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Influence of Foundry Sand and Natural Pozzolans on the Mechanical, Durability and 1 

Micro-structural Properties of Lightweight Concrete 2 

 3 

 4 

Abstract 5 

This paper presents the results of an experimental investigation on the use of waste  foundry sand 6 

as fine aggregate replacement to produce lightweight concrete (LWC) with Portland volcanic ash 7 

based blended cement (PVC) and coarse pumice aggregate. The effect of foundry sand as 8 

replacement of river sand (from 0 to 30%) on fresh (slump and air content), mechanical (density, 9 

compressive/tensile strength, and modulus of elasticity), durability (drying shrinkage, water 10 

permeability, rapid chloride permeability and carbonation) and micro-structural (porosity, pore 11 

size distribution, micro-hardness, interfacial transition zone) properties is described. Other 12 

variables in the study include: water-to-binder ratio (W/B) by mass, aggregate-to-binder ratio 13 

(A/B) by mass, total binder content and cement types (ASTM type I cement and PVAC). The 14 

properties of LWC is influenced by water to binder ratio (W/B), binder content, foundry sand 15 

content and the presence of volcanic ash in blended Portland cement. The investigation leads to 16 

the production of foundry sand based LWCs for structural applications having satisfactory 17 

strength and durability characteristics. The foundry sand induces the beneficial effect of reducing 18 

drying shrinkage and water permeability as well as refinement of pore structures and better 19 

interfacial transition zone (ITZ). Results have indicated that foundry sand has potential for being 20 

used as fine aggregate in producing durable concrete. The utilization of natural pozzolan 21 

(volcanic ash) and waste (foundry sand) not only makes LWC economical, but also do help in 22 

reducing disposal problems and promote sustainable construction.  23 

 24 
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1. Introduction 26 

Lightweight aggregates have been used worldwide to manufacture concrete over the decades. 27 

The use of natural lightweight aggregates instead of processed artificial aggregates can 28 

significantly reduce the cost of such concretes [1-8]. Utilization of natural resources and 29 

industrial wastes is becoming widespread and their use as construction materials can lead to low-30 

cost and sustainable construction. Volcanic materials such as pumice and volcanic ash (VA) and 31 

other industrial wastes (such as foundry sand, fly ash, slag etc) are used in the production of 32 

concrete materials [9-15].  Foundry sand is high quality silica sand which is a by-product of 33 

ferrous and non-ferrous metal casting industries where sand has been used for centuries as a 34 

molding material. In modern foundry practice, sand is typically recycled and reused through 35 

many production cycles. Foundries successfully recycle and reuse the sand many times. When 36 

the sand can no longer be reused in the foundry, it is removed from the foundry and disposed 37 

[14].  38 

Research, over the last few years,
 
lead to the development of blended Portland volcanic ash 39 

cement (PVAC) with maximum replacement of up to 20% [9]. Strength, durability and fire 40 

resistance of PVAC-based normal weight concrete as well as lightweight concrete with pumice 41 

aggregate have been investigated (9-13, 16]. The use of comparatively finer foundry sand as 42 

replacement of normal sand in such lightweight concretes can improve strength, durability and 43 

micro-structural properties in addition to producing green products through consuming industrial 44 

wastes.  No research has been conducted on the use of foundry sand in combination with 45 

naturally available pozzolanic volcanic materials (such as ash and pumice) to produce 46 

lightweight concrete.   47 
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This paper presents the results of a comprehensive experimental investigation on the use of 48 

waste foundry sand as replacement of fine aggregate (river sand) to produce lightweight concrete 49 

(LWC) with VA based blended cement and coarse pumice aggregate. The effect of foundry sand 50 

content on strength, durability and micro-structural characteristics of LWCs is described. The 51 

recommendations of this research will surely benefit engineers, designers, and concrete 52 

manufacturing/construction industries interested in green sustainable lightweight concretes 53 

produced from wastes and natural pozzolans.  54 

 55 

2.0 Experimental Investigation   56 

Portland VA based blended cement (PVAC) was produced by blending ASTM Type I Portland 57 

cement (C) with 20% VA. Table 1 presents the chemical properties of VA, cement and waste 58 

foundry sand. The phase composition of Type I cement and PVAC as per quantitative XRD 59 

analyses is also presented in Table 1. The grading of 12.5-mm maximum size coarse volcanic 60 

pumice aggregate (VPA) and the local river sand conformed to ASTM C-330. The foundry sand 61 

had lower fineness modulus than the river sand. For foundry sand, the size corresponding to 50% 62 

passing was around 35µm and average diameter of the particle was around 31µm.  Clean 63 

drinking water was used to produce the concrete mixtures. The properties of aggregates and 64 

foundry sand determined as per ASTM Standards are summarized in Table 2.  65 

 66 

2.1 Mix Design of Lightweight Concretes (LWCs) 67 

Mix proportioning was conducted according to ACI 213R-03 [17]. Two series of LWC mixtures 68 

(Series A and Series B) were developed. Series A had water to binder ratio (W/B) of 0.45 and 69 

binder content of 400 kg/m
3
 while Series B had water to binder ratio of 0.37 and binder content 70 

UNDER PEER REVIEW



4 
 

of 480 kg/m
3
. For each series, four different mixes were developed with foundry sand (used as 71 

replacement of river sand) varying from 0 to 30% keeping all other parameters constant. Overall 72 

considering both series, variables in the study were aggregate (A) to binder (B) ratio (A/B) by 73 

mass (1.8 to 2.4), W/B ratio (0.37 to 0.45), binder content (400 kg/m
3
 to 480 kg/m

3
) and PVAC 74 

content (80 kg/m
3 

to 96 kg/m
3
). Mix designs of LWC mixtures are presented in Table 3. Numeric 75 

in the mix ID represents % of foundry sand as replacement of river sand. 76 

 77 

2.2 Concrete Mixing, Test Specimens, Curing Conditions and Testing Details  78 

All eight concrete mixtures were prepared in a laboratory counter-current mixer where the 79 

mixing sequence consisted of 5 minutes of mixing the aggregates with water followed by 80 

additional 5 minutes of mixing with blended cement.  Due to the high water absorption capacity, 81 

the VP aggregates were pre-soaked for a minimum of 48 hours and then saturated surface dry 82 

aggregates (SSD) were used. Tests on fresh, mechanical and durability properties of concrete 83 

mixtures were conducted.    84 

The slump of fresh concrete was determined as per ASTM C 143. Air content of LWC 85 

mixtures was determined as per ASTM C173/173M, respectively.  28-day compressive (f’c) and 86 

indirect tensile (ft), strengths were determined by using 100 x 200-mm cylinders as per ASTM 87 

C-39 and ASTM C 496, respectively. 100 x 200 mm cylinders were also used for modulus of 88 

elasticity (E) and density.   89 

The drying shrinkage (DS) of 75 x 75 x 285-mm specimens were monitored according to 90 

ASTM C-157 every week for a total of 12 weeks. The 12-week water permeability (α) was 91 

determined (after 1 day of moist and remaining days of air curing of 100 x 200 mm cylinder 92 

specimens) by applying 1.4 MPa of water pressure in a hydraulic permeability apparatus. The top 93 
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and bottom of the specimen were sand blasted to remove the surface layer of cement paste. The 94 

sides were coated with two coats of a 70:30 by weight mixture of paraffin and rosin applied hot 95 

using a paint-brush. The cylinder specimens were then installed in the chamber to carryout the 96 

test. The water permeability calculations were based upon an application of Darcy’s law for 97 

unidirectional flow at constant head. 98 

100 mm x 200 mm cylindrical specimens were used to measure 12-week carbonation depth 99 

using phenolphthalein indicator as per RILEM CPC-18 [18]. The specimens wrapped in plastic 100 

sheets were cured at room temperature for 24 hours followed by 28 days of water curing and 101 

then, air cured until tested at 12-week. The specimens were split at date of testing and the 102 

cleaned freshly split surface was sprayed with a phenolphthalein pH indicator. Immediately after 103 

spraying the indicator, the average depth (x) of the colorless phenolphthalein region was 104 

measured from three points, perpendicular to the two edges of the split face. 105 

The porosity and pore size distribution were measured using the mercury intrusion 106 

porosimetry (MIP) technique with an apparatus having a measuring pressure ranging from 0.01 107 

to 200 MPa (Hossain 2006). The contact angle selected was 140
o 

and the measurable pore size 108 

ranged from 0.004 to 144 µm. The samples in the form of pellets of about 5 mm in size, 109 

consisted of hardened cement mortar, were collected from the crushed concrete cubes and 110 

immediately soaked in acetone to stop the further hydration. The samples were dried in an oven 111 

at 60
o
C for 48 h before testing. 112 

Rapid chloride permeability test (RCPT) was conducted as per ASTM C1202-97 on 100 113 

(diameter) x 50-mm concrete slices (prepared from concrete cylinders) to determine permeability 114 

and resistance to chloride ion penetration.
 
The chloride ion resistance of concrete gives an 115 
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indirect measure of its permeability and internal pore structure, as more current passes through a 116 

more permeable concrete.  117 

The differential scanning calorimetry (DSC) test was performed on the hardened mortar 118 

samples taken from the crushed concrete cubes (at 25
0
C) after 56 days of curing to determine the 119 

quantity of Ca(OH)2 formed in the mortars. The 60 mg samples were heated at a constant heating 120 

rate of 10
0
C per minute to 1100-1200

0
C, in a dynamic helium atmosphere. DSC thermograms 121 

showed peaks due to endothermic (heat absorbing) and exothermic (heat releasing) reactions. 122 

The Ca(OH)2 content was equivalent to the area (enthalpy) under the respective endothermic 123 

peaks. The size of the area under the curve was related to the quantity of the material in the 124 

sample.  125 

Based on the ASTM E384-99 testing method, a Vickers indenter was used to determine the 126 

microhardness in bulk pastes and in the transition zone between aggregates and hcp. Slices cut 127 

from the middle of the cylinders were polished with 600# paper then 1500# paper to obtain an 128 

adequate surface with a minimum of damage. Slices were then carefully sealed to avoid 129 

carbonation   which might lead to larger measured hardness values.  As the typical width of the 130 

interfacial transition zone (ITZ) is about 50 µm, the applied load in the microhardness test was 131 

determined to be 0.05 N so that the spacing between indentation points should be at least two 132 

times the diagonal of the indentation while ensuring a sufficient number of points was taken to 133 

map the ITZ. The measured range was up to 250 µm away from the surface of aggregates 134 

although the actual width of the transition zone can be far smaller than 50 µm. Six 135 

determinations were performed on the surface of each sample, and the profiles of microhardness 136 

from the average values were derived. 137 

 138 
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3.0 Results and Discussion 139 

3.1Fresh State Properties of LWCs  140 

The fresh state properties of concrete mixtures are presented in Table 4.  The slump of concrete 141 

mixtures slightly decreased with the increase of foundry sand from 0 to 30%. This can be 142 

attributed to the higher water demand of the finer foundry sand particles.  Slump value ranges 143 

between 68 mm and 73 mm for Series A while for Series B, it ranges between 59 mm and 65 144 

mm. Lightweight concrete slumps less compared to normal aggregate concrete due to lower 145 

density of aggregate. However, all concrete mixtures were found workable and showed no 146 

segregation. Series A mixtures slumped higher compared to Series B, possibly due to higher 147 

W/B.  The air content of LWC mixtures decreased with the increase of foundry sand in both 148 

Series A and B. The air content of LWC mixtures ranged between 2.5% and 3.1%.  149 

 150 

3.2 Mechanical Properties of LWCs 151 

The mechanical properties such as density, compressive/tensile strength and modulus of 152 

elasticity of concrete mixtures are summarized in Table 4. 153 

The 28-day density increased slightly with the increase of foundry sand content (Fig. 1). 154 

The 28-day compressive strength also increased (by 15% for series A and 11% for series B 155 

mixes) with the increase of foundry sand from 0 to 30% (Fig. 1).  The increase in strength can be 156 

attributed to the resulting denser concrete due to replacement of coarser river sand by the finer 157 

foundry sand.  158 

As per Table 4, all LWCs (Series A and Series B) developed compressive strength ranging 159 

between 20 MPa and 31 MPa (>15 MPa) with an air dry density ranging between 1799 kg/m
3
 160 
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and 1810 kg/m
3
  (<1850 kg/m

3
) to satisfy the criteria for lightweight structural concrete 161 

(Kostmatka et al. 2002; Shideler 1957). 162 

The 28-day tensile strength also increased (by 11% for series A and 8% for series B mixes) 163 

with the increase of foundry sand content from 0 to 30% (Fig. 2). The 28-day tensile strength of 164 

LWC mixes ranged between 1.9 MPa and 2.6 MPa (Table 4). The 28-day elastic modulus also 165 

slightly increased with the increase of foundry sand from 0 to 30% and ranged between 9.5 GPa 166 

and 12.1 GPa (Table 4). Series B concretes showed higher compressive/tensile strength than 167 

those of Series A due to lower W/B, higher binder content and lower aggregate to binder ratio 168 

(A/B).   169 

Figure 3 shows good correlations between tensile strength (ft) and compressive strength 170 

(f’c) as well as between modulus of elasticity (E) and compressive strength (f’c).   171 

 172 

3.3 Durability Properties of LWCs 173 

The durability properties in terms of drying shrinkage, water permeability, rapid chloride 174 

permeability (RCP) and carbonation resistance of concrete mixtures are summarized in Table 5.  175 

 3.3.1 Drying Shrinkage 176 

Figures 4 and 5 show the variation of drying shrinkage with age for Series A and Series B 177 

concrete mixes, respectively.  The 12-week drying shrinkage of Series A mixtures ranges 178 

between 570 and 583 microstrain compared to between 560 and 572 microstrain of Series B 179 

(Table 5). Generally, drying shrinkage increases with the increase of W/B, and hence, Series A 180 

mixes showed higher shrinkage than Series B. The drying shrinkage increased (by 13% and 15% 181 

for Series A and Series B mixes, respectively) with the increase of foundry sand from 0 to 30% 182 
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(Fig. 6). For all concrete mixes, drying shrinkage increased at faster rate up to the age of 14 days 183 

-  mixes containing 30% FS showed higher rate of increse (Figs. 4 and 5). 184 

The shrinkage of lightweight concrete can be 50% greater than normal weight concrete 185 

because of high absorption capacities of aggregates [19].
 
High initial drying shrinkage and 186 

comparatively low tensile strength may lead to the danger of shrinkage cracking in LWC mixes. 187 

However, all LWC mixtures showed a 12-week drying shrinkage of less than 600 microstrain.  188 

The drying shrinkage of PVAC concrete mixtures in previous research studies was found to be 189 

lower compared to those with Portland cement similar to that observed in fly ash concrete [11, 190 

13,19]. Hence, the increased drying shrinkage due to the presence of foundry sand may be 191 

compensated by the use of PVAC in the developed LWC mixtures. It reflects the beneficial 192 

effect of using combination of PVAC and foundry sand in the developed LWCs.  193 

3.3.2 Water and rapid chloride permeability 194 

The 12-week water permeability of LWCs decreased from 5.82 x 10
-10

 cm/s (highest value) to 195 

around 5.61 x 10
-10

 cm/s for Series A and from 5.52 x 10
-10

 cm/s to around 5.19 x 10
-10

 cm/s for 196 

Series B when foundry sand content was increased from 0 to 30% by weight (Table 5). A 197 

maximum decrease of about 6% was observed in the study.   198 

The 56-day rapid chloride permeability (RCP) of LWCs decreased from 2552 Coulomb to 199 

2121 coulomb for Series A and from 2367 Coulomb to 2045 Coulomb for Series B when 200 

foundry sand content was increased from 0 to 30% by weight (Table 5). A maximum decrease of 201 

about 17% was observed in the study. As per ASTM C1202, rapid chloride permeability of 202 

LWCs can be classified as ‘Moderate’ (ranging between 2000 and 4000 coulombs). 203 

Permeability of concrete depends on the permeability of paste/aggregate, gradation of 204 

aggregate, paste-aggregate transition zone, paste to aggregate proportion and W/B. Permeability 205 
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increases with the increase of W/B (as confirmed from the higher permeability of Series A, LWC 206 

mixtures) and initial curing conditions [20]. The resulting denser LWC with the increase foundry 207 

sand should exhibit lower permeability (as confirmed from this study). The reduction of 208 

permeability may have beneficial effect of improving the long-term corrosion resistance of 209 

foundry sand based LWCs. The drop in permeability with age had been reported in fly ash 210 

concrete and volcanic ash concrete [13, 21]. So combination of PVAC and foundry sand has the 211 

beneficial effect of reducing water permeability of concrete. Previous investigations also showed 212 

that lightweight concrete had equal or lower permeability than its normal weight counterpart 213 

despite wide variations in concrete strengths [17, 22].
  

214 

3.3.3 Carbonation Resistance 215 

The relation between carbonation depth (x) in mm and the period of exposure (t) in month can be 216 

correlated through carbonation coefficient (c) as shown in Eq. 1 [23]:  217 

x = ct
0.5

        (1) 218 

Figure 7 and Figure 8 show the variation of carbonation depth and carbonation coefficient 219 

with foundry sand content, respectively. Carbonation depth is found to increase with the increase 220 

of foundry sand from 0 to 30% similar to that observed in other research studies [14].  Series A 221 

mixes with higher W/B showed higher carbonation depth. However, maximum carbonation 222 

depth at 12 week was 0.93 mm, which is far less than the cover of reinforcing bar to cause 223 

corrosion. Lower carbonation depth of the LWC mixtures can also be attributed to the presence 224 

of volcanic ash in blended cement [24]. The carbonation coefficient (c) also increased with the 225 

increase of foundry sand content. However, carbonation coefficient of far less than 1.5 represents 226 

good concrete as per Fig. 8 [25]).   227 

  228 
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3.4 Micro-structural properties  229 

Micro-structural properties of LWC mixtures in terms porosity, average pore diameter, DSC 230 

parameter and microhardness at interfacial transition zone (ITZ) are summarized in Table 4.  231 

3.4.1 Porosity, pore size distribution and DSC test results 232 

The porosity and average pore diameter (as measured by MIP) for the LWC mixtures decreased 233 

with the increase of foundry sand content in both series A and B mixes (Table 5). Porosity 234 

decreased by about 4% while average pore diameter decreased by 14% (for series A) and 6% (for 235 

series B) when foundry sand content was increased from 0 to 30%.   236 

The beneficial effect of the addition of foundry sand can also be identified from the lower 237 

volume of pores (larger than 0.01 µm) in LWCs with 30% FS compared to control LWSC (with 238 

0% FS) for both Series A and B mixes (Fig. 9).  The lower volume of pores (larger than 0.01 239 

µm) in (A-FS-30 and B-FS-30) confirms the refinement of pore structures in presence of FS.  240 

As per DSC test results (Table 5), the quantity of Ca(OH)2 in concrete mixes was not 241 

affected due to the increase of foundry sand content from 0 to 30% which confirmed the non-242 

pozzolanic behaviour of foundry sand. Previous research studies [11, 13] have confirmed 243 

significant decrease in porosity, average pore diameter and the quantity of Ca(OH)2 in concretes 244 

mixes (associated with refinement of pore structure) made with PVAC (compared with Portland 245 

cement). The pozzolanic reactivity of VA in PVAC consumed Ca(OH)2 resulting from the 246 

hydration of cement as confirmed from the lowering of Ca(OH)2. Such pozzolanic reaction was 247 

attributed to the decrease of pore size with subsequent refinement of pore structure, denser 248 

concrete and increased long-term impermeability [11, 13]. The drop in long-term permeability 249 

had also been reported in fly ash cement paste and concrete [21].  The combination of foundry 250 

sand and pozzolanic volcanic ash (present in PVAC) has shown cumulative benefit of reducing 251 
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permeability, porosity and average pore diameter which can improve the long-term corrosion 252 

resistance of PVAC based LWCs.  253 

3.4.2 Microhardness at interfacial transition zone (ITZ) 254 

Microhardness testing was applied to characterize the influence of PVAC, foundry sand and 255 

coarse VPA on the ITZ of LWCs around the aggregates. Figs. 10 and 11 show the variation of 256 

ITZ ranges of all LWC mixtures. Higher microhardness values in the vicinity of the aggregate 257 

due to the presence of stiff inclusions in the excited range around the indentation were observed 258 

in all specimens similar to previous research studies [26]. Microhardness test showed lower 259 

Vickers Hardness Numbers (Hv) in ITZ than those in the middle of the hardened bulk cement 260 

pastes. The extent of the weak zone (ITZ range) was about 40 µm and seemed to be not affected 261 

by the increase for foundry sand.   262 

Table 5 shows an increase of minimum microhardness at ITZ with the increase of foundry 263 

sand content (from 0 to 30%) and increase of about 14% and 10% were observed for Series B 264 

and series A mixes, respectively (Fig. 12). The higher values of microhardness (within the ITZ) 265 

confirmed the superior (stronger) ITZ in foundry sand based LWCs compared to control mixes.  266 

Microhardness values of Series A mixes were found to be higher compared to those based on 267 

Series B (followed the trend of compressive strength which was higher for mixes in Series A). 268 

Paste aggregate transition zone can also be improved in the long term as a result of extended 269 

period of moist curing (internal curing) due to the availability of absorbed pore water in the 270 

lightweight aggregate. This may be the reason for series B mixes (with higher W/B) showing 271 

higher % increase in ITZ microhardness compared to those of Series A. Superior ITZ 272 

characteristics were also observed in concretes (both normal weight and lightweight) made with 273 

PVAC and pumice aggregate [11-13]. The addition of foundry sand has the beneficial effect of 274 
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further enhancing ITZ characteristics of LWCs made with PVAC.  The lower water permeability 275 

of developed foundry sand based  LWCs is attributed to the development of increased transition 276 

zone microhardness (as observed in this study) at the surface of the lightweight aggregate 277 

producing superior contact zone that enhances bond between the aggregate and the continuous 278 

matrix phase.  279 

 280 

4.0 Conclusions  281 

The fresh and mechanical properties as well as durability and microstructural characteristics of 282 

lightweight concrete (LWC) incorporating volcanic ash based blended cement (PVAC), volcanic 283 

pumice aggregate (VPA) and foundry sand as replacement of fine aggregate are described. The 284 

following conclusions are drawn from the study: 285 

1. The 28-day density, compressive/tensile strength and modulus of elasticity increase with 286 

the increase of % foundry sand as replacement of river sand. Developed LWC mixtures 287 

with varying aggregate-to-binder ratio, water-to-binder ratio and foundry sand content 288 

have satisfied the requirement of lightweight structural concrete (strength in excess of 15 289 

MPa and density of less than 1850 kg/m
3
). Good correlations exist between compresssive 290 

strength and tensile strength/modulus of elasticity. 291 

2. The 12-week water permeability of LWC mixtures decreases with the increase foundry 292 

sand from 0 to 30% by mass. The 12-week drying shrinkage of LWC mixtures increases 293 

with the increase of foundry sand. Such LWCs may be prone to cracking due to higher 294 

drying shrinkage and comparatively lower tensile strength. However, the danger of 295 

shrinkage cracking can be compensated by the lower modulus of elasticity.  In addition, 296 
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the increased drying shrinkage due to the presence of foundry sand is compensated by the 297 

use of PVAC.  298 

3. Although carbonation depth increases with the increase of foundry sand from 0 to 30%, 299 

maximum carbonation depth at 12 week was far less than the cover of reinforcing bar to 300 

cause corrosion. Lower carbonation depth of the LWC mixtures can also be attributed to 301 

the presence of volcanic ash. In terms of carbonation resistance, developed LWCs can be 302 

classified as good. 303 

4. The combination of foundry sand and pozzolanic volcanic ash based blended cement has 304 

shown cumulative benefit of reducing permeability, porosity and average pore diameter 305 

as well as  enhancing microhardness characteristics at ITZ which illustrates superior 306 

long-term durability and corrosion resistance of developed LWCs.  307 

5. Overall, this research confirms the viability of using combination of PVAC and foundry 308 

sand in the production of LWCs having satisfactory mechanical, durability and 309 

microstructural properties.  310 
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 382 

  Table 1: Chemical and other properties of volcanic ash, pumice, foundry sand and cement 383 

 VA Cement  

(C) 

Foundry  

sand  

Potential phase composition 

from X-ray diffraction (%) 

Chemical Compounds  Mass, % Mass, % Mass, % Phase  C PVAC  

(C + 20%VA) 
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Calcium oxide (CaO) 6.3 64.6 1.91 C3S 65.9 55.2 

Silica (SiO2) 59.5 21.2 79.11 C2S 13.2 9.1 

Alumina (Al2O3) 17.8 5.6 7.21 C3A 7.9 5.4 

Iron oxide (Fe2O3) 6.9 3.4 5.21 C4AF 9.9 7.6 

Sulphur trioxide (SO3) 0.6 2.1 0.04 Other 2.4 7.4 

Magnesia (MgO) 2.5 2.1 2.12 Total 99.3 84.7 

Sodium oxide (Na2O) 

Potassium oxide (K2O) 

3.1 

3.3 

0.5 

0.5 

0.13 

0.15 

Glassy 

fraction 

0.7 15.3 

Loss on ignition 0.8 1.1 3.21    

Free lime (CaO) - 0.6 -    

Physical properties    

Blain fineness, m
2
/kg 292 318     

Unit mass, kg/m
3
 2450 3150     

  384 

  Table 2: Properties of aggregates 385 

Aggregates  Specific 

gravity 

Bulk density,  kg/m
3
  

ASTM C 29  

Fineness 

modulus 

Water absorption 

24 hour 

 (%) Oven dry  Loose 

Oven dry 

Rodded 

Oven dry 

 

 

12.5 mm maximum 

size  VPA    

ASTM C 127 

 

0.98 

 

 

680 

 

 

750 

 ASTM C 127 

 

26.7 

 

River sand 

Foundry sand 

ASTM C 128 

2.61 

2.62 

 

- 

- 

 

- 

- 

 

2.92 

1.67 

ASTM C 128 

2.0  

2.2  

 386 

Table 3: Mix designs and fresh state properties of LWC  387 

Mix  

ID 

FS  

  

A/B W/B Binder (B)  

kg/m
3 

Aggregate, kg/m
3
 

  

Slump 

mm 

Air 

content 
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 % PVAC Coarse Fine   % 

C VA VPA Sand FS     

Series A 

A-FS0 0 2.4 0.45 320 80 364 581 0 73 3.1 

A-FS10 10 2.4 0.45 320 80 364 501 58 70 2.9 

A-FS20 20 2.4 0.45 320 80 364 465 116 71 2.7 

A-FS30 30 2.4 0.45 320 80 364 407 174 68 2.6 

Series B 

B-FS0 0 1.8 0.37 384 96 369 507 0 65 2.8 

B-FS10 10 1.8 0.37 384 96 369 456 51 65 2.8 

B-FS20 20 1.8 0.37 384 96 369 405 102 62 2.6 

B-FS30 30 1.8 0.37 384 96 369 354 153 59 2.5 

A: Total aggregate; C: Portland cement; W = Water; VPA: Volcanic pumice aggregate;  

FS: Foundry sand 

Table 4: Fresh state and Mechanical properties   388 

Mix ID Fresh state properties Mechanical Properties (28-day)  

Slump  

mm 

Air content 

 % 

Density
+
 

kg/m
3 

 

f’c 

MPa 

ft 

MPa  

E  

GPa  

Series A: W/B = 0.45; A/B = 2.4 

A-FS0 73 3.1 1799 20 1.9 9.5 

A-FS10 70 2.9 1799 20 1.9 9.6 

A-FS20 71 2.7 1801 22 2.0 9.6 

A-FS30 68 2.6 1802 23 2.1 9.7 

Series B: W/B = 0.37; A/B = 1.8 

B-FS0 65 2.8 1806 28 2.4 11.9 

B-FS10 65 2.8 1807 29 2.4 11.9 

B-FS20 62 2.6 1808 30 2.5 12.0 

B-FS30 59 2.5 1810 31 2.6 12.1 

f’c: Compressive strength;  ft : Tensile strength;  E: Modulus of elasticity;  

 +
structural lightweight concrete (f’c > 15 MPa ; density < 1850 kg/m

3
) 
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 389 

Table 5: Summary of durability and micro-structural properties  390 

Mix ID Durability Properties MIP DSC* 

 

Ca(OH)2 

 

J/g 

Lowest 

micro-

hardness 

at ITZ  

x10
-2 

GPa 

12-week 

DS 

 

Microstrain 

56-day 

RCPT 

 

Coulomb 

12-week 

water 

permeability 

 x 10
-10

cm/s 

Porosity  

 

 

% v/v 

Avg. 

pore 

diameter 

µm 

Series A: W/B = 0.45; A/B = 2.4 

A-FS0 510 2552 5.82 5.98 0.0389 565 40.3 

A-FS10 525 2493 5.75 5.83 0.0369 567 41.5 

A-FS20 550 2254 5.71 5.81 0.0354 566 43.5 

A-FS30 575 2121 5.61 5.75 0.0344 571 44.5 

Series B: W/B = 0.37; A/B = 1.8 

B-FS0 490 2367 5.52 5.37 0.0324 568 36.0 

B-FS10 515 2221 5.45 5.26 0.0318 571 37.5 

B-FS20 523 2154 5.31 5.20 0.0311 573 39.5 

B-FS30 564 2045 5.19 5.17 0.0307 574 41.1 

DS: Drying shrinkage (microstrain); ITZ: Interfacial transition zone;  

MIP: Mercury intrusion porosimetry; DSC: Differential scanning calorimetry 

* endothermic peak area 

  391 

 392 
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Fig. 1: Effect of foundry sand on 28-day compressive strength 393 

 394 

 395 

Fig. 2: Effect of foundry sand on 28-day tensile strength  396 

 397 

Fig. 3: Correlations between compresssive strength and tensile strength/modulus of elasticity 398 

 399 

 400 
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 401 

Fig. 4: Influence of foundary sand content and age on drying shrinkage (Series A) 402 

 403 

 404 

Fig. 5: Influence of foundary sand content and age on drying shrinkage (Series B) 405 

 406 
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 407 

Fig. 6: Influence of foundary sand conetent on 12-week drying shrinkage  408 
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Fig. 7: Variation of carbonation depth 410 

 411 
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 413 

Fig. 8: Variation of carbonation coefficient 414 

 415 

Fig. 9: Effect of foundry sand on pore size distribution in LWCs  416 

 417 
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 418 

Fig. 10: Microhardness characteristics at ITZ for Series A mixes 419 

 420 

Fig. 11: Microhardness characteristics at ITZ for Series B mixes 421 

         422 
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 423 

Fig. 12: Influence of foundry sand on microhardness  424 

 425 
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