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ABSTRACT 
 
The objective of this study is to compare the chemical, physical, mineralogical and 
microstructural characteristics of Versalite™ aggregate with those of other commercial 
lightweight aggregates, including pumice, expanded shale and bottom ash.  The 
characteristics of these lightweight aggregates are correlated with thermal conductivity 
and resistance of concrete slabs made with the lightweight aggregates.  Versalite™ is a 
manufactured lightweight aggregate, which is currently produced from spray dryer ash 
(SDA) in King George, Virginia.  The thermal conductivity and resistance of the concrete 
slab specimens were determined in accordance with ASTM C177-04.  
 
Mineralogical composition, microstructure or porosity, chemical and physical properties 
are relevant to thermal conductivity and resistance of aggregate and aggregate 
products.  Mineralogical and chemical characterization examination indicates that all 
four lightweight aggregates fall into the category of complex aluminosilicates.  The 
Versalite™ lightweight aggregate has amorphous aluminosilicate as a major 
component, similar to the other commercial lightweight aggregates.  In addition, the 
Versalite™ lightweight aggregate has calcium silicate hydrate as a significant 
component.  Aluminosilicate and calcium silicate hydrate have low thermal conductivity 
and high thermal resistance. The porosity characterization results indicate that the 
Versalite™ lightweight aggregate has a moderate total porosity and a high proportion of 
micropores in comparison with those in pumice, expanded shale and bottom ash.  
Physical properties including relative density (OD and SSD), apparent specific gravity 
and water absorption are consistent with the porosity parameters of all four lightweight 
aggregates 
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INTRODUCTION 
 
This paper summarizes the results of a comparative characterization study of four 
selected lightweight aggregates — pumice, Versalite™, bottom ash, and expanded 
shale — all used in the production of cementitious products, such as conventional 
concrete masonry blocks.   
 
The lightweight aggregate sample materials were all sourced by Universal Aggregates 
and forwarded to AMEC Earth & Environmental Ltd. in Hamilton, Ontario, for laboratory 
testing which was initiated in March 2008.  The object of the present study was to 
compare and contrast the properties of Universal Aggregates’ new Versalite™ 
aggregate relative to the physical, chemical, mineralogical and microstructural 
characteristics of the potential competing lightweight aggregates which are well 
established in the marketplace. The same set of lightweight aggregate sample materials 
were also forwarded to CTL Group in Skokie, Illinois, for fabricating into concrete for 
measurement of strength development and thermal conductivity properties. 
 
 
PHYSICAL PROPERTIES 
 
The basic physical characteristics of the four lightweight aggregates were determined in 
accordance with an adaptation of ASTM C128-07a.[1]  These data, including bulk 
relative density (both oven-dry and in the saturated-surface-dry condition), apparent 
relative density, and water absorption, are collected in Table 1.  
 
 
Table 1. Physical Properties of Lightweight Aggregates 
 

Physical Property* Pumice Versalite™ Bottom Ash Exp Shale 

Relative Density (specific gravity) (OD) 1.358 1.311 0.802 1.775 

Relative Density (specific gravity) (SSD) 1.656 1.771 1.409 1.989 
Apparent Relative Density 1.935 2.430 2.043 2.260 
Water Absorption, mass % dry 21.97 35.12 75.75 12.10 
   vol % dry** 29.84 46.04 60.75 21.48 

*  Average of duplicate determinations; OD = oven-dry; SSD = saturated-surface-dry;  ** Calculated. 

 

 
In addition to the conventional parameters, the saturated lightweight aggregates were 
subjected to pressurized water intrusion to compare the behavior of the latent porosity 
not normally accessible with non-pressurized techniques.  This was conducted by an 
adaptation of Ontario Ministry of Transportation Test Method LS-627,[2] using ordinary 
tap water in the apparatus[3] shown in Figure 1. 
 
The four lightweight aggregate samples were taken through two saturation 
pressurization/depressurization cycles which essentially had no hysteresis, indicating 
that there had been little or no alteration to the fine pore structures during the test (as is 
commonly found during mercury intrusion porosimetry). 
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Figure 1. Water intrusion porosimetry apparatus. 
 

 
These data are summarized in Table 2 and presented graphically in Figure 2.  It is 
immediately evident that the data show marked differences in the absorption behavior of 
the four lightweight aggregates, which is essentially a measure of variations in the 
porosity accessible to water.  Of the four aggregates, the expanded shale showed the 
lowest ambient pressure absorption value at 21.5 vol%, although even this value is 
significantly higher than the typical value of less than 5% with normal weight aggregate.  
The highest ambient pressure absorption was shown by the bottom ash, where the pore 
volume represented 60.8% of the total aggregate volume, consistent with an extensive, 
open pore structure.  The Versalite™ also showed a relatively high ambient pressure 
porosity of 46.0 vol%; while the pumice aggregate was somewhat lower at 29.8 vol%. 
 
 

Table 2.  Intrusion Porosimetry Data (Vol %) for Lightweight Aggregates 
 

psi Pumice Versalite™ Bottom Ash Shale 

0* 29.8 46.0 60.8 21.5 

10 30.5 49.0 61.1 23.0 
15 30.8 50.0 61.3 23.7 

20 31.0 50.7 61.4 24.2 
25 31.2 51.2 61.5 24.5 
30 31.4 51.6 61.5 24.7 
35 31.5 51.8 61.6 24.9 

      * Corresponds to ambient pressure absorption value (vol %) given in Table 1. 
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Figure 2.  Porosity vs. intrusion pressure for lightweight aggregates. 

 
 
Pressurization revealed additional interesting differences in the materials (Table 3).  
Under pressurization, the pumice and bottom ash aggregates both showed very little 
increase in net pore volume when the applied pressure was increased from ambient to 
35 psi (Figure 3a).  This is consistent with the available porosity being of large size 
(macro-pores) and substantially interconnected.   
 
By comparison, the Versalite™ showed a marked increase in pore volume (+12.6%) 
upon pressurization, which is indicative of the presence of appreciable accessible or 
open micro-pores.  The expanded shale also showed a large relative increase in the 
pore volume (+15.9%) upon pressurization, again indicative of the presence of micro-
pores.  But it should be noted that the total intruded volume is only one-half that of the 
Versalite™. The comparison of the contributions of the macro-pores and micro-pores to 
the overall porosity in the four aggregates is shown graphically in Figure 3b. 
 
 
Table 3. Ambient Pressure vs. 35 psi Applied Pressure for Lightweight Aggregates 
 

Lightweight 
Aggregate 

Ambient Pressure 

Absorption  
(vol%) 

35 psi Pressure 

Absorption  
(vol%) 

Ambient !  35 psi 

Difference  
(vol%) 

Incremental Change 

Ambient !  35 psi 
(%) 

Pumice 29.8 31.5 1.7 5.6 

Versalite™ 46.0 51.8 5.8 12.6 
Bottom Ash 60.8 61.6 0.9 1.5 
Shale 21.5 24.9 3.4 15.9 
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Figure 3a.  Comparison of intrusion volumes for ambient and 35 psi applied pressures. 
 

 
 

Figure 3b.  Comparison of the total porosity (%) in terms of  the contribution of micropores and 
macropores in the four lightweight aggregates. 

 
 

The nature of the porosity in the four lightweight aggregates will be further examined in 
the microstructural section later. 
 
 
CHEMICAL AND MINERALOGICAL COMPOSITION 
 
The bulk chemical compositions of the four study aggregates are shown in Table 4, 
reported conventionally on dry sample basis.  Analysis was conducted by ICP 
spectrophotometry for the major and minor elements; LECO analyzer for carbon and 
sulfur; and ion specific electrode for chlorine.  
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Table 4.  Chemical and Mineralogical Properties of Lightweight Aggregates 
 

Parameter Pumice Versalite™ Bottom Ash Expanded Shale 

Elements:     

Carbon 0.95 4.61 3.71 0.20 
Sulfur 0.02 4.18 0.06 0.07 
Chlorine 0.025 0.82 0.015 0.022 

Element Oxides:*     

SiO2 68.1 24.7 55.2 62.8 
Al2O3 10.6 13.4 24.9 16.0 
Fe2O3 1.34 2.61 9.81 9.08 
MgO 1.83 0.70 0.84 3.76 

CaO 3.26 26.2 1.19 2.02 
Na2O 3.16 0.37 0.57 1.68 
K2O 3.71 1.21 2.18 3.28 
TiO2 0.12 0.79 1.44 1.08 
P2O5 <0.01 0.10 0.15 0.20 
MnO 0.04 0.02 0.03 0.14 
Cr2O3 0.01 0.01 0.05 0.03 

Volatiles:      

SO2 (calc) .. 8.35 .. .. 
SO3 (calc) 0.05 .. 0.15 0.17 

Mineralogical:**     

Major Amorph Amorph, Hb,   

Hc, CSH, CH 

Amorph Amorph, Qz 

     
Minor .. Cc, Qz Mu, Qz Mv, Am 

     
Trace An, Cc, Dol AFt, Mu .. .. 

     

*  Elemental analyses expressed conventionally as elemental oxides. This is not intended to imply that these species 

are present in the oxide form as written. 

**  Glass = amorphous aluminosilicate; An = anorthite; Cc = calcium carbonate (calcite); Dol = dolomite;  

Hb = hannebachite; Hc = hydrocalumite; AFt = ettringite; CSH = calcium silicate hydrate; CH = calcium hydroxide;  

Qz = quartz; Mu = mullite; Mv = muscovite; Am = amesite. 

 
 
Elemental mapping of the aggregates was also conducted by energy dispersive X-ray 
analysis (EDXA) on the scanning electron microscope (SEM) (see later). Chemically, 
the four aggregates all fall into the category of complex aluminosilicates. Versalite™ is 
distinguished from the other three aggregates largely by its high calcium content. 
 
The mineralogy of the four aggregates was determined by X-ray powder diffraction 
analysis, with the patterns for the materials shown in Figures 4-7.  The main features in 
the mineralogies of the aggregates are summarized as follows: 
 
• Pumice is primarily glassy in nature, as indicated by the broad amorphous halo in 

the diffraction pattern.  The associated crystalline phases — namely, anorthite, 
calcite, dolomite — are minor to trace in content (Figure 4). 
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Figure 4.  X-ray diffraction pattern (CuKa) for Pumice. Inset shows chemical composition by EDXA. 
 
 

 
 

Figure 5.  X-ray diffraction pattern (CuKa) for Versalite™. Inset shows chemical composition by EDXA. 
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Figure 6.  X-ray diffraction pattern (CuKa) for Bottom Ash. Inset shows chemical composition by EDXA. 
 
 

 
 

Figure 7.  X-ray diffraction pattern (CuKa) for Expanded Shale. Inset shows composition by EDXA. 
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• Versalite™ is comprised of the hydration product phases (calcium hydroxide, 
hydrocalumite, and ettringite), together with the coal combustion by-product 
components (aluminosilicate glass, hannebachite, quartz, and mullite).[4,5]  The XRD 
pattern also contains a significant contribution from calcium silicate hydrate (C–S–H) 
which overlaps with the broad aluminosilicate band (Figure 5). 

 
• Bottom Ash is typical of a by-product from pulverized coal combustion, with a 

significant aluminosilicate glass content, together with smaller amounts of the 
accessory crystalline phases quartz and mullite (Figure 6).  The mullite is a phase 
which crystallizes during the cooling of the aluminosilicate glass; whereas the quartz 
is largely detrital.[5] 

 
• Expanded Shale contains the crystalline minerals quartz, muscovite and amesite, 

together with smaller amounts of amorphous aluminosilicate produced during the 
thermal expansion process (Figure 7). 

 
 
AGGREGATE MICROSTRUCTURE 
 
Images showing the morphology and microstructure of the four lightweight aggregates 
are collected in Figures 8-12.  The optical images were obtained with a petrographic 
microscope (scale bar is 2 mm in each case); and the high resolution images were 
obtained with a scanning electron microscope (SEM) using gold-coated specimens. 
Additional information on the chemical composition of features in the SEM images was 
obtained using energy dispersive X-ray analysis (EDXA). 
 
The SEM images, in particular, reveal the microstructures of the aggregates which are 
contributing to the water absorption behavior discussed above. It can be seen that the 
pumice (Figure 8) has large tube-like vesicle channels which are interconnected and 
therefore readily accessible to water. By comparison, the Versalite™ (Figure 9) has a 
much finer-looking microstructure, which reveals itself only at the higher magnifications. 
This morphology is consistent with the water absorption behavior in which a certain  
amount of water is able to penetrate the larger pores at ambient pressure; but a higher 
pressure is required to overcome the surface tension for the water to enter the finer 
micro-pores. Bottom ash (Figure 10) is more similar to pumice, in the sense that the 
microstructure is at a much larger scale than the Versalite™, with extensive 
interconnection of the large channels which permits water to easily enter at ambient 
pressure. The expanded shale (Figure 11) is more like the Versalite™ in terms of the 
finer scale of the microstructure, although it has far less total pore volume available for 
the entry of water. 
 
The microstructures of the four lightweight aggregates are compared directly at the 
same magnification (scale bar 20 !m) in Figure 12. 
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Figure 8.  Pumice microstructure:  optical (top left) and scanning electron microscope (SEM) images, 
showing the size and extent of interconnected macro- and micro-porosity. 

 

 

 

 

  

 
 

Figure 9.  Versalite™ microstructure:  optical (top left) and scanning electron microscope (SEM) images, 
showing the size and extent of internal macro- and micro-porosity. 
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Figure 10.  Bottom Ash microstructure:  optical (top left) and scanning electron microscope (SEM) 
images, showing the size and extent of interconnected macro- and micro-porosity. 
 

 
 

 

  

  
Figure 11.  Expanded Shale microstructure:  optical (top left) and scanning electron microscope (SEM) 
images, showing the size and extent of interconnected macro- and micro-porosity. 



2009 World of Coal Ash (WOCA), May 4-7, 2009, Lexington, Kentucky, USA 

12 

 
Pumice  Versalite™  

  

 

Bottom Ash 

 

Expanded Shale  

  

  
Figure 12. Scanning electron microscope images of the four lightweight aggregates, all taken at the same 
magnification (scale bar is 20 !m).  
  
 

CONCRETE MAKING PROPERTIES OF LIGHTWEIGHT AGGREGATES 
 
Four lightweight concrete mixtures, each with a different lightweight aggregate, were 
batched.  The same Portland cement content was maintained for each mix.  The target 
ranges for slump and air content for all mixes were 2 to 4 inches and 5 to 7%, 
respectively.  The mix designs, together with the measured fresh concrete properties, 
are summarized in Table 5. 
 
From each concrete mix, three cylinders (3”x6”) and three slab specimens (12”x12”x12”) 
were cast.  An additional three cylinders were cast for all mixes except for the Pumice 
mix.  The concrete cylinders were used for compressive strength testing at 28 days. 
Tests were conducted in general accordance with ASTM C39.[6]  Additional cylinders, 
cast with Bottom Ash, Expanded Shale, and Versalite™ aggregates, were tested to 
determine compressive strength at 120 days. All concrete cylinders were moist cured 
prior to testing.  Average compressive strengths are presented in Table 6.  It can be 
seen that concrete made with the Versalite™ aggregate returned the highest 
compressive strength of the four lightweight aggregates, both at 28 days and 120 days, 
while retaining good lightweight properties. 
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Table 5.  Lightweight Aggregate Concrete Mix Proportions and Fresh Concrete Properties 

 

 Pumice Versalite™ Bottom Ash Expanded Shale 

Cement, pcy 750 750 750 750 

LWT Aggregate, SSD, pcy 1618 1804 1835 2000 
Water, pcy 362 396 345 399 

AEA, oz.cwt 1.2 1.9 2.2 0.5 
Concrete Temperature, °F 71 72 72 73 
Slump, in. 3.00 2.50 3.50 3.50 
Unit Weight, pcf 100.5 107.3 104.9 111.0 
Air Content, % 7.0 5.0 6.0 5.8 

 
 
Table 6. Compressive Strength of Lightweight Aggregate Concretes 

 

 Pumice Versalite™ Bottom Ash Expanded Shale 

Compressive Strength, 28d, psi 4760 6050 2360 5200 
Compressive Strength, 120d, psi n/a 6680 2980 5980 

 
 
 

THERMAL CONDUCTIVITY OF CONCRETES WITH LIGHTWEIGHT AGGREGATES 
 
The concrete slabs noted above were used for thermal conductivity testing. After 
removing the specimens from the forms at 24 hours, the specimens were moist cured 
for 28 days, followed by air drying at 73°F / 50% RH for 7 days, and oven drying at 
140°F.  The oven drying was terminated once the mass differential of two consecutive 
readings, within 24 hours, was less than 0.5%. The specimens were then stored in 
sealed plastic bags at 73°F until time of test. Two specimens from each set were 
selected for testing.  After completion of the thermal conductivity testing, the four sets of 
specimens were subsequently placed in an oven at 200°±5°F, where they were allowed 
to dry for four days. After oven drying, the final weight measurements were taken. 
 
Tests were conducted in general accordance with ASTM C177-04.[7]  This method is the 
primary test method for measuring the thermal conductivity of building materials, and is 
the method that is most appropriate for concrete.  Testing targeted a mean temperature 
of 75°±5°F.  Insulating properties of building materials are commonly reported at a 
mean temperature of 75°F in industry publications.[8]  The thermal resistance and 
thermal conductivity values are presented in Table 7. 
 
Table 7. Thermal Conductivity and Thermal Resistance 

 

 Pumice Versalite™ Bottom Ash Expanded Shale 

Thermal Resistance (R) 
 hr.ft

2
.°F/Btu.in 

0.34 0.34 0.34 0.24 

Thermal Conductivity (k) 
 Btu.in/hr.ft

2
.°F 

2.96 2.93 2.98 4.24 
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CONCLUDING REMARKS 
 
The study has demonstrated that the four lightweight aggregates have surprisingly 
different characteristics in terms of their total pore volume or porosity and the proportion 
of fine micro-pores:  
 

" Total pore volume:  bottom ash (62%) > Versalite™ (52%) > pumice (32%) > 
expanded shale (25%) 

 
" Micro-pores:  Versalite™ (5.8%) > expanded shale (3.4%) > pumice (1.7%) ~ 

bottom ash (0.9%) 
 
This behavior has been related back to the actual microstructures of the aggregates, 
which are all a consequence of various forms of thermal history acting on 
aluminosilicates. 
 
As a new lightweight aggregate in the marketplace, Versalite™ can be characterized as 
having a moderate total porosity with a high micro-pore volume. By comparison, the 
bottom ash has a very high total porosity, but with predominantly large open macro-
pores.  Pumice and expanded shale are examples of aggregates with total porosities at 
the lower end of the range. Versalite™ and expanded shale are similar in terms of the 
fine scale of their microstructures, although Versalite™ has far more total pore volume 
available for the entry of water. 
 
Chemically and mineralogically, the four aggregates share the common feature of 
having varying proportions of amorphous aluminosilicate. This amorphous 
aluminosilicate has the potential to have some pozzolanic reactivity in a Portland 
cement concrete system. This reactivity is potentially beneficial in improving the bond 
between the cement paste and the aggregate. In this regard, in the Versalite™, the 
presence of the calcium silicate hydrate (C–S–H), together with the high surface area of 
the pozzolanic aluminosilicates, would be expected to introduce greater reactivity and 
strength in a Portland cement concrete system. 
 
Performance testing in the study also showed some interesting variance in the 
properties of lightweight concretes prepared with the four aggregates, which can also be 
related back to the pore structures and the inherent pozzolanic properties: 
 

" Water demand:  expanded shale (399) > Versalite™ (396) > pumice (362) > 
bottom ash (345)  [units are pcy] 

 
" AEA demand:  bottom ash (2.2) > Versalite™ (1.9) > pumice (1.2) > expanded 

shale (0.5)  [units are oz.cwt] 
 

" Unit weight:  pumice < bottom ash < Versalite™ < expanded shale 
 

" Compressive strength:  Versalite™ > expanded shale > pumice > bottom ash 
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" Thermal resistance (R):  expanded shale < Versalite™ ~ pumice ~ bottom ash 

 
" Thermal conductivity (k): Versalite™ < pumice < bottom ash << expanded shale 

 
On the basis of these findings, it has been confirmed that Versalite™ lightweight 
aggregate is a high performing product with concrete-making properties that are 
comparable with or better than the competing products in the marketplace. 
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