal expansion, which is possible disadvantage since some parts of shield
construction may reach temperature above 300 �C. This effect is not present in case
of magnetite as it was reported [47] that the use of magnetite aggregate in concrete
mix significantly improves mechanical properties when the concrete is subjected to
temperature up to 450 �C. In higher temperature strength of magnetite concretes
decreased, nevertheless their performance was higher than concretes containing
normal aggregate [48]. Moreover, the magnetite is compatible with nanosilica
[49]. At the same time, barite may react with alkalis, what may lead to a decrease
in durability of concrete [50].

In this research, a group of special moderators and absorbers were used. The
highest thermal neutrons capture cross sections among known elements has
gadolinium [1]. Moreover, this metallic compound is relatively stable in dry
air, but it quickly tarnishes in moist air, forming loosely adhering gadolinium
(III) oxide. Recently no influence on cement hydration and long-term perfor-
mance of mortars by gadolinium oxide addition was demonstrated [51]. It has
been already found that modification of the magnetite concrete by borax (Na2-
B4O7) created a decrease in density, and thus made gamma shielding efficiency
worse [52]. Addition of boron compounds other than borax, like MgB2, NaBH4

and KBH4, were recognized as a potentially advantaging modifications for neu-
tron shielding [53]. In this research NaBH4 was used, because next to boron,
it contains also desired for attenuation of fast neutrons hydrogen. Another mod-
ifier rich in hydrogen used in research was polymer dispersion. Typical polymer
is composed of carbon (76%), oxide (17%), and hydrogen (7%) atoms [13]. The
same goal could be achieved by introducing polymers in form of fibers ie.g.
polypropylene expressed as CnH2n.

Concluding the OC was modified by:

� change of aggregate from ordinary to magnetite one (M),
� change of cement from CEM III 42.5 N to CEM I 42.5 R (MCI),
� an addition of 0.5 and 1.0% of gadolinium oxide (Gd2O3) in relation to cement
mass (OCG0.5 and OCG1.0 as well as MG0.5 and MG1.0),

� an addition of polymer macrofibers (MF1) or/and polypropylene microfibers
(MF2, MF3),

� an addition of acrylic dispersion (MPCC1), acrylic dispersion together with 1.0%
of gadolinium oxide (MPCC1G1.0) or addition of epoxy dispersion (MPCC2),

� an addition of 1.0% of nonorganic chemical compound containing boron from
hydrates group (MB).
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The modification of shielding concrete by combination of acrylic resin and
gadolinium oxide could be considered as a novelty, because synergistic influence
of these modifiers on shielding properties of concrete has not been tested in the lit-
erature. Moreover the most of the experiments presented in the literature con-
cerned only with single modifications, like change of the aggregate type or
addition of mineral additives separately etc. The detailed composition of concretes
used is given in Table 1.

The mixture of granite, as well as magnetite aggregate, contained grains
between 0 and 16 mm (Fig. 2). It could be clearly seen that aggregate used in
heavy-weight concrete contained more grains below 0.5 mm (Fig. 2a). Granulome-
try curves confirm this fact and indicate that responsible for differences in quantity
of 0/0.5 mm fraction in aggregates mixture was 4/8 mm magnetite fraction, which
contained six times more grains from 0 to 2 mm in size. The 8/16 mm fraction of
magnetite also contained more undersize aggregate in comparison with an ade-
quate granite fraction.

2.2. Test procedures

2.2.1. Microstructure
The microstructure of concretes was analyzed by: observation of morphology of

fracture surfaces, image analysis of samples cross sections and scanning electron
microscope (SEM). The set of 3 samples, 40 mm � 40 mm � 160 mm in size was
prepared for each of 14 concretes and cured for 28 days.

Observations of microstructure as well as morphology of interfacial transition
zone between cement paste and aggregate were performed on
5 mm � 40 mm � 40 mm slices. Fractured surfaces were obtained during the three
points bending flexural test and cut vertically from one beam for each concrete.

The procedure of samples preparation for image analysis involved (1) cutting
out three slices of dimensions 10 mm � 40 mm � 40 mm from one beam by each
of 14 concretes, (2) cold mounting in colored epoxy resin under lowered pressure,
(3) three step grinding and (4) final polishing. After this procedure, 2D images of
microstructure were acquired on a scanner with a resolution of 2400 DPI (1 pixel
equals 10.6 mm), what means that the smallest detected air-voids were larger than
about 50 mm. The images were subjected to computer processing using photo edit-
ing software with a purpose to obtain the most precise binary image of black pores,
which are of interest, on white background of aggregate and cement paste. In this
study preparation of images for the analysis was the combination of contrast,
brightness, gammamodulation and color saturation, supported by manual selection
of pores and followed by binarization. The images was also cropped to a bit smaller
than the borders of sample face, because of vulnerability of the edge of the face to a
loss of aggregate during cutting. The computer aided quantitative description of the
microstructure of concretes was achieved by specialized software, developed at the
Faculty of Materials Science and Engineering of Warsaw University of Technology.
The image analysis was applied to calculate the VV parameter, indicating the
Table 1
Composition of concretes used in the study.

Short description Symbol

[kg/m3]
of concrete

C W S G

Ordinary OC 380 152 750 1345
Ordinary with Gd2O3 OC0.5 380 152 750 1345

OC1.0 380 152 750 1345
Heavy M 380 152 750 –
Heavy CEM I* MCI 380 152 750 –
Heavy with Gd2O3 MG0.5 380 152 750 –

MG1.0 380 152 750 –
Heavy PCC MPCC1 380 152 750 –

MPCC2 380 152 750 –
Heavy PCC with Gd2O3 MPCC1G1.0 380 152 750 –
Heavy with NaBH4 MB 380 152 750 –
Heavy with fibers MF1 380 152 750 –

MF2 380 152 750 –
MF3 380 152 750 –

C – CEM III/A 42.5N LH/HSR/NA.
* – CEM I 42.5N.
W – water.
S – river sand.
G – crushed granite.
M – crushed magnetite.
A – acrylic dispersion.
E – epoxy dispersion.
P – polypropylene macrofibers.
PP – polypropylene microfibers.
SA – superplasticizing admixture.
volume fraction of air voids in material, and then to compare it with total porosity
(P) evaluated from relation of absolute (AD) and volume density (VD). The results of
porosity derived by image analysis for each concrete were the averages from three
cross section surfaces, cut from three beams.

The SEM observations were performed on samples of dimensions approxi-
mately 5–6 mm in diameter. The microstructure was analyzed on images taken
with magnifications starting from x50 up to x10000. Additionally, total porosity P
from gravimetric measurements was calculated using Eq. (2.1):

P ¼ 1� VD
AD

� �
ð2:1Þ

where VD is volume density and AD is absolute density.
The volume density was calculated for three samples per each concrete as mass

divided by volume of 100 mm � 100 mm � 100 mm cube with air pores, cured by
28 days. The estimation of absolute density was more time consuming, whereas
it involved crushing and milling fragments of 40 mm � 40 �mm 160 mm beams
at the age of 28 days for each modified concrete to obtain powder with maximal
grain size below 0.063 mm. The quantity of obtained material was enough to per-
form three measurements of volume without pores in the Le Chatelier flask and
thereby to calculate three absolute densities per concrete composition. The objec-
tive was to quantify how two different porosity testing methods, namely image
analysis and gravimetric measurements, compare to each other and the rest of
microstructural and technical properties.
2.2.2. Compressive strength and ultrasonic pulse velocity
Compressive strength (Fc) test was carried out on 100 mm �

100 mm � 100 mm cubic specimens at age 28 days using compression testing
machine. The compressive strength value for each concrete composition was the
average of results obtained for three samples.

The NDT tests by ultrasonic method were performed by direct method with
transducers located on opposite sides of 100 mm � 100 mm � 100 mm cubic sam-
ples cured by 28 days. The equipment used was digital ultrasonic flaw detector, two
piezoelectric transducers of 100 kHz frequency and, in order to ensure adequate
acoustic coupling between the concrete surface and the special head, commercial
coupling gel was applied. The raw signals were recorded using a specialized pro-
gram. To evaluate the time of propagation of ultrasonic impulse between emitter
and receiver, the graphs presenting the amplitude changes in the function of time
were prepared. The velocity (UPV) was calculated by dividing the distance between
transducers (equal to 100 mm) by the time of travel. Summarizing, the measure-
ments were repeated three times per concrete sample and including fact that three
samples were made for each material, nine UPV results per concrete composition
were finally obtained and 14 average velocities were calculated.
Composition

[%]
of cement mass

[kg/m3]
of concrete

M Gd2O3 A E NaBH4 P PP SA

– – – – – – – 0.52
– 0.5 – – – – – 0.52
– 1.0 – – – – – 0.60
2078 – – – – – – 0.56
2078 – – – – – – 1.03
2078 0.5 – – – – – 0.34
2078 1.0 – – – – – 0.34
2078 – 10 – – – – 0.26
2078 – – 10 – – – 0.43
2078 1.0 10 – – – – 0.52
2078 – – – 5 – – 0.77
2078 – – – – – 0.6 1.03
2078 – – – – 3.5 – 0.52
2078 – – – – 3.5 0.6 0.52



Fig. 2. Granulometry of aggregate mixtures used for ordinary and heavy-weight concrete (a) and granulometry of fractions of 0/2 mm – river sand, 2/8 mm – granite and
magnetite, and 8/16 – granite and magnetite (b).

K. Zalegowski et al. / Construction and Building Materials 235 (2020) 117389 5

Po
br

an
o 

z 
ht

tp
://

re
po

.p
w

.e
du

.p
l /

 D
ow

nl
oa

de
d 

fr
om

 R
ep

os
ito

ry
 o

f W
ar

sa
w

 U
ni

ve
rs

ity
 o

f T
ec

hn
ol

og
y 

20
23

-0
5-

26
2.2.3. Radiation shielding efficiency
Neutron radiation shielding efficiency was measured using a Pu-Be source.

Measurements were made according to the individually developed program [54]
at a specially prepared stand that allowed placing 500 mm � 500 mm � 50 mm
concrete slabs perpendicularly to the positioning mechanism of the radiation
source at a height of 100 cm ± 3% above the floor surface (Fig. 3).

The radiation source for time of measurement was ejected from the temporary
slot under the floor surface using the electric hoist. The relatively large surface area
of the sample created an isotropic radiation as the measurement consisted mainly
of the beam passing through the barrier and not the reflected radiation from the
walls and devices in the room. The evaluation is based on half value layer (HVL)
expressing the thickness of absorbing material needed for reduction of the incident
radiation intensity by a factor of two. According to the procedure described in [54],
two recombinant ionization chamber REM-2 and GW2with different sensitivities to
neutron radiation are used while determining the HVL. The chamber REM-2 is a
high-pressure chamber recombinant filled with gas equivalent a tissue containing
the composition of 11% hydrogen, having comparable sensitivity to neutron and
gamma radiation. The second of similar construction is no hydrogen chamber,
wherein the gas is a high pressure CO2. With such filling sensitivity for neutron
radiation is practically negligible. The above chambers, after using appropriate
recombination techniques, allow for determining neutron radiation dose equiva-
lent. HVL was calculated from the neutron radiation dose equivalent reduction
curves that were matched numerically using least squares method.

Additionally, effective macroscopic cross section for fast neutrons (called also
fast neutron effective removal cross-sections) (RR) was calculated theoretically fol-
lowing the methodology already described and used by many researchers [10,55–
57] and applied in computer programs like MERCSF-N [58] and WinNC-toolkit
[59] as well. The term ‘‘removal” means removal from the group of fast neutrons,
which in most cases is the result of elastic scattering. It is calculated according to
Eq. (2.2) as a sum of the individual microscopic removal cross sections of its con-
stituents for any chemical compounds or homogeneous mixture of i-elements
[14,60,61].

RR=q ¼
X
i

wi � RR=qð Þi ð2:2Þ

where:
wi – weight fraction of the ith element, ðRR=qÞi – mass removal cross-section of

the ith element
Weight fraction (wi) is proportional to partial density (Wi) by its density

according to Eq. (2.3):
REM-2 
Chamber 

Fig. 3. Experimental stand for neutro
Wi ¼ wi � qs ð2:3Þ
Than fast neutron effective removal cross section (RR) can be than calculated

using the Eq. (2.4):

RR ¼
X
i

Wi � RR=qð Þi ð2:4Þ

where:
Wi – partial density of ith constituent, RR=qð Þi – fast neutron mass removal cross

section of the ith element
The value of fast neutron mass removal cross section of constituents depends

only on microscopic nuclear properties and varies smoothly with the atomic
weight. They can be calculated using from empirical Eqs. (2.5)–(2.8) related to
the atomic mass A and the atomic number Z of the element proposed by Wood
in 1982 [61]:

RR=q ¼ 0:21 � A�0:56 ; A � 12 ð2:5Þ

RR=q ¼ 0:00662 � A�1=3 þ 0:33 � A�2=3 � 0:211 � A�1; A > 12 ð2:6Þ

RR=q ¼ 0:190 � Z�0:743; Z � 8 ð2:7Þ

RR=q ¼ 0:125 � Z�0:565; Z > 8 ð2:8Þ
or Eq. (2.9) proposed by Chilton et al. [62] in 1984:

RR=q ¼ 0:0206 � A1=3 � Z�0:294 ð2:9Þ
Moreover the experimental and theoretical values of the mass removal cross-

sections for most elements and some compounds have been presented in tables
[14,56,57,62,63]. In this research elemental composition of concrete and weight
fractions of its components (Table 2) was calculated theoretically from the mass
composition (see Table 1), taking into consideration fixed volume of water con-
sumed in a cement hydration process taken as 20% of cement mass.

2.2.4. Statistical analysis of test results
In this study statistical methods were used to determine the influence of com-

pressive strength, ultrasonic pulse velocity and microstructure (total porosity, vol-
ume density and porosity from image analysis) of concrete on its neutron radiation
shielding efficiency. The correlation analysis was performed in order to evaluate the
relation between obtained characteristics and the statistical power of these
Pu-Be source 

concrete slab 

n radiation shielding efficiency.



Table 2
Weight fractions for specific elements of concrete atomic composition.

Weight fraction Concrete

OC OCG0.5 OCG1.0 M MC1 MG0.5 MG1.0 MPCC1 MPCC2 MPCC1G1.0 MB MF1 MF2 MF3

H 0.33 0.33 0.33 0.26 0.26 0.26 0.26 0.36 0.33 0.36 0.32 0.26 0.27 0.27
B 0.16
C 0.99 0.86 0.98 0.02 0.09 0.11
O 49.58 49.55 49.53 36.59 36.26 36.57 36.56 36.22 36.37 36.19 36.38 36.58 36.55 36.54
Na 1.48 1.48 1.48 0.18 0.16 0.18 0.18 0.17 0.17 0.17 0.53 0.18 0.18 0.18
Mg 0.61 0.61 0.61 0.30 0.10 0.30 0.30 0.30 0.30 0.29 0.30 0.30 0.30 0.30
Al 4.57 4.57 4.57 0.57 0.49 0.57 0.57 0.57 0.57 0.56 0.57 0.57 0.57 0.57
Si 33.55 33.53 33.50 13.20 12.65 13.19 13.18 13.05 13.05 13.03 13.12 13.20 13.19 13.18
P 0.03 0.03 0.03 0.39 0.39 0.39 0.39 0.38 0.38 0.38 0.38 0.39 0.39 0.39
S 0.15 0.15 0.15 0.13 0.18 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13
Cl 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
K 1.89 1.89 1.89 0.18 0.20 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18
Ca 6.37 6.36 6.36 5.57 6.56 5.57 5.56 5.51 5.51 5.50 5.54 5.57 5.57 5.56
Ti 0.09 0.09 0.09
Mn 0.02 0.02 0.02
Fe 1.31 1.31 1.31 42.63 42.75 42.61 42.58 42.14 42.14 42.09 42.39 42.62 42.59 42.58
Gd 0.06 0.13 0.05 0.10 0.10
VD [kg/m3] 2251 2339 2293 3014 3020 3124 3194 3120 3179 3107 3053 3069 3164 2855
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relations was defined by linear correlation coefficient r. The multiple regression
analysis with stepwise forward selection was applied to verify the existence of rela-
tion between shielding effectiveness against neutrons and microstructural as well
as physico-mechanical characteristics of concrete. In this purpose regression mod-
els and following statistics were determined:

& coefficient of multiple regression R
& coefficient of determination R2

& probability p
& standard estimation error SEE

Additionally 3D surface plots for chosen relations were prepared.

3. Results and discussion

3.1. Microstructure

3.1.1. Description of fracture surface
Fracture surfaces obtained in standard three points bending

flexural test are presented in Table 3. In case of ordinary concrete
with granite (OC) the fracture propagates through coarse grains,
what indicates that adhesion between coarse aggregate and mortar
in ordinary concrete is stronger than cohesion of mortar itself. Con-
trary to that in heavy-weight concrete (M) coarse magnetite grains
were pulled out frommatrix. It is probably due to a dust present on
magnetite aggregate in contrast to granite one, which is negatively
affecting ITZ zone properties.

3.1.2. Cross-section image analysis
The results of image analysis, including examples of cross sec-

tions scans before and after preparation to analysis, mean VV values
and coefficients of variation, are presented in Tables 4–5. The
porosity VV estimated by image analysis for ordinary and mag-
netite concrete decreased with increase of content of gadolinium.
Generally, it was concluded that ordinary concrete with 1.0% of
gadolinium oxide (OCG1.0) as well as heavy-weight concrete with
acrylic dispersion (MPCC1) and heavy-weight concrete with acrylic
dispersion and 1.0% of gadolinium show the lowest porosity
(between 1.1 and 1.2%). The highest VV is shown by magnetite con-
crete with sodium borohydride (MB, 6.81%) and the mix of micro-
and macrofibers (MF3, 6.45%). NaBH4 is an inorganic chemical
compound, belonging to hydride group that dissolve in alcohols
and water giving NaBH2 and gaseous H2, in fact acting as a foaming
agent, creating a system of connected pores. In case of concrete
with mix of polymer and polypropylene fibers, almost four times
higher pore volume fraction in comparison to fibers used sepa-
rately (MF1 and MF2) was observed. It was probably an effect of
too big quantity of fibers in a mix, causing a drop in workability
[64]. Thus, more air remained in MF3 mix after compacting proce-
dure in comparison to other fiber reinforced mixes.

The results of VV demonstrated differential coefficient of varia-
tion , small with CV below 20.0% for 8 from 14 concretes and large
with CV above 50.0% for MPCC2 and MB. It was assumed that such
differences between single calculations made for same concrete
type may be caused by macropores reaching few millimeters in
diameter and appearing in completely random way. The presence
of such air voids at one of scans would have especially great impact
on the results received for concretes with low level of porosity, like
MPCC2 (VV = 1.55% and CV = 56.0%). Therefore authors decided to
ignore air voids with equivalent diameter � 2 mm while estimat-
ing pore volume fraction – VV2 and CV2 (Table 5). The exception
was made for MB concrete, for which VV2 was calculated as VV,
since evolution of H2 during mix preparation and concrete curing
was considered as the main factor responsible for increase in sam-
ple heterogeneity and formation of pore system with connected
voids up to 14 mm in equivalent diameter, as well as cracks. It
could be observed that coefficient of variation of MPCC2 porosity
decreased by almost 27.0% after operation mentioned above. Sim-
ilar trend, but in lesser degree, was revealed by MG1.0 (6.4%), MF2
(6.4%) and MF3 (10.0%). Although, the CV2 increased by 5.1% and
1.8% for OC andMG0.5 respectively in relation to their CV. The other
coefficients of variation did not change or their change was negli-
gible. The cut off of macropores with diameter above 2 mm influ-
enced mean porosity, which of course decreased.

The VV(VV2) relation (Fig. 4) showed almost ideal correlation
with coefficient r = 0.99 (r2 = 0.98) and Eq. (3.1):

VV2 ¼ �0:07þ 0:96 � VV ð3:1Þ
The another possible reason for high variation of VV results from

the microstructure of concrete, which is a non-uniform composite
material composed of aggregate grains, cement paste, pores, cracks
and possibly additions. Consequently, each cross section of the
sample looks different and proportions of ingredients revealed at
different cross sections areas could also vary (Fig. 5). The porosity
of aggregate was not a subject of image analysis in this study, so it
was assumed that it is equal to 0.0% and porosity of concrete was
derived from porosity of mortar. Therefore, changes in coarse
aggregate area (VV = 0.0%) at the scans of cross sections induced
changes in mean VV and variation of the results as well. In further
research the authors plan to focus on eliminating of the aggregate



Table 3
Fracture surface obtained in standard three points bending flexural test.

Concrete Fracture surface Concrete Fracture surface

OC M

OCG0.5 MG0.5

OCG1.0 MG1.0

MCI MPCC1G1.0

MPCC1 MPCC2

MB MF1

MF2 MF3
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influence on the results provided by image analysis, namely calcu-
lating the porosity as volume of air voids related to volume taken
by mortar in analyzed concrete.

The porosity estimated by image analysis (VV) differs from the
total porosity (P) calculated using volume and absolute density
(Table 4). It was expected since each method of measurements of
pore volume fraction has its own range of detection level (see
Fig. 2). The subject of image analysis were air voids above approx.
50 mm in diameter, while porosity based on material densities was
also concerned with gel pores with sizes even up to 1 nm, associ-
ated with the C-S-H gel phase created during hydration process
of all Portland cement based composites.



Table 4
Examples of pictures before and after preparation to image analysis.

Initial picture Picture prepared to image analysis Initial picture Picture prepared to image analysis

OC M

OCG0.5 MG0.5

OCG1.0 MG1.0

MCI MB

MPCC1 MF1

MPCC2 MF2

MPCC1G1.0 MF3
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Table 5
Mean porosity (VV) calculated by image analysis with and without contribution of air voids � 2 mm (VV2), with coefficients of variation (CV, CV2).

OC OCG0.5 OCG1.0 M MCI MG0.5 MG1.0 MPCC1 MPCC2 MPCC1G1.0 MB MF1 MF2 MF3

VV [%] 3.28 2.19 1.13 4.45 5.45 2.41 2.25 1.11 1.55 1.20 6.81 1.66 1.73 6.45
CV [%] 14.00 23.70 7.30 10.70 4.10 8.50 24.50 2.40 56.00 27.80 52.30 16.80 16.50 24.40
VV2 [%] 2.64 2.19 1.13 4.25 5.33 2.32 1.95 1.11 1.18 1.20 6.81 1.67 1.55 5.83
CV2 [%] 19.10 23.70 7.30 11.00 4.40 10.30 18.10 2.40 29.20 27.80 52.30 16.80 10.10 14.40

Fig. 4. Relation VV2(VV) (confidence interval = 0.95).
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3.1.3. Microstructure observed in SEM
In the course of the investigations it was observed that the

microstructure of the ordinary concrete (OC) and the heavy-
weight magnetite one (M), have similar porosity image (Fig. 6).

Substituting the slag cement CEM III with a Portland cement
CEM I, in case of heavy-weight concrete (MCI) resulted in small
change of its structure (Fig. 7). Small microcracks were observed
in the cement matrix of CEM I.

Gadolinium additive in case of OC resulted in significant
decrease of porosity. The 1.0% gadolinium oxide addition
(OCG1.0) caused almost total reduction of the small pores in the
sample (Fig. 8).

The presence of gadolinium was interpreted as the small white
particles (Fig. 9) visible in the large SEM magnifications – most
likely as dispersed gadolinium particles [65]. This could be a result
of a good homogenization and good compatibility between
gadolinium and cement matrix. The result of introducing gadolin-
ium into magnetite concretes (MG0.5 and MG1.0) is similar to the
Fig. 5. Differences between sample cross sections c
ordinary ones. The decrease of porosity was observed as well, how-
ever it was not as significant as previously (Fig. 10).

Polymer additive in composition of heavy-weight concretes has
resulted in forming a new phase in the composite – a clearly visible
polymer film. The porosity of material is decreased in comparison
to concrete without polymer, which is a result of structure tighten-
ing. Regarding the polymer type, the microstructure is similar in
case of both acrylic and epoxy resin addition (MPCC1, MPCC2) see
Fig. 16). The microstructure of polymer concrete containing
gadolinium oxide (MPCC1G1.0) is different, due to the visible white
gadolinium oxide crystals (Fig. 11).

Borohydride addition (MB) caused quite significant change in
macroporosity in relation to plain magnetite concrete (Fig. 12). It
appears that spherical pores have gathered in shape of elongated
capillars – such action seems to be similar to the effect of air
entraining admixtures in concrete mix.

Concretes with fibers have quite similar microstructure, con-
taining some quite big air pores, present in the cement matrix
due to the difficulties with compaction of such mixes. Micro- and
macrofibers (MF1, MF2) are clearly visible (Fig. 13) and the contact
zone between fibers and the cement matrix is correctly shaped –
no visible microcracks were observed in the areas of anchoring
the fibers in the matrix. The macro fibers in MF1 and MF3 were
not present in the samples prepared for the SEM observations
because of their size, which was significantly larger than the size
of the samples.
3.2. Density and total porosity from gravimetric measurements

The results of volume density (VD), absolute density (AD) and
total porosity (P) were presented in Table 6. The volume densities
determined in the study, allowed to classify granite and magnetite
concretes as ordinary and heavy-weight ones respectively. The
gadolinium oxide in quantity of 0.5 and 1.0% was found to cause
similar, few percent increase in VD when added to OC as well as
M concrete. It is in contrast to MPCC1, which did not show any
changes after addition of 1.0% of Gd2O3 (MPCC1G1.0). MPPC1 and
MPCC2 exhibited about 4.0% increase in VD in comparison to M
aused by heterogeneous structure of concrete.



Air pores

Aggregate

Fig. 6. Microstructure of the ordinary concrete (OC, left) and the heavy-weight concrete containing slag binder (M, right).

Micro crack

Fig. 7. Microstructure of heavy-weight concrete containing slag (M, left) and Portland cement (MCI, middle) and microcrack in CEM I matrix (right).

Fig. 8. Reduction of the small pores in the ordinary concrete with gadolinium oxide
(OCG1.0).
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concrete. The modification of heavy-weight concrete by two kinds
of fibers had three different effects. The addition of microfibers had
negligible impact (MF1), macrofibers caused increase in VD by 5.0%
(MF1), while the use of both types simultaneously resulted in its
5.3% decrease in VD (MF3). Neither the type of cement (change
from CEM III 42.5 N to CEM I 42.5R, MCI) nor the addition of NaBH4

(MB) had an influence on the volume density.
The modification of ordinary concrete by gadolinium had no

influence on the absolute density (AD) (Table 6). It was concluded
that the addition of each one modifier to the magnetite concrete
decreased AD. The change was slight in most cases, while the most
significant decrease was observed for MF1 with polymer macrofi-
bers (5.6%) and MG1.0 with 1.0% of Gd2O3 (4.8%).

The total porosity (P) derived from volume and absolute density
(see Table 5) for OC first decreased by 2.9% but then increased by
1.4% (in comparison to OCG0.5) while increasing the content of
Gd2O3 from 0.5 to 1.0%. The addition of two types of fibers (MF3)
to M caused increase in P by 1.9%, while the rest of modifications
resulted in decrease of air volume fraction – the most significant
for MG1.0 (9.0%) and MPCC2 (7.7%).

It was noticed that data points of relations VD(P) as well as AD
(P) created two separated clouds of points, what is reasonable
because they come from two different groups of ordinary and
heavy-weight concretes. In this case analysis of correlations in
groups had to be done to increase the accuracy of calculations.
Fig. 14 presents the results of regression analysis with respect to
the above fact (porosity-volume density, porosity-absolute den-
sity) as well as the 3D surface plot representing the relation
between all three physical properties involved in this study. Gener-
ally the correlation coefficients increased after taking into consid-
eration heterogeneity of the set of the data. In case of VD(P)
relation the r was �1.00 and �0.89 respectively for granite and
magnetite concrete, and as expected the b coefficients had nega-
tive values, what indicates that the increase in porosity was
accompanied by decrease in volume density (Fig. 14b). Despite
higher value of the correlation coefficient for ordinary concrete
group, the relation VD(P) is less reliable due to small set of data
(only 3 points).

The density of bulk material calculated excluding the volume of
pores (AD) should be independent from porosity, but results in this
study were a bit contrary and possibly it is another effect of hetero-



Gadolinium oxide Gadolinium oxide

Fig. 9. Gadolinium particles dispersed in the ordinary (OCG1.0, left) and heavy-weight concrete (MG1.0, right).

Small
air pores

Fig. 10. Decrease of porosity in heavy-weight concrete (MG1.0).
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geneous structure of concrete composite materials. The increase in
porosity caused negligible decrease in AD of granite concrete
(direction coefficient b = �4.07) and increase in AD of magnetite
concrete (direction coefficient b = 11.78). The AD(P) relation for
granite concrete showed greater correlation coefficient
(r = �0.96) than for magnetite concrete (r = 0.59), but like in case
VD(P), the amount of data seems to be too small. Additionally, it
can be concluded that VD(P) relation is stronger than AD(P), what
is obvious because AD depends on the chemical composition of
concrete phases only. The 3D surface plot (see Fig. 19a) confirmed
trends for heavy-weight concrete described above – increase in
absolute density and decrease in volume density is followed by
increase in porosity.

The equations of relations VD(P) and AD(P) for both types of
concrete were presented in Table 7.

The relation VD(P) could be approximated by general Eq. (3.6)
for ordinary concrete:
VD Pð Þ ¼ 2700� 30 � P ð3:6Þ
and Eq. (3.7) for heavy-weight magnetite concrete:
VD Pð Þ ¼ 3600� 30 � P ð3:7Þ
Difference in measured and calculated VD values using these

equations is less than 3.5%.
3.3. Compressive strength and ultrasonic pulse velocity

The results of compressive strength (Fc) and ultrasonic pulse
velocity (UPV) were presented in Table 8. It was observed that
growth in gadolinium oxide content in OC led to increase in Fc.
In case of heavy-weight concrete the addition of 0.5% as well as
1.0% of Gd2O3 had the same influence, namely causes about
21.0% improve in Fc. The modification ofM by changing the cement
type on CEM I 42.5N (MCI) as well as adding NaBH4 (MB) and both
types of fibers (MF3) weakened the Fc by 14.8, 23.0 and 39.8%
respectively. The compressive strength of MPCC1, MPCC1G1.0 and
MF1 almost did not change in relation to M. The rest of modified
magnetite concretes exhibited increase in Fc and the most signifi-
cant change was noted for MG0.5 (21.1%), MG1.0 (22.7%) and
MPCC2 (20.1%). Generally, from group of magnetite concretes only
MG0.5, MG1.0, MPCC2 and MF2 had the Fc comparable to the weak-
est one from ordinary concretes – unmodified OC.

The results of nondestructive tests show clear influence of
material modification on ultrasonic pulse velocity (see Table 7).
The waves velocity in OC increased due to addition of 0.5% of
Gd2O3 only by 56 m/s (OCG0.5), but growth in content of gadolin-
ium oxide to 1.0% caused another increase by 166 m/s, what alto-
gether gives 222 m/s (increase by 5.5%) in relation to OC. In
contrast to ordinary concrete, the UPV in magnetite one did not
raise until 1.0% of gadolinium oxide was added (increase only by
2.6%). It was also noticed that modification of M by epoxy resin
(MPCC2) resulted in increase of UPV too (increase by 3.9%). The
noticeable decrease in UPV of M may be observed after changing
the cement type (increase in 4.6%). The rest of modifications of
heavy-weight concrete caused minor changes in UPV.

Fig. 20 presents the relation between the compressive strength
and ultrasonic pulse velocity – UPV(Fc). The correlation between
two set of data is high, with coefficient of correlation r = 0.80,
and Eq. (3.8) (Fig. 15a). However, it was possible to improve the
accuracy of correlation by discarding the statistical outliners
related to MB and MF3 data points. This operation caused increase
in power of correlation r to 0.93 (Eq. (3.9)) (Fig. 15b):

With MB and MF3 Fc ¼ �197:63þ 0:06 � UPV ð3:8Þ
Without MB and MF3 Fc ¼ �153:20þ 0:05 � UPV ð3:9Þ
The b coefficient had positive value, what indicates about the

expected trend of increase in velocity of elastic waves with
increase in compressive strength of concrete.



Epoxy-cement
matrix

Gadolinium
oxide

Epoxy-cement matrixGadolinium

Fig. 11. The microstructure of heavy-weight concrete containing: acrylic resin (MPCC1, left), epoxy resin (MPCC2, middle) and acrylic resin together with gadolinium oxide
(MPCC1G1.0, right).

Large
air pore
Large
air pore
Large
air pore

Fig. 12. Large air pores in the microstructure of heavy-weight concrete with
borohydride addition (MB).
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3.4. Neutron radiation shielding efficiency

The results of shielding properties expressed as HVL and results
of fast neutron effective macroscopic cross section (RR) were pre-
sented in Table 9. In general, ordinary concrete is worse in neutron
shielding efficiency expressed as HVL in relation to heavy-weight
magnetite by approx. 16.0 � 20.0%. The addition of the polymer
dispersion along with gadolinium oxide to magnetite concrete
(MPCC1G1.0) had the most positive effect on shielding properties,
since it resulted in 31.3 and 17.6% decrease of HVL, respectively
in relation to ordinary (OC) and magnetite concrete one (M).
Gadolinium oxide (MG0.5 and MG1.0) and acrylic dispersion
(MPCC1) added alone, as well as sodium borohydride (MB) and
polypropylene microfibers had negligible effect on HVL calculated
for both OC and/or M. The change of CEM III cement type on CEM
I (MCI), the addition of epoxy dispersion (MPCC2), macrofibers
(MF2) as well as macro- and microfibers together (MF3) led to
decrease in shielding effectiveness against neutrons – HVL
decreased in comparison to M by 8.9, 4.8, 8.1% and 17.2%
respectively.

Results of fast neutron effective macroscopic cross sections in
this research are higher than presented by Oto et al. [12] both for
ordinary (M0; RR = 0.0898) and magnetite concrete (M50;
RR = 0.0914, M100; RR = 0.0920). It is due to the fact that effective
macroscopic cross-section calculations are based mainly on the
presence of hydrogen content in the shielding material and it
was generally higher in this research. It is a result of an assumption
of amount of hydrated water fixed for 20% of cement mass. Never-
theless, the conclusion that magnetite concrete is more effective
material for neutron shielding than the ordinary one is confirmed
despite the lover hydrogen weight fraction. It is mainly due to
higher impact on fast neutron attenuation of iron in magnetite in
comparison to silica in granite aggregate (see Table 2). Moreover,
since the differences of hydrogen content for all studied concretes
was explicit, specific variations between RR values have been
observed.

Ordinary concretes exhibited the lowest effective macroscopic
cross sections for fast neutrons (RR) –0.0913 (OC, OCG0.5, OCG1.0)
(Table 9). It shows that there is no influence of addition of gadolin-
ium oxide. It is true also for magnetite concrete (M, MG0.5 and
MG1.0 – RR = 0.0996). This is in accordance with the theory as
gadolinium has an extremely large cross section for thermal neu-
tron absorption and do not contribute to fast neutron attenuation.
The change of ordinary aggregate on heavy-weight one caused 9.1%
increase in RR. Minor changes were observed after modification of



Micro
fibres

Micro
fibres

Fig. 13. Samples containing micro fibers (MF2 – left, MF3 – right).

Table 6
Volume (VD) and absolute density (AD) with standard deviations (SD) and coefficients of variation (COV) as well as total porosity (P).

Concrete VD [kg/m3] SD [kg/m3] COV [%] AD [kg/m3] SD [kg/m3] COV [%] P [%]

OC 2251 26.31 1.17 2646 14.97 0.57 14.94
OCG0.5 2339 31.12 1.33 2658 4.06 0.15 12.00
OCG1.0 2293 5.54 0.24 2649 13.65 0.52 13.44
M 3014 110.01 3.65 3788 30.17 0.80 20.42
MCI 3020 36.17 1.20 3724 5.46 0.15 18.91
MG0.5 3124 17.45 0.56 3701 0.96 0.03 15.60
MG1.0 3194 23.18 0.73 3605 35.28 0.98 11.40
MPCC1 3120 30.71 0.98 3724 39.78 1.07 16.23
MPCC2 3179 70.00 2.20 3643 13.85 0.38 12.74
MPCC1G1.0 3107 34.29 1.10 3728 91.27 2.45 16.65
MB 3053 16.97 0.56 3642 12.46 0.34 16.17
MF1 3069 20.81 0.68 3574 17.22 0.48 14.14
MF2 3164 29.26 0.92 3736 0.16 < 0.01 15.30
MF3 2855 37.00 1.30 3677 9.01 0.24 22.33

Fig. 14. 3D surface plot showing the U(VD, AD, P) relation for heavy-weight concrete as well as (a) AD(P) and (b) VD(P) for both groups of concrete (c).
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Table 9
Neutron radiation shielding efficiency.

Concrete HVL [cm] RR [cm�1]

OC 8.72 0.0913
OCG0.5 8.94 0.0913
OCG1.0 8.93 0.0913
M 7.27 0.0996

Table 7
Correlation equation of relation VD(P) (3.3) and AD(P) (3.5).

Relation Equation

Ordinary concrete Heavy-weight concrete

VD(P) VD = 2697.04 � 29.92�P VD = 3522.41 � 26.95�P (3.3)
AD(P) AD = 2705.74 � 4.07�P AD = 3492.99 + 11.78�P (3.4)
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M by change of cement type (MCI), addition of micro- and macro-
fibers (MF1, MF2 and MF3) and both types of fibers at the same
time. The noticeable increase in RR, namely increase in shielding
efficiency of plain magnetite concrete (M), was a result of addition
of polymers – both acrylic (MPCC1, 3.8%) and epoxy resin (MPCC2,
3%) and acrylic resin together with gadolinium oxide (MPCC1G1.0,
3.8%), what is associated with significant increase in hydrogen con-
tent in these samples.

Effective macroscopic cross section RR showed quite good neg-
ative correlation with half value layer HVL (r = �0.82), what as
expected, indicates that increase in HVL is followed by decrease
inRR (Fig. 16). This allows for evaluation of radiation shielding effi-
ciency based on the value of HVL only.
MC1 7.92 0.0969
MG0.5 7.30 0.0996
MG1.0 7.12 0.0996
MPCC1 7.08 0.1034
MPCC2 7.62 0.1029
MPCC1G1.0 5.99 0.1034
MB 7.33 0.1015
MF1 7.22 0.0996
MF2 7.86 0.1000
MF3 8.52 0.1001
4. Results analysis

4.1. Relation between microstructure and technical properties of
concrete

The relation of VD or AD with other technical properties of con-
crete have required linear regression analysis in so called non
Fig. 15. Relation Fc(UPV): a) with and b) without s

Table 8
Compressive strength (Fc) and ultrasonic pulse velocity (UPV) with standard deviation (SD

Concrete Fc
[MPa]

SD
[MPa]

C
[

OC 51.7 1.2 2
OCG0.5 55.3 0.9 1
OCG1.0 62.6 1.8 2
M 42.7 5.1 12
MCI 36.4 1.4 3
MG0.5 51.7 1.8 3
MG1.0 52.4 2.2 4
MPCC1 43.4 1.5 3
MPCC2 51.3 2.3 4
MPCC1G1.0 40.3 0.6 1
MB 32.9 4.0 12
MF1 44.3 2.3 5
MF2 52.0 1.5 2
MF3 25.7 2.8 11
homogeneous groups, observed at diagram as two distinguishable
clouds. The reason was large difference in density of concretes
used in this study – ordinary and heavy-weight ones. The rest of
properties tested as explanatory variables of HVL did not show
such a tendency. Some of relations between physico-mechanical
properties were mentioned in previous chapters: (1) VV2(VV) (see
chap. 3.1.2); (2) VD(P), AD(P) and U(VD, AD, P) (see chap. 3.1.4);
(3) Fc(UPV) (see chap. 3.1.5).

Volume density of magnetite concrete showed positive
correlation with compressive strength with coefficient r = 0.89
(Fig. 17a) – when VD increased, Fc was also increasing. Relatively
tatistical outliers (confidence interval = 0.95).

) and coefficient of variation (COV).

OV
%]

UPV
[m/s]

SD
[m/s]

COV
[%]

.38 4027 21.97 0.55

.71 4083 35.32 0.87

.94 4249 50.93 1.20

.00 3919 65.54 1.67

.97 3737 82.01 2.19

.42 3910 102.42 2.62

.22 4021 45.86 1.14

.55 3923 60.98 1.55

.53 4072 58.21 1.43

.58 3836 77.61 2.02

.31 3929 44.40 1.13

.13 3868 52.84 1.37

.79 3971 52.45 1.32

.06 3840 153.94 4.01



Fig. 16. Relation of RR(HVL) (confidence interval = 0.95).

Fig. 18. Relation VV2(P) (confidence interval = 0.95).
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high correlation coefficient was represented by relation of UPV(VD)
(r = 0.65), with trend of changes similar to Fc(VD) (Fig. 17b). As it
was already mentioned in chap. 3.2, VD exhibited very strong neg-
ative correlation with P (for heavy-weight concrete r = �0.89).

The relation between VD and VV2 (estimated by image analysis
without pores above 2 mm) revealed negative correlation
(for heavy-weight concrete r = �0.74, see Fig. 17c), but the relation
was not so strong like in case of VD(P). It is probably caused by sig-
nificant differences between porosity calculated using volume and
absolute density (called total porosity, P) and porosity estimated
from 2D image of sample cross section (VV). P includes all kinds
Fig. 17. Relation of Fc(VD) (a), UPV(VD) (b),
of pores, while VV and VV2 consider only voids with diameters about
50 lm, excluding mainly pores filled with cement hydration prod-
ucts. It is also important that image analysis is especially recom-
mended for the uniform materials, because at that time it
ensures the highest accuracy. Concrete is defined as composite
material, composed at least of aggregate, cement paste and pores
and that is why the image analysis in case of concrete requires dif-
ferent approach in comparison to e.g. metals and alloys. The differ-
ences between VV2 and P are presented in Fig. 18. The relation
VV2(P) is characterized by correlation coefficient r = 0.65.
VV2(VD) (c) (confidence interval = 0.95).



Table 11
The results of multiple regression analysis for dependent variable: VD.

N = 14 Dependent vari
R = 0.8006; R2 = 0.6410; p <

HVL = 13.38 �
b SD b B

VD �0.8006 0.1730 �0.00
Constant 13.37

Fig. 19. Relation UPV(P) (a) and Fc(P) (b) (confidence interval = 0.95).

Table 10
Correlation equations of relations: Fc(VD), UPV(VD), VV2(VD), VV2(P), UPV(P) and Fc(P).

Relation Equation

Ordinary concrete Heavy-weight concrete

Fc(VD) Fc = �30.08 + 0.04 � VD Fc = �205.52 + 0.08 � VD (8)
UPV(VD) UPV = 2813.81 + 0.57 � VD UPV = 2006.87 + 0.62 � VD (9)
VV2(VD) VV2 = 12.70 � 0.005 � VD VV2 = 53.22 � 0.02 � VD (10)
VV2(P) VV2 = �3.57 + 0.40 � P (11)
UPV(P) UPV = 4384.67 � 27.24 � P (12)
Fc(P) Fc = 84.72 � 2.47 � P (13)

Table 12
The results of multiple regression analysis for dependent variables: VD, VV2.

N = 14 Dependent vari
R = 0.8250; R2 = 0.6806; p <

HVL = 13.15 � 0.80

b SD b B

VD �0.8049 0.1704 �0.00
VV2 0.1991 0.1704 0.09
Constant 13.14

Table 13
The results of multiple regression analysis for dependent variables: VD, VV2, Fc.

N = 14 Dependent vari
R = 0.8601; R2 = 0.7398; p <

HVL = 9.72 � 0.63 � VD +

b SD b B

VD �0.6344 0.1970 �0.00
VV2 0.5365 0.2757 0.26
Fc 0.4524 0.2998 0.03
Constant 9.71
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 The correlation between UPV and Fc is well known in literature
and was also demonstrated by results in this study. The positive
relation UPV(Fc) is the reason for which both of these parameters
were negatively correlated with porosity P (Fig. 19). The power
of correlation r was equal to �0.66 and �0.78, respectively for
UPV(P) and Fc(P) relation, respectively. The equations of relations
described above were presented in Table 10.
able � HVL
0.0006; SEE = 0.5256
0.80 � VD

Remarks

SD B p

20 0.0004 0.0006 +
85 1.2344 0.0000 +

able � HVL
0.0019; SEE = 0.5178

� VD + 0.20 � VV2

Remarks

SD B p

20 0.0004 0.0006 +
69 0.0829 0.2674
83 1.2319 0.0000 +

able � HVL
0.0029; SEE = 0.4901
0.54 � VV2 + 0.45 � Fc

Remarks

SD B p

15 0.0005 0.0092 +
11 0.1342 0.0803
87 0.0257 0.1622
88 2.5545 0.0035 +



Table 14
The results of multiple regression analysis for dependent variables: VD, VV2, UPV.

N = 14 Dependent variable – HVL
R = 0.8600; R2 = 0.7396; p < 0.0029; SEE = 0.4904
HVL = 1.72 � 0.60 � VD + 0.39 � VV2 + 0.37 � UPV

Remarks

b SD b B SD B p

VD �0.5977 0.2122 �0.0015 0.0005 0.0183 +
VV2 0.3882 0.2046 0.1889 0.0996 0.0870
UPV 0.3733 0.2481 0.0025 0.0016 0.1634
Constant 1.7195 7.6859 0.8275

Fig. 20. Results of linear regression analysis between HVL and following explanatory variables: (a) VD; (b) VV2; (c) Fc and (d) UPV.

Table 15
Correlation equations of relations: HVL(VD), HVL(VV2), HVL(Fc) and HVL(UPV).

Relation Equation

HVL(VD) HVL = 13.37 � 0.002 � VD (14)
HVL(VV2) HVL = 7.54 + 0.06 � VV2 (15)
HVL(Fc) HVL = 6.54 + 0.03 � Fc (16)
HVL(UPV) HVL = �5.28 + 0.003 � UPV (17)
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4.2. Relation between neutron shielding efficiency and microstructure
and technical properties of concrete

The study of the influence of technical properties on neutron
radiation shielding efficiency (HVL) was performed by multiple
regression analysis with stepwise forward selection and following
physico-mechanical properties were chosen as explanatory vari-
ables of HVL variable: (1) volume density (VD), (2) absolute density
(AD), (3) total porosity (P), (4) porosity from image analysis (VV),
(5) porosity from image analysis excluding pore diameters � 2 mm
(VV2), (6) compressive strength (Fc); (7) ultrasonic pulse velocity
(UPV).

The results of successive steps of regression analysis are shown
in Tables 11–14. The correlation coefficient in the first step of the
analysis was R = 0.8006 with standard estimation error (SEE) below
0.0006. It turned out, that VD was the most important explanatory
variable for prediction of neutron radiation shielding properties
HVL (Table 11) with b = �0.8006 and p < 0.0006. The increase in
VD led to decrease in HVL, namely increase in VD was followed
by increase in shielding properties of concrete against neutron
radiation (see Fig. 20a). In the next step, bivariate model with
two independent variables that were showing the highest correla-
tion with HVL and simultaneously possibly the lowest mutual cor-



Table 16
The results of multiple regression analysis for dependent variables: VD, Fc.

N = 14 Dependent variable � HVL
R = 0.8008; R2 = 0.6413; p < 0.0036; SEE = 0.5487

HVL = 13.51 � 0.80 VD � 0.02 � FC

Remarks

b SD b B SD B p

VD �0.8087 0.1964 �0.0020 0.0005 0.0017 +
Fc �0.0207 0.1964 �0.0018 0.0168 0.9180
Constant 13.5175 1.8444 0.0000 +

Table 17
The results of multiple regression analysis for dependent variables: VD, UPV.

N = 14 Dependent variable � HVL
R = 0.8036; R2 = 0.6458; p < 0.0033; SEE = 0.5453

HVL = 10.85 � 0.75 VD + 0.08 UPV

Remarks

b SD b B SD B p

VD �0.7530 0.2177 �0.0018 0.0005 0.0053 +
UPV 0.0841 0.2177 0.0006 0.0014 0.7067
Constant 10.8535 6.6624 0.1316
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relation were tested (Table 12). This model included VD and VV2

variables, and represented correlation coefficient R = 0.8250 and
probability p < 0.0019 – it was by 0.0244 and 0.0014 (about three
times) higher respectively, than previous statistics. The p value still
indicated high relation of the two explanatory variables model
with HVL, however this relation arose mostly from VD presence,
since VV2 had four times smaller b coefficient and was not statisti-
cally significant (p = 0.2674). The reason was weak linear correla-
tion between VV2 and HVL – coefficient r only about 0.14
(Fig. 20b). The addition of the third independent variable in the
form of Fc induced increase in R by 0.0351 and p by 0.001
(Table 13). In this model, like in the previous one, only VD variable
was statistically significant, while p value of VV2 and Fc was above
0.05. The relation HVL(Fc) revealed low correlation coefficient
r = 0.30 (Fig. 20c). Since Fcwas highly correlated with UPV (without
outliners r = 0.93, see Fig. 20), the model with three explanatory
variables involving VD, VV2, and UPV instead of Fc, was also tested
(Table 14). The changes of statistics (R, p, SEE) were minor, despite
higher correlation coefficient of linear regression for relation HVL
(UPV) (r = 0.51, Fig. 20d) than HVL(Fc) (r = 0.30). The equations of
relations HVL(VD), HVL(VV2), HVL(Fc) and HVL(UPV) were presented
in Table 15.

The results of multiple regression with stepwise forward selec-
tion (Tables 11–14) could be confirmed by testing the regression
models predicting HVL, which are built of combination of two
explanatory variables, including VD and one of VV2, Fc or UPV
(Tables 16–17), as well as by presenting these relations in 3D plots
(Fig. 21a-c). The addition of any other independent variable to
bivariate model HVL(VD) (Table 12, Tables 16–17) resulted in a
small increase in regression correlation coefficient R and decrease
in SEE. The changes were most visible in the case of VV2 added as
the second explanatory variable selected from forward stepwise
multiple regression. In comparison to bivariate model HVL(VD), R
increased from 0.8006 to 0.8250, SEE decreased from 0.525 to
0.518, but the p-value for VV2 is equal to 0.2674 (if p > 0.05 than
given variable is not statistically important). Moreover there is
no physical explanation for the shape of correlation surface pre-
sented in 3D plot (Fig. 21).

5. Conclusions

The objective of the research was to evaluate the relations
between determined parameters, with particular focus on relation
of HVL with parameters describing microstructure (VD, P, VV), Fc
with UPV. The multiple regression analysis revealed the highest
correlation of dependent variable HVL for neutrons with indepen-
dent variable VD (R = 0.80). Any other independent variable added
to bivariate model HVL(VD) became statistically not significant,
since p-value increased above 0.05.

Regarding the effectiveness of an ordinary concrete modifica-
tion in order to improve its shielding properties against neutron
radiation (half value layer HVL and effective macroscopic cross sec-
tion RR) it can be stated that the addition of gadolinium oxide has
no influence on calculatedRR for fast neutrons but it influenced the
measured HVL due to the fact that attenuated neutrons are
absorbed and dose is decreased.

Conclusions related to the influence of material modification on
the properties and microstructure of concretes are listed as follow:

- In case of the ordinary concretes the fracture propagates
through the coarse granite grains, what indicates that both
cohesion in mortar and adhesion between coarse aggregate
and mortar in this concrete is stronger than cohesion of aggre-
gate itself. Contrary to that in heavy-weight concrete coarse
magnetite grains were pulled out from the matrix. It means that
adhesion between grains and mortar is lower than cohesion of
both aggregate and mortar. This effect is strengthened probably
due to a dust present on magnetite aggregate.

- The level of porosity estimated by image analysis and total
porosity calculated using volume and absolute density are dif-
ferent and no relation between them was found, analysis of this
kind of relation have not been found in literature.

- SEM images present important differences in the microstruc-
ture between investigated concretes and confirm the porosity
result of image analysis – 2D image analysis is then an accurate
method for differentiate microstructure of analyzed concretes.

- There was found a slight influence of material modification by
addition of gadolinium oxide, polymer dispersion and polymer
fibers on volume density in comparison to a change due to
aggregate. The modification of shielding concrete by combina-
tion of acrylic resin and gadolinium oxide could be considered
as novelty, because this combination of modifiers has not been
tested in literature. Moreover the most of the experiments pre-
sented in the literature concerned only with single modifica-
tions, like change of the aggregate type, addition of mineral
additives etc.



Fig. 21. 3D surface plot of relations: a) U(VD, Fc, HVL), b) U(VD, UPV, HVL), and (c) U
(VD, VV2, HVL).
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- The relation of total porosity vs. volume density and absolute
density was confirmed statistically when concretes were sepa-
rated on the groups of ordinary and heavy-weight one.

- A good linear correlation between compressive strength and
UPV for all concretes was confirmed.
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