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ABSTRACT. The reduction of industrial pollution is recently one of main goals over all fields. In civil
engineering, re-cycling of structural waste provides wide opportunity contributing this effort. This
paper focus on re-use of concrete waste, which after further processing can be used in new constructions
as partial supplement to the mixture. To investigate the impact of re-cycled concrete addition, it is
necessary to determine mechanical and structural parameters of individual phases in the “raw” material.
For this purpose, grid indentation and scanning electron microscopy with energy-dispersive X-ray
spectroscopy (SEM, EDX) are combined to determine properties of concrete sample.
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1. INTRODUCTION

The waste material accumulation became worldwide
environmental and economical problem. Development
of new effective and thrifty methods for re-use of
waste products lowers the number of waste deposits
while saving natural sources and environment. For
example, in 2012, the countries of European Union
produced over 2.5 billion tones of waste and managed
to recycle barely 10% of this amount. In case of
Czech Republic, over 23 million tones of waste were
produced and slightly over one-fifth recycled (statistics
according to Environmental Data Center on Waste).

One of main problems with incorporation of waste
materials in civil engineering (especially in construc-
tions) is mistrust of designers and developers toward
recycled construction waste. Despite lower price of
these materials (compare to traditional raw materi-
als), final cost can be paradoxically higher due to the
transportation [IH3].

The solid phase of concrete is made of coarse and
fine aggregate (65 to 70%) and cement paste. Typ-
ically, when recycled, coarse aggregate (30 to 50%
of raw material) is to be reused, which leaves ma-
jority of the concrete as secondary waste product [4].
Complete recycling of concrete (concretely use of high-
speed milling) can turn this waste into fine powder
(fraction < 1mm) with potential usage as micro-filler
(fine ground hydration products and fine aggregate)
and partial cement substitute (non-hydrated clinker
in cement paste). Nevertheless, the processing it-
self is complicated and bears addition financial costs.
Beyond that, due to the lack of studies and short

experience of civil engineering practice with such fine
powdered material, the implementation of recycled
secondary waste material is not possible on large scale.

M. Chen et al. [5] used the recycled concrete fine
powder in their study as full substitute of pulverized
limestone in asphalt mixture. The results of X-ray
diffraction and scanning electron microscopy (SEM)
showed higher content of SiO4, lower CaCO3 content
and rougher partical surface in recycled concrete fine
powder, compare to of pulverized limestone. When
used as filler in asphalt mixture, the water sensitivity
of samples reduced while mechanical properties in
high temperatures and fatigue persistence increased.
However, mechanical properties in low temperature
slightly decreased.

In case of cement based mixtures, recycled concrete
fine powder serves much as a micro-filler, which acts
as coarse aggregate on the mezo- and micro-scale of
the material. Unfortunately, studies about recycled
micro-fillers are not yet carried out, although the
idea seems promising as replacement of current micro-
filling agents [6]. Moreover, the potential of non-
hydrated clinker present in the powder was so far
vastly ignored.

Y. J. Kim et al. [7] presented in his study features
of cement paste modified by recycled concrete fine
powder as a partial replacement for a binder. Ac-
cording to the results, workability in mixture’s fresh
state decreased with increasing level of cement com-
pensation and the hydration process was delayed up
to 2hours. In case where 45% of cement was replaced
by recycled concrete fine powder, the mechanical com-
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pressive strength reduced to 30% while absorptivity
gain reached almost 70%. The conclusion of this study
proposed limitation of the replacement to 15%.

M. Lidmila a K. Seps [8-I0] used in their studies
pulverized concrete recycled from railway sleepers.
The product of recycling showed low reactive poten-
tial very likely due to very fine milling of the concrete,
i.e. unfolding of non-hydrated clinkers. As the level
of non-hydrated clinker is low, the material is to be
possibly used for strengthening of subsoil under rail-
way structures [II]. Other potential utilization, in
small-scale, can be found in cementitous composite
material.

The knowledge of the material on the micro-scale is
thus crucial to understand the composite’s behavior
on higher scale levels. With such level of investiga-
tion, it is possible to develop up-scaled prediction
of macro-mechanical properties, as well as optimize
the efficiency of used fine powdered concrete recycle
product. This study is focused on investigation of
micro-mechanical and micro-structural performance
of the in-put “raw” material, i.e. concrete sleepers
intended for recycle. The output would serve as com-
parative analysis to further planed research of the
recycled pulverized concrete.

2. MATERIAL

On of raw materials used for the recycled pulverized
concrete are railway sleepers type PB2 and SB8 (used
in this study, Fig. . It the first step of the re-
cycling process, crude recycled concrete gravel with
dimension 0-32 mm (Fig. arises from the kibble of
the sleepers and the metallic parts and reinforcement
is separated. After selection of finer concrete gravel
(fraction 0-16 mm, Fig. , the material is milled
in two steps to the final product (recycled pulverized
concrete, fraction 0—1 mm). The fine milling of the
material was delivered by company Lavaris Ltd. (pro-
cedure protected by patents act) using the high speed
milling technique.

For a purpose of the investigation, piece of crude
concrete gravel (Fig. was embedded in epoxy
resin and let to harden for approx. 24 hours. A part
of the specimen was than severed (approx. thickness
15mm) and silica-carbon papers and diamond sus-
pensions were used for grinding and polishing of the
specimen surface. This technique ensured adequate
surface roughness of the sample for both indentation
and SEM investigation. The coordination mark was
inscribe on the polished surface, serving as origin for
further orientation. This enabled positioning of both
investigation techniques in the very like area of the
sample.

3. INVESTIGATION PROCEDURE

The investigation of the crude recycled concrete con-
sisted of three main techniques, instrumental inden-
tation, scanning electron microscopy combined with
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FIGURE 1. Products of concrete recycling procedure.

electron probe microanalysis (SEM EPMA) and back
scattered electron micrographs (SEM BSE) image pro-
cessing. As a result, combination of micromechanical
properties, phases chemical composition and material
structure enabled proper description of the material.

3.1. SCANNING ELECTRON MICROSCOPY

The scanning electron microscopy (SEM) investigation
was performed in MIRA IT LMU (Tescan corp., Brno)
on polished specimens coated with thin layer of carbon
necessary to ensure proper conductivity of the surface.
Working distance of the microscope was set closely to
15 mm and accelerating voltage was set to 15kV — to
provide good signal.

Chemical composition (in weight percentage) of
each phase characterized by the same level of grey scale
was determined using EPMA based on the detection of
the X-rays by energy dispersive X-ray detector (EDX,
Bruker corp., Berlin) on several point of each position.

Due to the time-demands of technique such as phase
determination by EPMA, image analysis of SEM BSE
micrographs was used to obtain phase volumetric rep-
resentations in viewed field, i.e. material structure.
The micrographs were acquired at different magni-
fications. The approximate area of indentation was
investigated at first at the magnification 600x to gain
adequate overview. Than the area was scanned with
higher magnification (above 1200x) for detailed study
of indented positions in several images. The SEM
micrographs acquired with back scattered electron de-
tector (BSE) provide information about distribution
(and chemical composition) of different phases due to
different spectrum of the back scattering coefficient.
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3.2. QUASI-STATIC NANO-INDENTATION

The technique of nano-indentation (Ti 7500 series,
Hysitron Inc.) was selected for evaluation of mi-
croscale elastic properties of the material. Its principal
is based on dependency of probe propagation with
respect to the recorded force. The force-displacement
record is further further processed and the mechani-
cal properties are calculated from the unloading part
of the record. Incorporated errors of the measure-
ment, such as creep and visco-elasticity of measured
phases, is avoided by appropriate test setup [12HIS].
For purpose of this study, the load function kept for
further described indentation similar, i.e. the “load-
ing” and “unloading” segments lasted 5 seconds each
with an in-between 60 seconds “holding” time segment.
The measurement was performed in two major steps
(Level I and II) to achieve efficient investigation of
phases on different material levels.

As an early step, a load-controlled quasi-static grid
indentation was performed with an applied force of
10 mN (almost maximum capacity of the transducer)
to obtain route-identification of the material. The in-
dents were each separated by 25 um in 10 by 10 raster,
which allowed both micro-mechanical evaluation of
phases in large range and estimation of further used in-
dentation depth. However, such setting does not meet
the grid-indentation specifications of heterogeneous
composite [19H22], particularly does not guarantee
consistent half-space influenced by each indent.

The first step (Level I) was thus selected as
displacement-driven quasi-static grid measurement
with each indent driven into 150 nm depth in two po-
sitions. The grid was constructed of 21 by 21 indents
pattern with 5 pm spacing. The setting ensured equal
indented half-space volume of material represented on
the sample surface by circle with 6xindentation depth
diameter [I9]. The indentation covered space over the
total investigated area (given by the grid dimensions
100 by 100 um) was computed equal to 2.81% (ratio
of efficiency).

The second step (also displacement-driven with
identical indentation depth - Level IT) was therefore
designed for detailed investigation of selected position.
The grid consisted of 25 by 25 indents separated by
2 um and the efficiency equaled to 17.26%. The setting
(especially location and size of the position) aimed for
close evaluation of phases present in cement paste.

4. RESULTS INTERPRETATION

The SEM EPMA EDX analysis of 41 material posi-
tions showed five main phases present in the inves-
tigated material, i.e. low-density and high-density
calcium-silica-hydrate (LD C-S-H and HD C-S-H),
calcium hydroxide (CH), non-hydrated clinker and ag-
gregate — potassium and sodium feldspar and quartz
(Fig. [2)). The phases average weight percentage of
each element are summarized in Tab. [1

Moreover, 1.25 mm by 1.25 mm area, where level I
indentation positions are expected, was sequentially
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FIGURE 2. Micrographs with identified material phases.

scanned in BSE mode with high resolution (5x5 se-
quence of 250 pm wide images). The reconstruction of
this area enabled exact linkage between indentation
data material structure.

The histograms of nano-indentation results, the
indentation modulus in particular, were normalized in
respect to the 0.1 of minimum value, as captured for
all studied levels in Fig. [3] The preliminary study of
the material (Fig. proved to insufficiently detail
mechanical properties of all phases.

=

g
o
3]

Prabability density [-]

0 20 40 60 80 100 120 140 160
Reduced modulus [GPa]

(A) . Reduced modulus histogram — Preliminary
study.

ity [

S

Prabability den

0 20 40 60 80 100 120 140 160
Reduced modulus [GPa]

(B) . Reduced modulus histogram — Level L.

_015
=

‘0

5 01

=]

2z

%

T 0.05

@

o

0 20 40 60 80 100 120 140 160
Reduced modulus [GPa]

(¢) . Reduced modulus histogram — Level II.

FIGURE 3. Histograms of indentation modulus

This can be observed in comparison with level I
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Element Quartz Potassium Sodium LD C-S-H HD C-S-H CH  Clinker
Feldspar  Feldspar

Ca 6.65 37.37 45.37 60.05 50.18

Si 46.74 29.39 27.24 6.41 12.83 0.35 12.42

Al 10.09 11.06 1.42 1.33 0.50

Mg 0.35 0.71 0.32 0.40

Na 0.87 8.09 0.11 0.24

K 14.01 0.52 0.33 0.35 0.52

S 2.24 0.81 0.16

Cl 0.36

Fe 1.21 1.05 1.13 0.48

O 53.26 45.63 46.45 50.56 36.95 37.99 35.50

TABLE 1. Average weight percentage of elements present in phases.

of the study (Fig. . The results, in this case,
are more likely to depict the material structure as
the occurrence of reduced modulus around 40 GPa
is most frequent (see [23H26]). Also, several peaks
corresponding to number of phases identified by SEM
analysis can be found in the histogram.

The Level II of the material was focused mostly on
the investigation of cement paste, especially on CSH
and CH phase. Again, Fig. confirms predominant
representation of high-density calcium-silica-hydrate
in the matrix.

The overall results (Fig. E[), as combination of both
measured levels, gives detailed view of micromechan-
ical performance of the material. The probability
density function of measured indentation moduli was
subsequently processed with spectral deconvolution
in order to obtain Gaussian distribution of expected
phases. The mechanical properties of Phases 1-5 in
Fig. [4] were thus determined as:

Phase 1= 19.17 + 3.564 GPa = LD C-S-H

Phase 2= 39.75 + 5.98 GPa = HD C-S-H

Phase 3= 58.59 + 6.34 GPa = calcium hydroxide

Phase 4= 79.78 &+ 3.11 GPa = presumably aggre-
gate

Phase 5= 118.35 £ 16.85 GPa = clinker
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FIGURE 4. Histogram of overall reduced modulus
results.

The results are consistent with previously published
researches [23H32]. Based on these results, maps of
indentation moduli over the investigated positions
(Fig. [f]-{6) were constructed with bordering conditions
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FIGURE 6. Contour map of results on level II.

identical to limits in Fig. [ In addition, it was
possible to link maps of indentation data to particular
segments of SEM BSE micrographs (Fig. [7).
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F1GURE 7. Contour maps of level I results linked to
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5. CONCLUSION

The raw material (railway sleeper PB8) used after
milling as recycled pulverized concrete in cementi-
tious composites was in focus of this study. The

micromechanical properties and material structure of
this base material were investigated with combined
methodology to predict performance when used as
filler and cement replacement.

The scanning electron microscopy methods (SEM
EPMA EDX, BSE) were used to determine chemi-
cal and structural composition of the material (un-
known prior to the investigation). Therefore, low- and
high-density calcium-silica-hydrate (LD / HD C-S-H),
calcium hydroxide (CH), three aggregate types and
non-hydrated clinker were identified as main material
phases.

The nanoindentation technique over two main mate-
rial levels enabled evaluation of the indentation mod-
ulus of these phases due to the spectral deconvolution
of measured data. Reverse reconstruction of indented
areas with respect to deconvolution results let to in-
terlink of indentation and BSE diagrams. Although
the combined investigation provided sufficient results,
more detail should be obtained in case of aggregate
phases prior to modeling of the material.

LIST OF SYMBOLS

F  Applied force [uN]

h; Indentation depth [nm]
E, Reduced modulus [GPa]
H Hardness [GPa]

he Contact depth [nm]
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