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Abstract:
Characteristics of fine particles (0 μm to 125 μm diameter) from seven different crushed and natural sands from five different Norwegian rock types were determined. The results suggest that the same water absorption values, as determined by EN 1097-6 on coarser sand fractions, can be applied to the fines. The values of specific surface area measurements vary widely between different materials and between different measurement methods. BET measurements seem to be strongly affected by the mineralogical composition (presence of mica) and surface morphology (weathering) of the particles. Specific surface area calculated from the particle size distributions (PSD) is mainly dependent on the precision of the test methods in the size range below about 3 µm to 5 µm, because these small particles contain most of the surface area. Shape measurements by both dynamic image analysis (DIA), which is a 2-D method, and X-ray microcomputed tomography (µCT), which is a 3-D method, have yielded similar relative length-to-thickness aspect ratios of the particles between different mineralogies, though with lower absolute values for DIA due to 2-D projection of 3-D quantities.
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1. INTRODUCTION, SCOPE AND APPROACH
 
Crushed aggregates significantly affect properties of self-compacting concrete (SCC), in particular with respect to the fresh state properties that distinguish SCC from conventional vibrated concrete (CVC). Koehler and Fowler [1] have reported that fine crushed aggregates can have a much more substantial effect on the rheology of SCC when compared to the coarse aggregates. Therefore, it is essential for the purpose of concrete proportioning to understand the interaction between crushed fine aggregate properties and SCC rheology. Correct and economical proportioning for the fresh state properties is the first step in manufacturing concrete structures with desired hardened, durability, and sustainability properties.

Two characteristics typically distinguish an SCC mix design from a corresponding CVC composition. First, an increased cement paste matrix volume, which is defined as all fluids, such as water and liquid admixtures, and all particles with size ≤ 0.125 mm, which includes cement and fine mineral filler particles [2]. This increased cement paste volume is supposed to reduce the possibility of blocking and interlocking between larger aggregate particles. Second, a capacity to flow along with matrix stability when combined with particles of size > 0.125 mm is also necessary to achieve the desired SCC rheological properties.

An increased volume of cement paste matrix is usually achieved by introducing comparably high amounts of additional mineral fillers. The latter are normally preferred over an increased amount of cement, which often results in many disadvantages of high binder content (e.g., undesirably high strength, increased heat of hydration, shrinkage, durability issues) or simply due to economic/ sustainability reasons (i.e. price/environment). It must be noted that, as reported by Wallevik and Wallevik [3], the practice of SCC mix design can in fact vary from country to country. For example, the effect of using viscosity modifying admixtures (VMA) as a partial substitution for mineral fillers has been investigated [4]. In addition, the price and availability of suitable mineral powders, such as limestone and dolomite fillers, which are normally used today for SCC production in Sweden and the Baltic states, can be a problem at some locations. Another practical problem can simply be lack of extra dry material silos at the concrete plants. As a result of the latter, the current practice in Norway has been to use an increased fraction of natural sand with high fines content.

Natural sand, which may be weathered, differs from most fine crushed aggregates (manufactured sand) in its grading, particle shape and surface texture. Compared to natural sand, crushed fine aggregates incorporate significantly more fine particles (fillers), have different particle size distributions, and tend to be more angular with rougher surfaces. Due to these differences, concrete with crushed fine aggregate often displays different rheology (increased yield stress and plastic viscosity) and lower workability (reduced slump and slump-flow values) due to higher water demand than the same concrete made with glaciofluvial and fluvial aggregate [5-10]. The differences are more pronounced if the crushed fine aggregate is a by-product (also known as “waste sand” or leftover rocks from quarrying) of coarse aggregate production and if no special processing techniques, such as vertical shaft impactor (VSI) crushing, washing or air-sieving, have been utilized to improve the particle characteristics.

Due to the above rheological problems, which in most cases are believed to arise from the finest part of the manufactured sand [7], concrete producers would still prefer natural sand, even at a much higher price. On the other hand, crushed sand can be a perfectly suitable product for SCC production due to the great availability and naturally high fines content. Thus it is obvious that, in order to use these advantages for producing more sustainable SCC, one needs to have a clear understanding about how different crushed aggregate filler particles affect fresh concrete properties.

As reported by Cepuritis [7] and Ferraris [11], the effect of very different mineral fillers on the rheology of fresh cementitious materials (both concrete and matrix) has been studied by several authors. However, none of them have reported a clear relationship between the filler characteristics and flow properties of the cementitious suspensions [7, 11]. As a result, at present the selection of crushed mineral fillers for optimal SCC mix design cannot be predicted from the physical or mineralogical characteristics of the crushed fines and can only be determined using a properly designed performance test. One reason for this situation is the complexity of such a correlation due to the characteristics of fine particles such as surface physics, chemistry, mineralogy, material structure, and physical properties, about which there is a lack of knowledge. For example, to properly proportion matrix or concrete mixes, one would need to know the actual water absorption and saturated surface dry (SSD) density of the filler particles. Until now, no research investigated the open porosity of Norwegian crushed aggregate fillers that is accessible to water, which can thus affect the water absorption and rheology of the tested mixes. In addition, similar to the vigorous debate between the values of cement paste specific surface area obtained using water vapour adsorption BET vs. nitrogen adsorption BET [12], different mineral filler particle characterization techniques (e.g. Blaine, BET, laser diffraction, sedimentation) can easily give specific surface area results that differ by up to a factor of ten [7, 13-14]. So the question of the “real” mineral filler specific surface area is still not resolved. On the other hand, due to its large surface area, quantification of this filler characteristic is essential for controlling the rheological parameters of fresh concrete and its matrix cement paste [7, 15].

In addition, there is also the important question of filler particle shape, which will affect the rheology of the matrix down to some size due to the increased resistance to flow of non-spherical shapes and the decreased packing limit of angular shapes vs. spherical shapes, so the particles are closer to their ultimate packing density [16] and thus have more effect on rheology [17-19].

The scope of this work has thus been to obtain a clearer knowledge about the pore structure, water absorption, specific surface area, and size and shape distribution properties of some widely used Norwegian crushed aggregate fillers. We have investigated the particle shape of the fillers with two different techniques: Dynamic Image Analysis (DIA) [20] and X-ray microcomputed tomography (µCT) combined with spherical harmonic analysis [21-22]. The intent is to learn more about what aggregate particle parameters to study in order to understand the effect of crushed fillers on the flow of cementitious materials (especially SCC) and in addition point towards the best methods available, or that need to be developed, for crushed aggregate filler characterization in both scientific and industrial terms.


2. MATERIALS AND EXPERIMENTAL PROCEDURES

2.1 Aggregate fillers
A total of seven aggregate fillers from five different quarries in Norway have been used for the study and are listed in Table 1.  Six of the samples were produced by crushing (or crushing and grinding in case of limestone) of different rock-types in various processes while one was produced originally from a natural deposit. As shown in Table 1, the first three materials are from the same deposit at the Årdal quarry on the west coast of Norway; the only difference between them is the sand production process used. The first filler comes from natural glaciofluvial sand. Production generally included only extraction with a wheel loader followed by a sieving and a washing process. Fines No. 2 and No. 3 come from crushing large boulders (moraine material) that can be found at the same natural sand deposit as No. 1. The difference between No. 2 and No. 3 is that the No. 3 sand has been subjected to washing in addition to crushing and sieving. A more detailed description and production process flow sheets for most of the filler materials are available elsewhere [7]. Table 1 also holds mineralogical composition of the fillers as analysed by X-ray diffraction, with the exception of fines No. 2, 3, and 7. For fillers No. 2 and No. 3, the composition is believed to be somewhat similar to No. 1 due to the same origin. The difference could be that some weaker minerals, such as biotite, muscovite and chlorite, which are concentrated in the very fine fractions (< 30 µm), have been washed away during weathering of the natural sand. Sample No. 7 is known to be a rather pure limestone consisting mainly of calcite.

It is also worth mentioning here that, for the fines from Hokksund (No. 6), some previous practical experience (i.e., visual inspection of the coarse aggregate fraction from the same quarry) has revealed comparably very high amounts of flaky free mica particles.

Table 1: Aggregate fillers used for the study.
	Filler No
	1
	2
	3
	4
	5
	6
	7

	Quarry (type)
	Årdal (natural)
	Årdal (crushed/ unwashed)
	Årdal (crushed/ washed)
	Tau
	Jelsa
	Hokksund 
	Limestone
(Norcem)

	Deposit
	Granite/ gneiss glaciofluvial and moraine deposit
	Mylonittic quartz diorite
	Granodiorite rock
	Gneiss rock
	Limestone rock

	Source material
	0/8 mm natural sand
	0/8 mm crushed sand
	0/8 mm crushed and washed sand
	0/2 mm crushed and washed sand
	0/4 mm unwashed crushed sand
	Initial product

	Mineralogy:
	 

	Quartz
	31 %
	-
	-
	34 %
	44 %
	27 %
	-

	Plagioclase
	32 %
	-
	-
	32 %
	21 %
	26 %
	-

	K-feldspar
	25 %
	-
	-
	-
	10 %
	7 %
	-

	Biotite
	2 %
	-
	-
	2 %
	14 %
	2 %
	-

	Muscovite
	4 %
	-
	-
	7 %
	9 %
	10 %
	-

	Chlorite
	1 %
	-
	-
	10 %
	2 %
	8 %
	-

	Epidote
	-
	-
	-
	11 %
	-
	-
	-

	Hornblende
	5 %
	-
	-
	-
	-
	18 %
	-

	Calcite
	-
	-
	-
	5 %
	< 1%
	2 %
	-

	Dolomite
	-
	-
	-
	< 1%
	< 1%
	< 1%
	-

	Notes: The notation 0/n mm means measured particle size was < n mm and included much smaller particles. The uncertainty in the mineralogy is estimated to be ± 2 % out of M % for a given mineral phase.



2.2 Experimental Procedures

2.2.1 Filler particle size distribution and specific surface
Particle size distribution (PSD) of the fillers has been characterized by a wet-method laser diffraction device (Backman Coulter LS 230)[footnoteRef:1]*, based on a sphere with equivalent scattering [23], and a sedimentation device (Micromeritics SediGraph 5100), which is based on particle sedimentation speed and equivalent Stokesian diameter [23]. Specific surface area measurements have been performed with a Micromeritics FlowSorb II 2300 nitrogen adsorption device utilizing the BET approach [24] and a Blaine fineness apparatus for the air permeability method normally applied to cement [25]. The Blaine measurement also implicitly treats the particles as spheres, since it is theoretically based on the Kozeny-Carman approximation for the air permeability of sphere packings [26]. More details on the actual measurements can also be found as a part of another study [27]. Measurement uncertainties for the laser diffraction and sedimentation methods are discussed in Section 3.4. The sources of greatest uncertainty for the BET method have been identified [28] to be liquid nitrogen level control, sample preparation conditions and sample mass measurement. Those are estimated [28] to cause an uncertainty of about 0.6 % in the measured BET specific surface area. For the Blaine method, a larger uncertainty of 2.0 % has been determined for analysis on cement samples [29], which are of a similar particle size to the fines considered here. [1: * Commercial equipment, instruments, and materials mentioned in this paper are identified in order to foster understanding. Such identification does not imply recommendation or endorsement by the National Institute of Standards and Technology (NIST), nor does it imply that the materials or equipment identified are necessarily the best available for the purpose.] 


Particle size distributions obtained by laser diffraction and sedimentation have also been used to calculate the specific surface area value by dividing the size distribution into a finite amount of bins and assuming equivalent spherical diameters of particles that correspond to the mean size of each bin. The bins used for the two methods (Table 2) were somewhat different. Because of this, the results obtained are only relatively comparable. Since a higher number of narrower bins were used for the finer grades, it is anticipated that the specific surfaces area calculated from laser diffraction results will exhibit higher absolute values than those obtained from analysing the SediGraph PSD results.

Table 2: Bin sizes used to calculate the specific surface area values from the PSD results for the fillers, assuming spherical shape of the filler particles.
	Bin No
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	Laser diffraction (Dmax to Dmin) [µm]
	125-100
	100-80
	80-60
	60-40
	40-20
	20-10
	10-5
	5-1
	1-0.5
	0.5-0

	SediGraph 
(Dmax to Dmin) [µm]
	125-60
	60-45
	45-30
	30-15
	15-6
	6-2
	2-0
	
	
	



2.2.2 Scanning electron microscopy (SEM) 
SEM micrographs of all the fillers were taken at different magnifications to get an idea about the different morphologies of the fillers using a Hitachi S-3400N SEM. The samples were sprinkled on a double sided adhesive carbon tape attached to a sample holder. Each sample was placed in a coater and a thin layer of gold was applied to the sample to make it electrically conductive. 

2.2.3 Dry, saturated surface dry (SSD) particle density and water absorption 
Dry particle density of each filler was determined by using a helium pycnometer AccuPyc 1330 by Micromeritics. The gas pycnometer works by measuring the amount of displaced gas (helium or He). The pressures observed upon filling the sample chamber and then discharging it into a second empty chamber allows computation of the sample solid phase volume. Gas molecules rapidly fill the tiniest pores of the sample; only the truly solid phase of the sample displaces the gas. Using a mass measurement, along with the true solid volume, the solid density can then be calculated accurately. More detailed information on gas pycnometers can be found in a paper by Tamari [30].

The SSD density and water absorption were determined for the various sands (except for the limestone fines) only for the 63 µm to 125 µm size fraction by the “pycnometer method for aggregate particles between 0.063 mm and 4 mm” according to EN 1097-6 [31].

2.2.4 Particle shape
Two different methods for particle shape determination were explored.  Dynamic Image Analysis (DIA) [20] was used on all seven fillers listed in Table 1.  X-ray microcomputed tomography (µCT) combined with spherical harmonic analysis [21-22] was applied to two of the filler samples: Årdal (natural) and Limestone.

DIA (Dynamic Image Analysis)
The DIA technique approach used AnaTec’s Fine Particle Analyser (FPA) equipment [20]. A filler sample is put into a feeding funnel after which it is dispersed by compressed air and 2-D images (see Figure 1) of the free falling particles are taken by a high-speed camera. The 2-D filler particle projections can then be analysed by using image analysis software provided by the equipment producer to compute a wide range of statistical and geometrical parameters. Particle size was described by parameters such as the equivalent area circle diameter (DA = diameter of a circle with an area equal to the area of the 2D projection of the particle), the equivalent perimeter circle diameter (DP = diameter of a circle with a perimeter equal to the perimeter of the 2D projection of the particle) and the maximal and minimal Feret diameters xFmax and xFmin, which are defined by the maximum and minimum distance between parallel tangents in a 2-D particle image [23]. The definitions of concepts of the maximum and minimum Feret diameters xFmax and xFmin are illustrated in Figure 2. The corresponding parameter to describe the irregular shape of the particles was then the ratio xFmax/xFmin or the L/T (length/ thickness) ratio as determined from the 2-D projections of the particles. 215 000 to 630 000 particles were analysed for each of the samples, as recorded by the software. The PSD was monitored during the measurement as more and more particles were measured in order to assure that statistical equilibrium was reached before the end of the measurement. Measurement uncertainty for this non-standardised model-method has not been established. This is probably because it is difficult to estimate, since deriving an analytical correlation between the measured 2-D and the actual 3-D shape parameters is not straight forward. In terms of the anticipated resolution of the 2-D projections, the producer of the equipment used has reported it to be sufficient to measure size and shape of particles down to about 1 µm [20].

[image: ]
Fig. 1: Screen-shot from AnaTec’s image analysis software: displaying the captured 2-D shape for some of the Hokksund crushed filler particles with maximal Feret diameter xFmax in the range of 100 µm to 125 µm.
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Fig. 2: 2-D size parameters – maximum (xFmax) and minimum (xFmin) Feret diameters.

X-ray µCT combined with spherical harmonic analysis
Complete description of the method can be found in [21-22, 32-33], where it has been applied for coarse aggregate particles of nominal size 12.7 mm to 19 mm [33] at a voxel size of approximately 70 µm and crushed aggregate fines passing the #200 ASTM sieve (75 µm rectangular mesh opening) [22] at a voxel size of 4 µm. μCT is similar to regular CT in that images of slices of a specimen can be obtained and processed to yield complete 3-D renderings of the sample’s microstructure [21]. In this case, the 0 µm to 125 µm crushed fines were first mechanically sieved on a 20 µm sieve and then each of the obtained size fractions (0 µm to 20 µm and 20 µm to 125 µm) was mixed with epoxy at 5 % volume concentration, sucked into plastic tubes of a 3 mm outer diameter using a small vacuum pump, and then cured under rotation to avoid particle-epoxy segregation. The separation at 20 µm was done to make the image processing easier by partially eliminating smaller, unresolved particles that would not be resolved by the μCT, which would tend to reduce the contrast between particles and matrix. The mass ratio between the separated fractions was registered and used later to recombine the different results into a single group for reporting purposes. After hardening, the samples were scanned using μCT equipment and complete, within the limitation of the voxel size used, three-dimensional renderings of particle size and shape were obtained for almost all the particles scanned. A few percent of those scanned were automatically eliminated by error-correcting software, usually because of touching particles that were interpreted as multi-particles. The μCT data presented here were collected by a benchtop scanner (Skyscan 1172 by Bruker), used for the 20 µm to 125 µm size fractions, and by an Xradia Versa instrument (Carl Zeiss X-ray Microscopy) for the 0 µm to 20 µm size fractions. The image size, pixel size, and number of analysed particles are listed in Table 3. The resulting 3-D image, made by stacking the many 2-D images of the sample, is a gray-scale image that needs to be segmented to produce the final 3-D image. In the segmented 3-D image, details below the voxel size have been lost, and it is possible that the volume of the particles in the image could be a little smaller or a little larger than reality, due to the choice of threshold used in the segmentation process. However, for larger particles whose volumes could be easily experimentally measured, this technique did give an accurate value (1 % to 2 % uncertainty) of particle volume [33]. Further on, the spherical harmonic functions [32] were generated using the μCT data for each of the analysed particles. By using those functions one can compute any geometric quantity of the particle which can be defined by integrals over the volume or over the surface or any other algorithm using points on the particle surface or within the particle volume, since the spherical harmonic approach gives an analytical, differentiable mathematical form for the surface [32, 34-35]. For example, to describe an average particle shell paper “size” we used the volume equivalent sphere diameter (VESD), which is the diameter of a sphere with the same volume as a given particle.  To give a measure of particle shape, the length (L), width (W), and thickness (T) can be defined (ASTM 4791 [36]). These are also quite similar to the set of three orthogonal distances used in sedimentary geology [34, 37]. L is defined as the longest surface-surface distance on the particle, W is defined similarly, but it must be perpendicular to L, and T is the longest surface-surface distance that is also perpendicular to both L and W [33]. The two independent aspect ratios, L/T and L/W, are then an estimate of the average aspect ratio of a particle, since L, W, and T define a rectangular box that just encloses the particle. The value of L/T is used in this paper to compare with the DIA value defined above.
		
Table 3: µCT and spherical harmonic analysis – image size, pixel size and number of analysed particles.
	Filler type and fraction
	Årdal (natural)
 20-125 µm
	Limestone 
20-125 µm
	Årdal (natural) 
0-20 µm
	Limestone 
0-20 µm

	Pixel size used for the µCT scanning [µm]
	0.94
	1.20
	0.36
	0.36

	Image size [px]
	4000 x 4000
	3100 x 3100
	1000 x 1000
	1000 x 1000

	Number of particles analysed
	35 769
	250 396
	5657
	5269




3. RESULTS AND DISCUSSION
3.1 Scanning electron microscopy (SEM) and specific surface
Some selected micrographs of all the fillers are given in Figure 3. Results of the specific surface area measurements are provided in Table 4. Table 4 also includes determined densities (both dry and SSD) and water absorption values which are discussed in the next section.

Based on the limited qualitative observations of surface morphologies illustrated in Figure 3, it is clear that the large variation in the composition of natural rocks found using thin sections prevails also among random selected particles of the seven powders. As can be seen from the secondary electron images in Figure 3, the morphologies vary widely, though the Årdal (crushed/ washed) filler particles seem to be clearly more angular than the Årdal (natural) or (crushed/ washed) material. In the Årdal (natural) particles, the surfaces should be more weathered, presumably corresponding to higher specific surface measured with BET, though not detectable with water absorption (Table 4). However, compared to the fresh looking, solid surface of Hokksund this impression was not the case as these apparently non-porous surfaces had even higher BET specific surfaces areas. The presence of minerals like mica (12% according to XRD results in Table 1), with nano-sized layers that are not visible in SEM and the reported (see Section 2.1) high concentration of free mica grains in the coarser fractions of Hokksund aggregate (anticipated to hold also in the filler part), are a possible reason for the high measured specific surface area.

[image: ]
Fig. 3: Some selected SEM micrographs of the tested fillers; (a) Årdal natural; (b) Årdal (crushed/ unwashed); (c) Årdal (crushed/ washed); (d) Tau; (e) Jelsa; (f) Limestone; (g)-(h) Hokksund.

Table 4: Determined dry and SSD densities, water absorption and specific surface values of the fillers.
	No
	Quarry/ type
	Dry density
	SSD density
	Water abs.
	Tested fraction
	Specific surface area

	
	
	AccuPyc 
1330 helium pycnometer 
	EN 1097-6:2002 [31]
	Blaine
	BET
	Laser diffraction* (LSD)
	Sedimentation* (SediGraph)
	Ratio of BET/ LSD
	Ratio of BET/ SediGraph

	
	
	[g/cm3]
	[g/cm3]
	[%]
	[mm]
	[m2/kg]
	[1]
	[1]

	1
	Årdal (natural)
	2.710
	2.670
	0.3
	0/8
	131
	2140
	144
	141
	15
	15

	2
	Årdal (crushed/ unwashed)
	2.720
	2.670
	0.3
	0/8
	166
	1600
	153
	166
	10
	10

	3
	Årdal (crushed/ washed)
	2.730
	2.670
	0.3
	0/8
	65
	870
	93
	66
	9
	13

	4
	Tau
	2.790
	2.750
	0.3
	0/2
	230
	1750
	225
	225
	8
	8

	5
	Jelsa
	2.810
	2.750
	0.3
	0/2
	310
	1520
	192
	302
	8
	5

	6
	Hokksund 
	2.860
	2.860
	0.2
	0/2
	226
	3760
	361
	243
	10
	15

	7
	Limestone (Norcem)
	2.740 
	-
	-
	-
	413
	1170
	470
	350
	2
	3

	* The specific surface area was calculated from the PSD results as described in Section 2.2.1.



More thorough discussion on the specific surface area values obtained from the BET, sedimentation and laser diffraction results can be found in Sections 3.2 and 3.3.

3.2 Density and water absorption
The measured densities (both dry and SSD) and water absorption values are reported in Table 4.

So far there is no widely accepted standard test method that can be used to determine the water absorption of mineral aggregate fillers. As a result, in Norway the water absorption values obtained from the 0.063 mm to 0.125 mm size fraction of a particular filler are used for concrete proportioning needs. The CEN standard that is used for this purpose is EN 1097-6 [31]. According to the EN 1097-6 [31], the uncertainties for the measurements of SSD density and water absorption depends on the pycnometer calibration, the choice of liquid used and the type of material tested. Based on cross-testing results [31] for normal weight aggregates (density of about 2.7 g/cm3), the precision of the two methods has been estimated to be in the range of 0.035 g/cm3 (repeatability) and 0.070 g/cm3 (reproducibility) for SSD density measurements and 0.5% (repeatability) and 1.2 % (reproducibility) for water absorption measurements. For the apparent dry density measurements with a gas pycnometer, the detectable differences in density have been estimated [30] to be in the order of 0.2 % or 0.0054 g/cm3 for a target value of 2.7 g/m3.

Two contradictory ideas regarding the anticipated values of water absorption of crushed filler (fines), in relation to that of the larger particles from which they have been crushed, have been suggested, as illustrated in Figure 4. In the first opinion, it has been proposed [38] that since the specific surface area of a fine aggregate is normally significantly higher compared to a coarser aggregate originating from the same source, the water absorption of the fines should be still higher. This is because a larger fraction of the absorbed water would be surface adsorbed, due to the higher surface area, and the relative share of open porosity is assumed to increase with decreasing particle size, because the larger surface area and smaller size means that more of the internal pores should connect to the particle surface. This argument is illustrated by comparing Figure 4B to Figure 4A. The theoretical SSD density (ρSSD) of adsorption is based on two kinds of adsorbed waters: pore filling water, usually termed absorption with the water assumed to have a normal density = 1 g/cm3, and exterior or surface adsorption of water via a thin film, which is usually termed adsorption and density for this surface thin film of water is assumed to be greater than 1 g/cm3. The resulting equation is then:

	
	(1)



[image: ]
Fig. 4: Two possible cases of water absorption (WA) of crushed aggregate fillers; A = initial sand particle above the filler size before crushing; B = random breakage of a particle corresponding to the first WA case; C = “weakest plane” breakage of a particle corresponding to the second WA case.

If all the adsorbed water is inside the filler grains (i.e., in the pore volume) then the SSD density increases with both absorption and adsorption, depending on particle pore volume and density of the adsorbate. It is also possible that adsorption can reduce the SSD density of a very small grain if the external volume increase of the adsorbed layers contributes more than extra mass of the adsorption within the grain. The reduced SSD density then depends on the density of the adsorbed water and the amount adsorbed. However, for most of the filler particles the effect of external surface adsorption on SSD density should be negligible since the adsorbed layers are few (assuming no capillary condensation between particles). If water menisci form between grains due to capillary condensation during the measurement of water absorption with the EN 1097-6 [31] “standing sand cone test”, the amount of adsorbed water held by bulk filler could possibly be much larger, contributing to an inaccurate SSD density. However, the Kelvin equation suggests [39] that only filler particles in the size range below 0.2 μm would tend to stick together due to the capillary condensation, so this effect is presumably negligible given the low amount of such particles in the fillers studied in this paper. It is also important to remember that the detectable differences in density with gas pycnometer are on the order of 0.2 % [30] and that gas pycnometry only operates on dry materials. It is therefore difficult to observe the difference between pore- and surface adsorbed water on aggregates, though a new attempt was recently made with impedance spectroscopy [40].

The other opinion on the water absorption of crushed fines [41] suggests that when the aggregate particle size is considerably reduced, down from the maximum grain size of coarse aggregate, about 22 mm, to the sand and filler sizes, the porosity of the aggregate should also be reduced. This is because when a particle is crushed the fracture surface would follow the weakest points/ planes, which occur in the particle pores. This concept is illustrated by the contrast between Figure 4C and Figure 4A.  Thus, the total porosity of a small particle should be lower than for a bigger one. However, even if this phenomenon was measurable, the specific surface area of the sand would still be considerably higher than that of the coarse particles, due to size alone, so that there would still be much more surface area that is open to water penetration than for the same volume of coarse aggregate.

Based on the above discussion, it is actually rather hard to experimentally support one or the other idea about where in the filler the water absorbed in the EN 1097-test [31] is held. However, the question of water absorption is still important: in a filler-rich Swedish or Baltic SCC mix, the total fines (particles less than 125 µm in size) content can easily reach up to 250 kg/m3, which in turn means that a water absorption variation of 2 % would mean reduction of the free water content by 5 l/m3. If a w/c ratio of 0.5 is used as a concrete durability design parameter those 5 l/m3 of extra water would normally allow reducing the cement content of the mix by 10 kg/m3. This means a possibility of saving 1 metric ton of cement for each 100 m3 of filler-rich SCC produced, which is a significant number economically and environmentally.

SEM micrographs presented in Figure 3 give an impression of the varying surface morphologies of the different materials, but cannot explain the differences in the BET observations since the latter seem to reflect mineral differences on a nanometer scale. Looking at the different densities in Table 4, it is clear that the SSD density is lower than the density measured by helium pycnometry for all the materials. This is probably due to the fact that helium in the pycnometer is accessing pores where water cannot enter so that helium pycnometry is determining a lower solid volume than water.  Thus, the SSD density can’t be directly compared to the values obtained by the gas pycnometer.

An effort to use the SSD density value to calculate apparent dry density could give some idea about the open pore structure of the samples. Two different cases for the internal pores are used in this analysis. In the first case, as illustrated by Figure 5a, we assume that the volume fraction of larger, open pores of the filler (e.g., mineral grain boundaries, cracks) is high enough to contain most of the absorbed water in a bulk state (i.e., having a density of approximately 1 g/cm3 at 20 oC).

[image: ]
Figure 5: SSD condition of a filler particle; (a) water in the open pores mostly in a bulk state [42]; (b) water in the open pores mostly in a surface adsorbed state (modified from [42]).

The apparent dry density can then be calculated from the SSD density and water absorption measurement results by using the following equation:

	
	(2)



where ρdry, ρSSD = apparent dry and SSD densities of the particles and WA = water absorption of the particles, in mass percent.

On the other hand, water in the pores of the fine particles can be in the surface adsorbed state if we assume that the pore sizes are very small. This case is illustrated by Figure 5b. To calculate the apparent dry density from the SSD density and water absorption measurements in this case, some assumptions regarding the density of the water in the surface adsorbed state must be made. Starting from bulk liquid water and going to the surface adsorbed state, density varies since there is more “order” in surface adsorbed than in normal liquid water [43]. This can also be described by reduced entropy of adsorbed water [44]. No data for adsorbed water density values are available for the mineral fillers used in this study. However, some limited previous research has been carried out for clay minerals. Martin [43] has used the data by De Wit and Arens [45] to calculate the density of the surface adsorbed water for montmorillonite, kaolinite and illite. The density of the adsorbed water, ρAW, varies considerably with the clay mineral type and water content expressed in terms of relative humidity (RH). However, from the provided data [45], an average value for all the three mineral types at RH = 75 % is estimated to be ρAW = 1.14 g/cm3. Using this value, the apparent dry density can then be calculated according to the following equation where Equation 2 has been corrected for the density of the adsorbed water. Results are presented in Table 5.

	
	(3)



Table 5: Results of apparent dry density calculations of the fillers.
	No
	Quarry/ type
	Specific weight of fillers
	SSD density
	Water abs.
	Apparent dry density*
	Apparent dry density**
	Tested fraction

	
	
	AccuPyc 1330 helium pyknometer 
	EN 1097-6:2002 [31]

	
	
	[g/cm3]
	[g/cm3]
	[%]
	[g/cm3]
	[g/cm3]
	[mm]

	1
	Årdal (natural)
	2.710
	2.670
	0.3
	2.683
	2.681
	0/8

	2
	Årdal (crushed/ unwashed)
	2.720
	2.670
	0.3
	2.683
	2.681
	0/8

	3
	Årdal (crushed/ washed)
	2.730
	2.670
	0.3
	2.683
	2.681
	0/8

	4
	Tau
	2.790
	2.750
	0.3
	2.765
	2.762
	0/2

	5
	Jelsa
	2.810
	2.750
	0.3
	2.765
	2.762
	0/2

	6
	Hokksund
	2.860
	2.860
	0.2
	2.871
	2.869
	0/2

	7
	Limestone (Norcem)
	2.740
	-
	-
	-
	-
	-

	* Assuming that the water is in bulk liquid state (density 1 g/cm3).
** Assuming that the water is in adsorbed state (density 1.14 g/cm3).



As can be seen from Table 5, differences between the calculated apparent dry densities for the two pore size cases are on the order of 2 kg/m3 to 3 kg/m3. However, we must also remember the rather rough assumptions used to determine the density of the adsorbed water. To further distinguish between the two pore size assumptions, we can calculate the total porosity of the samples from the water absorption values and divide the porosity values by the inner specific surface area of the corresponding sample. The results of the division would give us an average thickness of the adsorbed water layer, assuming that the pore system of the aggregate filler particles consists of very narrow slits. The next paragraph describes how to get an estimate of the inner specific surface area of the particles.

Specific surface area measurements by the BET method are three to fifteen times higher than the corresponding results obtained by either laser diffraction or SediGraph (Table 4). This is because contrary to the other specific surface determination methods used, BET is the only method that measures the “true surface area” of the fillers (i.e., both the internal and the external surface area of a material) [24]. Thus, to obtain the inner surface area of the pore system, it is necessary to subtract the specific surface area determined by the SediGraph or laser diffraction from the BET “true surface area”. Since laser diffraction and SediGraph values are of approximately the same magnitude (Table 4) the latter were chosen, since there are fewer assumptions involved in measurements based on Stokes' law. The Blaine method results were not considered since this method is believed to be more indirect and too simplified compared to the laser diffraction and SediGraph methods. Results of the average water thickness calculations in the monosized-slit pores of the filler particles are presented in Table 6. A bulk water density of 1 g/cm3 has been used for the calculations.

Table 6: Results of the average water layer thickness calculations if a monosized-slit pore system is assumed.
	No
	Quarry/ type
	Dry density of fines
	SSD density
	Water abs.
	Volume of water in pores
	Average water layer thickness in monosized-slit pores
	Specific surface area

	
	
	AccuPyc 1330 helium pycnometer 
	NS-EN 1097-6:2002
	
	BET
	Micrometrics SediGraph 5100*
	Ratio of BET/ SediGraph
	Inner surface

	
	
	[g/cm3]
	[g/cm3]
	[%]
	[10-6 ·m3/kg]
	[nm]
	[m2/kg]
	[1]
	[m2/kg]

	1
	Årdal (natural)
	2.710
	2.670
	0.3
	2.99
	1.5
	2140
	141
	15
	1999

	2
	Årdal (crushed/ unwashed)
	2.720
	2.670
	0.3
	2.99
	2.1
	1600
	166
	10
	1434

	3
	Årdal (crushed/ washed)
	2.730
	2.670
	0.3
	2.99
	3.7
	870
	66
	13
	804

	4
	Tau 
	2.790
	2.750
	0.3
	2.99
	2.0
	1750
	225
	8
	1525

	5
	Jelsa
	2.810
	2.750
	0.3
	2.99
	2.5
	1520
	302
	5
	1218

	6
	Hokksund
	2.860
	2.860
	0.2
	1.99
	0.6
	3760
	243
	15
	3517

	7
	Limestone (Norcem)
	2.740
	-
	-
	-
	-
	1170
	350
	3
	820

	* The specific surface area was calculated from the PSD results as described in Section 2.2.1.



As can be seen from the data presented in Table 6, under these assumptions the average thickness of water in the pores of the filler particles is very small, from 0.6 nm to 3.7 nm. The mean van der Waals diameter of the water (H2O) molecule has been suggested to be about 0.282 nm by Franks [46]. This means that, on average, less than four water molecule layers will be adsorbed on the surfaces of the monosized-slit pores (Figure 6). Thus, water must be in the adsorbed state with density higher than 1 g/cm3. The van der Waals diameter of nitrogen (N2) molecules has been reported to be slightly larger – in the order of 0.314 nm according to Murphy [47]. In addition, water molecules also have larger affinity forces (attraction) due to their polar covalent bonds (Figure 6).  Thus the nitrogen molecules, which were used to determine the BET specific surface, might not be able to access pores of the same fineness as the water molecules. No data on specific surface area determination of aggregate fillers by using water vapour is available. However, due to the differences mentioned above, BET surface area of hydrated cement paste found from nitrogen isotherms are always smaller than those obtained by water isotherms [12]. Some authors have thus suggested [14] that using water vapor to determine the specific surface of mineral fillers is probably closer to real conditions in concrete production than using nitrogen gas. In the light of the discussions regarding the pore structure of the fillers, using water vapour molecules instead of nitrogen would most likely mean higher BET specific surface area values. Thus the average water layer thickness in Table 6 would be even lower, and would still show that water in the pores of the mineral fillers is mainly held in the surface adsorbed state.

[image: ]
Figure 6: A polar water (H2O) molecule versus a non-polar nitrogen molecule (N2) (modified from [14]) and surface adsorbed water on the walls of an average monosized-slit pore of the fillers.

According to data in Table 6, limestone filler has the lowest inner surface area while Hokksund filler has the highest. If we again consider the SEM micrographs of all the fillers in Figure 3, it is evident that limestone filler has a smooth surface with no visible mineral grain boundaries or cracks, while Tau and Jelsa have rather rough, “spongy” surfaces with visible porosity of approximately 1 µm in size. It should be noted that in contrast to all the other fillers, the limestone fines were obtained from a sedimentary deposit while the others came from igneous and/ or metamorphic rocks (see Table 1). However, when looking at the Hokksund filler particles there are no indications of a high inner surface area. The same observation is true for the natural filler from Årdal (Figure 3a), which has a smooth surface but the second largest inner surface area (Table 6). 

One of the explanations of the difference between the visual observations and the measured values might lie in the mineralogical composition of the tested fines, at least for the Hokksund filler. As mentioned in Section 2.1, the material from Hokksund is known to incorporate a considerable amount of very flaky free mica particles when compared to the other samples. The selected SEM micrographs in Figure 3g and 3h could presumably show sheet-like mica minerals on top of each other but no porous boundaries between them are visible. However, nanometer-scale features cannot be resolved by these SEM micrographs at the chosen magnification level. The results in Table 6 would indicate that the N2 adsorption of the Hokksund filler could be due to surface adsorption in the very fine pores at the boundary between the mica mineral layers. On the other hand, when analysing performance of crushed fillers in fresh concrete, one would like to get an idea about the properties of the external surface. Thus, using the BET specific surface value for evaluating the performance of crushed fines in concrete would only make sense for particles of a similar mineralogy. Further on, one could also observe the rather high determined inner surface  (Table 6) of the Årdal (natural) filler compared to the two crushed ones, i.e. Årdal (crushed/ unwashed) and Årdal (crushed/ washed). While this is not clear from the SEM micrographs in Figure 3, it could be that the surface of the natural sand filler is more porous due to exposure to weathering. 

3.3 Particle shape
The particle shape (L/T ratio) results, as obtained by the DIA method for all filler samples are shown in Figure 7 as the mean value for a certain number of size ranges (bins). A few particles of each of the fillers had a size larger than 150 µm, in terms of the equal area circle diameter (DA). These particles have not been included due to lack of statistical representation. The data obtained have been treated further as presented in Table 7, where the weighted averages (both volume and number-based) of L/T have been calculated for all of the samples. This was done to explore the possibility of only having one shape parameter, either volume-based or number-based, which both adequately characterizes the filler particles and successfully predicts their performance in concrete. Unfortunately, the answer to the question whether a number-based or volume-based value would be better for this purpose is not straightforward. However, it is clear from the data in Table 7 that if the registered shape has a higher value of L/T in the very fine range of the fillers, this would then have a considerable impact on a number-weighted average single-parameter shape value, since there are so many very small particles.
[image: ]
Fig. 7: Average L/T ratio of filler fractions as determined by DIA; x-axis corresponds to the equal area circle diameter (DA) of the median size of a bin.

Table 7: Weighted average L/T ratios of the filler particles, as measured by the DIA method.
	No
	Quarry/ type
	Volume-weighted average L/T ratio
	Number-weighted average L/T ratio
	Ratio volume-/ number-based average values

	
	
	
	
	

	1
	Årdal (natural)
	1.5
	2.0
	1.3

	2
	Årdal (crushed/ unwashed)
	1.4
	1.4
	1.0

	3
	Årdal (crushed/ washed)
	1.4
	1.4
	1.0

	4
	Tau
	1.4
	1.4
	1.0

	5
	Jelsa
	1.4
	1.4
	1.0

	6
	Hokksund
	1.6
	2.0
	1.3

	7
	Limestone (Norcem)
	1.4
	1.4
	1.0



Figure 8 shows some examples of 3-D images (created with Virtual Reality Modelling Language, VRML) of particle shapes of Årdal (natural) and Limestone fillers based on the spherical harmonic method of approximating the shape [22, 32]. The particles are of a comparable size range to the SEM images in Figure 3 (finding exactly the same filler particles and showing them both by SEM and µCT is of course not possible), however, this comparison has been done for coarse aggregate particles [33]). Figure 9 shows the L/T ratios measured with CT plotted in a similar way as for the results obtained by the DIA method in Figure 7, i.e. by plotting mean shape values for certain size ranges (bins). In this case, volume equivalent spherical diameter (VESD) has been chosen as the size parameter for the median size of a bin, compared to the area equivalent circle diameter (DA) used for the DIA method results in Figure 7. For a perfect sphere, the volume based size parameter (VESD) would give exactly the same value as by applying the 2-D size parameter (DA) to any of the projections, so we find this comparison appropriate. It is, however, clear from Figures 7-9 that the analysed filler samples consist of particles considerably differing from an ideal spherical shape.

[image: ]
Figure 8: 3-D VRML images of random particles from the two studied fillers based on the results from µCT scanning and spherical harmonic analysis; (a), (b) Årdal (natural) filler particles of VESD of about 17 µm and 77 µm and L/T ratios of 1.67 and 4.60, accordingly; (c), (d) Limestone filler particles of VESDs of about 13.5 µm and 33 µm and L/T ratios of 1.36 and 3.42, accordingly.

[image: ]
Figure 9: Average L/T ratio of filler fractions as determined by µCT scanning and spherical harmonic analysis, x-axis corresponds to the VESD of the median size of a bin.

An interesting observation that can be made from the results on Figures 7 and 9 is that for almost the entire size range of the fillers, the grains possess surprisingly similar shape characteristics when a large enough number of particles are analysed. Perhaps using a single shape parameter, as computed in Table 7, might indeed be adequate to characterize the filler shape over a wide size range. This single parameter might then be able to predict its performance in concrete. 

In relative terms, the L/T values obtained by the two methods (Figures 7 and 9) show the same trend, ranking the shape of the Limestone filler as considerably more equi-axed than the shape of the Årdal (natural) filler. However, when comparing the absolute L/T ratio values obtained by the two methods, it can be seen that the results obtained by the DIA method (Figure 7) are lower by some 0.6-0.8 units than the ones from the µCT analysis (Figure 9). This is due to several reasons. The first reason is that in the DIA method, the maximum Feret diameter is not the same as L and in fact must be less than or equal to L, since L is maximized over all the 3-D particle surface and the DIA method only uses a limited number of 2-D projections. This would tend to decrease the L/T ratio computed in 2-D. The second reason follows from the definitions of the width W and the thickness T. In 3-D, W is defined followed by the thickness, T, with L≥ W ≥ T. Both W and T are maximum dimensions, subject to the constraint that they are perpendicular to each other and to L, while the minimum Feret diameter is just that, a minimum, without the constraint of perpendicularity and found by a different algorithm. It is possible that the minimum Feret diameter is similar to W, since the 2-D algorithm does not look over the entire surface of the 3-D particle, so that the ratio of the maximum and minimum Feret diameters is comparable to the L/W ratio of the 3-D method, not the value of L/T. To check this, we plot Figure 10, which is similar to Figure 9 except that the L/W ratio, as determined by µCT and spherical harmonic analysis, is plotted. A further comparison can be made by determining the volume-weighted average L/T ratios and L/W ratios from the µCT analysis results:

· for Årdal (natural) sample average L/T = 2.24 and average L/W = 1.43;
· for Limestone average L/T = 1.95 and average L/W = 1.36.
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Figure 10: Average L/W ratio of filler fractions as determined by µCT scanning and spherical harmonic analysis, x-axis corresponds to the VESD of the median size of a bin.

The average L/W ratios for these two fillers are very close to the L/T ratios as determined with the DIA method (see Table 7), which provides support for our above conjecture. Note that the relative difference between the two samples, in terms of volume weighted average L/T ratios, is 0.29 units while it is only 0.06 units when L/W is used as a shape parameter. For practical use to distinguish different particle kinds, the L/T ratio is more useful but the L/W ratio is close to the DIA results. For random shape particles, which are not particularly prolate or oblate, L/W probably ranks particles in the same order as does L/T. However, if particles tend to be flattened, then L and W will be more nearly equal, so that L W > T. Therefore, the values of L/W will not necessarily track the values of L/T, so that the ratio of the maximum to minimum Feret diameters will not give a reasonable measure of L/T. This might be problematic for industrial applications and day-to-day quality control within the aggregate production industry, where the DIA method is increasingly popular for shape measurements due to its simplicity of execution and rapid testing times. The connection, if any, between the ratio of the maximum and minimum Feret diameters and true 3-D quantities should be explored further before greater widespread use of DIA in the concrete and aggregates industry. A careful comparison has been made for near-spherical glass beads used in pavement marking paint, where different 2-D length parameters were computed in the optical scanning results [48- 49]. Since there is a range of parameters that can be computed, perhaps an optimization is possible so that 2-D quantities can be closer to true 3-D quantities.

3.4 Particle size distribution (PSD)
Results of the PSD determination by wet-method laser diffraction and sedimentation methods are given in Figure 11 in terms of the cumulative mass fraction. The results indicate that the results of the two methods closely match each other, both in terms of absolute values and relative ranking of different types of fillers. The observed differences probably are caused by the measurement uncertainties for the two methods as well as by the different assumptions and physical processes inherent in the two methods.

Hackley et al. [50] have identified the possible sources of errors that significantly influence the determination of PSD in a similar powder (cement) by laser diffraction. According to them [50], the most significant influence on variability of PSD measurements, potentially, is the state of dispersion of the powder prior to analysis by laser diffraction. The dispersion efficiency will depend on factors such as solids concentration, choice of dispersion medium, and the application of chemical and/or mechanical de-agglomeration methods. Another potentially significant source of error is suggested to originate from the conversion of the measured optical spectrum to a PSD, a process that requires input of optical constants of the solid phase when the Mie model is applied (i.e., for particles below about 25 µm of spherical diameter) [50]. This includes real (n) and imaginary (k) components of the refractive index, m = n + ik [50]. Values of the real part (n) of the refractive indices for all of the minerals found in the tested fillers are reported in the literature [51]. But almost no suggestions exist for the imaginary (k) part, which takes into account the light absorption properties of the particles and will vary from 0 for transparent to 1 for completely absorbing particles [50]. On average, the real part (n) of the refractive index for the main minerals of the tested fillers is about 1.6, with a very limited variation. Hackley et al. [50] have then found from systematic tests on cement that the effect of varying the imaginary component (k) in the range of 0 to 1.0 can have an effect of about 1.0 % on absolute differential volumes registered at a particular particle size. The choice of k-value was found to have the most pronounced effect on the PSD of the ultrafine fractions (below about 1 µm diameter).

In case of the SediGraph, the main sources of uncertainty are dispersion of the sample prior to analysis, limited time of experiment as compared to the speed of sinking of very small particles, and assuming spherical particle shape [23, 50]. The standard test-setup of the SediGraph runs for only about 5 minutes while a simple Stokes' law calculation at a dispersant viscosity of 0.001 Pa shows that the sinking speeds of spheres with a density of 2.7 g/cm3 would be only 1 mm/h for particles with a 0.54 µm diameter and 0.01 mm/h for particles with a 0.17 µm diameter. This means that particles below a certain size range will not be detected at all or will be detected and registered as coarser, depending on the data treatment. The magnitude and character of the uncertainties produced by shape factors in Stokes' law estimates of particle diameter has been experimentally studied by Kunkel [52]. He found that all shapes sink more slowly than spheres of the same volume and suggested that the true size and mass will, therefore, always be larger than the estimates calculated by means of Stokes' law. For shapes of extreme dimensions (very oblate or prolate) the error introduced exceeded 50 %. For more equi-axed shapes, the error was of the order of 20 % or less.
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Figure 11: PSD of the fillers determined with- (a) wet-method laser diffraction and (b) SediGraph; PSD of the coarsest (Årdal (crushed/ washed)) and finest (Limestone) fillers as determined by wet-method laser diffraction and SediGraph- (c) for the whole size range; (d) for only the size range of 1 µm to10 µm.

To allow for a better comparison between the two PSD methods, the coarsest and the finest curves from Figures 11a and 11b have been plotted in the same coordinate system in Figure 11c for the whole analysed size range (up to 125 µm) and then only for the size range up to 10 µm in Figure 11d. The results in the latter figure indicate that in the size range below some 3 µm to 5 µm, the grading curves obtained by the sedimentation tend to be nearly flat. This is, however, not surprising at all since, as mentioned, the particle movement in water for such small particles becomes very slow according to Stokes’ law and the test may not have waited long enough for the small particles to settle. This discrepancy between the laser diffraction and SediGraph results is minor when the full grading curves are compared (Figures 11a to 11c). However, in some cases it seems to play an important role if the PSD results are used to estimate the specific surface area by assuming some sort of regular particle shape. Such results (Table 4) for both of the methods have been plotted against each other in Figure 12. As can be seen from the plot, four of the values show a good relation between the specific surface areas estimated by both methods, while three fall out from a 1:1 linear relationship. These are the Jelsa fines, which had a larger specific surface area as measured by the SediGraph, and the Limestone and Hokksund fines, where smaller specific surface areas have been obtained from the SediGraph PSD data, as compared to laser diffraction. To elucidate the reasons for this discrepancy, differential plots of the percentage of the specific surface area, from a total of 100 %, held in each of the bins used for the calculation (Table 2) are presented in Figure 13. These results reveal that even though the absolute values of the specific surface areas are varying within rather wide boundaries (Table 4), the differential distribution among the size ranges (bins) is surprisingly similar. Further on, it is also clear that nearly 90 % of the specific surface area is concentrated in the size range below 20 µm and more than 50 % below 5 µm. The causes for the discrepancy between the laser diffraction and SediGraph results (Figure 12) then become obvious from the differential plots. They apparently originate from particles in the size range below 0.5 µm, as registered by the laser diffraction method. If the amount of those is higher, this unavoidably leads to a considerable increase in the registered specific surface area (Figure 13b), even though in terms of the volume of those particles the difference between the two samples is very small (Figure 11). If the results of Figures 12 and 13b are compared, it is clear that the higher specific surface area values determined by laser diffraction correspond to the two higher peaks of Limestone and Hokksund fillers for the smallest bin size. On the other hand, the Jelsa filler has no particles registered in this bin by the laser diffraction method, which explains why the registered specific surface area is lower than that measured by the sedimentation method (Figure 12).
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Figure 12: Correlation between specific surface values of the fillers as determined by sedimentation (SG PSD) and wet-method laser diffraction (LSD PSD).

[image: ]
Figure 13: Differential % distribution of the specific surface within the bins used to determine the total specific surface (100 %) from 0 µm to 125 µm PSD results; (a) sedimentation results; (b) wet-methods laser diffraction results.

The possibilities of using the DIA method for PSD determination have also been explored. A recent paper does this also for nearly-spherical glass beads [48]. Figure 14 shows PSDs of the fillers determined by using equal area circle diameter (DA) as the size parameter. If the results are compared to those obtained by the laser diffraction and sedimentation methods (Figure 11), it is obvious that very limited amount of particles below some 30 µm have been registered. From the principles of measurement, it seems that this might be an issue of the resolution of the high speed camera used.

[image: ]
Figure 14: PSD of the filler samples as determined by the DIA method using equal area diameter (DA) as the size parameter.

The measurement results, as obtained from the DIA method, can be used to demonstrate another PSD determination uncertainty when describing an irregular aggregate filler particle with a single size parameter. In Figure 15, four different shape parameters have been used to construct PSD curves for the two fillers with the most and least equi-axed particle shape (Table 7), Limestone and Hokksund, respectively. As expected, the results show that as the particle shape gets less equi-axed, the selected size parameter has a greater impact on the appearance of the grading curve. Note that all four size parameters used (Figure 15) should give exactly the same PSD for a sample consisting of perfect spheres. 
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Figure 15: PSD of two of the filler samples as determined by the DIA method using different size parameters; (a) results for Hokksund filler (expected to be the less equi-axed particle shape); (b) Limestone filler (expected to be the most equi-axed particle shape).

Finally, the PSD results, as obtained from the µCT and spherical harmonic analysis, are presented in Figure 16 in a comparison with the corresponding laser diffraction curves. Registered particles down to the volume of 8 x 8 x 8 = 512 voxels have been reported in the plot. This is since particles of a lower volume were not included in the spherical harmonic analysis to determine the particle shape. At the used image pixel size of 0.36 µm, this means that the results do not include any particles of a volume equivalent spherical diameter (VESD) lower than about 3.6 µm. Then it is obvious why the µCT results in Figure 16a show a discrepancy from the laser diffraction PSDs. However, if the laser diffraction results are normalised to include only particles larger than about 5 µm, the obtained PSD results are in good agreement. There is also a good comparison with the SediGraph results, since they agreed well with the laser diffraction results (compare Figure 16b to Figure 11). A similar study, comparing laser diffraction and µCT results, was done for a different group of mineral fines [22].
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Figure 16: PSD of Limestone and Årdal (natural) fillers determined with µCT and laser diffraction- (a) initial results; (b) normalised to the resolution of µCT.


4. CONCLUSIONS

All of the investigated natural and crushed aggregate fillers seem to have extremely fine open porosity that could be accessible to water molecules (on average less than 4 water molecule layers can be adsorbed on the surfaces if the pores are modelled as monosized-slits). This water in the filler particle pore system must therefore be in the surface adsorbed state with density higher than 1 g/cm3 (due to reduced entropy [44]). Moreover, it can be concluded from the results that for the studied Norwegian aggregates, the same water absorption values, as determined by the EN 1097-6 [31] on coarser sand fractions, can be applied also to the corresponding crushed fillers for SCC mix design purposes.

The results of determining the length-to-thickness aspect ratio (L/T ratio) as a shape parameter by the DIA and µCT analysis revealed that in almost the entire size range of the fillers, the grains possess surprisingly similar shape characteristics. In relative terms, the L/T values obtained by the two methods show the same ranking of shapes, however, in absolute terms, values obtained by the DIA method are lower than the ones from the µCT and spherical harmonic analysis. It was found that the DIA results were better comparable to the values of L/W (length-to-width) ratio obtained by the µCT and spherical harmonic analysis. It is possible that different 2-D length computations could results in a 2-D aspect ratio that is more readily comparable with the 3-D L/T ratio.

[bookmark: _GoBack]The specific surface area measurements showed that on the N2 adsorption based BET method results can be strongly affected by the mineralogical composition and weathering of the crushed fines. Thus, even though the possibilities of using the BET specific surfaces as a performance parameter in fresh SCC has been demonstrated for limestone fillers [14], it could not be used when comparing crushed fines of a different mineralogical composition or degree of weathering.

Finally, it has been demonstrated that nearly 90 % of the specific surface area of the samples is concentrated in the size range below about 20 µm and more than 50 % below an approximate size of 5 µm. Thus, when using PSD results to calculate the specific surface area values by assuming some regular shape of the particles, apart from the actual particle shape, it will be the resolution of the measurement method in the size range below 5 µm that will determine the accuracy of the result. From the results in the given study, the laser diffraction method seems to have the highest resolution, i.e. it is the only one able to measure at least an apparent PSD below 3 µm to 5 µm. 
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