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Abstract

The effects of gamma irradiation on concrete properties during early hardening were studied towards radioactive waste
storage or accelerated processing at precast plants. Concrete mixtures containing different mineral aggregates (baryte,
magnetite, amphibolite) were investigated. During initial 16 hours of hardening the mixes were irradiated using “’Co
gamma source at the rate of 3.5 kGy/h. The mechanical properties and microstructural features of irradiated early-age
concrete were tested: the secant elastic modulus, the compressive strength, the porosity and pore size distribution. XRD
and SEM analysis were also performed. The results indicate both the stiffening and pore refinement in concrete due to
early gamma irradiation. Effects of early irradiation on microstructural features of cement matrix were found in the
subsurface layer up to the depth of 2 mm. The influence of different mineral aggregates in concrete on the radiation-

induced changes of early age properties is discussed.

1. Introduction

Effects of long-term exposure of concrete to ionizing
radiation are of primary importance for biological
shielding and containment structures in nuclear power
plants. They must exhibit stable mechanical properties
and high radiation resistance throughout the designed
lifetime of structures reaching 60 to 80 years of expo-
sure to severe environmental actions (Rosseel et al.
2016; Kurtis et al. 2017). A threshold level of absorbed
gamma dose of about 2:10° Gy was proposed as a limit
for defect-free exposure of concrete (Le Pape et al.
2016; Pomaro 2016). No consensus on this value has
been reached. According to Maruyama et al. (2016)
such gamma irradiation threshold level has no practical
meaning within the practical lifespan of nuclear shield-
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ing structures. A smaller absorbed gamma dose could be
considered insignificant for the mechanical properties of
hardened concrete. However, for early hardening con-
crete the influence of gamma irradiation can be substan-
tial as it was demonstrated by Mobasher et al. (2017),
Craeye et al. (2009). Early age exposure of concrete to
gamma irradiation is of interest for construction of in-
termediate level radioactive waste storage containments
or for accelerated processing of concrete at precast
plants. Therefore, it is essential to understand the effects
of gamma radiation on early hardening concrete and
determine if early irradiation would induce significant
changes to the mechanical properties after more than 28
days of curing.

A review of mechanical and physical deterioration of
hardened concrete due to prolonged gamma exposure
revealed a major role of dehydration of hardened ce-
ment paste leading to shrinkage cracking (Maruyama et
al. 2018). The heat is also generated in the specimens as
a result of gamma irradiation (Reches 2019a). Also, the
radiolysis of pore water, resulting in H, gas as a primary
product and H,0, as a secondary product, is considered
as the significant phenomenon (Bouniol and Aspart
1998), inducing spalling and micro-cracks in the cement
matrix (Mobasher et al. 2015). At high doses of gamma
radiation an increased formation of calcite was observed
(Vodak ef al. 2011) as a result of reaction of the radioly-
sis product H,O, with portlandite (Ca(OH),) to a reac-
tion product that in presence of CO, is converted to
CaCQ;. For slag-blended cements somewhat different
effects were observed than for Portland cements. The
formation of additional ettringite was observed Richard-
son et al. (1989) in the specimens irradiated to a total
dose of 87 MGy over two years at 50°C. That would
indicate an accelerated oxidation of the sulfide (S*)
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Table 1 Physical properties of aggregates determined using standard test methods.

Property Amphibolite Magnetite Baryte
Density, kg/m’
(PN-EN 1097-6, 2013) 2900 4800 4200
Water absorption, %
(PN-EN 1097-6, 2013)0 0.7 I 0.2
Thermal conductivity, W/m-K
(Jaskulski et al. 2019) 3.2 47 23
Speciﬁc heat, J/kgK ~ #) ~ #)
(Jaskulski et al. 2019) 670-1260 600 450
#) no data available for rocks, data for minerals
Table 2 Concrete mix design, kg/m3.
Sand Crushed aggregate
Concrete designation Cement Water Amphibolite \ Magnetite \ Baryte
0-2 mm 2-8 mm
A 929 - -
M CEM II/B-S 42.5N 520 260 615 - 1537
B - - 1345

supplied by the slag, to form sulfates (SO,?) and pro-
mote further formation of ettringite due to gamma expo-
sure. Both Craeye et al. (2015) and Mobasher et al.
(2015) confirmed formation of ettringite under gamma
irradiation for a slag-rich blended cement mortar. Addi-
tionally, the strength of irradiated mortars with slag was
not compromised with cracks and open voids formed as
a result of radiolytic dehydration. Such changes were
not observed in the plain cement mortar.

Preliminary tests on the use of gamma radiation dur-
ing the setting and early hardening of cement mortar
revealed a tendency to increase the early strength
(Khmurovska ef al. 2020). The results indicate a local
densification of cement matrix, resulting in reduced
capillary porosity (Burnham et al. 2016). Therefore,
some gamma radiation-induced changes of paste-aggregate
contact zone can be expected. However no comprehen-

sive study on the early gamma irradiation was published.

The goal of the current investigation is to determine
the effects of gamma irradiation on the mechanical pro-
perties and porosity of concrete at the early age. Ex-
perimental tests are performed on hardening concrete
specimens containing heavyweight magnetite and baryte
aggregate that were exposed to gamma irradiation dur-
ing the initial 16 hours after casting. The irradiated
modulus of elasticity and porosity of early age concrete
is studied in respect to the observations of microstruc-
tural features.

2. Experimental

2.1 Materials and specimens irradiation/curing

Cement CEM II/B-S 42.5N (PN-EN 197-1 2012), with
blast furnace slag, characterized by a normal rate of
strength growth, was used. Natural quartz sand (density
2.65 kg/dm®), crushed aggregates from three rocks dif-
fering in mechanical properties and density were used:
amphibolite, magnetite and baryte (the rock density of
2.90 kg/dm’, 4.80 kg/dm’® and 4.20 kg/dm’, respec-

tively). The above rocks differ also in the specific heat
and thermal conductivity (Table 1).

Concrete mix was designed with a large excess of
cement paste 428 dm*/m’ (cement 520 kg/m’ and water
to cement ratio of 0.50), so as to obtain an increased
workability for different aggregate consistency. These
three types of crushed rock aggregates were consistently
used for design and testing of radiation shielding con-
crete (Kubissa and Glinicki 2017). The volume propor-
tion of 0-2 mm fraction and 2-8 mm fraction was deter-
mined as 42% and 58%, respectively, based on the stan-
dard limit curves for aggregate gradation. The mix de-
sign is given in Table 2.

Concrete mixtures were cast in cylindrical polypro-
pylene molds with a diameter of ® = 100 mm and h =
200 mm and compacted by external vibration. The
molds filled with concrete mix were wrapped in an
impermeable foil to protect from moisture exchange
with the surroundings. One hour after mixing the molds
filled with concrete were placed vertically close to the
gamma radiation source for 16 hours, which cover the
intensive part of chosen cement hydration. The gamma
radiation source was “’Co Irradiation Facility UGU-420
of the Joint Institute for Power and Nuclear Research -
Sosny of the National Academy of Sciences of Belarus
(Fig. 1). Specimens were placed next to a steel sheet
separating the radioactive fuel rods.

The gamma dose was measured by four sensors
placed at the circumference of each cylinder at every
90°. The sensors were placed on the specimens in molds
wrapped in foil. After each hour of exposure, the cylin-
ders with concrete were rotated by 90° around the sym-
metry axis to ensure a uniform dose of radiation
throughout the specimen. During 16 h of irradiation the
dose of gamma exposure recorded by the sensors was
56 + 3 kGy (the average of 4 measurements). The effect
of the polypropylene mold on the gamma radiation dose
in concrete is negligible and is included in the meas-
urement uncertainty. The air temperature and the rela-
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tive humidity in the radiation chamber was 15 + 3°C
and RH = 40 + 10%, without any possibility of more
precise control.

Additional specimens were prepared at IPPT PAN
laboratory one day before gamma radiation experiment,
designated L and cured in a climatic chamber to mimic
the conditions in the radiation chamber (the temperature
of 15 £ 3°C and RH = 40 = 10%). The specimens were
used to determine the cylinder compressive strength
(fum) and confirm mixing repeatability with the main
gamma irradiation experiment.

After irradiation, the concrete specimens in the molds,
insulated against moisture exchange with the environ-
ment, were transported to IPPT PAN laboratory in War-
saw. The thermal conditions during transport were re-
corded using iButton temperature sensors — the tempera-
ture was fairly constant in the range of 17-21°C. 48
hours after concrete mixing the molds were unwrapped

Fig. 1 °°Co Irradiation chamber UGU-420 of the Joint
Institute for Power and Nuclear Research — Sosny (red
points — position of specimens).

SEM
MIP
XRD

e

fes6
& / fes6

:Llﬂmm

Fig. 2 Scheme of specimen sectioning for mechanical
tests and microstructural characterization (fise, fes6 —
flexural and compressive strength respectively, after 56
days of curing).

and the specimens were taken out. Next, the specimens
were cut as shown in Fig. 2 to obtain specimens for
mechanical testing and microstructural evaluation.

2.2 Test methods

The determination of the secant modulus of elasticity
(E.) of concrete in compression was performed accord-
ing to method A of PN-EN 12390-13 (2014), using
Controls testing machine with the Automax Multitest
console. Concrete cylindrical specimens ® 100x171 mm
were used after parallel grinding of base sides. To de-
termine the lower stress level (o, = 0.1 f.;) and the
upper stress level (o, = f., / 3), the column compressive
strength (f.,,) was determined on specimens in climatic
chamber to mimic the conditions in the radiation cham-
ber. The tests were performed on specimens after 2, 3, 6,
9, 16, 23, 28, 35, 44 and 56 days of curing.

Three-point bending test was performed using
LLOYD EZ 50 machine on prismatic concrete speci-
mens 30x30x171 mm that were cut from the inner part
of cylinder after testing the secant modulus of elasticity.
For each concrete mix three specimens were tested at
the loading rate of 50 N/s. Compressive strength test
was performed using Controls machine at the rate of
loading of 500 N/s on six specimens for each concrete
mix. Additionally, the compressive strength (PN-EN
12390-3 2019) of three cubes 150 mm after 28 days of
standard curing was measured.

Mercury intrusion porosity (MIP) measurements were
carried out on mortar pieces separated from concrete
cylinders. Specimens were dried at 50°C until a constant
weight to avoid microcracks and then they were kept in
sealed containers until the day of the test. The size of
specimens for MIP analysis was linked to the size of
measurement container of Quantachrome Poremaster 60
porosimeter. The porosimeter could detect the pores as
small as 5 nm with the maximum pressure of 414 MPa.
Measurements were performed on specimens after 7
days of drying.

The X-ray diffraction (XRD) method was used to
analyze the mineral composition of the cement matrix
separated from crushed part of concrete disc with some
small grains of aggregate. A Bruker (Karlsruhe, Ger-
many) D8 Discover diffractometer was used with a
voltage ratio of 40 kV and 40 mA lamp current. A cop-
per lamp was used as an X-ray source. The scan step
size was 0.02°, collection time 1 s, and in the range 2@
Cu Ko from 5 to 65°. All specimens were powdered
after cutting from disk and sieved through a 0.045 mm
sieve. Subsequently, the hydration arresting of cement
was done by submerging in acetone for the next 48 h
and drying for 7 days at 50°C before testing.

The microscopic examination was carried out on con-
crete specimens 25x15x10 mm cut from the cylinders.
After drying in an oven at 50°C for 3 days, vacuum-
impregnation with a low-viscosity epoxy, lapping and
polishing, the specimens were coated with a thin layer
of carbon. A JEOL JSM-6460 LV scanning electron
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Table 3 Determination of the lower and upper stress level during the test of the secant modulus of elasticity.

Concrete designation Curing time[days] I fom [g/lPa] 3 Vaﬁ:’:ﬁ/‘%;a] St;r\l/;l}.);i]ev o, [MPa] | o, [MPa]
2 15.2 14.5 14.9 14.9 0.3 2 4
A 3 22.4 23.9 23.8 234 0.7 2 7
6 34.9 32.1 33.5 33.5 1.1 3 10
9 394 40.1 41.7 40.4 1.0 4 12
2 13.9 14.2 12.5 13.5 0.7 2 4
M 3 19.6 20.3 21.2 20.4 0.7 2 6
6 27.5 28.9 29.5 28.6 0.8 3 9
9 35.8 36.1 334 35.1 1.2 4 11
2 14.5 14.9 12.5 14.0 1.0 2 4
B 3 21.6 22.8 22.1 22.2 0.5 2 7
6 30.1 31.9 29.1 304 1.2 3 9
9 35.1 36.3 37.8 36.4 1.1 4 11

microscope (SEM) with an energy dispersive spectros-
copy (EDS) was used in the backscatter mode using an
acceleration voltage of 12 kV and a resolution of 3.0 nm.
SEM observations were made using a magnification
range of 30x to 1500x. The chemical composition was
analysed using Genesis Spectrum 6.2 by EDAX Inc.

3. Test results and discussion

3.1 Mechanical properties

(1) Secant modulus of elasticity

To determine the lower and upper stress level needed to
perform tests of elastic modulus, the compressive
strength of concrete was measured after the intended
curing period (Table 3). On this basis, the following
stress ranges were assumed at the given age of concrete
for all tested series:

At 2 days: 6,= 2 MPa and 6,= 4 MPa,
At 3 days: 6,= 2 MPa and 6,= 6 MPa,
At 6 days: 6,= 3 MPa and 6,= 9 MPa,

At 9 days and later: o,=4 MPa and 6,= 11 MPa.

The elastic modulus data are given in Figs. 3-5. The
earliest measurements provided the most significant
information about the influence of gamma radiation on
the modulus of elasticity. The moisture condition of the
specimens cured during the exposure to gamma radia-
tion was the same for the examined aggregate variants.
However, the measurement after 2 days and subsequent
measurements were made at different moisture condi-
tions of concrete specimens (the same for tested con-
crete series), which had a direct impact on the secant
modulus of elasticity (E.). After 2 days of curing at the
reference laboratory conditions (L) the average secant
modulus of elasticity was 20.6, 21.4 and 17.3 GPa for
concrete with amphibolite, magnetite and baryte aggre-
gate, respectively.

The exposure of specimens to gamma irradiation dur-
ing the first 16 hours of 2 days curing resulted in an
increase of E. by 37%, 32% and 23% for concrete
specimens with amphibolite, magnetite and baryte ag-
gregates, respectively. The increased elastic modulus of
gamma irradiated specimens was clearly observed dur-
ing the first several days of concrete hardening. After 23

days of curing of magnetite concrete, the elastic
modulus of early-irradiated specimens was equal to that
of non-irradiated specimens. For two concrete series (A
and B) the irradiation induced stiffening effect remained
constant from the 6th day of curing to the end of the
experiment. The E. increase after early irradiation may
be explained by a thermal effect of gamma radiation and
subsequent increase in the degree of cement hydration
(Mobasher et al. 2015). An increase of the compressive
strength due to early gamma irradiation was reported in
(Burnham et al. 2016). Other studies revealed a correla-
tion with the modulus of elasticity of concrete (Huska et
al. 2013; Alsalman ef al. 2017). No systematic influence
of the thermal properties of aggregates on E, of early-
irradiated concrete was observed.

(2) Flexural and compressive strength

The strength of concrete specimens after 56 days of
curing is shown in Fig. 6. The flexural strength and
compressive strength data show no significant effect of
gamma irradiation of concrete specimens during early
hardening stage. Strength tests were carried out on
specimens cut from the inner part of irradiated cylinders,
thus excluding external layer of concrete. Therefore, it
actually means that no strengthening effect was found
for the internal parts of concrete specimens exposed to
early gamma irradiation.

Specimens of baryte concrete revealed smaller flex-
ural and compressive strength than the strength of am-
phibolite or magnetite concrete by several to several
dozen percent, respectively. Such an observation con-
firms the findings of other authors (Akkurt et al. 2005;
Kilincarslan et al. 2006). It was due to small strength
increase during the late hydration of slag cement in the
presence of baryte aggregate (Ouda 2015), which was
explained by the lower mechanical properties of baryte
aggregate (Pomaro ef al. 2019).

The compressive strength of magnetite concrete was
about 60 MPa. Concretes with amphibolite and baryte
were characterized by lower compressive strength by
9% and 33%, respectively. A similar relative strength
difference was also observed in flexure strength meas-
urements.
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Fig. 3 The change of secant modulus of elasticity of concrete containing amphibolite aggregate with curing time at: labo-
ratory simulated conditions at IPPT (A-L), laboratory conditions of UGU-420 without gamma exposure (A-N), the gamma
irradiation chamber of UGU-420 (A-y).
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Fig. 4 The change of secant modulus of elasticity of concrete containing magnetite aggregate with curing time at: labora-
tory simulated conditions at IPPT (M-L), laboratory conditions of UGU-420 without gamma exposure (M-N), the gamma
irradiation chamber of UGU-420 (M-y).
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Fig. 5 The change of secant modulus of elasticity of concrete containing baryte aggregate with curing time at: laboratory
simulated conditions at IPPT (B-L), laboratory conditions of UGU-420 without gamma exposure (B-N), the gamma irra-
diation chamber of UGU-420 (B-y).
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3.2 Pore size distribution

The MIP data obtained after 48 hours of curing of con-
crete with three types of aggregate are shown in Figs. 7-
9. The reference specimens cured without gamma irra-
diation exhibited a capillary pore volume from 0.058
cm’/g for baryte concrete to 0.079 and 0.083 cm’/g for
magnetite and amphibolite concrete, respectively. A
reduced porosity of baryte concrete is due to the low
hardness of baryte rock, that facilitates some crushing of
aggregate grains into fines that fill the microvoids in a
similar way as ground limestone (Wang et al. 2019).
The distribution of capillary pore size in concrete cured
for 48 hours shows a much larger share of pores in the
range of 0.1-1 um than in concrete cured 28 days. That
is a confirmation of the increased early-age permeability
of cement matrix (Zhang et al. 2018). The early expo-
sure of specimens to gamma irradiation resulted in a
reduction of the total capillary pore volume by 8%, 30%
and 100% in the case of concrete with baryte, amphibo-
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Compressive strength - 56 days [MPa]
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Concrete designation
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lite and magnetite aggregate, respectively. A significant
reduction of share of pores in the range of 0.1-1 pm was
observed due to early irradiation. Also, it was found that
the share of pores in the range of 0.01-0.1 um increased
due to early-irradiation and capillary pores with a di-
ameter of about 0.1 um became the most numerous
pores.

3.3 Qualitative phase composition

The phase composition data obtain after 48 hours of
curing are presented in Figs. 10-12. In the cement ma-
trix separated from the concrete, peaks derived from
aggregate minerals, i.n. quartz, amphibole, feldspar,
plagioclase, magnetite and baryte were visible. The
presence of typical crystalline hydration products was
found, i.e., portlandite (d = 2.628, d = 4.902 A), ettring-
ite (d = 9.709 A), monosulfate (d = 8.929 A) and small
amounts of clinker minerals, i.e. C;S (d = 2.776 A), (O]
(d=2.744 A), C3A (d = 2.700 A). Monosulfate was not

Flexural strength - 56 days [MPa]
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Concrete designation
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Fig. 6 The influence of gamma irradiation on the strength of concrete with slag cement CEM Il B-S after 56 days of cur-

ing: a) flexural strength, b) compressive strength.
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Fig. 7 The influence of gamma irradiation on the pore size distribution in mortar fraction of concrete with amphibolite
aggregate: a) total volume, b) percent of pores in selected ranges.
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detected in the cement matrix taken from concrete with
baryte aggregate. The hydration products that could
appear in slag binders were not observed, i.e.: calcium
peroxide  octahydrate (CaO,-8H,0), hydrotalcite
(Mg¢AlL(CO3)(OH),44H,0) and calcite (CaCO;) (Mo-
basher et al. 2015).

Figures 13 and 14 show a comparison of the charac-
teristic portlandite peak (d = 2,628 A and d = 4.902 A)
of all concrete mixes. The intensity of the portlandite
peaks was small. There was no increase in the intensity
of portlandite peaks in the cement matrix after the
gamma-ray exposure and its decrease in the case of
mixtures with amphibolite and magnetite was observed.
In the case of the remaining crystalline products of
hydration and non-hydrated clinker minerals in cement
matrix, no differences between the irradiated and non-
irradiated specimens were observed.
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3.4 Microstructural features

The results of microscopic observations carried out on
concrete specimens exposed to gamma irradiation and
on reference specimens without irradiation are presented
in Figs. 15-18. The major irradiation induced changes
were visible in an external layer located about 1-2 mm
from the edge of specimens subjected to irradiation, Fig.
15. The differences were detected in all specimens re-
gardless of the coarse aggregate used, however, changes
in the cement matrix related to irradiation reached the
deepest in specimen with reference aggregate - magnetite
and baryte, Fig. 16. Numerous unreacted cement grains
and partly reacted cement and slag particles were found
in reference specimens, Fig. 15a. Much less unreacted
slag grains were found in irradiated concrete specimens,
Fig 15b. The slag grains with a size <20 pm were com-
pletely transformed into reaction products, while in larger
grains the partially reacted zone was clearly visible.
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Fig. 8 The influence of gamma irradiation on the pore size distribution in mortar fraction of concrete with magnetite ag-

gregate: a) total volume, b) percent of pores in selected ranges.
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Fig. 9 The influence of gamma irradiation on the pore size distribution in mortar fraction of concrete with baryte aggre-

gate: a) total volume, b) percent of pores in selected ranges.
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Fig. 10 The influence of early gamma irradiation on the phase composition cementitious matrix separated from concrete
with amphibolite aggregate (Notation: A— C3S , B — C,S, T — C3A, P — portlandite, E — ettringite, mS — monosulfate, Q —
quartz, F — feldspar, Amph — amphibole, Pl — placioglase).
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Fig. 11 The influence of early gamma irradiation on the phase composition cementitious matrix separated from concrete

with magnetite aggregate (Notation: A— C3S , B — C,S, T — C3A, P — portlandite, E — ettringite, mS — monosulfate, Q —
quartz, M — magnetite).
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Fig. 12 The influence of early gamma irradiation on the phase composition cementitious matrix separated from concrete
with baryte aggregate (Notation: A— C3S , B — C3S, T — C3A, P — portlandite, E — ettringite, mS — monosulfate, Q —
quartz, Ba — baryte).
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(b
Fig. 15 SEM images of magnetite concrete at the external layer of specimen: a) not irradiated, b) irradiated (the scale bar
20 pm; the red arrows mark partially reacted cement grains; yellow arrows — slag particles).
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In reference concrete specimens unreacted slag grains,
regardless of their size, were visible, as well as non-
hydrated cement grains with visible alite, belite and
ferrite phases, Fig. 16. The irradiated specimens were
characterized by a well visible presence of portlandite in
cement matrix, more abundant in comparison to non-
irradiated specimens. At the same time, in the specimens

@

exposed to gamma irradiation, the presence of portland-
ite in the matrix decreased with increasing distance from
the edge of the specimen to its center, Fig. 17. SEM-
EDS analysis in micro-areas did not reveal any differ-
ences in chemical composition of portlandite. In irradi-
ated specimens the abundant presence of monosulfate
was found at the external edges of specimens, while in

HIEE . S8k

(b)

IPET. PAR

Fig. 16 SEM images of amphibolite concrete in the middle of the specimen: (a) not irradiated, (b) irradiated (the scale bar
=50 um, the arrows indicate the partly reacted slag grains, 1-cement, 2-slag).
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Fig. 17 SEM-EDS images of irradiated concrete with magnetite aggregate: (a) the layer up to 2 mm from the edge of the
specimen, (b) 25 mm from the edge of the specimen (the scale bar 100 um; the green area corresponds to portlandite.)
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reference specimens, the presence of monosulfate in the
cement matrix was insignificant.

Microscopic observations of the aggregate-cement
paste contact zone revealed also the visible effects of
gamma irradiation during early hardening of concrete.
As illustrated in Fig.18, in the area near to the edge of
irradiated specimens, this zone was very compact, while
in deeper regions (over 20 mm), zones of discontinuity
between the aggregate and the cement matrix were ob-
served. In the aggregate-paste contact zone the presence
of portlandite was evident in all types of specimens.

4. Discussion

The obtained the secant modulus of elasticity values are
comparable with the results of Shariq et al. (2013),
where for normal weight concrete with w/c = 0.50 and
the addition of the corresponding amount of blast fur-
nace slag, E. was about 15-18 GPa after 3 days of cur-
ing for samples in the surface dry condition. After 28
days of curing, depending on the aggregate type, the
elastic modulus of Portland cement concrete ranges
from 30 to 40 GPa (Hussain et al. 2018; Gonzalez-
Ortega et al. 2014). An addition of up to 40% of slag
may decrease E. even by over 20% (Siddique and Kaur

2012). However, a long term curing of concrete with
slag ensures E. at the same level as concrete without
such additive (Megat Johari et al. 2011). The moderate
growth rate of E. with time of curing was characteristic
for concrete with the addition of granulated blast fur-
nace slag (Shariq ef al. 2013; Nassif et al. 2005).

The elastic modulus of concrete with iron-bearing
aggregates, such as hematite and magnetite, is within
the range of 27-60 GPa (Hussain er al. 2018; Lotfi-
Omran et al. 2019), and with baryte aggregate 25-40
GPa (Hussain et al. 2018; Ozbay et al. 2016; Gokge et
al. 2018). A wide range of E_ results from variability of
rock properties and aggregate contents in concrete
(Gokge et al. 2018; Saidani et al. 2015). The current
data range from 27 to 37 GPa correspond well with the
literature data. The obtained strength data also confirm
the known relationship between the secant modulus of
elasticity and the compressive strength (Huska et al.
2013; Alsalman et al. 2017). Such a linear relationship
E.-f.n, is also found for irradiated concrete specimens
with the same directional coefficient and a 4.5 GPa
constant shift due to irradiation.

The development of the elastic modulus of concrete
in time at prescribed curing conditions is described by
numerous phenomenological models (Ausweger et al.

Fig. 18 SEM images of aggregate-paste contact zone in irradiated concrete with magnetite aggregate: (a) up to 2 mm
from the edge of the specimen, (b) 20 mm from the edge of the specimen (M-magnetite).
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Table 4 Coefficients for elastic modulus prediction for concrete containing amphibolite, magnetite and baryte aggregates
in laboratory curing conditions after 28 days of curing and for prediction of early gamma-irradiation effects.

Concrete designation, | Specific density Experimental data (average) u k k
aggregate [kg/dm’] E. [GPa] fom, cube [MPa] £ " 2
A._L . 29 34.5 66.3 0.92 1.125 1.319
amphibolite
B-L 4.2 28.9 51.1 0.84 1.107 1.289
baryte
M_L. 4.8 37.6 73.7 0.97 1.035 1.224
magnetite

2019; Noguchi et al. 2009; fib 2010; ACI-318-08 2008),
however no formulas include the relevant effects of
gamma irradiation. While the elastic properties at fully
hardened state are heavily dependent on the elastic
properties of aggregate, at early ages such properties are
mostly dependent on the rate of cement hydration and
the early age elastic modulus of cementitious matrix.
Such a distinction of kinetics of concrete stiffening is a
basis for fib Model Code (2010) formulas. The elastic
modulus of normal weight concrete at the age of 28
days (E.;) [MPa] is given:

1
JARE
E,=21500-a, -| == 1
ci E [10 ()

where, f., - the mean value of cylinder compressive
strength in [MPa] of concrete age of 28 days, ar — a
dimensionless coefficient that accounts for the stiffness
of aggregates (from 0.7 for sandstone to 1.2 for basalt).

An early age evolution of the elastic modulus in time
(E.(?)) is described by formula (2) during the first 28
days of curing at 20°C in high humidity conditions:

E(t)=E,- \/exp|:s-[1— %H ©)

where, s — the coefficient which depends on the strength
class of cement and the rate of its development (from
0.2 to 0.38 for high and low strength class respectively),
t - the concrete age in days.

The curing conditions differences during early hard-
ening of concrete are taken into consideration by adjust-
ing the concrete age (¢7) according to equation (3) (fib
2010):

3)

tT=Z:_]At[~exp[l3.65— 4000 }

273+ T(AL)

where, At; - is the number of days where a temperature T
prevails, and 7(4¢) - is the temperature in [°C] during
the time period Az,

The experimental data presented in section 3.1 were
used to calculate the coefficient oy for three types of
aggregate (Table 4) according to (1). Assuming the
coefficient s = 0.25 for the cement strength class 42.5N
(PN-EN 197-1) and taking into consideration the curing
temperature, the elastic modulus was calculated using

(2) and (3) (Fig. 19). In comparison to experimental
data the predicted E. grows faster during the first three
days of curing. It confirms the prediction of elastic
modulus by Shariq et al. (2013), showing a decrease of
early concrete stiffening caused by a slag addition to
concrete. The fit up to 28 days of curing is very good.

On the basis of experimental observations, to account
for early age gamma irradiation of concrete, the formu-
las (1) and (2) are modified by new coefficients k,; and
k,», respectively. The first one is assumed to account for
the stiffness of the aggregate-paste contact zone. The
second one is considered as an acceleration coefficient
for early cement hydration. Therefore, the modified
formulas are given as:

oy
E} =21500-a -k, | 2 (4)

E () =E,; '\v/‘:‘xr{(kﬂ)1 'S'[l— %H )

The irradiation-induced stiffening coefficient k,; can
be calculated as a ratio of elastic modulus of concrete
exposed to irradiation (E.s,) and cured in laboratory
conditions (E..s;) after 28 days of curing:

E .,
k, = ey (6)
Ec28L
Calculation of the irradiation-induced acceleration coef-
ficient k,, is possible as a ratio of early elastic modulus
of concrete exposed to irradiation (£, and cured in
laboratory conditions (E.y), i.e., after 2 days (at the
time of the first possible measurements):

E,
k=2 ™

c2L

The coefficients k,; and k,, calculated for different
types of aggregate in concrete are given in Table 4.
Using these coefficients, a more accurate prediction of
the development of elastic modulus of concrete exposed
to early-age irradiation is obtained (Fig. 20). Both k,
and k,, coefficients are seen to decrease slightly with
increasing density of aggregate. This comes as no sur-
prise because of known gamma-attenuation efficiency
related to the content of heavy elements in shielding
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material reflected by the half layer value.

For small gamma doses the crystalline structure of
aggregate minerals is not expected to change signifi-
cantly (Ichikawa and Koizumi 2002) and thermal effects
from ionizing dispersion by elements with a large
atomic mass can also be observed (Rosseel et al. 2016).
The use of aggregate with an increased content of high-
density elements in concrete increases the attenuation of
gamma radiation (Kurtis et al. 2017; Le Pape et al.
2016). That explains the microstructure changes induced
by irradiation (a more abundant presence of portlandite
and completely reacted small slag grains) were observed

at a greater depth for normal weight concrete. For
heavyweight aggregate concrete, the irradiation affected
zone was thinner. In consequence the stiffening effect
represented by early E. increase (2 days) was the high-
est in amphibolite concrete, even though the irradiation
affected zone of only 1-2 mm was detected.

The reduction of capillary porosity as a result of early
gamma irradiation was found in more distant areas from
the external perimeter of specimens. It can be explained
(Reches 2019b) as an effect of the locally increased
temperature, leading to a greater degree of cement hy-
dration in the inner part of the specimen.
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Fig. 19 The development of elastic modulus of nonirradiated concrete with amphibolite, magnetite and baryte aggregate

with the curing time — experimental data and prediction.
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gate with the curing time — experimental data and prediction according to (4) and (5) formulas.



M. Dabrowski, M. A. Glinicki, K. Dziedzic, D. J6zwiak-NiedZzwiedzka, et al. / Journal of Advanced Concrete Technology Vol. 19, 555-570, 2021 568

Reported effects of gamma irradiation of early hard-
ening concrete are beneficial for the development of
mechanical properties at early ages. That was in contrast
to reported negative effects of gamma irradiation like
the formation of cracks, an increase in the volume of
capillary pores and a decrease in strength, principally
caused by gamma-induced drying of cementitious ma-
trix. The significance of moisture conditions is con-
firmed once again.

5. Conclusions

The following conclusions can be drawn on the basis of

the performed experimental investigation:

1) The exposure of early hardening concrete with am-
phibolite, magnetite and baryte aggregates to gamma
irradiation up to 56 kGy resulted in an increase of the
static modulus of elasticity at 48 hours by 37%, 32%
and 23% respectively.

2) After 56 days of curing the modulus of elasticity of
early-irradiated concrete with amphibolite and baryte
aggregate was increased by 12% and 13%, respec-
tively, while for magnetite concrete, the stiffening ef-
fect disappeared after 23 days of curing.

3) Early-age exposure to gamma irradiation had no
significant influence on the flexural strength and
compressive strength of concrete cut from interior
part of cylinders after 56 days of curing under labora-
tory conditions, irrespective of aggregate type.

4) The relationship between the compressive strength
and the secant modulus of elasticity of early-
irradiated concrete is characterized by a shift of 4.5
GPa towards higher the modulus of elasticity without
changing the directional factor.

5) Gamma early-irradiation reduced the capillary pore
content by 8%, 30% and 100% for concrete contain-
ing baryte, amphibolite and magnetite aggregate, re-
spectively. The irradiation enhanced the presence of a
dominant group of capillary pores within the range
from 0.05 to 0.2 pm.

6) Qualitative effects of gamma early-irradiation were
detected in cement matrix in the surface layer up to
the depth of 2 mm in concrete containing heavy ag-
gregate. These were demonstrated by a visible higher
degree of cement reaction with no unhydrated cement
grains, a complete reaction of slag particles smaller
than 20 pm, as well as more abundant portlandite
crystals and the appearance of significant amounts of
calcium monosulfate hydrate crystals.

7) The deeper penetration of gamma rays in cement
matrix was found in concrete containing amphibolite
aggregate in comparison to heavyweight concrete.
This was especially evident in relation to the hydra-
tion of slag particles.

8) The cement matrix-aggregate contact zone in the
early-irradiated concrete with magnetite aggregate
showed the greatest difference between the surface
zone, which was compact and without cracks, and the

interior of the specimen with an increased number of
voids and the discontinuity zone between grains and
cement matrix.
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