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Abstract
Porous lightweight aggregates are frequently used in civil engineering to produce low density concrete.  As individual particles contain air voids (micropores), when evaluating particle assemblies it is necessary to consider both micro- and macro-porosity.  Micro-pores are important when assessing water absorbency as they affect cement-water ratios and can be used to store self-healing admixtures/agents for slow release during curing.   Physical characteristics of 'Lytag' are investigated, namely particle density, porosity, water absorption and dry density.  The apparent particle density, ρa, of Lytag particles at their manufactured size and shape (typically 4 to 14 mm) is about 2.00 t/m3 because of the presence of micropores.  This value increases to a maximum, intrinsic, ρs, value of about 2.62 t/m3 as particle size is progressively reduced through grinding to minimise the effects of micropores.  With apparent and intrinsic density values known, micro- and macro-pore porosity can be established.  Water absorption, measured with time, under negative, atmospheric and elevated pressures, is compared with theoretical values.  The role of capillarity on water absorption is assessed conceptually using the Young-Laplace formulation.  Combined, these characteristics provide insights into the time-dependent absorbency capacity of lightweight porous particles, relevant when used in concrete, filtration beds and backfill.
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1 Introduction
Lightweight aggregates (LWAs), such as the product Lytag, are often used in civil engineering when a low overall concrete density is required (e.g. in shell structures).  They are also often adopted as lightweight backfill materials and within water treatment filtration systems.  Lytag utilises a waste product of coal-fired power stations, pulverised fuel ash (PFA), providing an economic and viable alternative to natural aggregates, thus reducing consumption of natural resources and fulfilling a sustainability remit.  There are other LWA products available, such as Leca and Liapor (Domagała and Bryła, 2021), that have similar properties and characteristics.  Several previous studies have investigated various properties of Lytag and other LWAs.  The idea of using PFA to manufacture LWA is not new, for example Kinniburgh (1956), Hobbs (1959) and Georghiou et al. (1986) discuss its potential.  Swamy and Lambert (1981) focus on the micropore structure of Lytag specifically and its influence on porosity and water absorption, both of which are further investigated in this paper.  They also investigated the bonding between Lytag particles and a surrounding cement matrix, which is not covered here.
Lytag is manufactured by pelletising PFA in pans using controlled amounts of water, to form quasi-spherical particles which are then sintered in a rotary kiln at a temperature of about 1100°C (Lytag, 2017).  Swamy and Lambert (1981) discuss the production of Lytag in detail and draw attention to the fact that the particles have a thin hard outer surface from the firing process.  At this temperature, moisture in the pellets expands and an outer fused ceramic shell forms to produce a hard, honeycombed structure of interconnecting voids.  The resulting Lytag particles are lightweight, porous and have a high resistance to crushing.  Physical characteristics provided by a Lytag supplier in the UK include: specific gravity, Gs, (Gs = ρs / ρw, where ρs and ρw are the density of the solid and water respectively) ranging from 1.3 to 2.2; oven-dry loose bulk density ranging from 0.75 to 0.85 t/m3; and packed (as supplied by the manufacturer) water content of about 15%.  The predominant chemical components of Lytag are oxides of silicon (SiO2 = 53%), aluminium (Al2O3 = 23%), iron (Fe2O3 = 6%) and varying amounts of carbon (Lytag Specialist Aggregate, 2006).
The study reported here was initiated during research by Elhusain (2022) into collapse mechanisms in a loose weakly bonded gravel from Sudan.  The in-situ deposit could not be sampled in an intact state and so a representative analogue soil was developed using Lytag particles which have a similar shape to that of the in-situ gravel.  They also have the benefit of being much lighter, enhancing the formation of a loose gravel-sized particle assembly which was bonded using a kaolin slurry.  While the use of Lytag to investigate soil behaviour motivated this current study, the findings are relevant to the use of Lytag and other porous media in various civil engineering applications.
There are several objectives of the paper, the first relate to the particles themselves and later the particle assembly.  In terms of the Lytag particles, initially: (i) the microstructure was examined visually; (ii) the particle size distribution was established, and certain fractions selected for more detailed study; (iii) apparent and intrinsic particle densities were measured; and (iv) average values of dry bulk density were determined for two particle sizes identified from (ii).  With the results from (iii) and (iv) the particle porosity was deduced and the observations from (i) quantified.  The next step (v) was to investigate the water absorption potential of the particles under negative, atmospheric and elevated pressures and hence, with the information gathered, the associated degrees of saturation.  The relevance of the potential water absorption is explained in the paragraphs below.  The objectives relating to the particle assembly concern the minimum dry density as this had to be quantified for the collapsible gravel analogue specimen research (Elhusain, 2022). 
Understanding the potential absorbency of LWAs has several benefits.  Mixing dry LWA with concrete paste reduces water-cement (w/c) ratios and workability of the wet concrete.  In the past this led to inaccuracies in predicting effective w/c ratios (Zhang and Gjørv, 1992) but is now frequently offset by pre-treating the LWA, often simply by pre-wetting or increasing the w/c value to account for the LWA absorption (Domagała and Bryła, 2021).  In both approaches it is necessary to estimate the potential LWA water absorption.  Another issue that often occurs with higher strength and lower w/c ratio concrete relates to autogenous shrinkage cracking, essentially internal micro-cracking (Castro et al., 2011).  This phenomenon can be reduced by ‘self-healing’ processes, which can be autogenic, where the generic components and constituents of the mix are sufficient, or autonomic, where engineered admixtures or agents are added to enhance the self-healing capability, as explained by Alghamri et al. (2016).  The ‘self-healing’ process involves the slow release of water or agents held within the porous LWA.  According to Castro et al. (2011) the ability of pre-wetted LWA to provide additional water for hydration to improve curing and reduce autogenous shrinkage cracking has been known for decades.
In all the above respects, the challenge with the porous LWA particles is to understand: (i) the magnitude of their potential water absorbency; and (ii) the important role that time plays for varying degrees of absorption or desorption to be reached.  The former is complicated by the fact that some of the voids within the LWA particles are sealed and so cannot be saturated while the water ingress into the open micro-pores and channels through capillarity is controlled by their dimensions (e.g. aperture size) and the pressure applied when trying to saturate them.  Several researchers have investigated absorption and desorption properties but generally with a focus on the final concrete product rather than the LWA, e.g. Bogas and Real (2019) report two such studies concerning absorption under elevated pressures and they also discuss capillary absorption.  Castro et al. (2011) focus on the absorption and desorption properties of LWAs to assess their suitability for achieving internal curing.  Of particular interest is that they note that water absorption increases under vacuum more than under elevated pressures.  Alghamri et al. (2016) make similar observations about the absorption of a sodium silicate solution (about 60 times more viscous than water at 20 °C) into Lytag when assessing its potential as a healing agent.  Casto et al. (2011) also draw attention to the fact that water absorbency and desorption of LWA particles are time-dependent processes.
It is evident from the studies mentioned above that there is great benefit to understanding the water absorbency potential of LWAs.  This has been investigated in this current study of Lytag both through physical testing and also via basic formulations and theory usually adopted in partly saturated soil mechanics (in particular, the Young-Laplace equation).  By applying this approach, it is possible to determine the micro-porosity (or void ratio) of the particles and the degree of saturation, i.e. what percentage of the internal voids contain water.  Water absorption has been assessed under vacuum, atmospheric and elevated pressures to help identify the most efficient method of pre-wetting LWA.  Determining the Lytag intrinsic density and the micro- and macro-void ratio was an essential initial step, through physical characterisation tests, basic phase relations and consideration of capillary effects, before quantifying their water absorption potential and degree of saturation.  Using the adopted approach, which is based on a fundamental soil mechanics perspective, is instructive.  It helps assess the degree of water absorbency that can be achieved and how best to reach it.  This approach can be readily applied to other porous particle assemblies; such as when using porous LWA as a backfill material (where water absorbency would influence bulk density and hence stability ) or in water treatment filtration beds.
2 Visually assessing the microstructure of Lytag particles
Two imaging techniques were used to assess qualitatively (i) the surface texture and (ii) the internal structure.  Different preparation techniques were required for each.
[bookmark: _Toc103347954]2.1 Surface roughness and surface micropores of Lytag
Lytag particles have rough and porous surfaces, readily observable by eye and feel.  The Lytag roughness at the micro-scale was investigated using a Hitachi TM4000plus Scanning Electron Microscope (SEM).  The random and complex shapes of the surface texture and pores are clearly visible in Figure 1, as are small spherical hollow particles (referred to as ‘cenospheres’ by Swamy and Lambert, 1981).  The image shown in Figure 1 compares well with some of those presented by Swamy and Lambert (notably their Figures 3a and b).  It is also evident from the images in Swamy and Lambert (1981) that although the voids representing the hollow interior of the cenospheres are sealed (diameters reported to range from 3-4 μm to 75-100 μm), the voids between the sintered PFA and fused cenospheres are frequently larger (up to 100-200 μm) and interconnected.  This is reflected upon later when discussing the water absorption tests.
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Figure 1. Scanning Electron Microscope (SEM) image of the surface of a typical Lytag pellet (cenospheres clearly visible).
2.2 Internal micropore structure
To investigate the continuity of these micropores, a stereo-microscope scan was conducted on selected Lytag particles as shown in Figure 2.  The specimens were prepared by placing the particles in a small tray and surrounding them with a fluorescein-doped epoxy under a vacuum.  Once set, the resulting block was ground down until particle sections were exposed.  These were then scanned with an Olympus SZX10 stereo-microscope.
From the stereo-microscopic scan images shown in Figure 2 numerous internal micropores are visible (openings within the particles with green background colour) and also some parts of the particles appear solid (black) (e.g. images b and d).  Some micropores suggest inter-connected, sometimes irregular, pathways while small circular voids are also evident.  These circular voids could represent the hollow space within cenospheres or perhaps cross-sections across tubular voids/channels.  As the scans were conducted on slices through the particles, i.e. two-dimensionally, it is difficult to assess the volume and out-of-plane extent of these micropores.  However, because of the manufacturing process used to form Lytag and from the images and discussion provided by Swamy and Lambert (1981), there must be continuous micropores within the particles.  They report that the larger interconnected micropores are of about 150-200 μm width, while the smallest are less than 10 μm.  These micropores are uniformly distributed within the particles, as is evident from their images and Figures 1 and 2.  The width and continuity of the micropore pathways is significant when considering water adsorption of [image: ][image: ]the particles (discussed in Section 3.4).
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[bookmark: _Hlk144109801]Figure 2.  Stereo-microscope images of cross-sections of a selection of fine Lytag particles (note that apparent outer layers sometimes visible are artificial relics from the original images); particle diameters range from roughly from 6 to 10 mm
3 Physical characteristics of Lytag
3.1 Sample preparation
Lytag is usually supplied in two size ranges of 4 mm to 8 mm and 4 mm to 14 mm (in 12.5-kg bags).  In this study, the full range of particle sizes (4 mm to 14 mm) was used to investigate changes in the physical characteristics of Lytag with particle diameter (and degree of grinding).  Initially, the Lytag, as supplied, was washed to remove dust, irregular particles were taken out and it was dried at 105°C for 24 hours to provide a dry mixture of reasonably uniform particle shapes.
The batch was then divided into two groups in this testing programme using a 9.5-mm aperture sieve, designated as ‘fine’ (4 mm to 9.5 mm) and ‘coarse’ (> 9.5 mm to 13.2 mm) Lytag.  Note that some smaller sized particles were present as well (crushed fragments of the larger particles), down to roughly about 1 mm diameter, which were removed.  The fine and coarse groups were assessed independently when quantifying water absorption and density.
3.2 Lytag particle size distribution and shape
[image: ]The entire contents of a 12.5-kg bag with the full range of particle sizes were thoroughly washed, oven-dried and vibrated through a stack of sieves to establish the particle size distribution (PSD) grading and the characteristics that can be derived from it.  The resulting PSD curve is shown in Figure 3.  The coefficient of uniformity, Cu=1.50, indicating a poor grading as defined by the Unified Soil Classification System (USCS) (ASTM, D2487-06).  The coefficient of curvature, CZ=0.99, is slightly lower than values usually associated with well-graded soils.






Figure 3. Lytag particle size distribution (PSD) curve.

To assess the particle shapes in more detail, laser diffraction analyses were performed using a Sympatec QicPic apparatus (Vibri/L model).  This apparatus is usually used for sand-sized grains and so it was not straightforward to take measurements because of the relatively large particle size.  It was necessary to install a large aperture lens and the entry baffles through which the particles were dropped had to be widened.  Groups of five or ten particles from the two batches of 40 described in Section 3.4 (retained on 9.5-mm and 13.2-mm sieves) were run through the apparatus at a time.  However, only a small number of images were successfully captured as the analyser did not process partial images and sometimes the laser pulsing did not coincide with time that the particle passed.  Nonetheless useful information was obtained from this exercise in terms of particle shape as expressed in terms of three primary measures: sphericity, aspect ratio and convexity.  Details of these measures and the apparatus are provided by Altuhafi et al. (2013).  The results are presented in Table 1 and are presented here for comparison with natural particles.  The rolling process used to form the particles is evident from the high sphericity and aspect ratio values (being close to unity).
Table 1.  Summary results from QicPic analyses: average values and standard deviations (in brackets).
	Batch / number of particles
	Sphericity
	Aspect ratio
	Convexity
	Equivalent diameter (mm)

	9.5-mm sieve / 5
	0.904   (0.017)
	0.852   (0.040)
	0.986   (0.004)
	9.848   (0.603)

	13.2-mm sieve / 4
	0.897   (0.005)
	0.865   (0.028)
	0.986   (0.003)
	13.784   (0.665)



[bookmark: _Toc103347955]3.3 Lytag particle density, ρs
In order to evaluate the effect of particle size and inherent micropores on Lytag particle density, nine specimens covering a range of particle sizes were prepared from a thoroughly washed batch of Lytag (Elhusain, 2022).  Particle density was determined using two approaches.  One part of the initial batch with the particles in their intact state, as supplied by the manufacturer, was sieved.  The particles were divided into groups according to sieve aperture sizes of 13.2 mm, 9.5 mm, 4.75 mm, and 3.35 mm.  Another set of particles was ground to different degrees using a Retsch RM200 grinder.  The resulting ground material was then separated into sieve aperture sizes of 2 mm, 1 mm 500 microns, 180 microns and 45 microns.  In accordance with BS EN ISO 18847:2016, the particle density of the four larger-sized specimens of intact particles was determined using 250-ml gas jars and the density of the five smaller-sized ground specimens was assessed with 50-ml pycnometers.  For both groups, the particles were immersed in de-ionised water and a vacuum of about 80 kPa applied to evacuate air from the particles.  The vacuum duration was about 6 hr, after which no further released air bubbles could be seen.  The respective small and large specimens were tested simultaneously, as shown in Figure 4, to guarantee similar test conditions, with temperature controlled from 19.5 to 20°C.
[image: ]








Figure 4. Lytag particle density determination using: (a) 50-ml pycnometers (ground specimens); (b) 250-ml gas jars (crushed fragments and intact pellets as supplied). 
[image: ]British Standard BS EN 1097‑6 (2022) provides definitions for a number of particle density states as partly reproduced in Figure 5.






Figure 5.  Definitions of particle voids, density states and water absorption (BS EN 1097-6, 2022).
The particle density test results for the above-mentioned range of particles sizes are summarised in Table 2 and plotted in Figure 6.  It is evident that the apparent ‘particle density’, ρa, (as defined in Figure 5, according to BS EN 1097‑6:2022, Annex C.5 and I.3 and Figure I.1) of the intact particles is roughly the same (first four data points), being about 2.00 t/m3 or slightly higher.  It then increases markedly with decreasing ground particle size as the influence of the internal micropores reduces.  With increased degrees of grinding, only the intrinsic material remains, and the influence of the micropores becomes negligible (i.e. V0 and Vc in Figure 5 tend to zero).  It is recognised that any granular material has a comminution limit (Kendall, 1978), in this study the finest particle size for which particle density was measured corresponds to the finest sieve size available (45-µm aperture): it was not possible to quantify a specific size for material passing through this sieve.  The curve shown in Figure 6 approaches an asymptotic intrinsic particle density, ρs, as the ground particle sizes become very fine, with a value of 2.62 t/m3 adopted as the maximum (just above the maximum measured value of 2.61 t/m3).  This is in broad agreement with the estimated range of 2.50-2.60 t/m3 quoted by Uwe et al. (2007) and is also close to the value of 2.65 t/m3 of the primary constituent SiO2.  Intrinsic ρs values per se are not mentioned in BS EN 1097‑6:2022 but similar values are quoted when referring to ‘oven-dried particle density, ρrd’  for cases where there are no voids (see BS EN 097‑6:2022 Table I.1). 

Figure 6. Relationship between measured Lytag particle apparent density, ρa, and particle size (after increasing degrees of grinding).

Table 2.  Lytag particle size and respective particle density values.
	Sieve size on which particles retained
(mm)
	Apparent particle density, ρa
(t/m3)
	Lytag state

	13.20
	2.02
	Intact particles

	9.50
	2.04
	

	4.75
	2.00
	

	3.35
	2.00
	

	2.00
	2.18
	Crushed and/or ground

	1.00
	2.31
	

	0.500
	2.41
	

	0.180
	2.52
	

	0.045
	2.61
	



3.4 Micro-void ratio determination of intact particles
Having determined an estimate of the intrinsic particle density (ρs = 2.62 t/m3), it is possible to gain insight into the void ratio, e, of the particles themselves (e = Vv/Vs = ratio of the volume of voids to the volume of solids).  This was achieved through measuring the dry solid mass, ms, and overall volume, V, of a particle and then determining the volume of solids (Vs = ms /ρs) and the volume of voids (Vv = V – Vs).  This particle void ratio is referred to as the ‘micro-void ratio’, denoted here emicro.
The mass of individual particles, ms, was measured using a Sartorius R200D balance with a resolution of 0.0001 g.  The volume was estimated by taking eight diameter measurements using a digital caliper with a resolution of 0.01 mm with four taken roughly equidistantly around two perpendicular circumferences.  As the particles are roughly spherical this provided a reasonable estimate and in cases where they were not, measurements were made around the maximum and minimum circumferences.  Measurements were on two batches of 40 particles, individually numbered and measured, retained on 13.2-mm and 9.5-mm sieves, from the larger size particles (mean diameters of D = 14.2 mm and 10.5 mm with respective standard deviations of 0.68 mm and 0.58 mm).  Histograms and distribution curves are presented for these two batch sizes of the coarse particles in Figure 7.
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Figure 7.  Histograms and distribution curves of diameter measurements made on two batches of the coarse Lytag particles (8 measurements on each of 40 particles for each batch) with mean diameters of (a) 10.5 mm and (b) 14.2 mm.
The respective void ratio, emicro, values of the two sizes were 0.90 and 0.93 with standard deviations of 0.15 and 0.14 respectively, which can be expressed as porosity values, n = Vv/V = e/(e+1), of 0.47 and 0.48 with standard deviations of 0.04 for both sizes.  The porosity values correlate very well with those of 0.47 and 0.46 respectively, quoted by Domagała and Bryła (2021 – Table 1).  Although not used further, the oven dried particle density, ρrd, (= ms /V, see Figure 5) values can also be determined.  These were 1.38 and 1.37 t/m3 (with standard deviations of 0.11 and 0.10 t/m3) which correlate well with corresponding values from Domagała and Bryła (2021) of 1.34 and 1.32 t/m3.
It was not practicable to take measurements of smaller sized particles and potential errors with manual measurements would increase with decreasing particle size.  The assumption that all sized particles have similar void ratio values is deemed to be acceptable given the two values determined manually and that the particle density values of the intact particles were roughly constant (Section 3.3 and Figure 6).
[bookmark: _Toc103347956]4  Lytag water absorption
Ofosu (2019) determined the water absorption of the fine and coarse groups of dry Lytag (4 to 9.5 mm and > 9.5 mm to 14 mm) to be 14%, following the methodology given in BS 812-2:1995 (1995) where the dry particles are immersed in water under atmospheric pressure for 24 hours (the procedure is the same in the more recent BS EN 1097‑6:2022 code).  On removing the particles, they are placed on an absorbent cloth and surplus surface water removed prior to reweighing.  Water absorption is calculated as a percentage of the mass of water absorbed to the dry mass of the Lytag particles.  Domagała and Bryła (2021) also measured Lytag water absorption, the average for the two particle sizes was 19%, higher than Ofosu's value.  The difference in these measurements could result from the element of subjectivity in estimating when the surface water has been fully removed. 
Water absorption, as measured in terms of a mass ratio, is in essence the same as water content, w, one of the most basic, reliable and frequently used measures of soil state.  Water content is expressed as the ratio of mass of water to mass of solids, w = mw/ms.  Another useful measure is the degree of saturation, Sr = Vw/Vv, the ratio of the volume of water to the volume of voids.  These measures are linked by the commonly used phase relation:
 					e.Sr = w.Gs  						(1)
Inserting values of w = 0.14 (Ofosu, 2019) from the water absorption tests, Gs = 2.62 from Section 3.3 and emicro = 0.915 from Section 3.4 (taking an average of the two values determined from the manual measurements) leads to Sr = 40.1% (n.b. adopting w = 0.19, gives Sr = 54.4%).  This suggests that only 40.1% of the voids are occupied by water after immersion for 24 hrs.  Domagała and Bryła (2021) quote maximum Lytag water absorption values of about 25% (obtained after immersion for 72 hours) which indicates Sr = 72% (using the above Gs and emicro values).
Swamy and Lambert (1981) discuss water absorption of Lytag but do not quantify it.  They make useful observations about the absorption of water when particles are immersed in water under atmospheric pressure.  This is primarily through capillary action, which they comment “is rapid for the larger pores which are interconnected and much slower for the smaller pores (often taking several months)”.  This is evident from the results presented by Domagała and Bryła (2021: their Figure 7), although the overall percentage increase, given the small void sizes affected, would be small.
The influence of capillary action can be expressed through the Young-Laplace equation.  If the lower end of a capillary tube is immersed in water, as shown schematically in Figure 8a, water will be drawn up by surface tension effects.  The surface tension force in water is given by Ts (0.07257 N/m at 20°C) and the resulting meniscus has a radius, r, and contact angle α with the inner wall of the capillary tube.  For water in contact with glass, the contact angle tends to zero and so the area of the meniscus within the tube approaches that of a hemisphere, 2πr2.  The water pressure below the meniscus, uw, is negative and less than the air pressure, ua, above.  Considering force equilibrium across the system and resolving resultant forces vertically:        
	   			(2)
As α →0, cos α →1 and R = r, giving the Young-Laplace equation for a capillary tube:
		  			(3)
 where (ua - uw) is referred to as matrix suction, a positive value.  The height of capillary rise, hc, is given by (ua - uw)/γw, with γw being the bulk unit weight of water, and so increases with decreasing tube diameter.  In the case of the Lytag particles, R and hence r broadly relate to half the width of the pore channels.  Scenarios where channel pathways are open-ended are similar to the capillary tube case, as shown in Figure 8b.  Regarding the pores that are not interconnected, water will be drawn into them by capillarity and will eventually come into equilibrium with the pressure of the air trapped at the closed end, precluding further water entry, as shown schematically in Figure 8c.  No absorption into the sealed hollow cenospheres takes place.  Inserting values r = 100 µm and 5 µm, for the larger and smaller interconnected micropores as reported by Swamy and Lambert (1981), into Equation (3) indicates very low matrix suction values of about 1 kPa and 14 kPa respectively.
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[bookmark: _Hlk179883561]Figure 8.  Theoretical and conceptual considerations of water penetration into capillary voids/channels within Lytag particles: (a) open-ended capillary tube; (b) water penetration into an open-ended void/channel; (c) water penetration under atmospheric pressure into a closed-ended void; (d) as for condition (c) but with water pressurised; (e) as for condition (c) but with water under a vacuum.
In order to investigate the effect of water pressure on Lytag water absorption, subsequent tests were conducted, soaking both the fine and coarse particles under positive pressures of 250, 350, 500 and 750 kPa for 24 hr and 2.5 MPa for four days (extending over a weekend). The particles were held in a net bag and placed within a standard and high-pressure triaxial cell apparatus (respectively), allowing water pressure to be applied directly to them within the cell chamber.  The intention was to investigate how water pressure changes water absorption and thus to assess indirectly the continuity and influence of the micropores. 

The water absorption results from these tests are summarised in Figure 9.  Considering first applying positive water pressures; up to a pressure of about 250 kPa, the water absorption remained roughly constant at around 13% for both the fine and coarse Lytag, close to the value measured by Ofosu (2019).  Beyond that value, the water absorption increased with water pressure, reaching around 21 to 22% (fine and coarse) at 750 kPa, and increasing only marginally to about 23% (both fine and coarse) under the much higher pressure of 2.5 MPa.  The reason for the increased water absorption / penetration is shown conceptually in Figure 8d.  









Figure 9. Lytag water absorption under 24-hr positive and negative pressures.
The increase in water absorption with applied pressure confirms that the menisci are driven further into the narrow pores within the individual particles for both open- and closed-ended voids/channels (Figure 8).  Referring again to the Young-Laplace equation (3) and the schematics in Figure 8, it can be envisaged that as the water pressure increases, the meniscus flattens and its radius increases (Figure 8c), thus the effect of suction and capillary action reduces, and water is pushed into the micropores by the applied water pressure rather than being drawn in by capillary action.  With increasing applied water pressure (Figure 8d), any trapped air will contract (according to Boyles’s law) and dissolve (according to Henry’s law).  Both processes are time dependent.
A drawback of applying an elevated positive pressure to saturate the Lytag particles is that once the pressure is released the air will expand again and any reduction in the air voids will be reversed (apart from any air dissolved).  Castro et al. (2011) and Alghamri et al. (2016) report much greater water absorption values, e,g, doubling those obtained at atmospheric pressure after 24 hours, when a vacuum is applied to the particles immersed in water.  The vacuum approach has the benefit that the air is drawn out from the micropores rather than being compressed into them, thus more permanently replacing it with water (or healing agent solution).  This concept is shown schematically in Figure 8e.  To investigate and quantify this, batches of fine and coarse Lytag particles were submerged in de-ionised water and placed in a vacuum chamber with ua = -100 kPa and water absorption measured at increasing time intervals.  The values achieved after 24 hr are also included in Figure 9.
The increased water absorption from applying relatively small negative pressures, results from a combination of the air expanding (according to Boyle’s law) and the meniscus being drawn out leading to some degree of the air exiting from the pores into the surrounding water.  When the vacuum is released, any remaining pore air contracts and the meniscus retreats back into the particle and some of the air that previously occupied pore space within the particles is now replaced by water.  It is evident that applying a small vacuum is a far more effective way of saturating the micro-voids within the particles than pressurising them under high pressures.

In order to investigate the time-dependency of water absorption, batches of fine and coarse particles were soaked first under atmospheric pressure with measurements made at various time intervals up to about 3 months as shown in Figure 10a, where time is expressed on both linear and logarithmic scales.  Although small, steady increases occur with time.  The initial intake of water is very rapid, reaching 12.9% and 15.2% after 2 hrs for the fine and coarse particles respectively.  These values gradually increased to 20.5 and 22.1% at the end of the 98-week period.  The particles were then oven dried and a check made with their initial dry masses before submerging them in water and placing them under a vacuum of about 100 kPa.  Again measurements were made with time and the results are shown in Figure 10b (note that data from an earlier test where measurements were only made for 24 hrs are also included – ‘wetting 1’).  Under these conditions the water absorption was 17.3% and 19.6% after 2 hrs, increasing to steady values of 21.5% and 22.3% after a week.  It is evident that absorption is more effective under a vacuum, as reported by other researchers, although the gains were considerably smaller than the doubling reported by them.  This might also be expected when comparing the capillary suction of 14 kPa, determined from Equation (2) based on the pore channel sizes, with the applied value within the vacuum chamber of almost 100 kPa.  From a practical perspective, if water or healing agents were to be introduced into dry Lytag particles, submerging them under a vacuum would be the most efficient way of achieving this.  In order to assess how long they would then retain the water, after absorbing them in the vacuum, the particles were left to dry in bowls under laboratory conditions (20°C and relative humidity of 50-60%).  The drying data are shown in Figure 10c: the absorbed water evaporated rapidly in the first 2 to 4 days, plateauing off at 1-2% after about a week.















Figure 10.  Water absorption vs linear and log time: (a) wetting under atmospheric pressure; (b) wetting under vacuum; (c) drying under atmospheric conditions. 
It is useful to consider the maximum theoretical water absorption, estimated from Equation (1), adopting Sr = 1, which gives a WA (w) value of 34.9% (= emicro/Gs = 0.915/2.62).  This is substantially higher than an asymptotic value estimated from extrapolating the data in Figures 9 and 10.  Even though there are potential time effects, as seen in Figures 10a and b; within reasonable time scales, water absorption values are unlikely to increase much further and are unlikely to exceed say 25%.  The difference can be attributed to the sealed hollow volume of the cenospheres which needs to be taken into account and a cut-off applied.  Taking WAmax = 25% as the cut-off, it can be estimated from the phase relations that the cenospheres occupy 28% of the total volume of voids for the fine and coarse Lytag particles used in this study.
In summary, knowing how much water or healing agent solution (assuming that it can be absorbed as readily as water) can be absorbed by dry Lytag particles and the optimum pressures and times required to achieve realistic values (say a vacuum of 100 kPa applied for 2 hrs or atmospheric pressure for 2 weeks to reach about 17% and 20% for the fine and coarse particles respectively), allows appropriate measures to be taken in lightweight concrete mix design.  This is relevant when accounting for water absorption and its effect on design water/cement ratios or the dosage of healing agent required to avoid autogenous cracking.  This information could also be relevant when Lytag is used as lightweight backfill as the absorption would increase the mass of the particles and hence its overall bulk unit weight and stress levels.
[bookmark: _Toc103347957]5 Lytag minimum density
The minimum packing density of the Lytag was assessed in different ways to account for the size and nature of this lightweight material.  Initially, standardized methods given by BS 1377-4:1990 and ASTM D4254 – 16A were adopted to determine minimum density.  The results are compared with a non-standardized procedure investigated to evaluate the effect of the mould diameter and height on Lytag minimum density.  Factors affecting the minimum density such as the size of Lytag particles and subjective errors are discussed for both the standardized and non-standardized methods. 
5.1 Standard procedures
The minimum density of Lytag was measured according to the procedures given in BS1377-4:1990 and ASTM D 4254-16 Method B and the results are plotted in Figure 11a.  It is evident that the ASTM D 4254-16 method provides the lower minimum density for both fine and coarse Lytag (average values of ρd min being 0.78 t/m3 and 0.77 t/m3 respectively) with less variability between the repeated test results than the BS method (average values of ρd min being 0.82 t/m3 and 0.83 t/m3 respectively).  This is attributed to the 0.5-m pouring height in the BS method leading to a greater densification of the specimen than with the ASTM method in which a tube containing the particles is pulled up leaving them resting inside the mould with minimal compaction effect.
To minimise any error that might arise from using different specimen masses inside the tube potentially leading to inaccuracy with height measurements (because of the large size of the Lytag particles), after determining the appropriate volume of the Lytag using the tube volume, the particles were weighed and used repeatedly for the rest of the tests.  Before each test the Lytag particles were well mixed in a large container.  At the end of each test the Lytag particles were weighed again to confirm that there was no loss of material during the repeat tests.
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AI-generated content may be incorrect.]The differences between the BS and ASTM methods are attributed to the cause of the coarser particles having a greater minimum density than the fine particles when using the former with the 0.5-m drop height.  However, in both cases the difference between the two sets of measurements is small. 











Figure 11.  Measurement of minimum density of Lytag using: (a) standard procedures (BS1377 and ASTM D4254 - 16); and (b) non-standard procedures.

5.2 Non-standard procedure 
To study the effect of the dimensions of the measuring mould on Lytag minimum density, two measuring cylinders of 1-litre and 2-litre capacities were used.  Their diameters and heights were: D1=60 mm, D2=73 mm and H1=450 mm, H2=550 mm respectively and are non-standard moulds for particles of this large size. The procedure followed is very similar to the inverted cylinder method described in BS1377-4:1990 for measuring the minimum density of sands.  In the modified method adopted the specimen volume was increased gradually in intervals of 10% of the graduated cylinder volume before inverting to evaluate the effect of sample volume on minimum density.
The results from the two cylinders are plotted in Figure 11b (note that the percentage of cylinder volume on the abscissa axis relates to either the 1- or 2-litre graduated height of the cylinder, in both cases there is space above the uppermost graduated level for the particles to be able to move freely when the cylinder is inverted).  With the 2-litre cylinder, reasonably consistent minimum densities were determined regardless of the specimen volume relative to the cylinder volume.  Average values of ρd min were 0.73 t/m3 and 0.71 t/m3 for the fine and coarse particles respectively.  With the 1-litre cylinder, at specimen volumes greater than 40% of the graduated cylinder volume, values of ρd min for both fine and coarse particles were roughly in line with those from the 2-litre cylinder.  Below 40%, the minimum density increased markedly with decreasing volume and are deemed unreliable.  At these volumes (<40%) there were insufficient particles to determine a representative minimum density value.  The effects of sample size on the density of granular assemblies were reported by Huang et al. (2014), who found that heterogeneity reduced with increasing sample size. 
Average minimum dry densities for the fine and coarse Lytag using all four approaches are presented in Figure 12.  The non-standard procedures using measuring cylinders of 1-litre and 2-litre, are considered to have underestimated the minimum density.  The cylinders constrained particle arrangement, leading to the Lytag particles stacking on top of one another (with a degree of arching).  The BS method gave the highest estimation for both the fine and coarse Lytag of 0.82 t/m3 and 0.83 t/m3 respectively and also had the greatest scatter.  In view of these points, the ASTM method is deemed to provide the most appropriate value of the minimum dry density.  It produced the lower value of the two standard methods and had less scatter.  The minimum dry density of the fine and coarse Lytag particles are therefore taken to be 0.78 t/m3 and 0.76 t/m3 respectively.
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Figure 12.  Summary of minimum density of Lytag using standard and non-standard procedures.

5.3 Macro-void ratio determination of the loose fine and coarse particle assemblies
Having established the minimum dry density of the Lytag particle assemblies, it is possible to calculate the macro-void ratio, i.e. relating to the voids between the particles rather than those within the particles themselves (defined by the micro-void ratio), denoted here as emacro.  The following phase relation can be rearranged to provide a value of the macro-void ratio:
 					(4)
   					 					(4a)
The Gs value, from Section 3.3 and Figure 6, is taken as 2.0 for both fine and coarse particles and the minimum dry density as 0.78 t/m3 and 0.76 t/m3 respectively.  The resulting macro-void ratios are emacro fine = 1.564 and emacro coarse = 1.632.  These values can be compared with the micro-void ratio determined in Section 3.3: emicro = 0.915, a single value adopted for both fine and coarse particles.
6  Conclusions 
The properties of a porous lightweight aggregate, Lytag, have been investigated in terms of particle size, shape, density, void ratio and water absorbency.  An unsaturated soil mechanics approach has been adopted to explain some of the responses, especially regarding water absorbency.  The commercially obtained material was divided into fine (4 mm to 9.5 mm) and coarse (> 9.5 mm to 14 mm) fractions.
Observations using SEM and stereo-micrograph images confirm the porosity of the particles from the presence of cenospheres (sealed ‘bubbles’ of air) and many random micropores, although the interconnectivity of the latter is uncertain because of the 2D nature of the images.
Overall intact, apparent, and intrinsic values of particle density of the Lytag particles were established to be ρa = 2.00 t/m3 and ρs =2.62 t/m3.  Having determined ρs, manual measurements of mass and volume of particles enabled the micro-void ratio to be determined (emicro = 0.915 for both particle sizes).
Lytag water absorption was investigated in terms of applied pressure and time dependency.  Water absorption is relevant when accounting for its effect on concrete design water/cement ratios or when introducing a time-release healing agent solution to help mitigate autogenous cracking.  The most expedient method to maximise water absorption was to apply a vacuum (100 kPa) to the water surface beneath which the particles were submerged.   Values of about 17% and 20% were achieved in 2 hrs for the fine and coarse particles respectively, increasing to steady values of 21.5% and 22.3% after a week.  Without the vacuum, under atmospheric conditions, 12.9% and 15.2% respectively were achieved in 2 hrs but increases above these values took much longer (many weeks) and did not reach the one-week vacuum-induced values.  Increased values were attained by applying positive pressures up to 2.5 MPa but the gains were not great and again did not reach vacuum-induced values.  Reasons for this are explained using unsaturated soil mechanics conceptual models.   
A maximum water absorption of about 35% was estimated using soil mechanics phase relations.  Differences between this value and those measured (<22.5%) can be attributed to the presence of cenospheres, other voids that have no connection to the outer surface of the particles and  closed-ended voids which are difficult to saturate fully.
Standard and non-conventional methods were implemented to determine the minimum dry density.  The value deemed to be most reliable was determined from the ASTM (2016) method: average ρd min values for the fine and coarse Lytag were 0.78 t/m3 and 0.77 t/m3 respectively.  Implementing the intact, apparent, particle density (ρs = 2.00 t/m3) allowed the macro-void ratio of the fine and coarse Lytag to be determined: emacro fine = 1.564 and emacro coarse = 1.632.
The approaches used in this study could be applied to the characterisation of other granular assemblies of porous particles, to determine emicro and emacro and hence theoretical maximum water adsorption values.  Absorbed water characteristics are relevant to concrete mix design, the inclusion with the aggregate of self-healing agents and the mass of lightweight aggregates when used as backfill.
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Figure 11. Measurement of minimum density of Lytag using:
(a) standard procedures (BS 1377 and ASTM D4254-16); and
(b) non-standard procedures

in which a fube containing the particles is pulled up, leaving them

5.2  Non-standard procedure

To study the effect of the dimensions of the measuring mould on
Lytag’s minimum density, two measuring cylinders of 11 and 21
capacities were used. Their diameters and heights were: Dy = 60 mm,
Dy = 73mm and Hy = 450 mm, Hy = 550 mm, respectively, and they
were non-standard moulds for particles of this large size. The proce-
dure followed is very similar o the inverted cylinder method described
in BS 1377-4:1990 for measuring the minimum density of sands. In
the modified method adopted, the specimen volume was increased
‘gradually in intervals of 10% of the graduated cylinder volume before
inverting to evaluate the effect of sample volume on minimum density.

The results from the two cylinders are plotted in Figure 11(b)
(note that the percentage of cylinder volume on the abscissa axis
relates to either the 11 or 21 graduated height of the cylinder; in
both cases there is space above the uppermost graduated level for
the particles to be able to move freely when the cylinder is
inverted). With the 21 cylinder, reasonably consistent minimum
densities were determined regardiess of the specimen volume rela-
tive to the cylinder volume. Average values of pg min Were 0.73 and
0.71t/m’ for the fine and coarse particles, respectively. With the 11
cylinder, at specimen volumes greater than 40% of the graduated
cylinder volume, values of pa min for both fine and coarse particles
were roughly in line with those from the 21 cylinder. Below 40%,
the minimum density increased markedly with decreasing volume
and these results are deemed unreliable. At these volumes (<40%),
there were insufficient particles to determine a representative mini-
mum density value. The effects of sample size on the density of
granular assemblies were reported by Huang ef al. (2014), who
found that heterogeneity reduced with increasing sample size.

Average minimum dry densities for the fine and coarse Lytag using
all four approaches are presented in Figure 12. The non-standard
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