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Preface

Nordic Concrete Research is since 1982 the leading scientific journal concerning concrete
research in the five Nordic countries, e.g., Denmark, Finland, Iceland, Norway and Sweden.
The content of Nordic Concrete Research reflects the major trends in the concrete research.

Nordic Concrete Research is published by the Nordic Concrete Federation which also
organizes the Nordic Concrete Research Symposia that have constituted a continuous series
since 1953 in Stockholm. The XXII Symposium was held i August 2014 in Reykjavik. Most
of the papers in this volume of NCR is full papers, where only 4 pages extended abstracts
were presented in Reykjavik.

The next symposium, no. XXIII, will be held Aalborg, Denmark 21. - 23. of August 2017. We
do look forward to welcome you there.

Since 1982, 428 papers have been published in the journal. Since 1994 the abstracts and from
1998 both the abstracts and the full papers can be found on the Nordic Concrete Federation’s
homepage: www.nordicconcrete.net. The journal thus contributes to dissemination of Nordic
concrete research, both within the Nordic countries and internationally. The abstracts and
papers can be downloaded for free. Proceedings from miniseminars and the proceedings from
the Research Symposia are about to be published on the homepage as well.

The high quality of the papers in NCR are ensured by the group of reviewers presented on the
last page. All papers are reviewed by three of these, chosen according to their expert
knowledge.

Since 1975, 77 Nordic Miniseminars have been held — it is the experience of the Research
Council of the Nordic Concrete Federation, that these Miniseminars have a marked influence
on concrete research in the Nordic countries. In some cases, the information gathered during
such Miniseminars has been used as Nordic input to CEN activities.

The latest Miniseminar " Residual capacity of deteriorated concrete structures" was held in
Oslo, 21% of April.

Vodskov, June 2015

Dirch H. Bager

Editor, Nordic Concrete Research
Chairman, Research Council of the Nordic Concrete Federation
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ABSTRACT

This paper calculates the flexural behaviour (load-displacement
and stress-crack opening distributions) of “real” beams where the
contribution of every single fibre is considered. It therefore, allows
clarifying to what extent a link between single fibre pull-out
models and post-cracking behaviour can be established when the
uncertainty about the actual fibre content, distribution and
orientation is eliminated by using a computed tomography (CT) -
imagery algorithm. The results were compared to three point
bending tests of the same beams. The CT algorithm also presents a
solution to the difficult problem of separating clusters that occur
when fibres pack together within the concrete matrix.



1. INTRODUCTION

It is well established that the content, distribution and orientation of fibres has a significant
impact on the mechanical properties of Fibre Reinforced Concrete (FRC) [1-33]. This has
prompted many researchers to develop non-destructive techniques such as electrical [34-39],
ultrasounds [40], magnetic approaches [41-44], x-rays and CT scanning [4-5,8,12,45-51] and
other numerical and analytical approaches [52-60] for its characterisation. A good initial reading
on all the different techniques is provided in [61-63]. Most of them are however based on
averaging methods and partial observations of the fibres. Only CT scanning is yet, in principle,
capable of observing all individual fibres. However, none of the techniques presented has been
capable of solving completely the problem of full reconstruction and characterisation of the
fibres within the concrete matrix. The main reason is the FRC fibres’ ability to form bundles or
clusters, which makes their separation and tracking very challenging [64,65], even for image
analysis specialists [66] and hence, tend to be ignored. This paper presents a novel and simple
solution to this challenge.

Additionally, the link between fibre orientation and mechanical properties — in particular the
fracture properties in tension — has been intensively studied by many researchers in the past in a
variety of different FRC-materials. This has resulted in models for the post-crack behaviour
based on single fibre pull-out behaviour — direct and inclined — and information about the fibre
orientation, typically in the form of a fibre orientation distribution function in analytical or semi-
analytical approaches, e.g. [10-12]. Alternatively others used information about the position and
orientation of each fibre using numerical approaches e.g. [13,21,31,58,60]. However, it is
presently unclear to what extent models for single fibre pull-out can adequately form the basis
for predictions of the (average) post-cracking behaviour observed in FRC materials. This is
partly due to the variation in fibre content, distribution and orientation observed in real test
specimens making it difficult to distinguish between model uncertainty and inherent material
variation. For example, authors have shown that for similar beams, the peak loads vary between
20% [33] and 30% [16] and both authors have attributed this to fibre distribution and orientation
variability.

The aim of this study is to clarify to what extent removing the uncertainty about the actual fibre
content and orientation helps in establishing a clearer link between single fibre pull-out models
and post-cracking behaviour.

Thus, this paper presents two distinct novel contributions:

(1) a simple algorithm to use CT imagery to reconstruct complete information about the
distribution of fibres in FRC in the crack plane in a set of test beams that solves the problem of
clustering

(2) the first application of the calculation of the average post-cracking behaviour of fibre
reinforced concrete beams in bending using that uses the actual information of every single fibre
within it.

The validation of the results was carried out by comparing the results with those obtained from
three point bending tests undertaken in the lab on the same beams. The data used in the present
study was established by the first author and is described in [45].



2. CONCRETE SAMPLES AND CHARACTERISATION

The concrete properties were characterized with two types of test specimens: beams for three
point bending and 100mm diameter and 200mm long cylinders for compressive testing. Beams
with three different heights were cast: 40mm (Shallow), 60mm (Medium) and 150mm
(Standard). All beams had a width of 150 mm and length of 600 mm. The term Standard refers
to the dimensions given in RILEM [66].

The casting of the beams was carried out in two batches: Two Standard, three Shallow beams
and five concrete cylinders were cast from Batch 1, and two Standard, three Medium beams and
five concrete cylinders were cast from Batch 2. Casting was undertaken following the directions
in RILEM [66]. The individual beams are referred to by Standard;;, where 'i' represents the
number of the batch in which they were cast, and 'j' the number within each batch. Shallow and
Medium beams are referred to using only one number (e.g. Medium 1). A 1% volume content of
steel hooked-end fibres was used. The design water-cement ratio, density and air content were
respectively 0.447, 2.350kg/m? and 4.6% for both batches. Table 1 shows the material densities
and the concrete design mix.

Table 1.Concrete materials and mix recipe

Material Density (kg/m?) Mix quantities (kg/m”)
Rapid cement 3160 245
Fly ash 2300 94.5
Microsilica 2290 10.5
Water 1000 140
AIr entraining agent. 1001 0.4
Plasticizer 1010 4.2
0-4 (mm) Sand 2618 743.9
4-8 (mm) Stone 2642 452.9
8-16 (mm) Stone 2637 570.3
Steel fibres 7500 78

Average compressive strengths of 52.3 £ 0.67 MPa (mean + standard deviation) for Batch 1 and
57.3 = 0.83 MPa for Batch 2 were found from the cylinders. The tensile strength, f;, and the
Young’s modulus, E., of the concrete were calculated using the recommendations of Neville
[67] and the ACI Building Code [68] respectively as shown below:

£,=03(1.)5 (1)
E, =4734)f. ()

where f, is the compressive strength as measured from the cylinders. The average compressive
strength of both batches was used for the calculations. Calculated values were 4.3MPa and
35GPa for the tensile strength, f;, and the Young’s modulus, E., respectively.

3. THREE POINT BENDING TESTS (TPBT)
The Three Point Bending Tests (TPBT) were conducted according to the RILEM

recommendations [67] as was current in 2001 when the tests were carried out. The current
standard is BS EN 14651:2005+A1:2007.



Accordingly, notches were sawed at mid span of each beam. The recommendation establishes
that notches must be cut to a depth of 1/6 of the total beam height at the bottom of the beam.
However, for the Shallow beams a ratio of 1/4 was used (i.e. 10mm notch) to facilitate obtaining
cracking at the centre span.

A clip gauge was installed to measure the crack mouth opening displacement (CMOD). It had a
gauge length of 10 mm and a travelling distance of 4 mm and it was mounted at the underside of
the beam clipped to two steel blocks with an initial opening equal to the gauge length (i.e.10
mm).The two additional vertical rod gauges allowed measuring the vertical displacement in two
different points symmetrically placed at either side of the wedge through which the load (P) was
applied. They were mounted on a frame that was purposely designed in the lab for tests on
similar beams to arrest any rotational effects.

An INSTRON closed loop machine was utilized to undertake the tests under deformation
control conditions. Two channels controlled the test performance; the clip gauge (CMOD) and
the vertical gauges (vertical displacement). The test was divided in two phases: The first phase
was controlled by the clip gauge until its maximum travelling was reached, and the second
phase was controlled by the mid-span deformation. The linear relationship between the CMOD
and the vertical displacement (shown as Extension), shortly after the peak load (Ppea) had been
reached, was obtained for each beam; all beams showed this linear relationship as also observed
by other authors [21,69]. A summary of the results from the TPBT can be seen in Table 2.

Table 2. Summary results.

Peak load CMOD Fibres Fibres / Fibres

pan 0N T e T p

TPBT results CT Scanning analysis results Fibre distribution
Standard11 15.73 0.060 1017 0.045 0.961 0.965 1.216
Standard12 27.63 0.037 1137 0.050 0.958 1.047 1.078
Shallowl 1.53 0.027 754 0.125 2.536 1.057 1.298
Shallow2 1.47 0.059 298 0.049 1,345 1.058 1.192
Standard21 29.14 0.062 949 0.042 1.033 0.973 1.369
Standard22 38.40 0.066 889 0.039 1.095 0.984 1.357
Medium?2 5.19 0.057 762 0.085 2.084 1.343 0.923

Medium3 5.28 0.045 345 0.038 1.070 1.304 0.520




4. CT SCANNING

A Siemens Somotom Plus CT Scanner, shown in Figure la, at the Department of Chemical and
Biochemical Engineering at DTU was used for the image acquisition. The scanner uses
Computed Tomography which is based on the x-ray principle (see Figure 1b). When x-rays
emitted from source pass through the beam, they are absorbed or attenuated creating a profile of
x-ray beams of different strength that are captured by the detector at the other end. When both
the x-ray source and the detector have completed a full lap rotation (360%), a two dimensional
image is obtained. The image is the two dimensional projection of a thin slice over which the
scanner has made the detection. This slice can have typically thicknesses between 1 mm and 10
mm depending on the applications.

X-RAY SOURCE

ROTATING
SOURCE

DETECTOR

Figure 1. Somoton CT Scanner. (a) Photograph (b) Working principles diagram

The scans were taken over a length of 100 mm in each of the beams, 50 mm at either side of the
mid span of the beams, where the notch was cut. This distance was enough to include all fibres
that bridged the mid-span section (the fibres were 36 mm long). 2 mm thick scan slices were
used, as 1 mm was proven unacceptable due to the high levels of noise observed in trial scans;
the same observation was highlighted by Hunt et al [70]. The images obtained were 512x512
pixels, for all the beam sizes.

The CT Scanner parameters used were: a tube potential of 137 kV, tube current of 510 mAs for
the Standard and Medium size beams and 120kV and 330 mAs for the Shallow size beams.

5. IMAGE ANALYSIS - RECONSTRUCTION OF FIBRES WITHIN THE
CONCRETE BEAMS

Image processing

Each image represents a 2mm slice of the object. As mentioned above, the steel fibres absorb
much of the x-rays and therefore show as white, and brighter, spots; these are called elements
hereafter. In order to be able to isolate the steel fibres from the rest of the features in the images,
the following image processing steps were followed (see Figure 2):



- Apply a high threshold (250 for Batch 1 and 230 for Batch 2 — the different thresholds
were selected by inspection ??) to the original image (Figure 2a) and convert it to binary
(i.e. all pixels above the threshold are plotted in white and all those below are plotted in
black) — Figure 2b.

- The high threshold image was eroded in order to eliminate noise — Figure 2c.

- A low threshold (220 for Batch 1 and 200 for Batch 2) was applied to the original image
and convert to binary — Figure 2d.

- The eroded image was used to identify the position of fibres within the matrix, which
were then reconstructed using the shapes of the low threshold image. — Figure 2e.

The image analysis was conducted using the functions of the Image Analysis library of the
computer program MATLAB.

ORIGINAL IMAGE HIGH THRESHOLD (250) ERODED IMAGE

Figure 2. Image processing. Left-to-right from the top: (a) Original image (b) High threshold
image (c) Eroded image (d) Low threshold image (e) Reconstructed image

Reconstruction and clusters rationalisation

The tracking of fibres within the scanned domain was based on the principle shown in Figure 3:
if a single fibre crosses two consecutive slices, its projection of two superimposed consecutive
slices will have pixels in common. Another assumption was that a fibre projects with the same
area in all different slices (see Figure 3).
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Figure 3. Common pixels principle between slices.

Due to the volumetric nature of the slices (i.e. they have a thickness), two different fibres could
project in the same slice within the same pixels. This could lead to clusters of fibres in each
single slice which could potentially introduce erroneous common pixels and tracking paths. This
is what we have referred here to as clusters of bundles.

Examples of clustering can be appreciated in Figure 2a, which show as irregular shapes of
elements, and are the result of the projection of different fibres superimposing. In order to
rationalise these from the fibres’ selection, the clusters were eliminated from potential fibres
using the area as elimination criteria, and recovered once a full fibre had been found. For
simplification purposes, clusters were defined as those elements whose area was equal or higher
than the average area of the elements in the list plus a standard deviation. The above process is
exemplified in Figure 4.
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Figure 4. Example of fibre selection (a) Centre of mass of elements (b) Result of fibre selection
after filtering

Figure 4a shows the centre of gravity of multiple elements from consecutives slices and
superimposed in the image plane. Figure 4b shows the selected fibres and how this selection was
successful in ignoring the potential deviations that clusters included in the tracking. Two
observations are noted: (1) the distance between elements within a fibre in the image plane is
approximately equidistant and (2) the elements within a selected fibre are aligned (i.e. the fibre
projection is a straight line) as it was expected. In future work, these characteristics will also be
used for the tracking algorithms.

A fibre was selected when the tracked sequence of elements provided a length between 27 to
36mm (the former length is the straight part of the fibres excluding the hook ends, and the latter
is the total length including the hooks — see Figure 5a).

Once a fibre had been selected, the following characteristics were recorded (see Figure 5b): (1)
@: the angle that the fibre forms with the normal to the cross section of the beam (2) 6: the angle
that the fibre forms with a horizontal plane that is also perpendicular to the cross section of the



beam. (3) Position within the volume given by the coordinates of the starting and ending point.
(4) Length.
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Figure 5. (a) Hook-end fibres geometry. (b) Fibre orientation angles

The first two provide the orientation of the fibres, the third was indicative of whether a fibre was
bridging the centrally induced crack or not, and the fourth allows calculating the embedment of
the fibre at either side of the cracked section.

Results and discussion of fibre reconstruction

Table 2 shows the numbers of calculated fibres that bridge the crack section and volume
percentage of fibres for each beam. The latter is particularly interesting to note as, with the
exception of Shallow 1 and Medium 2, they all show values close to the 1% volume of the mix.
This provides increased confidence in the reconstruction process.

Further verification of the results can be carried out by comparing the calculated number of
crack bridging fibres to theoretical and observed values in the literature. Lofgren [69] showed
that the number of bridging fibres in a beam responds to Equation 3:
v,
N, =—n, 3)
4,

where Vyand Ay represent the volume and cross sectional area of fibres respectively, and 73 is a
number that varies with the spatial distribution of the fibres, and that some authors call the
orientation factor. Lofgren [69] shows that this value equals 0.5 for a completely random 3D
distribution. Equation 3 hence shows that the theoretical number of bridging fibres for a random
distribution is 572, 229 and 153 for the Standard, Medium and Shallow beams respectively.
Dupont & Vandewalle [53] calculated 516 fibres for Standard beams with similar mixes and the
same beam and fibre geometry using their own method. These values do not compare positively
with those calculated and shown in Table 2. However, the Lofgren method assumes that there is
the same probability in a 3D random distribution for fibres to be placed at any angle to the
normal of the cracked section [69]. Figure 6 shows that the probability density functions (pdf) of
the angle @ for all beams follow a normal distribution, which average normal distribution has a
mean of 47.55 and standard deviation 18.17. This average value is similar to the results
presented by Robins et al of 36.9 and 18.20 for a similar mix [47]. Similar normal distributions
have been also presented by Abrishambaf et al for very similar concrete mix, fibre geometry and
casting conditions [8] and Laranjeira et al [54].
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Figure 6. Probability Density Functions of angle ®.

The figure also shows that the number of fibres that form a 90 degree angle is insignificant and
therefore, suggests that all the fibres present in a beam cross section would be crossing a crack
that developed in that section; this corresponds to a 1D, rather than 3D, random distribution (i.e.
no fibres were found to be parallel to the beam cross sections) using Lofgren nomenclature. This
is also supported by the numerical model created by Kang & Kim [17]. Hence, using Equation 3
and a value of 775 equal to 1, as indicated by Lofgren [69], the number of fibres results in values
of 1142, 458 and 306 for the Standard, Medium and Shallow beams respectively. These values
are a much better match to those observed and shown in Table 2. Using the average of the
values shown in the table and the theoretical calculated values above, the actual values of 73
can be calculated and are, 0.87, 0.75 and 0.97 for each of the beam sizes respectively; however,
the Medium and Shallow values must be treated with caution as only one beam was available of
each size as Shallow 1 and Medium 2 were discarded from these calculations.

Figures 7a to 7h show the probability density function (pdf) of the angle 8 for all beams. It is
clear that the Standard beams present a more random distribution of 6. However, there are more
fibres included in the horizontal plane (i.e. 8=0); this observation is similar to that presented by
Ozyurt et al using AC impedance spectroscopy [37]. Conversely, the Medium and Shallow
beams presented a more uniform distribution of angles. A potential explanation could be wall
effects as the width to depth ratio is much smaller than in the Standard beams. However,
Soroushian and Lee [52] showed that samples where one or more dimensions are less than 5
times the fibre length, the fibres will tend to orientate in horizontal planes, or planes parallel to
the walls. The element height to fibre to length ratio was approx 5.0, 1.67 and 1.1 for Standard,
Medium and Shallow beams and therefore, according to this, it would be expected orientations
different to those observed. On the other hand, Martinie & Roussel [56] showed that shear
induced orientation dominates orientation profiles at the centre of samples, leaving the fibres
orientated in more random angles; a fact shown also by Zerbino et al [7]. The prevalence of this
second effect therefore may explain why the Medium and Shallow beams present these angle
distributions although this was not proven.
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Shallow 2.

The observed fibre distribution and number of fibres in cross sections was compared against
values in the literature. Stahli et al [4] showed that the number of fibres (with very similar
geometry to that used in this work) in a given cross section was 0.06122 fibres/mm” in a 70 mm
x 70 mm section for a volume of fraction of fibres equal to 3.0%; if extrapolated to the Standard
beams used here and divided by 3.0 to match the 1% volume fraction of the test, the total
number of fibres should be 459; which does not match the values presented in Table 2. Hence,
there seems to be a discrepancy. The apparent discrepancy could well be due to the significant
differences in wall effects in Stahli et al’s [71] experiments and Laranjeira et al [55] and shear
induced orientation [9,56]. The wider variability shown in the literature justifies the differences.
For instance, Zerbino et al [7] showed values of approximately 0.02 fibres/mm® (i.e. 3 times
lower than Stahli et al [4]) for a volume of fraction of 0.45% and Robins et al [47] values of
0.01 to 0.02 for a 1% fibres volume fraction. The values in Table 2, which average 0.04, when
excluding Medium?2 and Shallow 1, seem to fall within the limits presented by Zerbino et al [7]
and are slightly higher than those presented by Robins et al [47].
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The fibre reconstruction also allowed calculating the fibre distribution statistically within a cross
section. For this purpose, two statistical methods for point pattern analysis were used: Nearest
Neighbour Analysis (NNA) [72] and the Quadrant Analysis (QA) [73]. Both methods provide
indicators of the randomness of the distributions by classifying the pattern into three different
spatial arrangements:
- Random: Points are equally likely to occur at any location and the position of any point
is not affected by the position of any other point — Limiting values: NNI (1.0) and QA
(1.0)
- Uniform: All points present the greatest possible distance from the nearest points. —
Limiting values: NNI (2.15) and QA (<1.0)
- Clustered: Points concentrate around each other at one area, with other areas containing
almost no points. — Limiting values: NNI (0.0) and QA (>1.0)

Table 2 shows the results for the crack section of each beam (i.e. where the notch was cut).
These calculations can be used as an indication of whether segregation is present in a specimen.
It can be seen that, in this case, the distribution of fibres is reasonably close to a random
distribution in all cases and hence, can be concluded that no segregation occurred. These results
have been more recently confirmed by Akkaya et al [57] and Ozyurt et al [34]. It also suggests
that there is the same probability of number of fibres at different depths within the cross section
when fibre segregation is not present; a result similar to that presented by Martinie & Roussel
[56]. Some authors have shown, however, that clustering in certain areas can occur, mainly due
to shear induced orientation and wall effects [7,9,60], although this was not observed in this
work.

6. POST-CRACKING BEAM MECHANICAL BEHAVIOUR

In order to assess the mechanical performance using the results obtained from the reconstruction
of the beams, fracture mechanics theory was used. This included obtaining and applying two
fundamental relationships: the load — crack opening (P-CMOD) relationship and the stress -
crack opening (6., — CMOD) relationship in a crack. The latter relates to the local behaviour of
the crack, whilst the former characterises the overall behaviour of the beam and could be
compared to the TPBT results [66].

This work involved the following the steps:
- Calculation of the bilinear relationship that matches the results of P-CMOD obtained in
the TPBT using the Hinge model.
- Comparison of the 6,, — CMOD relationship between the inversely calculated bilinear
relationship above, and the calculated relationship using the model presented by Li et al
[11] and the individual information of all the fibres.

P — CMOD (Hinge model)

Olesen [74] described a nonlinear crack hinge model to predict the bending fracture of concrete
beams. His method was based on the concept of Fictitious Crack Model using a bilinear
approximation to the o, — CMOD relationship.

The method relies on the division of the beam in the vicinity of the crack into layers of
independent spring elements. These springs are attached to rigid boundaries at both ends, so that
they elongate or contract as the beam deflects. This assumption was confirmed by observing the
linear relationship between crack opening and displacement that developed in all tests. For
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compatibility, adjacent spring elements move so that the rigid boundaries remain straight. These
can then be connected to the rest of the uncracked beam using traditional beam theory. A
detailed explanation of the model is shown by Olesen [74].

It has to be noted that the solution is only valid for after the onset of cracking, when the load is
the first crack load, P4k The equation used to calculate P, was taken from traditional beam
theory as

41 .
P’cra(‘k = Z’C}’;W’ﬁ (4)
"

where Iyecion represents the second moment of inertia of the cross section excluding the notch, f;
is the tensile strength and % is the ligament height. The values of P, were found to be 19.350,
3.906 and 1.376 kN for the Standard, Medium and Shallow beams respectively.

Also using simple beam theory for a simply supported beam when a load is applied at mid-span,
the load P was calculated from the moment M that was obtained through the hinge model
4M
P=— 5
7 (&)

where L is the distance between supports, which in this case was 500 mm.

Results are shown in Figure 8. Standard and Medium beams showed the better agreement with
the predictions of the peak load, whereas the Shallow beams showed an overestimate at the peak
load, but reasonable thereafter.

A unique bilinear approach for all the beams was back-calculated to produce these results, with
the following parameters: a; = 20 mm™, a, = 0.8 mm™ and b, = 0.45 — See Figure 9.These
parameters correspond to a specific fracture energy of 0.42 N/mm, which agrees with the values
presented by Walter [14] for the same concrete and fibre mixes. Equation 6 shows the
formulation of the bilinear relationship; note that w has been used meaning CMOD in order to
simplify the equations.

- { l—aw for 0Sw<w,

(6)

b, —a,w for w,<w<w,

Stress — CMOD relationship (ow — CMOD)
In order to calculate the 6, — CMOD relationship using the reconstructed information of the
fibres within the beams a model shown by Li et al[10,12] was used.

This model divides the o, — CMOD relationship into three contributions: aggregate
bridging(c,), fibre bridging (o) and fibre pre-stressing. The latter has been ignored in this work
following the recommendation of the model authors [11]. Hence, only two contributions are
calculated and compounded as shown below.

o,(w)=0,(w)+o,(w) )
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Aggregate bridging is characterised in [2].
614

o,(w)=—"— )
w
1+ (j
Wo
Where:

- oo is the maximum bridging stress due to aggregate action at w = 0.

- pis a factor that describes the shape of the softening process with increasing opening and has
been taken as 1.5 [2].

- wy is the crack opening when the stress has fallen to half of o and was taken as 0.015 [2].

The value of o," should be slightly smaller than the tensile strength of the concrete as
recommended by the author [2]. However, since fibre pre-stress and the chemical bond were
neglected, the value was taken as equal to the tensile strength; this guarantees that Equation 8
holds as when the two contributions to the softening behaviour, namely fibres and aggregates,
are added, for w= 0, it follows that o, equals 0 and o, equals ¢,".

Fibre bridging was calculated under the assumption that it occurs in two stages; debonding and
pull-out. Fibres rupture and chemical bonding have also been disregarded. The former
assumption was verified by visual inspection after failure of the beams which did not show fibre
rupture.

Using the above assumptions, the equations presented by Lin et al [75] for a fibre, perpendicular
to the crack face, can be used for the debonding stage, pull-out and for when the fibre has been
pulled completely (see Eq. 9 to 11) The parameters d, 6o and L, represent the crack opening,
initial crack opening and embedded length of fibre respectively.

Li et al [11] extended this to non-perpendicular fibres via the concept of snubbing factor, f,
multiplying by ¢, to cater for fibres which are inclined at an angle @ using the analogy of a
rope pulling against a frictional pulley. The value of f'was 0.75 [10].

P(é): %[(l + n)E‘/ d;.ré']%e""’for 0 <9, )
0=0, | w

P(é‘)z . d,|1- e’ for 6, <6<6,+1L, (10)

P(5)=0 for §,+L, <5 (11)
Where

2
5, = 4r,Li(1+7) (12)
Efdf
And
V.E,
_ Iy 13
n VE (13)

The terms E; and E. represent the Young’s Modulus of the fibres and the concrete matrix
respectively. Values of 210 MPa and the calculated value of 35 MPa were respectively taken for
the analysis.
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The bond between fibre and matrix is controlled by the shear stresses 7, and 7, and represent

the friction between the two as shown in the equations below
r=t,for 0<5<5, (14)

T:‘L’O(l-}—ﬁl(g—é\o)/df+ﬂ2(5—50)2/d?) fOV §0<5<§0+L5 (15)
The value ofr,was found to be 4.0 MPa for optimal fitting of the bilinear approach. The f-

coefficients, ff; and S, in Equation 15 were -2.0 and 0.5 respectively as presented by Stang et al
[15]. They were obtained by multiplying Stang et al’s values of -4.0 and 1.0, by the fibre
diameter, dy, due to the slightly different formulation.

The same authors also report that it must be noted that in the above equations, J represents the
crack mouth opening associated only with debonding and pull-out of the fibres and hence, does
not represent the total crack mouth opening, w. The total crack mouth opening has an additional
contribution [76], which was first found by Cook & Gordon [77] due to debonding ahead of a
crack and coalescence, and has since received its name. The authors show that w responds to.
w=5+5, (16)
where d., represents the Cook-Gordon contribution. The value of ., can be calculated using
[471.
4a,, P

cg
= (17)
C; 2
¢ miE,

A value of o, = 20d, was taken, which is similar to the value provided by Li et al[10].

Since, the location of all the bridging fibres had been calculated along with their orientation, the
total contribution due to fibre bridging could be calculated by prescribing values of J using
Equations 18 and 19.
Pw= 3 B (18)
i=bridgingfibres
Py (w)
’
o \w)=
(="
where 4 represents the uncracked cross sectional area of the beam.

(19)

The construction of the relationship followed the following steps for each crack opening value,
o
e (Calculation of 7 for each fibre using Equations 14 and 15.
e Determination of which phase is each single fibre at, and application of the Equations 9
to 11 accordingly.
e Summation of all the contributions from all fibres for a single prescribed crack opening
using Equation 18 and calculation of the stress using Equation 19.

Results are presented in Figure 9. This figure shows good agreement for all the beams with the
exception of Shallow 1 and Medium 2 which are not shown since their unusual number of
calculated crack bridging fibres provided unrealistic results. Lofgren [69] highlights that the
fitting interval has to be carefully chosen since using a bi-linear approximation could make
fitting over the whole curve impossible. In this case, the end part of the curve was chosen
presents a better fit. This interval was more adequate since because the effects of aggregate
bridging, and fibre pre-stress were not considered and therefore, the accuracy was lower for
smaller values of w.
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Figure 9. Bilinear back-calculated relationship from Hinge Model and prediction for all beams
using micromechanical model

The results show that the stress-crack opening relationship can be accurately modelled using

simple micromechanical models when the information of all the individual contributing fibres is
known.

This presents a unique tool for single fibre pull-out model validation and, consequentially
provide a more accurate estimate of post-cracking behaviour in FRC.

7. CONCLUSIONS

CT imagery was successfully used for the reconstruction of the position of the fibres within
beams of different thicknesses and presented a solution to deal with the unsolved problem of
clusters present in all FRC elements. The results were used to calculate their orientations and
allowed the derivation of a pdf for the 3D orientation of all beams. It showed that, in the
direction perpendicular to the beam vertical cross section, this followed a Gaussian distribution
of mean 47.55 and standard deviation 18.17. Fibres in laboratory beams, cast using RILEM
indications [67] and sizes (Standard in this paper), tend to orientate in planes close to horizontal.
On the other hand, shallower beams present a more uniform distribution which could be due to
shear induced effects overcoming wall effects. No fibres were found to be parallel to the beam
cross section.

The statistical analysis carried out on the spatial distribution of the fibres within cross sections
showed random distributions; this means that segregation was not present in the various
specimens.

The beam behaviour at a micro-mechanical level was calculated. Using the Hinge model, a
unique bilinear relationship to the 6, — CMOD with a specific fracture energy of 0.42 N/mm
was calculated using the results of the TPBT as comparison. This bilinear relationship was then
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compared to the calculated ones obtained by adding the contributions of each single fibre within
the beams. The results compared to the bilinear relationship satisfactorily; this confirms the
potential of this technique for the accurate validation of micro-mechanical models to model the
(average) post-cracking behaviour of fibre reinforced concrete when removing the uncertainty of
content, distribution and orientation of the fibres within a concrete matrix.

However, more mixes, fibres volume fractions and element sizes will be needed in order for the
technique to be fully validated widely.
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ABSTRACT

Environmental issues are becoming more important in concrete
industries, and there is a concern for carbon dioxide emissions. This
work focussed on determining the minimum carbon dioxide
emissions in one case of no slump concrete with two cements.
Without any constraints on strength or workability, the optimal recipe
would not use any cement at all. With a lower limit on early strength,
cement becomes necessary in the optimal recipe, which necessitates
water, and then the upper limit on workability in terms of cycles
makes this a more complicated issue.

To be able to calculate the minimum carbon dioxide emissions with
constraints on workability and early strength, models are needed for
workability and early strength besides carbon dioxide emissions. The
relations between workability and the composition variables of
concrete are not simple. Nonlinear models were therefore developed
for workability and early strength from experimental data. The
nonlinear models, in the form of feed-forward neural networks, show
a very high degree of correlation. They were then implemented in
suitable software which made it easy to calculate the minimum
carbon dioxide emissions. The minimum usually requires smaller
amounts of CEM II for different limits on workability and strength.

Key words: carbon dioxide emissions, nonlinear modelling, feed-
forward neural networks, optimisation
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1. INTRODUCTION

In future, environmental issues could sometimes dictate the recipes for concretes, and there is a
tendency towards reducing carbon dioxide emissions. About 5 to 7% [1 - 4] of the global carbon
dioxide emissions come from the concrete industry. There is a good amount of literature on the
sources of carbon dioxide emissions in cement manufacture [1, 3], life cycle analysis of concrete
[5], and carbon capture and storage from cement production [3], but there is very little literature
on minimizing the emissions by developing better recipes [2, 6].

Carbon dioxide emissions are reduced primarily by reducing the use of cements, since most of
the carbon dioxide emissions in concrete industry come from cements. This can be achieved by
better packing of aggregates or better paste composition. Cement industry also tries to offer
cements with added fly ash or slag, which in certain proportions is called CEM II. CEM II may
not harden as fast, depending on its composition. Thus increasing the proportion of CEM II is
not a good solution if a certain early strength is needed. Early strength can be achieved by
reducing water, but that could adversely affect the workability. Therefore the whole picture, as
shown in Figure 1, has to be kept in mind while trying to minimize carbon dioxide emissions.

Aggregates Z>
CEM I Z> Z> Workability
CEM 11 Z> Z> Early strength
Water Z> Z> 28 day strength
Superplasticiser Z> Z> Cost of raw material
Other admixtures Z> Z> CO, emissions
etc. Z>

Figure 1 — Concrete properties and carbon dioxide emissions depend on the composition of
concrete

2. NONLINEAR MODELLING

Mathematical models represent knowledge of quantitative effects of relevant variables in a
concise and precise form. They can be used instead of experimentation if they are reliable
enough. Mathematical models also permit the user to carry out various kinds of calculations,
like optimisation, which can be used to improve quality or increase production rate.
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Mathematical modelling can be performed in various ways, and different ways are suitable in
different situations.

It is not possible to use physical modelling in many situations. Even if it is possible, physical
models tend to compute the output more slowly than empirical or semi-empirical models.
Development of physical models is time consuming. Nonlinear modelling tends to be expensive,
but physical modelling usually costs even more. Physical models involve assumptions and
simplifications, and thus are less accurate than empirical or semi-empirical models, which
reflect reality better. Thus empirical or semi-empirical modelling is often a better alternative.

Traditional empirical modelling is based on linear statistical techniques. Nothing in nature is
absolutely linear. So it helps to take nonlinearities into account rather than ignore them. If the
range of variables is small, linear techniques are sometimes sufficient. New techniques of
nonlinear modelling based on artificial neural networks allow us to approximate nonlinearities
without specifying in detail the nonlinearties to be accounted for. They allow for free form
nonlinearities, unlike linear and nonlinear regression methods.

Since the last twenty years or so, nonlinear modelling has been successfully utilised by various
industrial sectors for a variety of purposes from quality control, product development and
process guidance to software sensors and fault detection.

Nonlinear modelling can be roughly defined as empirical modelling which takes at least some
nonlinearities into account. Nonlinear modelling can be performed in many ways. The simpler
ways include polynomial regression and linear regression with nonlinear terms. One can also
use basis functions and splines, and in cases where the form of the nonlinearities is known,
nonlinear regression can also be used. New techniques of nonlinear modelling are based on free-
form nonlinearities and does not require the knowledge of the form of nonlinearities in advance.
Artificial neural networks are a set of efficient tools for nonlinear modelling, for reasons
mentioned earlier, and particularly the universal approximation capability of feed-forward
neural networks [7].

There are many different types of neural networks, and some of them have practical uses in
process industries [8, 9]. Feed-forward neural networks have been in use in process industries
for about twenty years [9]. Most neural network applications in industries [10-18] ranging from
medical materials [10] to optical fibre cables [17] are based on them.

Artificial neural networks usually consist of neurons in layers directionally connected to others
in the adjacent layers. The multilayer perceptron (Figure 2) is a kind of a feed-forward neural
network.
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Hidden layer
connection

Input layer

Inputs

Figure 2 - A typical feed-forward neural network has an input layer, an output layer and one or
two hidden layers.

The output of each neuron i in a feed-forward neural network is given by

N
z, =0 ZWi,.x,. (€))
R
where the activation function is often the logistic sigmoid, given by

1
ola)= 2
(a) 1+e™ @

The incoming signals to the neuron are x;, and w;; are the weights for each connection from the
incoming signals to the i neuron. The wjo terms are called biases. This results in a set of
algebraic equations which relate the input variables to the output variables. Thus, for each
observation (a set of input and output variables), the outputs can be predicted from these
equations based on a given set of weights. The training procedure (Figure 3) aims at determining
the weights which result in the smallest sum of squares of prediction errors. There are a variety
of training methods in use today. It is also possible to combine neural networks with physical
models or other empirical models, which often lead to better solutions.
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Yk, predicted output vector Vi, measured output vector

of observation k& of observation k&

=}

J L
| —()
L

weights (free parameters), w Nonlinear model

T

X}, input vector of observation &

Figure 3 - Training is the process of determining the weights, the free parameters of the model.

3. EXPERIMENTAL DATA

The aggregates and their fractions were fixed first, and 21 experiments were planned with
different amounts of CEM I, CEM II, water and superplasticiser. The total amount of cements
varied between 285 and 340 kg/m3 of concrete, while the water to cement ratio varied between
0.438 and 0.531. Table 1 shows the ranges of the variables. There was a good amount of

variation in the workability as well as early strength (measured at 16 hours and 20 hours).

Table 1 - Variables and their ranges

Variable minimum maximum average
Input variable minimum maximum average
CEM L, kg 0 340 166.875
CEMII, kg 0 340 152.0833
Water, litres 140 170 152.9167
Superplasticiser, kg 0 3 1.291667
Output variable minimum maximum average
Workabilility, cycles 6 42 17.83333
16 h strength, MPa 16.5 39 30.0375
20 h strength, MPa 20.7 40 33.24583

The data from the 21 experiments was pre-processed and analysed before model development
was attempted. Before model development is attempted, usually the data is analysed and pre-
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processed. It is more important for production data, but experimental data should also be
analysed and pre-processed.

The experimental data were pre-processed and analysed by a pre-processing software, which has
several facilities, including simpler things like calculating the basic statistics of the data set,
filtering observations with missing measurements or variables beyond the range of interest,
calculation of correlation matrices, showing the plots of every variable against every other, etc.
It also has more advanced features like clustering, calculating sets of observations with
maximum or minimum similarity, and dividing the data into training, test and validation sets
required for nonlinear modelling, with desired forms of imbalance in the division.

The plots often reveal some relevant things, like variables which are binary or variable pairs
which show a high correlation. Correlation matrices also reveal pairs of variables with high
correlations. High correlations between input variables cause inconvenience during modelling,
and sometimes one of them has to be excluded. No such problems were found in this data set.
High correlations between two output variables, on the hand, is usually very welcome, since
such variables can sometimes be treated together as two outputs in the same model.

Figure 4 shows that workability and strength cannot be determined entirely from water to
cement ratio. Similarly, the amount of paste also does not determine the workability and
strength as seen from Figure 5. This is true even if the superplasticiser amount is constant, since
CEM I and CEM II behave somewhat differently. Workability correlates with water to cement
ratio as well as with the amount of paste to some extent as can be seen from Figures 4 and 5.

Water/cement ratio
Workability, Strength
50
40 L
] : ] n
30 ] L) a « workability
20 :  § . u = 16 h strength
. $ ] D
° * b 4
10 * . v:
O T T T
0.40 0.45 0.50 0.55 0.60
Water/Cements

Figure 4 - Workability in cycles and 16 hour early strength in MPa against water to cement
ratio
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Figure 5 - Workability in cycles and 16 hour early strength in MPa against the amount of paste

Figure 6 shows the effect of CEM I on early strength while keeping the total amount of cements,
water and superplasticiser constant. Figure 7 shows the effect of CEM 1II on early strength while
keeping CEM I, water and superplasticiser constant. The effect at 16 hours is stronger than that
at 20 hours in both these cases.

Effect of CEM |

# 16 h strength
® 20 h strength

Strength, MPa

0 50 100 150 200 250 300 350
CEM I, kg/m3

Figure 6 - Effect of CEM I on early strengths at 16 hours and 20 hours in MPa (total amount of
cements is constant)



30

Effect of CEM I

40
o [ |

35 =
g s 0

.

= u # 16 h strength
= 30
2 * m 20 h strength
2 .
» 25

20 T T T

0 50 100 150 200
CEM IlI, kg/m?

Figure 7 - Effect of CEM II on early strengths at 16 hours and 20 hours in MPa (CEM I is
constant, total amount of cements is not constant)

Figure 8 shows the effect of water on early strengths at 16 hours and 20 hours while keeping
CEM I, CEM 1I and superplasticiser constant. The effect is stronger at 16 hours. Similarly,
Figure 9 shows the effect of superplasticiser on early strengths at 16 hours and 20 hours while
keeping CEM I, CEM II and water constant. The effect at 20 hours is negligible, but there is a
small but a visible negative effect at 16 hours.

Effect of water
40
]
S 35 e
=
£ 30 L] # 16 h strength
g * - = 20 h strength
n 25 .
20 T T T T
100 120 140 160 180 200
Water, kg/m3

Figure 8 - Effect of water on early strengths at 16 hours and 20 hours in MPa (CEM I, CEM I
and superplasticiser are constant)
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Figure 9 - Effect of superplasticiser on early strengths at 16 hours and 20 hours in MPa (CEM
I, CEM II and water are constant)

Figure 10 shows the effect of water on workability with CEM I, CEM II and superplasticiser
constant. The variation is about 35 cycles for 30 litres of water. Figure 11 shows the effect of
superplasticiser on workability with CEM I, CEM II and water constant. The variation is about

16 cycles for 3% of superplasticiser.

Effect of water

+ Workability

Workability, cycles

100 120 140 160 180 200
Water, kg/m3

Figure 10 - Effect of water on workability (CEM I, CEM II and superplasticiser are constant)
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Figure 11 - Effect of superplasticiser on workability (CEM I, CEM II and water are constant)

4. RESULTS

Nonlinear models in the form of feed-forward neural networks were developed separately for
workability, early strengths at 16 hours and 20 hours from the experimental data. Carbon
dioxide emissions were estimated as a simple linear function of the amounts of CEM I and CEM
II. Nonlinear model development and their characteristics are described in the sequel. The
behaviour of the models and calculations based on the models are in section 4.4.

4.1. Workability

A large number of feed-forward neural network models were attempted using NLS 020
software. One or more weights in those neural networks were restricted. Most of the better
models showed a high degree of correlation of about 98%, with a rms error of the order of 1.
The nonlinear model selected for use had the following characteristics.

Output variable 1: Workability [cycles]

Training set: 24 observations

rms err of output variable 1: 1.1523
mean |err| of output variable 1l: 0.8624
rms % err of output variable 1: 6.1973
max |err| of output variable 1: 3.4142
Correlation of output variable 1: 0.9784

Figure 12 shows a comparison of the measured values on the horizontal axis with the values
predicted by the nonlinear model of workability. The lines parallel to the diagonal are at a
horizontal distance of 1.1523 cycles, the rms error of prediction.
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Figure 12 - A comparison of the measured values with the values predicted by the nonlinear
model of workability in cycles

4.2. Early strength at 16 hours

A large number of feed-forward neural network models were attempted using NLS 020
software. One or more weights in those neural networks were restricted. Most of the better
models showed a high degree of correlation of about 99%, with a rms error of the order of 0.4
MPa. The nonlinear model selected for use had the following characteristics.

Output variable 2: 16 hour strength [MPa]

Training set: 24 observations

rms err of output variable 2: 0.4060
mean |err| of output variable 2: 0.3203
rms % err of output variable 2: 1.3495
max |err| of output variable 2: 1.1654
Correlation of output variable 2: 0.9946

Figure 13 shows a comparison of the measured values on the horizontal axis with the values
predicted by the nonlinear model of 16 hour strength.
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Figure 13 - A comparison of the measured values with the values predicted by the nonlinear
model of 16 hour strength in MPa

4.2. Early strength at 20 hours

A large number of feed-forward neural network models were attempted using NLS 020
software. One or more weights in those neural networks were restricted. Most of the better
models showed a high degree of correlation of well above 99%, with a rms error of the order of
0.25 MPa. The nonlinear model selected for use had the following characteristics.

Output variable 3: 20 hour strength [MPa]

Training set: 24 observations

rms err of output variable 3: 0.2525
mean |err| of output variable 3: 0.1931
rms % err of output variable 3: 0.7668
max |err| of output variable 3: 0.7072
Correlation of output variable 3: 0.9974

Figure 14 shows a comparison of the measured values on the horizontal axis with the values
predicted by the nonlinear model of 20 hour strength.
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Figure 14 - A comparison of the measured values with the values predicted by the nonlinear
model of 20 hour strength in MPa

4.4. Implementation of the models

In order to be able to determine good recipes which minimise carbon dioxide emissions while
keeping workability and early strengths in desired limits, the nonlinear models for workability
and early strengths need to be combined with the model for predicting carbon dioxide emissions.
The models were therefore implemented in a software system which allows the user to predict
the strengths, workability and carbon dioxide emissions. One equation for calculating the raw
material cost of cements and superplasticiser was also included. Figure 15 shows a typical
calculation where the user has fed in amounts of CEM I, CEM 1I, water and superplasticiser, and
the models were used to calculate the numbers on the right.

LUMET system

MNonhinear Solutions Uy, Finland

CFM 1 |'||;|_|_ | |2|_|_|;,.r | Witk ahilility

CEM Il |1[;|]_ | |31_9 | 16 h strength

Water |1 50, | |35_ | 20 h strength
Superplasticizar |1_ | |:]2|]_ | Lamants

an Cost
FIETS Carbon dioxide emissions

Figure 15 — A typical calculation using the nonlinear models
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Figure 16 — Effect of water on workability for different amounts of CEM II, while keeping the
amounts of CEM I and superplasticiser constant
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Figure 17 — Effect of CEM I on 16 hour strength for different amounts of water, while keeping
the amounts of CEM II and superplasticiser constant

Figure 16 shows the effect of water on workability for different amounts of CEM II, while
keeping the amounts of CEM I and superplasticiser constant. The effects are obvious. Increasing
water or reducing the amount of cement improves the workability. Figure 17 shows the effect of
CEM I on 16 hour strength for different amounts of water, while keeping the amounts of CEM
II and superplasticiser constant. The strength curves increase faster in the beginning and then
tend to flatten out. The nonlinear model, however, is not expected to be reliable when the total
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amount of cements is much higher than 340 kg or much lower than 285 kg. Similarly, Figure 18
shows the effect of CEM I on 20 hour strength for different amounts of water, while keeping the
amounts of CEM II and superplasticiser constant. The effects are qualitatively similar, but the
total variation in 20 hour strength is smaller than the variation for 16 hour strength.
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Figure 18 — Effect of CEM I on 20 hour strength for different amounts of water, while keeping
the amounts of CEM II and superplasticiser constant
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Figure 19 — Effect of CEM I and CEM II on workability in the form of contours, while keeping
the amounts of water and superplasticiser constant
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Figure 19 shows the effect of CEM I and CEM II on workability in the form of contours, while
keeping the amounts of water and superplasticiser constant. Figure 20 shows the effect of CEM
I and water on 16 hour strength in the form of contours, while keeping the amounts of CEM 11

and superplasticiser constant.
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Figure 20 — Effect of CEM I and water on 16 hour strength in the form of contours, while

keeping the amounts of CEM II and superplasticiser constant
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Figure 21 — A carbon dioxide emission minimisation calculation in presence of constraints on
workability and early strength
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The main objective of this work was to be able to determine recipes with minimum carbon
dioxide emissions. Without any constraints on strength or workability, the optimal composition
would not use any cement at all. With a lower limit on early strength, cement becomes
necessary, which necessitates water, and then the upper and lower limits on workability makes
this a more complicated issue. Figure 21 shows a calculation for minimising carbon dioxide
emissions with a minimum 16 hour strength of 32 MPa and a maximum of 24 cycles for
workability. The calculated solution uses a large amount of CEM I and a small amount of CEM
II. The cost per cubic metre of concrete is also lower than the one calculated in Figure 15.
Different limits on early strength and workability result in different optimal recipes.
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Figure 22 — Determination of a range of compositions with given limits on one or more
variables

The green region in Figure 22 shows the range of solutions to the problem of getting a
workability below 24 cycles and a 16 hour strength above 32 MPa, for fixed values of water
(140 litres) and superplasticiser (2.2614 kg). The contours shown in the figure are for carbon
dioxide emissions which are straight lines ranging from 131.4 kg to 233.2 kg. The little square
at the lower end of the green region shows the solution for minimum carbon dioxide emissions.

This example once again demonstrated how nonlinear modelling is a powerful way of
determining optimal recipes with constraints on workability and early strength. The objective in
this case was to minimise carbon dioxide emissions. The nonlinear modelling approach is
generally applicable to practically all kinds of materials. Different materials will have different
composition variables, and the desired properties will have different constraints and objectives.
The same approach, however, can be used and has been successfully used for materials
including plastics, elastomers, metals, ceramics, semiconductors, paper, etc. This approach is far
more reliable than physical models which require plenty of assumptions and simplifications. In
most cases, it is not possible to predict material properties using physical models, which tend to
be particularly suitable for academic consumption. Empirical and semi-empirical modelling is
based on observations and simply describes the reality as observed. The limitation of the
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approach is that the models so developed will not be applicable in general, and for each set of
raw materials, a moderately small series of experiments will be required.

This example also demonstrated how CEM II may not be as environment friendly as is usually
expected. Under some constraints, the optimal recipes will not use CEM II at all. In other words,
if carbon dioxide emissions are to be minimised, the solution might be to use more CEM I than
what common sense would suggest.

S. CONCLUSIONS

Environmental issues are becoming more important in concrete industries, and there is a concern
for carbon dioxide emissions. This work focussed on determining the minimum carbon dioxide
emissions in one case of no slump concrete with two cements. CEM II may not harden as fast,
depending on its composition. Thus increasing the proportion of CEM II is not a solution if a
certain early strength is needed. Early strength can be achieved by reducing water, but that could
adversely affect the workability. Therefore the whole picture has to be kept in mind while trying
to minimise carbon dioxide emissions. Without any constraints, the result would not use any
cement at all. With a lower limit on early strength, cement becomes necessary, which
necessitates water, and then the upper limit on workability in terms of cycles makes this a more
complicated issue.

To be able to calculate the minimum carbon dioxide emissions with constraints on workability
and early strength, models are needed for workability and early strength besides carbon dioxide
emissions. The model for carbon dioxide emissions is a simple linear equation involving the two
cements, but the relations between workability and the composition variables of concrete are not
simple. Nonlinear models were therefore developed for workability and early strength from a
modest amount of experimental data. The models showed a very high degree of correlation.
They were then implemented in suitable software which made it easy to calculate the minimum
carbon dioxide emissions. The minimum usually requires smaller amounts of CEM II for
different limits on workability and strength.
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ABSTRACT

Macro basalt fibres (MiniBar) with high corrosion resistance could be
a suitable material in fibre concrete for marine applications. Due to
the lack of knowledge about macro basalt fibre concretes (BFCs), the
main objective of this paper is to assess the fresh state properties of
macro basalt fibre conventional slump concrete and self-compacting
concrete as the first step of developing BFC for concrete barges for
fish farming on the west coast of Norway. To satisfy the requirements
for marine applications, DNV and NS-EN standard rules are
employed as the basis for the durability performance design. The
concrete mix is designed to achieve densely compacted matrix by
using the modified Andreasen & Andersen model as the particle size
distribution target. In this paper, slump, flow-ability, passing-ability,
fibre dynamic segregation and also flow rate as an indication for
viscosity of different BFCs are measured and analysed. The result
shows that there is a possibility to produce BF-SCCs with a fibre
content of 1.15%. The fibres have an aspect ratio of 65.15. In
addition, the mixture composed of a maximum gravel size of 16 mm
shows a higher flowability in comparison with the maximum gravel
size of 12 mm.

ot

Keywords: Macro Basalt Fibre, Self-Compacting Concrete, Marine
Application, Particle Packing Model
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1. INTRODUCTION

Reinforcement corrosion in the harsh environment of the Norwegian west coast is one of the
main challenges in design and construction of concrete marine structures [1]. To solve this
problem, using a corrosion resistance material could lead to more durable and environmental
friendly structures [1]. Macro basalt fibres (MiniBars) in combination with basalt fibre
reinforced polymer (BFRP) rebars with high strength, high corrosion resistance and low density
as a hybrid system could be a suitable alternative to the steel reinforcement [1].

By using fibres in concrete, depending on different parameters such as maximum aggregate size,
fibre volume fraction, fibre type, fibre geometry and fibre aspect ratio, workability of the
concrete is reduced [2]. Reduction of workability in the fibre concrete is a serious challenge in
construction sites [2]. The major advantage of the synergy between self-compacting concrete
and fibres is the achievement of a more uniform dispersion of the fibres by elimination of
vibration and compaction [2, 3]. Improper compaction, may cause a random dispersion of fibres
and produce regions with lower fibre dosage or even no fibres at all. This could lead to
unpredictable mechanisms that negatively affect the load-bearing capacity and other mechanical
properties of the whole structure [3]. Improvement of economic efficiency in the construction
process by increasing the construction speed, reduction of the labour cost and energy
consumption and also a better working environment by reduced noise and health hazards are
some of the advantages of using SCC [4]. Also, substituting the conventional reinforcement with
fibres could lead to an automated construction system with higher reliability in quality control

[4].

Durability of concrete and reinforcement is one of the key parameters in the design of marine
concrete structures. Durability of concrete can be quantified by using permeation properties
including oxygen permeability, chloride diffusivity, capillarity absorption etc. [5].

Zhu et al. [5] showed that the permeation properties of different SCCs are very dependent on the
composition of the mixture. As an example, using viscosity modifier agent as a substitution for
filler will considerably increase the oxygen permeability and chloride migration coefficient of
the concrete [5]. Also in their studies, significant lower oxygen permeability and capillarity
water absorption were observed for the SCC mixes in comparison with CSC [5]. Limited
microstructural studies showed that the SCC has a denser interfacial zone around larger
aggregates and reinforcements with more homogeneous properties than vibrated CSC [5]. It
means less porous interfacial zone that might be a possible proof for the better permeation
properties of SCC [5].

Kaasgaard et al. [6] performed an investigation pertaining to durability parameters of SCC in
comparison with CSC for three different compositions. These concretes were exposed to marine
condition, and showed that the strength development, chloride migration coefficients and frost
resistance of SCC were similar to the ones of CSC with corresponding binder.

To satisfy the required properties for durability of concrete structures in marine environment,
available standards shall be applied during the design and construction process. In this study
the relevant requirements of offshore concrete structures-DNV-OS-C502 [7] and the standard
for concrete specification, performance, production and conformity NS-EN 206-1 [8] are chosen

. . . . Water
as the basis for concrete mixture design. The exposure classes, maximum (Binder

summarised in Figure 1. For concrete barges, depending on the position of structural elements,
the exposure class of XS2 or XS3 shall be used. The limitation for the fibre volume content
(2%) probably is related to the fibre distribution properties, but in the case of using macro basalt

) ratio etc. is
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fibres thanks to its closer density to fresh concrete, there is a possibility to use higher fibre
volume fraction.

Patnaik [9] tested CSCs with a volume fraction of macro basalt fibres up to 4%. The maximum
aggregate size was 20 mm. The average cylindrical compressive strength was 68.3 MPa and the
flexural tensile strength 15.74 MPa [9]. In this study, we limited the maximum fibre content to
2% for both SCC and CSC.

Based on Matrix-Particle (MP) model, both SCC and CSC could be defined as dual phase
materials [10]. The matrix phase is defined as a fluid material consisting of water, chemical
additives, cement, silica, fly ash and other fine materials with a particle size smaller or equal to
125 pm [11]. The particle phase defined as aggregates with the size of more than 125 pm and
also fibres in the case of fibre concrete, see Figure 2 [11]. High performance concrete and self-

. . . wat
compacting concrete have a higher volume content of matrix and lower (3 Zdi:), therefore they
can be assumed as matrix dominated materials [11]. In a matrix dominated concrete selecting of
a dense particle distribution, reduces the contact and friction between particles by a layer of

matrix surrounding the aggregates [11]. Additionally, a densely compacted cementations matrix is
a key for a high performance and durable concrete [12].

Performance-Related
design based on durability
and flow-ability of concrete

}

Design Criteria |

|

EN-NS 206-1 Standard | | DNV-08-C502 Standard
Exposure related to marine structures: (W“‘") <045
Binder) =
XS2: Permanently submerged-parts of Water
marine structures (Binder) < 0.40 for the splash zone

XS3: Tidal, splash and spry zones-parts of m Maximum aggregate size 16 mm
marine structures

X ) ) . m Minimum cement content 400 (k—ga)
XF4: High water saturation, with de-icing m
agent or sea water-road and bridge decks
exposed to de-icing agents concrete m Minimum Air content 5%
surfaces exposed to direct spray

containing de-icing agents and freezing m Permeability coef. 1072 to 1078(1)
splash zones of marine structures sec
exposed to freezing . .
m Maximum fiber length 60 mm
Water
(Bmder) <040 m Minimum fiber length 30 mm
m Minimum Air content 4% m Maximum fiber volume content 2%

Figure 1 - Criteria for mixture design of marine self-compacting fibre concrete according to the
DNV-OS-C502 and NS-EN 206-1. After [7, 8].



46

Volume of Air

Volume of Matrix

Vsotia < 125 pm + Viiguia

Volume of Particles

Vsotia > 125 pm + Veipre

Figure 2 - Scheme of fibre concrete based on Matrix-Particle model.

By using the particle packing optimization, it is possible to select the right size and volume
fraction of solid ingredients in the concrete [13]. There are three different approaches for
particle optimization; optimization curve, particle packing models and discrete element models
[13].

Based on Fuller-Thompson and Andreasen & Andersen studies, a dense concrete composition
can theoretically be achieved by an optimal particle size distribution (PSD) of all concrete solid
ingredients in the mix [12, 14]. Equation (1) shows the optimal PSD, where P (D) is a fraction
of particles smaller than size D (um), Dmax is the maximum particle size (um) and g is the
distribution modulus [12].

q
P = () o
Funk and Dinger modified Equation (1) to consider the effect of the smallest particle size in the
equation. Equation (2) shows the modified Andreasen & Andersen (A&A) packing model [12,
14].

pa-pd

P(D) = 57— @

max “min
where Dy, is the minimum particle size (um)

Brouwers findings showed that an optimal particle packing theoretically can be achieved by
applying a g value of 0-0.28, and Brouwers and Radix showed that g=0.25 is the most relevant
value to achieve the actual distribution for the solids including cement and silica in SCC
composition where Dyin= 0.5 pm [12, 4]. According to the Huger recommendation, using a ¢
value in the range of 0.22-0.25 would result in an optimal PSD for SCC [12]. Lower ¢ values
give a better performance for fine and ultra-fine particle sizes by providing their proper size
distribution [4]. Figure 3 (a & b) shows the modified A&A curves for two different maximum
particle sizes of 12 mm and 16 mm, respectively. The presented graphs have a ¢ value of 0.25
with different assumption for minimum particle sizes. 0.5 um, 63 um and 125 pm are selected
based on the size of finest cement particles, smallest sieve size in PSD experiment and the
maximum particle size of matrix in the MP model.

In the literature different methods for incorporating the effect of fibers in the packing models are
presented, but to our knowledge no results that have been experimentally verified, pertaining to
Basalt Marco Fibres have been published. Therefore, the effect of fibers in the packing model
have not been considered in this study.
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The focus of this study is the assessment of the fresh state behaviour of macro basalt fibre
concrete, designed based on the absolute volume method and the modified A&A particle
packing model. Based on the results of durability studies on three powder concretes, fly ash
cement and silica are used as the main ingredients for the cementitious matrix. To investigate
the effect of maximum aggregate size on the mixture properties of fresh concrete, gravel sizes of
16 mm and 12 mm are selected according to the local accessibility. EN-NS experimental

procedures [21, 22] are used for evaluation of mixtures properties.

100
Minimum Particle Size = 125 ym /
90
Minimum Particle Size = 63 ym //
80
Minimum Particle Size = 0,5 ym //,
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Figure 3 - Particle size distribution (PSD) based on modified Andreasen & Andersen for the

maximum aggregate size of 12 mm (a) and 16 mm (b).
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2. MATERIALS AND METHODS
2.1 Materials

As is mentioned in the introduction, a new macro fibre made of basalt fiber reinforced polymer
(BFRP) with the commercial name of MiniBar is used for producing the fibre concrete. Based
on producer’s technical data, to improve the bonding mechanism, MiniBar is designed with a
straight shape with helix and rough surface. MiniBars have an average diameter of 0.66 mm,

length of 43 mm [9] and;—f = 65.15, see Figure 4.
f

Figure 4 - Geometry of MiniBars; the length of the fibres is around 43 mm, [1].

Norwegian “Anleggsement” FA is used for this study, which satisfies the requirements of
Portland EN 197-1-CEM 11 / A-V 42.5 N, additionally it is especially designed for Norwegian
durability class of M45, MF45 or stricter by Norcem [15].The Anleggsement FA contains 17%
of fly ash and to increase its resistance against alkali-silica reaction, the alkali content is 0.6% of
the clinker portion [15]. Commercial micro silica produced by FESIL is used as a pozzolanic
material. According to NS-EN 206-1, maximum volume percentage of silica is limited to 11%
of cement content [8]. To fulfil the requirements for flow-ability, stability and frost resistance;
Poly carboxylate ether based superplasticizer, viscosity modifying agent and air entraining
agent, provided by MAPEI used in the concrete mixture [16, 17, 18]. As for the aggregates
including gravel, sand and filler; crushed granite stone from similar local source is used. To
study the effect of aggregate size, 12 mm and 16 mm gravels are used as the maximum
aggregate size in different mixtures. To characterise the particle distribution properties of
aggregates, EN-NS 933-1:2012 standard for sieving test is employed. Figure 5 shows the size
distribution of solid particles that are used in composition of tested concrete. Cement and silica
were characterised by laser diffraction method for the wet suspension [16]. To assess a higher
precision in measurement of particle size distribution, sieving is repeated again after rinsing the
aggregates. Table 1 shows the comparison between fine particle content of aggregates before
and after rinsing.
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Table 1 - Cumulative distribution of particles finer than 125 um before and after rinsing.

Particle Size Gravel 8-16 mm Rinsed Gravel 8-16 Gravel 8-12 mm Rinsed Gravel 8-12
mm mm
Smaller than 125 pm 1.67 2.71 0.74
(%)
Smaller than 63 um 1.06 1.79 0.52
(%)
Particle Size Sand 0-8 mm Rinsed Sand 0-8 mm Rinsed Filler 0-4
mm
Smaller than 125 um 8.25 8.52 21.26
(%)
Smaller than 63 um 2.58 2.84 12.28
(%)
100 Gravel 8-16 mm T
w Rinsed Gravel 8-16 mm
—=a— Gravel 8-12 mm
g0 ~ T Rinsed Gravel 8-12 mm
—~ —%— Sand 4-8 mm
N
§ 70 - Rinsed Sand 4-8 mm
by —#— Filler 0-4 mm
8
E 60 ———- Rinsed Filler 0-4 mm
% Cement
250 .. — siica
g
-QE) 40
3
S
§ 30
20
10
0
0,1 1 10 100 100000

Particle Size (#m)

Figure 5 - PSDs of the involved ingredients including; cement, silica, gravel, sand and filler.

As it can be seen in Table 1, sieve test results show a higher fine particle content for rinsed
aggregates; it shows that the surface of larger aggregates is covered by a portion of fine particles
which are not actively incorporated in the composition of matrix. Therefore in calculation
related to the mix design, the results of sieve test before rinsing shall be used. The detailed
information of concrete ingredients including the densities is summarised in Table 2.
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Table 2 - Material densities, commercial names and producers for the concrete ingredients.

Materials Commercial Name Producer Density (kg/m’)

Macro Basalt Fibre MiniBar 3.1Gen. Reforcetech As 1900 9]
Cement Anleggsement FA Norcem As 2990 [15]
Silica Micro Silica FESIL As 2300-2400 [16]
Superplasticizer Dynamon SX-N MAPEI As 1060 + 20 [17]
Viscosity modifier Viscofluid SCC/10 MAPEI As 1020 + 20 [18]
Air entraining agent ~ Mapeair25 (1:5) MAPEI As 1000 £ 20 [19]
Filler (0-4mm) Ulstein Betong AS 2660

Sand (0-8mm) Standal Knuseverk AS 2710

Gravel (8-12mm) Standal Knuseverk AS 2760

Gravel (8-16mm) Standal Knuseverk AS 2770

2.2 Experimental methods

Mix design of BF-SCC and BF-CSC
Absolute volume method is employed for proportioning of ingredients for both types of

concrete. To satisfy the durability requirements for marine applications, 0.40 is used as the
maximum (M
Binder

particle packing model with ¢ factor of 0.25 is used as the target for determination of the
aggregate particle size distribution. As it is mentioned earlier, fibres are not incorporated in
optimization process of particle size distribution by using equivalent particle size methods.

) ratio based on the criteria summarized in Figure 1. The modified A&A

Water . . . . . . . . ..
Because ( ) ratio is the main criterion for determination of binders, cement or silica

Binder
particle sizes are not considered as the minimum particle size, therefor based on the precision of

sieve test method Dy, assumed to be 63 um. Superplasticizer (SP), viscosity modifying agent
(VMA) and air entraining agent (AEA) are used as the additives. The procedure of mixture
design is summarized in Figure 6.

Determination of C, according
to the water content and
water/binder ratio

_______________________ 7

Binder is consisting of silica and
cement, the amount of silica is
4.25% of cement content. According

Determination of Determination of the water
water/binder (C,) ratio content

A 4
A

Determination of the additive
content (SP, VMA, AEA)

L to NS-EN 206-1:2001

Determination of the © ¢

aggrega.le fractions in a C.= cement mass + 2 x silica mass . . .
comparative approach with Y Primary assumption for the air
modified A&A particle content, (Vi)
i
T Mcement  Mwater  Maaditives  Mivre
Determination of the P Myssp = Passp (1000 e ————V,
< Pcement  Pwater  Padditives  Pfibre
Aggregates content

ASSD: Aooreoate Surface Saturated Drv

Figure 6 - Employed design procedure for BF-SCC.

Table 3 and 4 show the developed BF-SCC and BF-CSC mixtures based on the modified A&A
model, respectively. In this experimental study, in total, two types of reference self-compacting
concrete, for the maximum aggregate size of 16 mm and one reference mixture for the
maximum aggregate size of 12 mm were used.
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Table 3 - Composition of the designed basalt fibre self-compacting concretes (SCC).

. BF-SCC Al BF-SCC A2 BF-SCC A3 BF-SCC B1 BF-SCC B2
Concrete Ingredients

(kg/m’) (kg/m’) (kg/m’) (kg/m’) (kg/m’)
Fibre VF (%) 0 0.25 0.50 0 0.75
MiniBar 0 4.75 9.50 0 14.25
Cement 421.66 421.66 421.66 421.66 421.66
Silica 17.92 17.92 17.92 17.92 17.92
C. 457.50 457.50 457.50 457.50 457.50
Superplasticizer 10.79 10.79 10.79 11.87 11.87
Viscosity modifier 8.83 8.83 8.82 8.83 8.81
Air entraining agent 1.90 1.90 1.90 1.90 1.90
Filler (0-4 mm) 173.72 173.03 172.35 173.44 171.39
Sand (0-8 mm) 1078.82 1074.58 1070.35 1077.09 1064.39
Gravel (8-12 mm) 0 0 0 0 0
Gravel (8-16 mm) 462.06 460.25 458.43 461.32 455.88
(Water/C.) 0.40 0.40 0.40 0.40 0.40
(Liquid content/C.) 0.447 0.447 0.447 0.449 0.449
Water 183 183 183 183 183

Table 3 - Continued

. BF-SCC B3 BF-SCC B4 BF-SCC Cl1 BF-SCC C2 BF-SCC C3
Concrete Ingredients

(kg/m®) (kg/m®) (kg/m®) (kg/m®) (kg/m’)
Fibre VF (%) 1 1.15 0 0.50 1
MiniBar 19 21.85 0 9.50 19
Cement 421.66 421.66 421.66 421.66 421.66
Silica 17.92 17.92 17.92 17.92 17.92
C. 457.50 457.50 457.50 457.50 457.50
Superplasticizer 11.87 11.87 10.79 10.79 10.79
Viscosity modifier 8.80 8.80 8.91 8.89 8.88
Air entraining agent 1.90 1.90 1.90 1.90 1.90
Filler (0-4 mm) 170.71 170.30 187.71 186.14 184.59
Sand (0-8 mm) 1060.16 1057.62 1095.30 1086.11 1077.09
Gravel (8-12 mm) 0 0 460.37 456.51 452.71
Gravel (8-16 mm) 454.07 452.98 0 0 0
(Water/C.) 0.40 0.40 0.40 0.40 0.40
(Liquid content /C.) 0.449 0.449 0.447 0.447 0.447
Water 183 183 183 183 183

For the conventional slump concrete, one mixture is developed as the reference composition. In
all mixtures except BF-SCC, C series, diluted air entraining agent with proportion of 1:5 was
used. For BF-SCC, A, B and C series the content of superplasticizer was considered to be 2.5%,
2.75% and 2.5% of binder’s content, respectively. For BF-CSC series, the content of
superplasticizer was 1.5%. Figure 7 shows the particle packing of concrete mixes for both SCC
and CSC. Hence, the concrete mixtures are composed of different proportion of ingredients; the
graphs of aggregate mixtures are very similar to each other and also close to the target curve.
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Table 4 - Composition of the designed basalt fibre conventional slump concretes (CSC).

Concrete Ingredients BF—CS(SJ 1 BF—CS(SJ 2 BF—CS(E 3 BF—CS? 4 BF—CS?S BF—CS§6

(kg/m’) (kg/m’) (kg/m’) (kg/m’) (kg/m’) (kg/m’)
Fibre VF (%) 0 0.50 1 1.25 1.5 2
MiniBar 0 9.50 19 23.75 28.5 38
Cement 421.66 421.66 421.66 421.66 421.66 421.66
Silica 17.92 17.92 17.92 17.92 17.92 17.92
C. 457.5 457.5 457.5 457.5 457.5 457.5
Superplasticizer 6.47 6.47 6.47 6.47 6.47 6.47
Viscosity modifier 0 0 0 0 0 0
Air entraining agent 1.90 1.90 1.90 1.90 1.90 1.90
Filler (0-4 mm) 181.08 179.67 178.27 177.58 176.88 175.48
Sand (0-8 mm) 1124.50 1115.82 1107.13 1102.80 1098.46 1089.78
Gravel (8-12 mm) 0 0 0 0 0 0
Gravel (8-16 mm) 481.63 47791 474.19 472.33 470.48 466.76
(Water/C.) 0.40 0.40 0.40 0.40 0.40 0.40
(Liquid content /C.) 0.415 0.415 0.415 0.415 0.415 0.415
Water 183 183 183 183 183 183
a) b)

)

& » 20 a-®

d)

T e e

Figure 7 - PSDs of thé Iiééredients, target curve (modified A&A curve“jlfoﬁr.-minimum particle size
of 63 um) and grading line of composed aggregates for the mixes BF-SCC Al (a), BF-SCC Bl
(b), BF-SCC CI (c), BF-CSC 1 (d).

Employed mixing procedure

In this study, rather simple method is utilized to mix the BF-SCC and BF-CSC. Obtaining the
full effect of superplasticizer in higher volume content, for increasing the flowability is a time
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consuming process. Therefore, longer mixing time is required for the final production. Figure 8,
shows the sequence of mixing process. Depending on the type of mixer, extra mixing time in
higher fibre content could damage the fibres. Therefore fibres shall be added in the end of
process, see Figure 9. The detailed information of the mixing procedure is shown in Table 5. All
the experimental procedure including sample production is performed in the room temperature
of approximately 20 °C.

Mixing all powders Adding all of the o Adding SP, VMA and
and aggregate mixing water d air entraining agent

A 4

: Mixing rate is equal to 27.9 :
H RPM for the whole process H

A 4
Adding the fibres with
BF-SCC/BF-CSC the rate of 100

Figure 8 - Employed mixing procedure to produce BF-SCC and BF-CSC.

Figure 9 - In the left hand side, concrete with fiber content of 2.5% after 7 minutes of mixing is
shown. Right hand side shows the broken fibres after extended mixing time.

Table 5 - Mixing procedure sequence.

Description of mixing procedure Duration (minutes)

Dry mixing of all powders and aggregate fractions
Adding the water and mixing

—_ e

Relaxing

Adding the superplasticizer (SP) and mixing

Relaxing

Mixing and adding the viscosity modifier agent (VMA) in the end of this 1.5

ste

MiI;(ing (for SP content of less than three percent) 3.5-45
Mixing (for SP content of more than three percent) 5.5-6.5
Adding the air entraining agent and fibres (mixing will be continued 1 minute after adding the whole fibres)

= 11-14

Flowability and passing-ability of BF-SCC

Flowability defined as the ease of flow of fresh SCC in the formwork and the passing-ability is
the capacity of fresh SCC to flow through tight openings such as spaces between steel
reinforcing bars without losing the uniformity, segregation and blocking [20]. In this study
slump-flow test is performed according to NS-EN12350-8:2010 [21] to access flow rate and
flowability of SCC. Slump flow is calculated with Equation (3)
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SF - (dl +d2) (3)

2

where, d; (mm) and d> (mm) are largest perpendicular diameters of flow spread.

Relative flow rate is measured by the time when concrete flow reaches to the diameter of 500
mm and is recognised as #sgo.

Passing-ability of SCC is accessed by the J-ring test; in this study bar spacing is assumed to be
(41£1) mm, the J-ring passing-ability is measured by the blocking step calculated using
Equation (4) following NS-EN12350-12:2010 [22].

__ (Ahgq+Ahyp+Ahy1+Ahy;)
4

pPJ — Ahy )
where, Ah are the measured heights (Ah, and Ah, are the measured heights of the J-ring and
Ahyy is the measured height in the middle of the ring)

Fibre dynamic segregation of BF-SCC

A fibre dynamic segregation can be defined as the gradient of the normalized fibre concentration
versus normalized radial distance in a free flow condition [3]. In this study, a circle with the
diameter of 300 mm in the centre of the flow is used as reference, and the fibre content is
measured inside and outside of the reference area. For evaluation of fibre distribution the weight
ratio in a constant volume is used as the normalized fibre concentration.

3. EXPERIMENTAL RESULTS AND DISCUSSION
3.1 BF-SCC performance

Flowability and passing-ability of BF-SCC

The reference BF-SCC mixtures are designed to have a minimum slump-flow of 750 mm.
Performance of the fresh state concrete is evaluated by means of slump-flow and J-ring tests.
The obtained results are summarized in Table 6. Figure 10 shows the slump-flow test of BF-
SCC B1 and BF-SCC B4.

Figure 10 - In the left hand side, reference concrete without the fibre (BF-SCC Bl) is shown.
Right hand side shows the SCC with fibre content of 1.15% (BF-SCC B4).
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The results of slump-flow and flow rate for the reference mixtures are slightly different. It
shows a moderate sensitivity to the variation of SP and maximum aggregate size, but the
difference is not that great.

Table 6 — Test results of reference SCCs and BF-SCCs.

Flow Characterization BF-SCC Al BF-SCC A2 BF-SCC A3 BF-SCC Bl BF-SCC B2
Fibre VF (%) 0 0.25 0.50 0 0.75

SF (mm) 780 755 710 775 735
Ts00 (S) 1.50 1.60 2.70 1.96 2.20
SFJ (mm) 770 680 595 730 575

PJ (mm) 6.75 27 38.50 6.25 49.25
TJs00 (s) 2.10 2.60 4.70 1.93 4.90

Table 6 - continued

Flow Characterization BF-SCCB3 _ BF-SCCB4 _ BF-SCCCl __ BFSCCC2 _ BF-SCC C3
Fibre VF (%) 1 115 0 0.50 1

SF (mm) 710 690 790 780 680
Ts00 (5) 2.84 2.41 2.25 2.80 8.07
SFJ (mm) 545 560 750 610 550

PJ (mm) 68.50 77.75 7.75 43.25 62. 50
TJs00 (5) 8.72 6.64 3.12 6 7.62

The results of slump-flow and flow rate for the reference mixtures are slightly different. It
shows a moderate sensitivity to the variation of SP and maximum aggregate size, but the
difference is not that great. The results illustrate that, using of modified A&A model to design
the reference mixtures for both D= 12 mm & 16 mm is an efficient method.

Based on the fact that, the compositions of reference mixtures are different; to have comparable
results, flowability ratio is defined equal to the proportion of slump-flow of fibre concrete and
reference concrete. Also similar parameters are defined for passing-ability and flow rate.

Figure 11 shows the flowability ratio versus fibre volume fraction of BF-SCC A, B and C series.
As it is mentioned earlier, the target for the fibre content assumed to be 2% of volume fraction,
but to produce a BF-SCC by using the employed reference mixtures, it is not possible to use
more than 1.15% of fibres for Dmax= 16 mm and 1% for D= 12 mm.
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Figure 11 - Flowability ratio versus fibre volume content of BF-SCC A, B and C series.

As it may be predicted, flowability decreases by increasing the fibre content. It seems that each
type of mixture has an inflection point on the diagram depending on its composition and
maximum aggregate size. By increasing the fibre content more than the critical point,
flowability drops drastically. Based on performed experiments, increase in the volumetric
content of superplasticizer above a critical value would lead to bleeding and segregation of fresh
concrete. Therefore, in fiber concrete, increasing of the superplasticizer above a critical value is
not useful for solving the flowability issues pertaining to the fibres clustering effect.

Higher surface area, rearrangement of the granular structure and friction between the fibres and
aggregates are the main effective parameters influencing workability of fibre concrete [12].

The concrete with D= 12 mm shows a lower flowability ratio in comparison with the mixture
composed of Dmax= 16 mm. One reason for this phenomenon is probably because of the higher
number of contact spots between gravel particles and fibres. Therefore the mixture has a higher
tendency for clustering. Based on this hypothesis, flowability may be introduced as a function

Li . . . .
of Hre ratio, Also depending on the maximum aggregate size and fibre content for each
max

concrete composition, it should be a critical fibre length to reach to an acceptable flowability.
For Dy.x= 16 mm, the ratio is equal to 2.69 and for Dy.x= 12 mm the ratio is equal to 3.58, this

shows that giﬂ ratio has an inverse effect on the flowability. Proof of this hypothesis needs an

max

extensive study, dedicated to the fiber size, its effect on the matrix viscosity and granular
structure of concrete mix which is not in the scope of this article.

Based on similar matrix content for all concrete compositions, in this study Matrix-Particle
(MP) model is more pronounced for the behaviour of reference mixes than, the basalt fibre

concrete. Tests on several fibre lengths combined with different Dy are needed.

Figure 12, shows the clustering ratio versus fibre volume fraction of BF-SCC A, B and C series.
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Figure 12 — Clustering ratio versus fibre volume content of BF-SCC A, B and C series.

Figure 12 represents a comparative clustering effect, where macro basalt fibre is used for the
P] of fibre concrete

PJ] of referance concrete
increasing the fibre content, clustering effect increases, therefore passing-ability ratio can be

1
definedas ————.
clustering ratio

fibre concrete. Clustering ratio is defined as . It can be noticed that, by

According to Eurocode 2 [23], spacing of the bars shall be specified in a manner that, the
concrete could have adequate passing-ability for the development of necessary bond. For
conventional concrete it is defined as the maximum value between the bar diameter and
(Dmaxt5Smm) [23]. But this criterion is not applicable for fibre concrete; therefore based on the
type of project, structural element and reinforcement material, the J-ring test shall be designed
according to the minimum bar spacing.

Flow rate of BF-SCC
Figure 13, shows the ratio of tsoo versus the fibre volume content for three series of tested

compositions. The flow rate ratio can be defined as 7atio of fooe which is an indication for the
500

viscosity of concrete mixture. In general, all the diagrams show a reduction in flow rate ratio.
The diagrams of A and C series show the inflection points similar to the flowability diagrams
that could be assumed as the critical fibre content.
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Figure 13 — Ratio of tsgp versus fibre volume content of BF-SCC A, B and C series.

Fibre dynamic segregation

Available methods for evaluation of fibre static segregation including: segregation cylinder,
ultrasonic method and computed tomography (CT) scan [24] are based on the density
differences between concrete and fibres. The density of steel fibres is more than 3 times of
concrete density whilst the density of basalt fibres is close to the density of concrete, therefore
these methods are more useful for steel fibres.

Due to presented facts and the time limitation in this study, just dynamic segregation of BF-SCC
C3 for two levels of superplasticizer was evaluated. The normalized fibre concentrations for
2.5% and 2.75% of SP were equal to 0.369 and 0.70, respectively. The number of results is
limited but the results suggested that, for the same fibre content of 1%, by increasing the
superplasticizer to a certain level (maximum 2.75 % for the introduced composition), fibre
dynamic segregation decreases.

3.2 BF-CSC performance

Relative slump of BF-CSC

The results of slump test are summarized in Table 7. As logically expected, slump reduces by
increasing the fibre content. Figure 14, illustrates the slump ratio of conventional concrete for
the range of 0 to 2 percent of macro basalt fibres. The slump shows a higher gradient between
1.5% and 2% of fibres. Therefore 1.5% of fibres may be assumed as the critical fibre content for
the investigated CSC composition.

Table 7 - Test results of reference CSC and BF-CSC.

Flow Characterization BF-CSC 1 BF-CSC 2 BF-CSC 3 BF-CSC 4 BF-CSC 5 BF-CSC 6

Fibre VF (%) 0 0.50 1 1.25 1.5 2
Slump (mm) 265 261 229 215 211 148
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Figure 14 — Slump ratio versus fibre volume content of BF-CSCs.

4. CONCLUSIONS

This paper describes the mix design and mixing procedure of macro basalt fibre self-compacting
concrete and conventional slump concrete. The mix design is based on absolute volume method
where modified A&A model was utilised as a target for optimum particle size distribution. The
following conclusions are obtainable from the presented results:

e By using the absolute volume method, in combination with the modified A&A particle
packing model, flowability of more than 750 mm for the reference mixtures is obtainable.

e [t is possible to produce stable and flowable BF-SCC composed of Dyax= 16 mm for the
maximum fibre content of 1.15%.

e Due to the flowability testing results for both D= 12 mm & 16 mm, flowability seems to
have an inverse relation with 22 ratio.

max

e Based on the J-ring testing results, passing-ability ratio reduces by increasing the fibre
content. Also it is concluded that, to have a representative result, J-ring test shall be
modified according to the requirements of individual projects.

e Fibre dynamic segregation, decreases by increasing the superplasticizer content to a certain
level.

e Slump testing results show a linear reduction due to increase of fibre content, but fibre
volume fractions of 1.5% behave as a critical value where slump shows a higher reduction
beyond this point.
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The above conclusions are valid for the investigated concrete compositions.
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ABSTRACT

Various parameters influencing the initial setting time of alkali-
activated slag materials have been investigated using the Vicat method.
The alkali solutions used for the activation were liquid sodium silicate
(water glass) of different moduli n (SiO,/Na,O ratio) and pH. The
results indicate that the initial setting time is mainly influenced by two
parameters; 1) the specific surface area of the slag and 2) the modulus
of the solution. The results also suggest that the problem with
controlling the initial setting time of alkali-activated slag can be solved
by controlling the characteristics of the solvent used for the activation.

Keywords : alkali-activation, initial setting time, water glass modulus,
sodium silicate solution, pH, specific surface area

1. INTRODUCTION

The increasing requirements for reduction of greenhouse gas emissions have led to the search
for low CO; footprint cements that can be used as a complement or alternative to ordinary
Portland cement (OPC). One such promising material is the industrial by-product ground
granulated blast furnace slag (GGBS), which is known to have cementitious properties under
alkali-activation [1]. When compared to OPC this type of materials also has the advantage of a
different and finer pore structure that [1-3], for instance, result in lower water permeability as
well as lower ion and molecular diffusivity. As a result, the material shows higher resistance to
various aggressive media compared to OPC [1, 4]. The smaller pore size distribution and the
addition of alkaline ions into the matrix also result in a depression of the water freezing
temperature and, thus, an increase in the resistance against freeze-thaw damages [4, 5]. The
higher strength, smaller pore size, lower permeability and higher resistance against chemical
attacks etc., make them also to be possible alternatives for storage of radioactive waste and
immobilization of toxic metals [6-9]. In addition, this type of cementitious materials shows even
better fire resistance than OPC [1]. A recent review of this type of materials is given in [10].
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However, a serious problem and also one of the limiting factors for extensive use of green
alternatives to OPC is the difficulty in controlling the initial setting time [1, 11]. Despite
extensive research on this type of materials, the initial reaction and hydration, which lead to the
initial setting time, is not fully understood [1, 12-14] but it is generally accepted that parameters
like the chemical composition of the cementitious material [1], the water content [15, 16], the
viscosity of the initial mixture [17], the mixing time [18, 19] and the specific surface area
(fineness) of the material [20] are of importance for the early reaction and the initial setting
time. In addition, the initial setting time is highly dependent on the type of alkali used for the
activation and, therefore, investigations are often focused on this parameter.

From the literature it is obvious that the most commonly used activators belong to the groups
alkali-hydroxides and alkali-silicates, even if acid salts and aluminum containing compounds
also can be used [1] for the alkali-activation of cementitious materials like GGBS. From studies
on the influence of different types of alkali-hydroxides, see for instance [1, 17, 21-27], there are
indications that some of them are more effective activators than others [21]. Whereas some
accelerate the hydration process [25], other types of alkali-hydroxides have the opposite effect
[17]. However, when the cementitious material contains a large amount of calcium oxide (CaO),
as in the case of GGBS, the alkali-silicates are in general more effective activators than the
alkali-hydroxides [1, 28] (and references therein).

The most commonly used type of alkali silicate activators is based on sodium silicates
(NayO-nSi03) of various moduli #». From investigations on the effect of sodium silicate
solutions [15, 16, 24, 27], it has been suggested that the pH and the alkali modulus » are of less
significance than the amount of activator, and that the content of SiO, is of higher importance
than the content of Na,O [16]. In addition, it has been suggested that the type of sodium silicate
is of importance since it was shown that the setting time is much faster when dry (powder)
sodium silicates is used for the activation than if liquid sodium silicate (commonly called water
glass) is used [29].

From studies found in the literature it is thus obvious that many different factors are of
importance for the early reaction and the initial setting of alkali-activated cementitious material.
In this study we have used sodium silicate solutions (water glass) for the alkali activation of
GGBS and examined some of the parameters that are suggested to have an influence on the
initial setting time. The results show that the initial setting time of GGBS can be designed and
controlled by controlling the characteristics of the activating solution.

2. MATERIAL AND METHODS

2.1 GGBS materials

Two Swedish GGBS materials, Merit 5000 (M) and Hyttsand (H) from Merox AB, and one
German product (G), from Tomas Concrete Group, have been used for this study. As shown in
Table 1, the two Swedish products (M and H) have exactly the same chemical composition but
they have different specific surface areas, whereas the German product (G) is different in both
chemical composition and specific surface area compared to the M and H materials. It can be
noted that the basicity coefficient Kb = (CaO+MgO)/(SiO,+Al,03) [16] is about the same
(around 1) for all three GGBS products whereas the hydration modulus HM =
(CaO+MgO+Al1,03)/Si0; [16] differs somewhat (1.79 for M and H, and 1.89 for G). However,
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for all the GGBS materials the value of HM is larger than 1.4, which is the minimum value to
ensure sound hydration properties [16].

Table 1 — Chemical compositions (in wt%) and physical properties of the GGBS materials used
in this study (as given by the suppliers)

Chemical composition and physical properties M H G
Merit 5000  Hyttsand German
CaO 31 31 40
SiO, 34 34 35
Al,O; 13 13 12
Fe,;0; 0.4 0.4
SO; 0.25 0.25 <02
Alkalinity (Na,Oeq) 0.9 0.9 1.2
MgO 17 17 7
TO, 2.4 24 <12
Mn,0; 0.8 0.8 <0.6
Cr <0.05
N 13 13
Specific surface area, SSA (cm”/g) 5000 3500 4200
Glass content (%) 99 99 >90

2.2 AlKkali solutions

For the alkali-activation, sodium silicate solutions (commonly called water glass) of various
moduli were used. The solutions were prepared by adding dissolved sodium hydroxide (NaOH,
Fisher Scientific) to a commercial available water glass from Sibleco Nordic. The latter contains
27.6 wt% of SiO, and has the molar modulus » = 3.35. In order to allow for thermal
equilibrium, each specific alkali-solution (i.e. sodium silicate and sodium hydroxide) was
prepared more than one day prior to the use in the sample preparations.

2.3 Sample proportions

For all samples, the amounts of the commercial water glass and GGBS material were 20 g and
50 g, respectively, and the water-to-GGBS (dry material) ratio was kept constant at w/s = 0.5.
Thus, only the water glass modulus was varied, which in turn influences the pH of the prepared
solution, as shown in Table 2. In this table it is furthermore shown how the Na,O/CaO and
Na,O/GGBS ratios and pH vary for the different M-samples (i.e. GGBS material, sodium
silicate solution and sodium hydroxide). The samples are hereafter denoted by the added NaOH
solution concentration (ranging from 5 to 35 wt%) together with the specific water glass
modulus # of the activating solution given in a parenthesis.

2.5  pH measurement of the alkali-activated samples

In order to measure the pH values of the alkali-activated GGBS samples, the following steps
were taken. First, the GGBS material was mixed with the prepared water glass solution of a
specific modulus. Secondly, a specific volume of the sample was taken into a vial and thereafter
diluted. Third, the slurry was subsequently centrifuged for quick sedimentation. Finally, the
measurements were done on the solution on top of the sediment and then recalculated to take the
dilution into account.
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It should be noted that in some cases the measured pH values of the samples were > 14 and they
are not included in Table 2. The reason for this is that a sodium ion error generally occurs at
higher pH values, i.e. where the hydrogen ion concentration is very low compared to the sodium
ion concentration, which results in a lower value of the pH than the actual one [30].

Table 2 — Sample compositions and relevant initial parameters (* pH > 14)

Sample NaOH pH pH Si0,/Na,0O  Na,0:CaO  Na,O:Slag
(Wt% in (water glass) (in mixture) (molar (mole %) (wt %)
water) modulus 7)
Merit 5000
MS5 5 11.82 12.56 2.59 11.3 4.2
M7 7 12.11 12.78 2.36 12.3 4.6
M8 8 12.24 12.88 2.25 12.8 4.8
M9 9 12.42 13.02 2.16 13.3 5.0
MI10 10 12.6 13.13 2.07 13.8 52
MI2 12 13.02 13.36 1.90 14.9 5.6
MIl5 15 13.31 13.61 1.69 16.4 6.3
M20 20 13.59 13.86 1.40 19.2 7.5
M25 25 13.81 -—--* 1.17 22.1 8.8
M30 30 13.90 - ¥ 0.99 25.2 10.3
M35 35 13.98 e 0.84 28.4 12.0
TCG/
German
G5 5 11.82 2.59 9.0 4.2
GI0 10 12.6 2.07 11.1 5.2
Gl5 15 13.31 1.69 13.2 6.3
G25 25 13.81 1.17 18 8.8

2.4 Vicat test method

The initial setting time, i.e. the time when the material loses its plasticity, was measured by a
standard Vicat equipment (Toni Technik) with a calibrated weight of 300 g and a cylindrical
needle with a flat tip area of 1 mm’. Each sample composition was measured in certain time
intervals, somewhat dependent on the concentration, and in triplicate to ensure repeatability and
to obtain an average value of the initial setting time.

2.6  Ion chromatography

A Dionex ion chromatography (IC) system (Dionex ICS series) was used to quantify the
amount of dissolved calcium ions for some of the sample compositions. For these
measurements we used the same solution extraction methodology as for the pH
determination (as previously described).



67

3. RESULTS

3.1 Initial setting time as a function of water glass modulus

Fig. 1 shows the setting time profiles for some of the measured M-samples. It can be observed
that the initial setting time displays a minimum for the sample M10 (n = 2.07) and that it is
longer for both the M7 and M20 samples (n = 2.36 and 1.40, respectively). It should be noted
that these latter samples contain either lower or higher concentration of sodium (activated with
water glass of higher or lower moduli, respectively) compared to the sample M10 (n = 2.07).
The sample M20 (n = 1.40) shows, furthermore, a faster initial setting time than M7 (n = 2.36).
From this figure it can also be observed that the sample made of Hyttsand (H) did not show any
initial setting after two hours. In fact, independent on the moduli of the water glass used for the
activation, the initial setting was so slow that sedimentation of the GGBS particles occurred, and
no initial setting was obtained even after 24 hours. This material is therefore considered as
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Figure 1 — Typical setting time profiles (an average based on three different measurements) for
three of the M-samples and one of the H-samples.

inactive in the time interval of interest for this study.
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In Fig. 2 the initial setting times obtained for the entire series of M-samples, i.e. M5 (n = 2.59)
to M35 (n = 0.84) are shown by solid circles. As indicated already in Fig. 1, the initial setting
time is fastest for the sample M10 (n = 2.07) and becomes longer at both higher and lower
sodium content (lower and higher water glass moduli). From the Fig. 2 it can also be observed
that the initial setting time seems to show two different moduli dependences. For samples
activated with water glass of moduli higher than »n =2.07 (M10), a rapid decay with increasing
sodium content (decreasing modulus) is shown whereas at higher concentrations (lower moduli)

1000
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Figure 2 — The initial setting times (in minutes) for the series of M-samples as a function of
modulus. n of the water glass used for the alkali-activation.

the initial setting times are more smoothly increased. The reason for a minimum in the setting
time curve is not obvious and one possible explanation, which will be discussed in section 4
below, is that the water glass used for the alkali-activation has different effect on the GGBS
material in the different concentration (moduli) regions.

3.2 Initial setting time as a function of particle size

By use of the GGBS material G instead of the material M, the specific surface area is reduced
from 5000 cm?’/g to 4200 cm*/g (Table 1). In Fig. 3 the obtained initial setting times for the
samples G10 (n =2.07), G15 (n = 1.69), and G25 (n = 1.17) and the corresponding M-samples
are shown. These results clearly indicate that the initial setting time is dependent on the specific
surface area since it is increased for the G-material, which contains larger particles.

However, for the G material not only the specific surface area but also the chemical composition
is different compared with the M material. As shown in Table 1, the main differences are the
MgO, CaO and the glass contents. Especially the Mg content might be of importance since it
previously was shown to have an influence on the initial rate of reaction [31, 32]. In addition,
the content of Mg, and then particularly the ratio Mg/Si, influences the structure development in
the early stage of the hydration [33]. It is thus not obvious if the increased initial setting time of
the G-samples is caused by the larger specific surface area or the difference in chemical
composition. However, since a lower MgO content should result in a faster initial reaction [32]
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the longer initial setting time of the G-samples indicates that the specific surface area is more
important than the chemical composition.

In order to further investigate the specific surface area dependence on the initial setting time, the
weight fractions of the two chemically identical GGBS materials M and H was (see Table 1)
systematically varied. For these measurements the water glass of modulus » = 1.69 was used as
the activator. The results, as a function of the specific surface area after replacement of H
(Wt%), are shown in Fig. 4 (solid circles). From this figure it is clear that the specific surface
area has a distinct influence on the initial setting time since the smaller the specific surface area,
the longer initial setting time is obtained.
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Figure 4 — The initial setting times as a function of the specific surface area (obtained by
replacing M with different weight fractions of H as given in the figure). The dotted line
displays the curve fitting by equation 1 (also given in the figure). T = 20°C.

4. Discussion

4.1 pH dependence

Even if the hydration mechanism is poorly understood [1], it is generally believed that the
hydration process of GGBS materials occurs in several steps and starts with the wetting and
(partly) dissolution of slag particles. At this stage of the process there is a destruction of slag
bonds, such as Ca-O, Mg-O, Si-O-Si, Al-O-Al and Al-O-Si, and the dissolved ions migrate out
of the slag material into the liquid phase surrounding the particles [33]. Thereafter a Si-Al layer
is formed on the surface of the slag particles and subsequently the C-S-H gel is developed [34].
During this so-called dissolution phase, the bond breaking and the following diffusion of ions
should be highly dependent on their solubility (and consequently on the pH [35]). A higher
solubility would thus result in a higher content of dissolved and diffusing ions.

For alkali-activated GGBS materials the solubility of different ions, as a function of pH, was
previously studied by investigating the pore solution as a function of hydration time. It was
found that the solubility of Si, Ca, Al and Mg is strongly dependent on the pH [36] at all times
during the hydration process. In Ref [36] it was furthermore shown that for pH values higher
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than 11.5 the concentrations of Si and Al are increasing whereas the concentrations of Ca and
Mg are decreasing. Since both the silica content [37] and pH [36] affect the formation of C-S-H,
it was suggested that the solubility of silica, and then consequently the pH, is the most important
factor for alkali-activation of GGBS [36].

The pH seems thus to be a possible candidate for determining the initial stage and setting time of
alkali-activated GGBS materials. If so, keeping water, sodium and silica contents, (and thereby
the water glass modulus 7) of the alkali-activating solution unchanged, but reducing pH, should
have a noticeable influence on the initial setting time. Therefore, two pH adjusted water glass
solutions were prepared and used for the activation. For this experiment the water glass used for
the activation of the M35 (n = 0.84, pH 13.98) sample was pH adjusted, by hydrochloric acid
(HC)) or nitric acid (HNO3), to about the same value as the pH of the solution used for
activating the M15 sample (n = 1.69, pH 13.3). Thus, the value of the modulus was kept at n =
0.84 but the pH was adjusted to 13.3. If the pH is the main determining parameter, the initial
setting time of these samples should be the same as for the sample activated by the solution of
the higher modulus (n=1.69). However, as can be observed in Fig 2, where the initial setting
times for the HCl and HNO; adjusted samples are shown by an open square and a cross,
respectively, this seems not to be the case. Even if the initial setting times are somewhat reduced
for samples activated by the pH adjusted solutions, they are still far from that of the M15
sample. Thus, even if the pH of the alkali-activating solution has a large influence on the
solubility of ions it seems not to be the main responsible parameter, at least not the only decisive
factor, for the initial setting time. It should be noted that the addition of chloride ions CI (from
the addition of HCl) might induce structural changes of the water glass [38]. However, since
similar initial setting times are obtained for both samples, independent on the type of acid used
for the pH adjustment, this seems to be a minor problem. It should also be noted that for
ordinary Portland cement (OPC), both chloride and nitrate ions may accelerate the hydration
process [33, 34] but as shown from this study, for alkali-activated GGBS materials this
acceleration effect appears not to be significant compared to the effect of the water glass
modulus.

Another explanation for the different behaviors of the initial setting time for samples activated
with water glass of various moduli could be that the change of modulus, by the addition of
NaOH, not only affects the pH of the solution (and the dissolution phase), but also the
microstructure of the solution itself. The structure of water glass is known to be strongly
dependent on, for instance, the pH and the silica content [39]. Increased pH results in smaller
particles sizes with decreased number of Si-O-Si bridges, with an increased viscosity as a
consequence. Thus, for water glass of higher pH there are indications that larger silica
particles/aggregates break up into smaller units [39], which most likely influences how fast slag
ions can interact with the silicate units, i.e. the silicate anions.

4.2 Water glass modulus (n) dependence

The addition of NaOH to water glass does not only change the pH but also the modulus », and
the structure and viscosity of water glass solutions. In a previous investigation [38], it was
shown that the viscosity of water glass is extremely dependent on the modulus. Of interest for
this study is that the viscosity increases as the solution is either more siliceous or more alkaline,
i.e. at both lower and higher moduli. Thus, at a certain value of the modulus, a viscosity
minimum of the water glass was found. Interestingly, the value obtained for the minimum was n
= 1.8 [38], which is close to the value where the pH shows an inflection point, as shown in Fig.
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5. Since this is also the concentration where the fastest initial setting time of our series of M-
samples, i.e. M10 (n = 2.07) is obtained (see Figure 2), one might speculate that the initial
setting time to a large extent is dependent on the viscosity of the solution used for the activation
[40].
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Figure 5 — A) pH values of the solutions used for the sample preparations and the pH value
of the as received solution (n = 3.35). B) The inflection point in pH is found at n = 2.07, as
shown by the derivative curve.

In Fig. 6 the concentration of dissolved calcium ions for some of the investigated samples, as
determined by ion chromatography (IC), is shown. It can be observed that the largest fraction of
these ions is found in the same sample composition as the one for which the fastest initial setting
time is obtained, i.e. the sample M10 (n =2.07). Thus, in the sample M10, the highest amount of
calcium ions are available for the structure development of the hydration product. Since the
solubility of alkali-hydroxides decreases with increased pH [35], this behavior should mainly be
dependent on how easy (and fast) dissolved ions are transported out from the solid particle
surface into the surrounding liquid. Accordingly, the amount of dissolved calcium ions in the
solution should be highly dependent on the viscosity of the solution, which in turn, should have
an influence on the initial setting time. This suggestion would then be in agreement with
previous studies that have shown that the viscosity of the activating solution has a large
influence on the initial setting time and hydration process of alkali-activated GGBS [17, 29, 41].
More specific, the early reaction of alkali-activated mineral materials is diffusion controlled [29,
41], and therefore also dependent on the viscosity of the initial mixture [17].

A similar modulus dependence of the initial setting time was previously observed [42] for
GGBS activated by water glass of three different moduli (n = 1.6, 2.0 and 2.4). In agreement
with the results from this study, the fastest initial setting time was also in that study obtained for
the sample activated by water glass of modulus n = 2.0 whereas both lower (n = 1.6) and higher
(n =2.4) moduli resulted in longer initial setting times. In that study [42] isothermal calorimetric
scans were combined with results obtained by the Vical method and it was shown that both the
initial and final setting times, as well as the heat evolution during the hydration, were influenced
by the modulus of the activator. Since alkali-activation is known to be highly dependent on both
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the chemical composition of the binder material and the activator concentration, the results from
Ref [42], in combination with the present findings, imply that the setting time of GGBS must be
extremely dependent on the water glass solution used for the activation. Actually, a similar
conclusion was previously drawn from a study in which it was shown that the initial stage of the
gelation process of alkali-activated materials is determined by the structure of the water glass
used for the activation [43]. However, since the structure of water glass is dependent on the pH
of the solutions [39], more detailed measurement on the molecular arrangement in such liquids
are needed to elucidate if it is the structure or the pH of the liquid that is the most important
parameter for the initial setting time of alkali-activated materials.
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Figure 6 — The concentration of dissolved calcium ions during the first stage in the
hydration process, i.e. in the dissolution phase.

4.3  Particle size dependence

Fig. 3 gives an indication on that the initial setting time is dependent on the specific surface
area. Although the calcium content in the G-samples is higher than in the M-samples (see Table
1), the smaller specific surface area of the G-material most likely limits the availability, and
thereby also the dissolution, of calcium ions from the solid material, which is necessary for
building up the initial network of hydration products. As a consequence, a smaller specific
surface results in a longer initial setting time.

From the results shown in Fig. 3 it can also be observed that the difference in initial setting
times between the M and G-samples decreases with decreasing moduli of the activating
solution. For samples activated with water glass of moduli » = 2.07, 1.69 and 1.17, the initial
setting time differs by a factor of 2.6, 1.8 and 1.4, respectively. For alkali-activated cementitious
materials it has previously been shown that a larger specific surface needs more hydration water
[5] and a possible explanation for the reduced difference might then be that the finer slag
particles (i.e. the larger specific surface area) in the M-samples can absorb more water on the
surfaces. The larger amount of absorbed water should, in turn, result in that the fraction of free
water, in the solution, is decreased for these samples. Since characteristics, such as structure and
viscosity, of water glass are known to be dependent on the water content [38], the fraction of
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water in the solution should also have an influence on the initial stage of the alkali-activation.
Thus, with decreasing water glass modulus, the viscosity of the M-samples most likely increases
faster compared to that of the G-samples. Since the initial stage of the hydration process, and the
subsequent development of hydration products, is dependent on the diffusion of ions, an
increased viscosity would result in a slower diffusion. This should, in turn, result in a longer
initial setting time. As a consequence, the faster increase in the initial setting time of the M-
samples should reduce its difference from that of the G-samples.

By keeping the solution at a constant modulus and successively increasing the particle size by
replacing parts of the M-material with the H-material, it is obvious that the increased particle
size results in an increasing initial setting time, as shown in Fig. 4. This behavior is expected
since the initial setting time should be related to the initial flow, that previously has been shown
to be dependent on the fineness of the material [20]. In that previous study it was shown that an
increase in fineness of the slag particles leads to a decreased initial flow, which most likely has
an effect on the rate of chemical reactions [44] during the initial stage of the hydration process.

The initial setting time is found at the point at which the material loses its plasticity during the
initial stage of the hydration. This time, here denoted ¢, is related to the development of a
specific quantity of hydration products, which in turn is dependent on the reaction rate when the
volume is constant [44]. Since the initial setting time also is dependent on the rate of dissolution
of ions from the GGBS material, and how fast calcium ions can react with anions (or groups of
anions) from the activator [33], the initial setting time and the solubility of GGBS ions should be
interrelated. Consequently, it is reasonable to assume that the amount of dissolved calcium ions
from the dissolution of GGBS particles, and thereby the concentration of calcium ions in the
mixing solution, is a function of the specific surface S of the slag.

Considering a chemical reaction that takes into account both a lower and a higher limit for an
initial setting time, we can derive the following relationship between ¢ and S:

1. (A-B
t:kln(S_Bj (1)

where k is the kinetic coefficient of the chemical reaction and 4 and B are the constants
describing the higher and lower limit of the specific surface area, respectively . By curve fitting
the present results (see Fig. 4), it is found that k=4.7 x 102 min™', 4 = 7100 m*/g and B = 3900
m?/g. This indicates that, for this specific chemical composition of the GGBS material, no initial
setting time occurs for specific surface areas below 3900 m*/g whereas for specific surface areas
above approximately 7100 m’/g, the initial setting time will occur almost instantaneous. It
should be noted that the particle size, and thereby the specific surface area, is changed during
the dissolution process. This effect is not taken into account in this relatively simple
relationship.

4.4 Water content dependence

During the hydration process, GGBS particles are gradually dissolved, hydration products
nucleate on the particle surfaces and particles are bound together in clusters. Subsequently, a
network is formed throughout the material and the material changes from a viscous liquid, in
which particles are dissolved, to an interconnected solid phase. In analogy with the hydration
process of ordinary Portland cement [45], this point can be considered as a solid percolation
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threshold at which the initial setting occurs. For alkali-activated cementitious materials it has
previously been shown that a larger specific surface is more reactive and needs more hydration
water [13]. This can most likely be explained by the water-to-binder ratio having an influence
on the amount of hydration product that is needed for the formation of the percolating solid
network in a similar way as previously has been described for cement [45]. In Ref [45] it was
furthermore shown that for cement of higher water-to-binder ratios, larger amounts of the
hydration product is needed for formulation of the percolating solid network directly related to
the initial setting time.

By the replacement of the M-material with larger particles, as in the H material, the effective
water content is changed. For instance, the effective water concentration of the sample with 25
wt% replacement of M with H can be approximated by 0.5/0.75 = 0.667, where 0.5 is the water-
to-binder ratio. Figs. 2 and 4 (closed squares) show that the increased initial water content has a
relatively large effect on the initial setting time. In addition, it can be observed that the initial
setting time cannot completely be explained by the increase in effective water content. Thus, the
H fraction dependent increase of the initial setting time is not entirely due to the increased
effective water content. Rather it has to be explained by the decrease in total specific surface.

5. CONCLUSIONS

The results from this study show that the initial setting time of GGBS, alkali-activated by water
glass of various moduli, is dependent on the particle size of the GGBS material and the specific
modulus of the water glass, which are both parameters that have an influence on the viscosity of
the activated mixture.

e The pH may not be a decisive parameter for the initial setting time but just a
consequence of the addition of sodium hydroxide, which, in turn, determines the
modulus of the water glass and the dissolution of ions from the slag. The amounts of ions
are important for the structure and strength development.

e The modulus of water glass has a strong influence on the hydration rate, i.e. the rate for
building up the gelation network. This is probably due to its effect on the viscosity of the
water glass, which is also dependent on the portion of free water in the mixture.

e The particle size determines the concentration of dissolved calcium ions necessary for
the development of the hydration product, and the fraction of free water in the solution.
The latter also affects the viscosity of the initial mixture.
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ABSTRACT

This study aims to investigate the adsorption properties of Pb*" by
calcium silicate hydrate synthesized from steel slag. The influence of
various factors on the adsorption properties was investigated. The static
desorption test was conducted to investigate the leaching of Pb”". The
kinetic model and isotherm model of adsorption are then discussed.
Results show that Pb®" adsorption capacity of C-S-H depends on Ca/Si
ratios. Kinetic adsorption data is in consistence with Lagergren pseudo-
second-order model, and steady-state data fits to Langmuir isothermal
model. Leaching result demonstrates that Pb>" ions are stably adsorbed
by C-S-H structures.

Key words: Pb’" adsorption, calcium silicate hydrates, steel slag,
adsorption model.
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1. INTRODUCTION

Recently, solidification/stabilization technology (S/S) of cement-based material is widely
studied on treating the heavy metal pollution and water treatment [1-5]. It is attributed to
calcium silicate hydrate (C-S-H, C=CaO, S=SiO,, H=H,0), the main hydration product of
cement paste. The main structures of C-S-H (Ca/Si molar ratio from 0.6 to 2) are disordered
forms of 1.4 nm tobermorite and jennite, with a large specific surface area, high porosity and
active sites such as hydroxyl groups [6,7]. Calcium silicate hydrates exhibit a large number of
structural sites available for cation and anion binding [8]. Therefore, C-S-H structure plays an
essential role in adsorption of heavy metals. The mechanism includes ion-exchange, adsorption
and chemical trapping. Heavy metals such as Nd(III), Zn(II), Cd(II), Cr(IV) , U(IV) and Sr(II)
adsorbed by C-S-H have been studied by many researchers [9-14]. The results show that the
heavy metals are incorporated into the Ca-O sheets, absorbed in the interlayer of C-S-H, or ion-
exchange with Ca®" as the curing age increases.

Apart from cement hydration, C-S-H can also be obtained from waste slags, such as steel slag,
which has a large amount of emission but low utilisation especially in China [15]. Wang et al.
synthesized 11.3 A tobermorite structures from steel slag by hydrothermal treatment [16].
Kuwahara and co-workers [17] reported that C-S-H prepared from the waste slag had good
adsorption properties for removal of Cu®*, phosphate ions and model protein diluted in water.
Therefore, synthesized C-S-H is considered as a candidate for water purification on the heavy
metals.

Lead (Pb), harmful to the health of human beings, is one of the main contaminations around the
world; hence, how to treat it has become widely discussed. Xonotlite secondary particles were
used to treat lead-bearing wastewater by Han, et al. [18], which indicated high Pb*" removal.
Investigations of Lee [19], Pierrard, Rimbault, and Aplincourt [20] suggested that Pb*" fixed by
C-S-H was affected by pH value of its pore solution. The main formation of Pb was
PbsS04(CO3)2(OH), and 3PbCO;5-2Pb(OH), H>O at short time curing. The lead was adsorbed
on the silica-rich surface to form C-Pb-S-H after long time cured together with acid attack. Pb*"
adsorbed by 1.1 nm tobermorite was also studied by Coleman, Trice, and Nicholson [21],
indicating that the sorption conforms to the pseudo-second-order model and the uptake was up
to 467 mg g™ after 168-hour curing. However, the adsorption properties and mechanisms of lead
on C-S-H are still poorly understood. In particular, there is seldom investigation on lead uptake
in mild acidic medium.

This study explores the possibility of Pb*" adsorption on calcium silicate hydrates synthesized
from steel slag in mild acidic solutions. The influence of various factors, e.g. the properties and
amount of C-S-H powder, adsorption time, Pb*" concentrations, and pH values of the solution,
on the adsorption properties are investigated. Furthermore, the kinetic and isotherm behaviours
of adsorption by C-S-H are discussed.

2. EXPERIMENTAL
2.1 Materials
The main chemical compositions of steel slag (Shougang Group, Beijing) used in this study are

listed in Table 1. It was obvious that the steel slag consisted of CaO, SiO,, MgO, AL,Os, and
Fe;03;, with Ca/Si molar ratio of 2.17. The specific surface area measured by Blaine Air
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Permeability was 474 m® kg'. The main mineral phases in this steel slag were C3S and C,S
according to XRD analysis. There is no doubt that the slag was available for synthesizing
calcium silicate hydrate.

Table 1 — Main chemical composition of steel slag

Components CaO Si0, Fe, 03 ALOs MgO P,0s
Content (%) 42.80 21.14 5.74 5.86 9.58 0.58
2.2 C-S-H synthesis

Calcium silicate hydrate powder was synthesized in an autoclave (Weihai Chemical Machinery
Co. Ltd). Steel slag was mixed with lime (87.9% CaO) and quartz (99.09% SiO,) at the Ca/Si
molar ratio between 0.8 and 1.5. The mixture was cured at temperatures ranging from 150°C to
185°C, for 7 hours, with the water to solid ratio (w/s, in mass) of 6, filtered and oven- dried at 80
°C. The details of hydrothermal synthesis are in Table 2.

Table 2 — the hydrothermal synthesis of calcium silicate hydrates

index Raw materials (%) Ca/Si wi/s Curing Curing time
- temperature (°C) (h)
Steel slag quartz lime
A 70 20.00 10.00 1.2 6 150 7
B 70 20.00 10.00 1.2 6 185 7
C 70 14.19 15.81 1.5 6 150 7
D 80.28 19.72 0 1.5 6 185 7
E 70 27.96 2.04 0.8 6 185 7
2.3 Adsorption of Pb?* by C-S-H

Pb>" solutions were prepared by dissolving lead acetate (research grade, Jinshan Chemical
Reagent Co., Ltd., Chengdu) in distilled water. 100mL solution was added in the beaker with a
proper amount of C-S-H powder, adjusting the pH value of the solution to 2 to 7, stirring (100
rpm). These tests were all carried out at the room temperature. The concentration of Pb>" after
adsorption was measured, and influences of the powder amount, adsorption time, pH of
solution, initial Pb>" concentrations on C-S-H capacity were discussed. The removal ratio(R)
and adsorption capacity (q) of Pb>" by C-S-H were calculated as followed formulas:
100% x (Cy — C)/
Co

R(%) = )

q= 2)

(Co—C)yxV /

My
Where Cj is the initial concentration of Pb>" (in mg L™); C indicates Pb*" concentration after
adsorption (in mg L™); ¥ represents volume of solution (in L); my, is the mass of hydrated
calcium silicate powder (in g); and q is the amount of Pb>" adsorbed by per unit C-S-H
(inmgg™)
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2.4 Desorption test

To investigate the leaching of lead after having been adsorbed by C-S-H, static desorption
measurement was carried out at room temperature. 1.5 gram powder with Pb>" after equilibrium
adsorbed was added into 100 ml distilled water or acetic acid solution (pH value of 5),
respectively. After stirring (100 rpm) for 75 minutes, the solution was filtered and Pb2+
concentration of the solution was measured. The desorption ratio (€) is calculated as following
formula:

&

‘= —or

x100%

3)
Cy, C and V are described in the above section, where C; and V; represent the Pb*" concentration
and volume of the solution after desorption, respectively.

2.5 Product characterisation

XRD was applied to identify the crystalline phases of the synthesized C-S-H powders. The
samples were detected by a Rigaku D/max-1200 X-ray powder diffraction apparatus (Cu Ka
radiation), at a step size of 0.02° with scanning rate of 2° min™', and a scan range from 5° to 70°
26 SEM (scannm g electron microscop e Morp lo bgy, TESCAN VEGA 1II) with a voltage of
20KV and magnitude of 4~100,000 X was also employed for detecting the morphology of the
hydrothermal products. FTIR spectroscopy (Nicolet5SDXC) equipped with a KBr beam splitter
was used for functional group analysis, with scanning wavenumber from 4000 to 400 cm™.

Pb*" concentrations were measured via spectrometric atomic absorption apparatus (Hitachi Z-
8000), at a wavelength of 283 nm, according to the standard of GB/T 9723-2007 (General rule
for flame atomic absorption spectrometric analysis). The measurement was calibrated by
measuring the absorbance at Pb concentrations of 0, 1, 2, 4, 6, 8, and 12 mg L. Background
was removed during analysis.

2.6 Adsorption models

Kinetic models

The Lagergren pseudo-first-order rate model and pseudo-second-order rate expression are used
to study the adsorption kinetic model of Pb*" by calcium silicate hydrates. These models
describe adsorption of a solute by a solid surface, and adsorption processes in which the reaction
rate is proportional to square [21-23].

The pseudo-first-order rate model can be expressed as following:

e

V(Co _C())
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"o 4

e e kl
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Where q®(in mg-g") is the extent of sorption at equilibrium according to equation (2), C, (in
mg'L'l) is the steady-state concentration of the metal ion in solution, q, (in mg- g'l) is the extent
of adsorption at time ¢, and k;(in min™) is the apparent pseudo-first-order rate constant of
adsorption.

The expression of pseudo-second-order rate is:

t 1 1
—

- = 2 e
q e
! k 2 (q ) q ( 6)
Where k; is the apparent pseudo-second-order rate constant of adsorption (in g¢ mg™ min™). If
there is a linear plot of #/ q, against z, pseudo-second-order rate equation is satisfied.

Isothermal models

Adsorption isothermal equation reflects the relation between adsorptive capacity and the
concentration of solution under a fixed temperature. There are mainly two models. One is
Langmuir isotherm model reflecting the monolayer adsorption onto solid surfaces, and the other
is Freundlich isothermal model which is also widely applied in liquid-solid adsorption system.

The linear form of the Langmuir isothermal model, used to illustrate uptake of metal ions from
solution by a solid substance, can be described as follows [22, 23]:

c,_ 1 ¢

e e

g 4t 4q,

(7

In equation (7) gy, is the maximum adsorptive capacity (in mg-g") and b is the Langmuir
constant (in L-mg™). Other parameters are described as above. q,,, and b is estimated from the
intercept and the slop of the plot of C./n, against C..

Freundlich isothermal model is described as:

log qe =logK + l(log C,)
n ®

Where K is Freundlich constant and I//n is constant as well. This model is based on the
assumption that the enthalpy of sorption becomes less negative [22].

3. ADSORPTION MODELS
3.1 Microstructures of synthesized C-S-H
XRD analysis

The XRD patterns of the synthetic samples are shown in Figure 1. Poorly crystalline C-S-H
formed in all the samples due to the only appearance of diffraction peaks with the d-spacing of
0.302 nm (26 29), 0.182 nm (2 18°) and 0.280 nm (D 32°) [7]. However, the final hydration
phases were influenced by the hydrothermal curing process, such as the addition of lime, and
the different Ca/Si molar ratios. Powder A and B consisted of C-S-H, and semi- tobermorite (d-
spacing of 3.08 A, 2.98 A and 1.84A) [16]. It is also found that SiO, was still present in Powder
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A because of the appearance of intensive diffraction peak at 3.34 A. As the Ca/Si ratio increased
to 1.5 in Powder C, the dominant phase was poorly crystallized C-S-H. Besides, a zeolite- like
gel was also generated due to the appearance of the peak at 3.17 A. This phase is beneficial to
the heavy metal incorporation. The main phase of Powder E was disordered C-S-H. In
additional quartz was not completely consumed.
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Figure 1 — XRD patterns of C-S-H samples made from steel slag by weight at the water/solid
ratio of 6 and curing for 7 hours. The details for hydrothermal synthesis are shown in Table 2.

SEM analysis

The morphology of the synthetic C-S-H samples was investigated with SEM microscope (Figure
2). The powder particles showed non-crystallized structures, and were an aggregation of micro-
scale morphology, which was 1 pm. It can be seen that the curing method, especially the Ca/Si
molar ratio, affects the final morphology of the product . In sample A, which was prepared at
150 °C for 7 hours at the Ca/Si ratio of 1.2, foil or sheet-like structure appeared. When the
Ca/Si ratio increased to 1.5, in sample C, C-S-H made up of fibril shaped grains with a loose
reticular structure. It presented a porous surface, which is a so called as zeolite-like structure. In
powder D, however, it exhibited a more compacted morphology with a lack of pronounced
pores on the surface, which was attributed to the lack of lime addition.
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Figure 2 — SEM Photographs of the synthetic C-S-H:
(a) powder A synthesized from the mixture of 70wt% steel slag, 20wt% quartz and 10wt%
lime with 1.2 Ca/Si molar ratio at 150 °C for 7 hours;

(b) Powder C synthesized from the mixture of 70wt% steel slag, 14.19wt% and 15.81wt%
lime, with the Ca/Si molar ratio of 1.5 at 150 °C for 7h; and

(¢) Powder D is corresponded to the product from 80.28wt% steel slag and 19.72wt%
quartz without lime addition, the Ca/Si molar ratio of 1.5 at 185 °C for 7 hours

[P

3.2 Pb*" adsorption properties on C-S-H

The adsorption of Pb”" by different C-S-H powders

C-S-H powders produced from different hydrothermal curing conditions were used to adsorb the
Pb>" with the concentration of 200 mg L™, and the results are shown in Figure 3. The adsorption
properties were influenced by the synthesis process, generally on the Ca/Si molar ratio and the
content of the lime. The sample C which was synthesized at 150 ‘C for 7 hours with the molar
ratio of 1.5 presented the highest removal efficiency (about 99.67 %), and the adsorption
capacity of Pb*" was up to 19.53 mg g'. However, there were no satisfying results of Pb*"
adsorption by other types of powder, as the removal and adsorption capacity were lower than
90% and 18 mg g respectively. The higher incorporation of Pb** in Powder C than other
samples is attributed to its porous surface of the particles. In this case, Powder C was used for
thermodynamic analysis on the subsequent adsorption study.
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Table 2

Effect of C-S-H amount on Pb*" adsorption

Different amount of calcium silicate hydrate powder were mixed with 100 mL Pb** solution
(200 mg L™), adjusting the initial pH value of the mixture to 5. Adsorption time of 1 hour was
applied. The result of adsorption is shown in Figure 4.

It can be seen that the removal efficiency increased rapidly from 31% to 96%, corresponding to
the mass of C-S-H powder from 5 g L™ to 15 g L', followed by the stable adsorption efficiency.
When 20 g L of C-S-H powder was used, the removal of Pb>" was up to 99%, with the residual
concentration of Pb>" solution 0.96 mg L™'. Additionally, the adsorption capacity of Pb*>" by C-
S-H was first increased and then declined as the amount of the powder increased. The maximum
of adsorption capacity was 14.46 mg g with the amount of 10 g L™ powder, demonstrating that
excessive amount of powder cannot be completely utilized. Therefore, in the following
adsorption experiments, 15 g L™ C-S-H powder is used.
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Figure 4 — Pb*" removal at different amount of C-S-H powder

Effect of pH on Pb”™ adsorption
1.5 g calcium silicate hydration powder was mixed with 100 mL Pb*" solution (Pb*"
concentration 200 mg L™). The initial pH values of the solution ranged from 2 to 7, with stirring
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time of 1 hour (Figure 5). The removal efficiency and adsorption capacity of Pb*" by C-S-H is
influenced obviously by pH. At pH value of 2, the removal efficiency and adsorption capacity
were only 11% and 1.52 mg g, respectively. With pH increasing to 5, both the removal and
adsorption capacity soared up to 96% and 12.73 mg g, respectively. The data gradually
increased when the pH value varied between 5 and 7. It is apparent that Pb*" can be effectively
adsorbed on C-S-H via weak acidic solution, since there are negative charges on the surface of
C-S-H particles when pH of the solution is close to 7 [24]. On the other hand, the structure of C-
S-H was damaged by strong acid solution, resulting in the poor adsorption.
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Figure 5 — Pb’" adsorption in the solution of different pH values

Influence of stirring time on Pb’" adsorption

Stirring time is another key factor on Pb”" adsorption and reflects its equilibrium status. In this
section, the adsorption properties of the duration from 30 minutes to 180 minutes were
investigated (Figure 6). The curves indicated that the powder had an excellent adsorption
property on Pb*" even for only 30-minute reaction. The removal efficiency and the adsorption
capacity were approximate 96% and 12.78 mg g, respectively. Afterward, the removal
efficiency increased to 99.4% and adsorption capacity of 13.25 mg g at 75 minutes’ adsorption.
With stirring time extended, the values gradually improved, and residual Pb>" concentration of
the solution declined to 0.44 mg L™ at 180 min, far below the emission standard of 1.0 mg L™
(GB 8978-1988). According to Figure 6, the balance of adsorption was achieved after 75-minute
adsorption.
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Figure 6 — Pb*" adsorption properties at different stirring time
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Influence of initial concentration of Pb** on adsorption

Herein, the results about adsorption of Pb”" concentrations between 50 mg L™ and 400 mg L™
were discussed (Figure 7). With the increase of Pb”" concentration from 50 mg L™ to 400 mg L™,
the adsorption capacity and Pb”" concentration rapidly went up to 24.46 mg g from 3.35 mg g,
which was attributed to the increase of contact sites between the calcium silicate hydrate powder
and Pb>". On the contrary, the curve of removal appeared different tendency. It was stable at
around 99% as the concentration ranged from 50 mg L™to 200 mg L™, and the maxium value
was 99.4% at the Pb>" concentration of 200 mg L™. The removal efficiency declined to 91.7%
corresponding to the Pb>" concentration of 400 mg L™.
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Figure 7 — adsorption properties with various Pb*" concentration

3.3 Desorption of Pb*" on C-S-H

Desorption tests were carried out both under distilled water and acidic solution, corresponding
to the pH of 7.0 and 5.0. Results showed that the Pb>" concentration was 0.16 mg L™ after
leaching experiment, indicating that the desorption ratio in water was as low as 0.08% according
to equation (3). When acidic solution with pH of 5.0 was adopted, the leaching concentration of
Pb*" increased to 0.64 mL g'. It means that the desorption rate was 0.3%. The results
demonstrate that Pb>" can strongly adsorbed by C-S-H powder and leaching ratio in neutral
solution is quite low, which might attribute to the combination between Pb”" and functional
groups.

4. ADSORPTION MODELS
4.1 Kinetic models

As mentioned previously, adsorption kinetic is analyzed by applying Lagergren pseudo-first-
order model (equation (5)), and pseudo-second-order model (equation (6)). According to the
data in Figure 6, the parameters of the two kinetic models are obtained (Figure 8, Table 3). The
results show that higher correlation of the pseudo-second-order kinetic model (R’ value of 1)
than pseudo-first-order kinetic model (R’ value of 0.96), demonstrating that the former affords a
more appropriate description of the sorption process. Thus, the equilibrium adsorption ¢° and
constant rate k; are 13.09 mg g and 7.82x10? g mg” min™, respectively. The kinetic results of
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adsorption of metal cations by C-S-H powder is likely to reveal that the reaction is controlled by
a number of transport and interaction process.

Table 3 — Statistical and kinetic datas of Pb*" sorption on C-S-H

Lagergren (pseudo-first-order) Lagergren(pseudo-second-order)

¢°/(mg g") k;x107 /(min™) R ¢ /mgg") k<107 /(g mg' min™) R
13.30 6.86 0.96 13.09 7.82 1

time #(min)
0 50 100 150 200

2 1 1 1 J

—pseudo-first-order

log(q®-q,) (mg g!)

2

4

(a) *

16 1

—_
N
1
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t/q, (g min mg'!)
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~
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0 T T T )
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time ¢ (min)
Figure 8 — kinetic model fitted to experimental data for the uptake of Pb** (a) pseudo-first-order
model, and (b) pseudo-second-order model

Thus, adsorption rate is an important indicator to reflect the interaction between adsorbent and
adsorbate. Generally, the adsorption processes include three stages [25], which are external-
particle diffusion stage, intra-particle diffusion stage and adsorption-reaction stage. Weber-
Morris equation (equation (9)) was used to describe the diffusion and transfer procedure of Pb*"
on C-S-H particle surface[26, 27]:
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1

Where b represents intercept, and ki is intra-particle diffusion constant (in mg g” min™?). In
accordance with Figure 6, the adsorption rate tends to be constant after 75 minutes. By fitting
the experiment data depending on the equation above, the correlation coefficiency R’ is 0.92, an
indication of linear relationship. As a result, it can be considered that before 75 minutes the
adsorptive process is controlled by external-particle diffusion stage, followed by intra-particle
procedure [28]. The value of kiz is 0.016 mg g™ min™2, and b of 13.10.

4.2 Isothermal models

In order to discribe the adsorption properties on the the surface of the powder, adsorption
isothermal is studied. The adsorption isothermal curve obtained from Figure 7 is shown in
Figure 9, which means the adsorption capacity of C-S-H on different Pb’" equilibrium
concentration. It can be inferred form equation (7) and (8) that the data are well correlated with
the Langmuir isothermal model with R” of 0.99. While the Freundlich model is less appropriate
for its R’ of only 0.77 (Table 4). Thus, the adsorption conforms to monolayer adsorption and
there are many active sites on the surface of C-S-H particles.

Table 4 — Langmuir and Freundlich isothermal parameters for the absorption of Pb°" on C-S-H

Langmuir Freundlich
gn/(mg-g™) b/(L'mg") R K /(mg-g™) n R
25.71 0.37 0.99 7.38 2.59 0.77
1,6 1
(@)
*
1,2 A

— Langmuir isothermal model

0,0 T T T T T T ]
0 5 10 15 20 25 30 35

C. (mg L1
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Figure 9 — Isothermal model fitted to experimental data for the uptake of Pb*" (a) Langmuir
isothermal model, and (b) Freundlich isothermal model

4.3 Microstructure analysis

FTIR was applied to study the structure variation of C-S-H powder before and after adsorption
(Figure 10). In both samples, CO3”” asymmetric stretching bands due to contamination with CO,
during samples preparation and drying were detected at 1432 cm™ and 873cm™. The bending
vibration band of molecular H,O appeared at 1632 cm™, while the stretching vibration of O-H
groups or hydroxyls appeared in the 3433-3440 cm’™ region. The most intensive vibration of
silicate appeared as a band at the range of 900-1100 cm™ which was attributed to stretching
vibration of [SiO4]* tetrahedral. The vibration band in C-S-H was at 982 cm’, however, it
shifted to 1075cm™ after adsorbing Pb>", demonstrating that the polymerisation of silicate chain
varied. In addition, the bands corresponding to 3-Si-OH stretching vibration appeared at 1280
em™ and 756 cm™ in C-S-H, but disappeared after adsorbing Pb*", suggesting that coordination
reaction between Hydroxyl functional group and Pb** took place as following way:

(Si-OH)+2H,0+Pb*'=Si-Pb(OH);+2H"
This reaction agrees with the adsorption of Cu®" by asbestos tailings in [29]. It indicates that the

presence of active sites in C-S-H structures can cooperate with Pb>" in a relative stable state,
which is demonstrated by the desorption results.
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Figure 10 — FTIR spectra of C-S-H powder and the powder after Pb** sorption

5. CONCLUSION

This study shows that the calcium silicate hydrate synthesized from steel slag is a potential Pb*"
adsorbent. The adsorption depends on the Ca/Si molar ratio and lime addition which further
affect on the surface properties of powder particles. The most efficient adsorption of the C-S-H
has a Ca/Si ratio of 1.5. Pb>" can be effectively removed by this C-S-H powder at the pH value
of the solution between 5 and 7. The equilibrium adsorption occurs at 75 minutes when 15 g L™
C-S-H is mixed with 200 mg L™ Pb** solution. The removal of Pb*" and adsorption capacity is
99.4% and 13.25 mg g, respectively. The concentration of Pb*" in the solution after adsorption
for more than 120 minutes is lower than 0.5 mg L. The low leaching ratio from desorption
result indicates that Pb>" can be stably combined by C-S-H.

Kinetic sorption data were in agreement with the Lagergren pseudo-second-order with the
equilibrium adsorption of 13.09 mg g”'. In terms of the sorption isotherm, it can be described by
the Langmuir adsorption isotherm, the equilibrium adsorption capacity of which is 20.41 mg g™
The adsorption is controlled by external-particle diffusion stage before equilibrium state,
followed by intra-particle diffusion procedure.
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