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16.1 INTRODUCTION 

 

 

The Proven Solution 

For almost 50 years Rotary Kiln produced Expanded Shale, Clay & Slate (ESCS) 

Lightweight Aggregate has been effectively used to solve geotechnical engineering 

problems and to convert unstable soil into usable land.  Lightweight aggregate can reduce 

the weight of compacted geotechnical fills by up to one-half.  Where thermal stability is 

required, lightweight aggregate provides significantly greater thermal resistance 

compared to soil, sand or gravel fill.  It affords permanent economical insulation around 

waterlines, steam lines, and any other thermally sensitive vessel.  This inert, durable, 

stable, free-draining and environmentally ―friendly‖ aggregate is extremely easy to 

handle and provides economical long-term solutions for geotechnical challenges. 

 

The Source 

ESCS is produced from deposits of shales, clays, and slates.  These minerals are 

principally composed of silica and alumina, similar to those used in brick and other 

ceramics known to be extremely durable.  From the quarry (deposit) the raw material is 

taken to the preliminary crushing/screening plant, and then expanded in a rotary kiln. 
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Particle Shape, Color, Surface Texture 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Depending on the source and method of production, lightweight aggregates exhibit 

considerable differences in particle shape, color and texture.  Shapes may be cubical, 

rounded, angular, or irregular.  Textures may range from fine pore, relatively smooth 

skins to highly irregular surfaces with large exposed pores.  Particle shape and surface 

texture directly influence bulk loose as well as compacted densities. 

 

ESCS aggregates are crushed and screened in a manner identical to crushed stone.  As 

such, they contain minimal fines, closely resemble natural granular materials and are 

classified as ―free draining‖.  In contrast to natural aggregates from borrow pits; the 

geotechnical performance of ESCS aggregates is very predictable. 
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The Material 

ESCS lightweight aggregate has a long track record of quality and performance.  Since its 

development in the early nineteen hundreds, ESCS produced by the rotary kiln process 

has been used extensively in asphalt road surfaces, concrete bridge decks, high-rise 

buildings, concrete precast/prestressed elements, and concrete masonry and geotechnical 

applications.  The quality and low density of lightweight aggregate results from a 

carefully controlled manufacturing process.  In a rotary kiln, selectively mined shale, clay 

or slate is fired in excess of 2000°F to the point of incipient fusion, causing the creation 

of a cellular structure of expansion within the particles that is retained upon cooling.  The 

lightweight aggregate material is then processed to precise gradings.  The result is a high 

quality ceramic lightweight aggregate that is inert, durable, tough stable, highly 

insulative, and free draining, ready to meet stringent structural specifications. 
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16.2 PHYSICAL PROPERTIES OF STRUCTURAL LIGHTWEIGHT 

AGGREGATE 

 

Particle Shape and Surface Texture 
 

Depending on the source and the method of production, lightweight aggregates exhibit 

considerable differences in particle shape and texture. Shapes may be cubical, rounded, 

angular, or irregular (Fig. 16.1 and 16.2). Textures may range from fine pore, relatively 

smooth skins to highly irregular surfaces with large exposed pores. 

 

Particle shape and surface texture can directly influence the finished products.  For 

example in concrete shape and texture influences workability, coarse-to-fine aggregate 

ratio, cement content requirements, and water demand in concrete mixtures, as well as 

other physical properties. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16.1  Lightweight Particle 
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Figure 16.2  Structural ESCS lightweight aggregate that is composed of a strong, 

ceramic, vitreous material encapsulating a system of general non-interconnected pores.  

Although, the particle density is approximately 1/2 of natural aggregates this aggregate 

when used in concretes and geotechnical application provide the usual structural 

strengths, stability and durability. 

 

  Grading Lightweight Aggregate 
 

Grading requirements are generally similar to those provided for normalweight aggregate 

with the exception that lightweight aggregate particle size distribution permits a higher 

weight through smaller sieves. This modification recognizes the increase in relative 

density typical for the smaller particles of most lightweight aggregates, and that while 

standards are established by weights passing each sieve size, ideal formulations are 

developed through volumetric considerations. 

 

For normalweight aggregates, the relative density of fractions retained on the different 

sieve sizes are nearly equal.  Percentages retained on each size indicated by weight give a 

true indication of percentages by volume.  However, the relative density of the various 

size fractions of lightweight aggregate usually increases as the particle size decreases.  

Some coarse aggregate particles may float on water, whereas material passing a No. 100 

sieve (0.015 mm) may have a relative density approaching that of normalweight sand.  It 

is the volume occupied by each fraction, and not the weight of material retained on each 

sieve, that determines the void content and paste content, and influences workability of 

the concrete.  Percentages retained on each sieve and fineness modulus, by weight and by 

volume, are computed for comparison in the example illustrated in Table 16.1. 
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Table 16.1  Comparison of fineness modulus by weight and volume for typical 

lightweight aggregate. 
Sieve 

Size 

No. 

Opening 

in. (mm) 

Percent 

Retained 

By 

weight 

Cumulative 

Percent 

Retained by 

weight 

Bulk 

Specific 

Gravity, 

SSD 

Basis 

Percent 

Retained 

By  

Volume 

Cumulative 

Percent 

Retained by 

volume 

4 0.187 (4.75) 0 0 ---- 0 0 

8 0.0937 (2.38) 22 22 1.55 26 26 

16 0.0469 (1.19) 24 46 1.78 25 51 

30 0.0234 (0.59) 19 65 1.90 19 70 

50 0.0117 (0.30) 14 79 2.01 13 83 

100 0.0059 (0.15) 12 91 2.16 10 93 

Pan ---- 9 100 2.40 7 100 

Fineness modulus (by weight) 3.03 fineness modulus (by volume) = 3.23 

 

A fineness modulus of 3.23 by volume in the example indicates a considerably coarse 

grading than that normally associated with the fineness modulus of 3.03 by weight.  

Therefore, lightweight aggregates require a larger percentage of material retained on the 

finer sieve sizes on a weight basis than do normalweight aggregates to provide an equal 

size distribution by volume. 

 

The use of normalweight sand usually results in some increase in strength and modulus of 

elasticity.  These increases, however, are made at the sacrifice of increase density.  The 

mixture proportions selected, therefore, should consider these properties in conjunction 

with the corresponding effects on the overall economy of the structure. 

 

Structural lightweight aggregate producers normally stock materials in several standard 

sizes that include coarse, intermediate, and fine gradings. 

 

By combining size fractions or by replacing some or the entire fine fraction with 

normalweight sand, a wide range of concrete densities may be obtained.  Aggregates for 

structural lightweight concrete usually have a top size of minus 3/4 in. or minus 1/2 in.  

Most lightweight concretes use a lightweight coarse aggregate 3/4 inc. to 4 mesh (1/2 - 

#8) with ordinary sand, minus 4 mesh (minus 4.8 mm), however other combinations of 

LWA and natural aggregate are used. 

 

Aggregate for lightweight concrete masonry units are normally sized minus 3/8 in. (9.5 

mm).  This aggregate is usually the crushed variety because of improved machining 

characteristics and the zero slump concrete mix is drier than that for fresh structural 

concrete. 

 

The aggregate producer is the best source of information for the proper aggregate 

combinations to meet fresh concrete density specifications and equilibrium density for 

dead load design considerations. 
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ESCS lightweight aggregate is manufactured to meet the ASTM C 330 requirement as 

shown in Table 16.3. 

 

TABLE 16.3.  ASTM C 330 Grading Requirements 
Size in (mm) 1 (25) 3/4 (20) 1/2 (13) 3/8 (10) #4 (5) #8 (2) 

3/4‖ to #4 

(20 to 5 mm) 

100 90-100 - 10-50 0-15 - 

1/2" -#4 

(13 to 5mm) 

- 100 90-100 40-80 0-20 0-10 

3/8‖ - #8 

(10-2 mm) 

- - 100 80-100 5-40 0-20 

 

 

 Relative Density of Aggregate Particles 
 

Structural Lightweight Aggregate has a low particle density due to the internal cellular 

pore system.  The cellular structure within the particles is developed by heating certain 

raw materials to high temperatures to the point of incipient fusion, at which time gases 

are evolved within the pyroplastic mass, causing expansion that is retained upon cooling.  

Strong, durable, ceramic lightweight aggregates contain a relatively uniform system of 

pores that have a size range of approximately 5 to 300 μm enveloped in a high-strength 

vitreous phase.  Pores close to the surface are readily permeable and fill within the first 

few hours of exposure to moisture.  Interior pores, however, fill extremely slowly.  A 

fraction of the interior pores are essentially non interconnected and may remain unfilled 

after years of immersion (Fig. 16.3). 
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Figure 16.3 Scanning Electron Microscopy of Mature  

Lightweight Concrete showing the lightweight aggregate particle. 

Sample taken from the Cossakie Bridge deck, New York thruway (Holm et. al. 1984). 

 

The particle density of an aggregate is the ratio between the mass of the particle material 

and the volume occupied by the individual particles.  This volume includes the pores 

within the particle, but does not include voids between the particles (Fig. 16.4).  In 

general, the volume of the particles is determined from the volume displaced while 

submerged in water.  Penetration of water into the aggregate particles during the test is 

limited by the aggregate’s previous degree of saturation. 

 

The oven-dry density of an individual particle depends both on the density of the solid 

vitreous material and the pore volume within the particles, and generally increases when 

particle size decreases.  After pulverizing in a jar mill over an extended period, the 

relative density of the poreless, solid ceramic material was determined to be 2.60 by 

methods similar to those used in measuring the relative density of cement. 
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Figure 16.4 Schematic of Dry Lightweight Aggregate 

 

 

 

Aggregate Bulk Density 
 

Aggregate bulk density is defined as the ratio of the mass of a given quantity of material 

and the total volume occupied by it. This volume includes the voids between, as well as 

the pores within the particles.  Bulk density is a function of particle shape, density, size, 

gradings, and moisture content, as well as the method of packing the material (loose, 

vibrated, rodded) and varies not only for different materials, but for different sizes and 

gradations of a particular material. Table 16.2 summarizes the maximum bulk density for 

lightweight aggregates listed in ASTM C 330 and ASTM C 331.  ASTM C 332  provides 

minimum density requirements for perlite and vermiculite to limit over-expanded, weak 

particles that would break down in mixing. 
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TABLE 16.2—Requirements of ASTM C 330, C 331, and C 332 for Dry Loose Bulk Density of 

Lightweight Aggregates. 

Aggregate Size and Group Maximum Dry Loose Bulk Density 

kg/m3 (lb/ft3) 

Minimum Dry Loose Bulk Density 

kg/m3 (lb/ft3) 

ASTM C 330 AND C 331 

fine aggregate 

 

70 (1120) 

 

... 

coarse aggregate 55 (880) ... 

combined fine and coarse aggregate 65 (1040) ... 

ASTM C 332   

Group 1   

Perlite 12 (196) 7.5 (120) 

Vermiculite 10 (160) 5.5 (88) 

Group 2   

fine aggregate 70 (1120) ... 

coarse aggregate 55 (880) ... 

combined fine and coarse aggregate 65 (1040) ... 

 

 

The relationship between the particle relative density and the bulk density of a aggregate 

sample is illustrated in Fig. 16.5 for a hypothetical lightweight aggregate. 
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Figure 16.5.  Schematic Representation of Bulk Volume, Interparticle 

Voids and Internal Particle Pores Showing Fractional Volumes  

of the bulk density of lightweight aggregate 
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Moisture Dynamics 
 

The non-steady state exchanges of moisture in and out of particles of lightweight 

aggregate may be separated into two distinctly different processes.  The first is when 

LWA is immersed in water (or another fluid) and continuously absorbs water, initially at 

a high rate, then at a significantly reduced rate, and then into a rate so slow that it takes 

years to conclude. 

 

The second mechanism is characterized as ―sorption‖ in which the moisture exchange is 

between the surface of the lightweight aggregate particle and the surrounding medium 

(air at differing relative humidity or hydrating cement paste in concrete).  ACI 116 

defines surface moisture (or adsorbed moisture) as free water retained on the surfaces of 

aggregate particles and considered to be part of the mixing water in concrete, as 

distinguished from absorbed water‖. 

 

Adsorption – ―Adsorption is considered to occur when a relatively dry material retains or 

takes up water in a vapor form from a surrounding atmosphere‖. and; 

 

Desorbtion – ―Desorbtion is the loss of adsorbed water [surface water] to a drying 

atmosphere‖ (Landgren, 1964). 

 

If desorbtion is taking place then the internal (absorbed) moisture will gradually move to 

the surface and behave like surface moisture to further exchange with the surrounding 

medium. 

 

The mechanism of the absorption of water into immersed or continuously prewet 

lightweight aggregate is widely understood and accounted for.  The loss of moisture from 

unsealed LWA into the surrounding air (LWA with an extremely high degree of 

saturation, when laid on the floor of a laboratory will lose all but a small percentage of its 

absorbed water within two days) is not equally well known or appreciated.  Lightweight 

aggregate is not hydrophilic (having a strong affinity for water). 

 

When surrounded by a fine pore matrix (hydrating cement paste – smaller pores less than 

one micron) the large sized pores of a structural lightweight aggregate (typically from 5 

to 300 microns) will have their moisture content lowered depends on the amount of 

moisture in the aggregate, due to the ―wicking‖ action of the fine capillary pore system of 

the somewhat hydrophilic action of the hydrating cement paste.  The rate of wicking 

slows as the cement hydrates and the capillaries close off.  See appendices F (Valore, 

1988) and G (Landgren, 1964) for sorption curves of lightweight aggregate, hydrated 

cement paste and bricks. 

 

Therefore, soon after set, when the microporous structure of the hydrated cement paste 

develops, the moisture in the lightweight aggregate will serve as a reservoir for supplying 

the moisture necessary for providing the curing conditions essential for full hydration of 

the cement, this is commonly referred to as internal curing.  As shown in Landgren’s 

paper this emptying of water from the LWA will start at relative humidity lower than 

about 98% which happens just a shortly after hydration begin. 
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Absorption Characteristics 

 

Due to their cellular structure, lightweight aggregates absorb more water than their 

ordinary aggregate counterparts.  Based upon a 24-hour absorption test conducted in 

accordance with the procedures of ASTM C 127 and ASTM C 128, structural-grade 

lightweight aggregates will absorb from 5 to more than 25 percent moisture by mass of 

dry aggregate.  By contrast, ordinary aggregates generally absorb less than 2 percent of 

moisture.  The important distinction in stockpile moisture content is that with lightweight 

aggregates the moisture is largely absorbed into the interior of the particles, whereas with 

ordinary aggregates it is primarily surface moisture.  Recognition of this difference is 

essential in mixture proportioning, batching, and control.  Rate of absorption is unique to 

each lightweight aggregate, and is dependent on the characteristics of pore size, 

continuity, and distribution, particularly for those pores close to the surface.   

 

When the aggregate is used in concrete the internally absorbed water within the particle is 

not immediately available for chemical interaction with cement as mixing water, and as 

such, does not enter into water-cement ratio (W/Cm) calculations.  However, it is 

extremely beneficial in maintaining longer periods of hydration (Internal Curing) 

essential to improvements in the aggregate/matrix contact zone.  Internal curing will also 

bring about a significant reduction of permeability by extending the period in which 

additional products of hydration are formed in the pores and capillaries of the binder. 

 

As can be seen in Fig. 16.6 the rate of absorption can be divided into four regimes. 
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Figure 16.6 Absorption vs. Time for typical structural grade 

ESCS lightweight aggregate 

 

Region A.  Rapid entry of water by capillary absorption by close to surface pores 

within the first few hours. 

Region B.  Very slow diffusion into interior pores. 

Region C.  When the moisture content is approximately equal to that obtained by 

ASTM procedure (24 hour immersion), then the slope of the line reflecting further 

absorption represents the very slow process of diffusion.  This is the basis for 

providing accurate relative density values during the relatively short time used to 

conduct pycnomter tests at 24 hours. 

Region D.  Absorption developed over an extended period of time used to mix, 

transport, place, and prior to initial set (6-8 hours +) will be very small, and 

therefore the W/Cm ration will be decreased by an equivalent small amount. 

 

 

 

For illustrative purpose the water absorption with time and the resulting degree of 

saturation for a midrange, typical lightweight aggregate are shown in Figs. 16.7, 16.8 and 

Table 16.3. 
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Figure 16.7.  Schematic representation of volumes occupied 

By the ceramic matrix, the remaining pores and the degree 

of saturation of absorbed water. 
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    Log of time, days 

 

Figure 16.8. Water Absorption by Weight of Coarse Lightweight 

Aggregates during 2-years of Water Immersion 

 

 

 

Table 16.3. Aggregate Absorption and Degree of Saturation (Holm et. al. 2004) 

Immersion 

Time 

Water Absorption 

(% Mass) 

Degree of 

Saturation 

% of 24- 

Hour Soak 

Relative 

Density 

Factor 

0 mins 

2 mins 

5 mins 

15 mins 

60 mins 

2 hours 

1 day 

3 days 

28 days 

4 months 

1 year 

2 years 

0 

5.76 

6.15 

6.75 

7.74 

8.32 

10.5 

12.11 

18.4 

23.4 

30 

30 

0 

.17 

.18 

.20 

.23 

.24 

.31 

.35 

.54 

.69 

.88 

.88 

0 

55 

59 

64 

74 

79 

100 

115 

175 

223 

285 

285 

1.38 

1.46 

1.46 

1.47 

1.49 

1.49 

1.52 

1.55 

1.63 

1.70 

1.79 

1.79 
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“Saturated” Surface Dry 

 

ASTM C 127 and C 128 procedure prescribe measuring the ―saturated‖ (inaccurately 

named in the case of Lightweight Aggregates; partially saturated after a 24-hour soak is 

more accurate) particle density in a pycnometer and then determining the absorbed 

moisture content on the sample that had been immersed in water for 24 hours.  After a 

24-hour immersion in water, the rate of moisture absorption into the lightweight 

aggregate will be so low that the partially saturated particle density will be essentially 

unchanged during the time necessary to take weight measurements in the pycnometer.  

After the moisture content is known, the oven-dry particle density may be directly 

computed.  Fig. 16.9 illustrates typical ESCS lightweight aggregate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16.9 Schematic of “Saturated” Surface Dry as defined by ASTM C 127 

and C 128 after 24-hour submersion 

 

Following ASTM procedures the measured physical properties of this particular 

lightweight aggregate are: 

 

Relative Density, RD24 = 1.52 

Moisture Absorption, M24 = 10.5% 

Relative density solid, RDSOLIDS = 2.6 

Bulk Density, BD = 44.6 pcf (714 kg/m³) 
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That after 24-hour immersion in a pychometer, measurements result in a relative density 

of 1.52 with an ―absorption‖ of 10.5% by mass.  The oven-dry particle density (PDOD) 

may be back calculated to be as follows: 

 

 

 

 

It follows then that the fractional volume of ceramic solids, 

 

 

Fraction Volume of pores, VP = 1.00 - .53 = .47 

 

 

 

The degree of saturation (DS: the extent to which the pores are filled) 

 

 

 

 

 

Following the prescribed ASTM procedures the DS for ESCS lightweight aggregate will 

generally be in the range of approximately 25 to 35% of the theoretical saturation.  The 

use of the ASTM expression ―saturated surface dry‖ is therefore, inappropriate for 

lightweight aggregate because it’s theoretically inaccurate and analytically misleading. 

 

 Stockpile Moisture Content 

 

From a practical perspective and considering the fact that most lightweight concrete is 

placed by pumping, the usual practice is to batch the lightweight aggregate at a moisture 

condition greater than the ―Absorption Value‖ defined by ASTM C 127 procedures (24-

hour immersion).  In this condition the absorbed (internal) moisture content will be in 

excess of the 24 hour absorption value defined by ASTM.  The degree of saturation (DS) 

necessary for adequate pumping characteristics, as determined by practical field 

experience, may be obtained from the ESCS supplier.   

 

Example, assume for this hypothetical lightweight aggregate (Fig. 3.10) that experience 

has shown that the lightweight concrete will pump efficiently when the lightweight 

aggregate used has absorption of at least 17% by mass. 

 

At that condition the 

 

Due to the continuous pre-wetting, and because of the very slow further tendency to 

absorb water into the aggregate, there will invariably be a film of surface (adsorbed) 

water on the surface of the lightweight aggregate.  It is essential to evaluate this quantity 

of surface water for an accurate determination of the ―net‖ mixing water that influences 

workability and determines the effective w/cm ratio. 
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Therefore, it is necessary to run the usual moisture test as follows.  Measure the weight of 

the as-received surface moist sample (WT).  After towel drying, measure the weight of 

the surface dry sample (WTD) and conduct the drying test. 

 

Sample calculations: 
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Figure 16.10 Schematic of “Partially Saturated” Surface Wet 

 (Moisture Condition of Stockpiled Lightweight  

Aggregate with Some Surface Water)  
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Full Saturation 

 

Lightweight aggregate exposed to moisture in production plants and/or stored in open 

stockpiles will contain certain moisture content.  Lightweight aggregates that are used 

alone in geotechnical, horticulture or asphalt applications are exposed to the weather, 

sprinkled or submerged, will continue to absorb water over time.   

 

In the following LWA investigation, the effective particle density of a submerged LWA 

sample was measured throughout a two-year period to demonstrate long-term weight 

gain.  Long-term absorption and relative density characteristics are also shown in Table 

16.3, and Fig. 16.11 and Fig. 16.12.  When moisture absorption-versus-time relationships 

are extrapolated or theoretical calculations used to estimate the total filling of all the 

lightweight aggregate pores, it can be shown that for this particular lightweight aggregate, 

the absorbed moisture content at total saturation (M@TS) after an infinite immersion will 

approach 34% by mass with a totally saturated particle density of 1.85 as can be seen in 

the following calculations: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16.11.  Moisture absorption (by weight) and relative density of 

lightweight aggregate versus time of submersion 

 

 

85.1)0.147(.)6.253(.@ saturation at totaldensity  Relative

34.
6.253.

0.147.
@ saturation at totalcontent  Moisture

xxRD

x

x
M

TS

TS
 

 

Complete filling of pores in a structural grade LA is unlikely because the non-

interconnected pores are enveloped by a very dense ceramic matrix.  However, these 

calculations do reveal a conservative upper limit for the density in submerged design 

considerations. 
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Figure 16.12 Schematic of Total Saturation (TS) 

 Theoretically All Pores Filled 

 

 

Chemical Stability 
 

For more than 30-years ESCS aggregates have been successfully used in residential 

septic tank drain fields and commercial application where there was continuous exposure 

to waste product leachate.  This has been necessary in some cases to replace local 

carbonate based (limestone & dolomite) aggregates that performed poorly. 

 

In the paper ―Expanded Clay and Shale Aggregates for Leachate Systems‖ presented in 

the GEO-Environmental Engineer, November 1997, the authors, Bowders et al., reported 

the results of tests in which lightweight aggregates were immersed in leachate solutions.  

The conclusions were: 

 

―An additional issue is the durability of an aggregate after eight weeks of immersion in 

an actual municipal solid-waste landfill leachate, the aggregate showed no sign of 

deterioration.  Gradations remained unchanged and index properties were about the same 

as those for unimmersed aggregate.  Under immersion conditions, MSW (Municipal 

solid-waste) leachate does not appear to be any more detrimental to the expanded clay 

and expanded shale aggregates than it would be to other non-carbonate-bearing 

aggregates‖. 
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Durability Characteristics 
 

The durability of structural ESCS lightweight aggregates used in structural concrete 

applications is well known.  More than 600 major U.S. bridges built using structural 

lightweight concrete have demonstrated low maintenance and limited deterioration.  

Additionally, lightweight concrete has been used on numerous severely exposed marine 

structures, including large offshore platforms. 

 

Long-term durability of lightweight aggregate use in geotechnical application was 

demonstrated in 1991 by reclaiming and testing samples of the aggregates supplied in 

1968 to a Hudson River site.  Magnesium soundness tests conducted on the reclaimed 

aggregate sample exposed to long-term weathering resulted in soundness loss values 

comparable to those measured and reported in routine quality control testing procedures 

23 years earlier.  There was little long-term deterioration due to continuous submersion 

and freeze-thaw cycling at the waterline. 

 

ASTM standard specifications C 330 and C 331 for lightweight aggregate have no 

requirements for corrosive chemicals limitations.  The American Concrete Institute 

Building Code (ACI 318) mandates chloride limitations in the overall concrete mass 

because of concern for reinforcing bar corrosion, but no limits are specified for individual 

constituents.  Numerous geotechnical projects specifications calling for lightweight 

aggregates have limited water soluble chloride content in the aggregate to be less than 

100 ppm when measure by AASHTO T 291. 

 

All this may seem academic; when the durability of vitrified ceramics is examined from 

an archeological perspective.  Indeed, clay tablets, brick and pottery are in some instances 

the only remaining vestige of ancient empires.  Often all that remains at the sites of ships 

that sunk centuries ago are ceramic wine vessels.  Inspection of the piers at the Roman 

fish-farming complex in Cosa, Italy revealed a wise choice by the builders that used 

broken ceramic shards from a nearby pottery, perhaps the first use of a manufactured 

aggregate.  After 2 millennia of exposure to salt water and wave action these piers are 

still largely intact. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 16-25 

16.3 GEOTECHNICAL PROPERTIES OF LIGHTWEIGHT BACKFILL 
 

In-place Compacted Moist Density 
 

Results of compacted lightweight aggregate density tests conducted in accordance with 

laboratory procedures (Proctor tests) should be interpreted differently from those for 

natural soils.  Two fundamental aspects of lightweight aggregate backfill will modify the 

usual interpretation soils engineers place on Proctor test data.  The first is that the 

absorption of lightweight aggregate is greater than natural soils.  Part of the water added 

during tests will be absorbed within the aggregate particle and will not affect interparticle 

physics (bulking, lubrication of the surfaces, etc.).  Second, unlike cohesive natural soils, 

structural grade lightweight aggregate are designed to contain limited fines, limiting the 

increase in density due to packing of the fines between large particles.  The objective in 

compacting lightweight-backfill is not to aim for maximum in-place density, but to 

strive for an optimum density that combines high stability without unduly 

increasing compacted density.  Optimum field density is commonly achieved by two to 

four passes of rubber tire equipment.  Excessive particle degradation developed by steel-

tracked rolling equipment should be avoided. 

 

A testing program sponsored by ESCSI was conducted at MACTEC (Law) Engineering 

(April 29, 2003) Herndon, Virginia on four sources of ESCS aggregates as contained  in 

Appendix C.  This program compared the results of laboratory compaction tests 

conducted in accordance with the procedures of: 

 ASTM D 4254, ―Standard Test Method for Minimum Index Density and Unit 

Weight of Soils and Calculation of Relative Density”. 

 ASTM D 4253, ―Standard Test Methods for Maximum Index Density and Unit 

Weight of Soils Using a Vibratory Table”. 

 With a modification of ASTM D 698, “Standard Test Methods for Laboratory 

Compaction Characteristics of Soil Using Standard Effort”.  Modified and 

referenced here as on point proctor test (OPP). 

 

(These standards are enclosed in Appendix C) 

 

These tests along with similar tests conducted earlier on two ESCS aggregates revealed: 

 

As shown in Table 16.4 the one point proctor test (OPP) produced percent 

compaction results that vary from 0.95 to 1.05 with and average of 1.00 of the 

maximum compacted densities achieved by following the procedures of ASTM 4253 

Maximum Index Density Method.  Table 16.4 shows the effect particle shape has on 

density. 
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Table 16.4.  Summary of ESCSI Laboratory Testing Programs 

on the Compacted Density of ESCS Lightweight-Backfill 
(4 MACTEC Density Tests (4/2003), plus 2 tests from (3/2001)) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All densities shown are as tested with as received moisture content. 

OPP = One Point Proctor (Modified ASTM D 698) 

SA = Sub-angular 

SR = Sub-rounded 

 

 

 

 

 

 

 

 

 

Δ Relative  

Density 

Max D4254 

Min D4253 

Note “A” 

Δ One Point 

Proctor  

OPP 

Note “A” 

Percent 

Compaction 

OPP ÷ Max 

Note “B” 

Moisture 

As 

Received % 

Particle 

Shape 

SA 

SR 

Grading Densification 

Due to 

Compaction 

OPP ÷ Min 

Note “C” 

 

U     57.4 Max 

      -50.2 Min 

       +7.2 Δ 

 

 

     57.3 

   -50.2 

    +7.1 Δ 

 

       1.00 

 

   1.1 

 

SA 

 

3/8-#8 

 

1.14 

 

V     41.5 Max 

      -36.8 Min 

        +4.7 Δ 

 

 

    39.4 

 

    +2.6 Δ 

 

       .95 

 

   1.2 

 

SR 

 

¾-#4 

 

1.07 

 

W    55.5 Max 

      -51.6 Min 

        +3.9 Δ 

 

 

     54.3 

 

     +2.7 Δ 

 

      0.98 

 

   2.0 

 

SR 

 

3/8-#8 

 

1.05 

 

X     51.6 Max 

      -49.7 Min 

        +1.9 Δ 

 

 

    54.0 

 

    +4.3 Δ 

 

      1.05 

 

    3.0 

 

SA 

 

¾-#4 

 

1.05 

 

Y     55.3 Max 

      -52.5 Min 

       +2.3 Δ 

 

 

    58.0 

 

   +5.5 Δ 

 

       1.05 

 

    21.3 

 

SA 

 

¾-#4 

 

1.10 

 

Z     41.6 Max 

      -38.2 Min 

        +3.4 Δ 

 

 

    41.1 

 

    +2.9 Δ 

 

        0.99 

 

      0.4 

 

SR 

 

½-#4 

 

1.08 
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Table 16.5.  EFFECT OF PARTICAL SHAPE AND GRADING ON DENSITY 
(Analysis of 4 tests MACTEC 4/2002 plus 2 tests 3/2001) 

Aggregate 

Samples 

 

 

Percent 

Compaction 

 

OPP ÷ Max 

Densification 

Due to 

Compaction 

OPP ÷ Min 

Density increase 

Due to  

Compaction 

(OPP – Min) 

lb/ft³ 

Group I 

Y 

X 

U 

 

Group II 

Z 

W 

V 

 

1.05 

1.05 

1.00 

 

 

0.99 

0.98 

0.95 

 

 

1.10 

1.05 

1.14 

     Ave.1.10 

 

1.08 

1.05 

1.05 

     Ave.1.06 

 

5.5 

2.8 

7.2 

     Ave. 5.2 

 

2.6 

1.7 

2.7 

      Ave.2.3 

Average of 

All tests 

 

1.00 

 

1.08 

 

3.8 

 

Variation 

 

 

very small 

 

Small, predictable 

 

small within group 

Group I Are ESCS aggregates with a sub-angular (SA)particle shape and a wide 

range of sizes (3/4 - #4). 

Group II Are ESCS aggregate with a sub-rounded (SR) particle shape and a 

relatively small range of sizes (3/8 - #4) 

 

Notes to Table 16.3 and 16.4 

 

A. One point proctor (OPP): 2 measurements (one preliminary lab, one field) 

Relative density: 3 measurements (two labs, one field-how tested?) 

B. OPP / Max(lab) = 1.00 average, OPP ≈ Max(lab)  The simple one-point 

proctor density can be determined in lab, office, field, with usual concrete 

technology equipment (0.5 cf bucket, rod), and develop densities very close to 

that obtained with heavy surcharge and vibration in the laboratory. 

C. Densification due to compaction 1.08 Average (Range 1.05-1.14) 

D. Average increase in density due to compaction 3.8 pcf (1.7 to 7.2) 

 

ESCSI Recommended Compaction Procedure: Based upon the results of laboratory 

tests as well as the experience gained in field testing on major lightweight aggregate 

geotechnical projects, ESCSI recommends the following procedure: 

 

Compacted moist density shall be determined by a modification of ASTM D 698 

(AASHTO T 99) “Standard Test Methods for Laboratory Compaction Characteristics 

for Soil Using Standard Effort”.  The aggregate shall be placed in three layers in a 

standard 0.5 cubic foot bucket, with each layer compacted by 25 blows of a 5.5 pound 

hammer dropped from a distance of 12 inches.  The aggregate is compacted only once 

at the received moisture content.  This procedure is referenced to as the one point 

proctor (OPP). 
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Shear Strength 
 

ESCS lightweight aggregate provides an essentially cohesionless, granular fill that 

develops stability from inter-particle friction.  Extensive triaxial compression tests 

conducted by Stoll and Holm (1985) on large 250 x 600 mm (10 x 24 in. high) specimens 

have confirmed angles of internal friction of 38 degrees.  This comprehensive testing 

program was completed on ESCS form six production plants.   It included variations in 

grading, moisture content, and compaction levels, and revealed consistently high angles 

of internal friction. 

 

Additionally, an extensive direct shear testing program conducted by Valsangkar and 

Holm (1990) confirmed high angle of internal friction measured on large-scale triaxial 

compression testing procedures. 

 

Triaxial Compression Tests on Lightweight Aggregates: In order to determine the 

resistance to lateral forces developed by compacted lightweight aggregate, large scale 

triaxial compression tests were conducted at Columbia University’s Geotechnical 

Laboratory under the direction of Professor Robert D. Stoll (Fig. 16.9).  The failure 

surface developed during the course of the test was always clearly visible.  

 

 

 

Figure 16.13.  Triaxial Compression Testing 

 

Standard laboratory equipment is appropriate when testing samples of small particles 

(soil) but not for coarse aggregate specimens.  This testing program conducted on 

stockpile samples provided an assurance of repeatability in testing.  Further tests 

evaluated the influence of aggregate moisture conditions on the angle of internal friction 

(Ø).  Finally, a two-year program was conducted on five lightweight aggregates from 

other rotary kiln plants in other geographic areas to determine the effects of differing 

aggregate properties (particle strength, shape and grading) on the angle of internal 

friction.  Based on the tests on this particular lightweight aggregate the angle of internal 

friction was determined to be in excess of 40 degrees in loose condition and slightly 

higher in a compacted condition. 
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All of the triaxial tests were run on specimens approximately 25.4 cm (10 in.) in diameter 

and 61.0 (24 in.) long.  Specimens were confined in a rubber sleeve with a wall thickness 

of approximately 1.5 mm.  Isotropic confining stress was applied to specimens by 

connecting a controlled vacuum through a port in either the tip or bottom platen.  All 

testes were run at a constant rate of axial displacement which was equivalent to an 

average strain rate of 0.7% per minute. 

 

Tests were run on ―loose‖ and ―compacted‖ specimens for each different material.  The 

loose specimens were prepared by gently placing the aggregate into the forming mold 

one scoop at a time, with an effort made to avoid vibration or other disturbance.  Once in 

place the aggregate was not leveled or rearranged.  In the tests on ―compacted‖ aggregate, 

each specimen was compacted in five layers with 25 blows of a 24.5 N (5.5 lb.) hammer 

falling 30.5 cm (12 inches) on each layer.  The densities produced by these procedures as 

well as other information about the source of the samples are given in Table 16.5.  The 

difference in density between the loose and compacted specimens is about the same as 

the difference between the maximum and minimum dry densities that resulted when the 

standard ASTM (D4253 and 4254) tests for the relative density of cohesionless soils were 

performed. 

 

Fig. 16.14 shows the stress-strain curves obtained for six sets of tests.  Most of the tests 

were run at the moisture content ―as received‖ in the lab.  Four of the tests (1 through 4) 

were run on a coarse fraction (passing the 3/4 inch sieve and retained in the No. 4 sieve).  

The figure shows a difference in response between the aggregates tested.  A physical 

inspection revealed a difference in the particle shape and texture.  While there is some 

variation in the angle of friction determined at the peak stress, a more significant 

difference may be the amount of strain that is required to develop the full shearing 

strength. 

 

Table 16.5.  Physical Properties of Aggregates Used in Tests 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

Lightweight 

Aggregate 

Sample 

Aggregate 

Grading 

Water Content 

At Test Time (%) 

Dry Density 

(pcf) 

Compact Loose Compact Loose 

 

ESCS 1 

ESCS 2 

ESCS 3 

ESCS 4 

ESCS 5 

ESCS 6 

 

3/4 in/No. 4 

3/4 in/No. 4 

3/4 in/No. 4 

3/4 in/No. 4 

3/8 to Pan 

3/8 in/No. 8 

 

5.3 

7.2 

4.0 

8.1 

8.2 

.01 

 

 

7.1 

6.7 

6.0 

8.4 

8.4 

1.4 

 

52.0 

53.4 

49.2 

50.6 

61.9 

53.0 

 

 

46.0 

47.6 

41.7 

46.4 

53.9 

47.1 
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Figure 16.14.  Stress-Strain Curves for 

Triaxial Compression Test (1 t.s.f. = 95.8 kPa) 

 

Aggregates 5 and 6 in Figure 16.14 contain intermediate and fine fractions. Which are 

also commonly available at most ESCS manufacturing plants.  In these materials the 

coarsest particles are those passing the 3/8 inch sieve, and there is a more noticeable 

stress drop-off after the peak, as is typical in many well graded granular soils.  In general, 

the curves shown are quite similar to what is obtained for many common gradations of 

ordinary fill.  For the compacted aggregates, the angle of internal friction corresponding 

to the peak stress difference varies from 44.5° to 48°, whereas for the loose material, the 

range was 39.5° to 42°. 

 

In the case of sample ESCS 1, aggregate tests were performed at several different 

confining pressures indicated that the Mohr envelop was essentially a straight line 

passing through the origin.  In addition, tests were run on this material after it had been 

soaked in water for a period of five weeks.  In the tests on water-soaked aggregate, the 

angle of internal friction was 1° to 2° lower than for the tests on the air dry or slightly 

moist materials. 

 

Direct Shear Tests on Lightweight Aggregate: The size of the direct shear box is 18 x 

12 x 25 inches (450 x 305 x 600 mm) deep.  This equipment was developed at University 

of New Brunswick, Canada for testing coarse materials and has been used to test peat, 

landfill samples, and coarse aggregates.  The upper box is fixed in its position, and the 

lower box is pushed on specially designed roller bearings using a hydraulic jack (Figure 

16.15).  A unique feature of the apparatus is the provision of two jacks for application of 

normal loads.  The pressures in the jacks are manipulated during shearing of the soil 

specimen to prevent lifting and tilting of the shear box, and to counteract moments 

generated by the nonaligned nature of horizontal forces on the lower and upper boxes of 

the shear device.  The soil specimen is sheared at a fairly constant rate using the 
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hydraulic jacks, and the horizontal loads are measured using either a proving ring or a 

load cell. 

 

In the series of tests where geotextiles were used, a specially designed clamp was used 

and attached to the walls of the lower box to hold the geotextiles in place.  The clamp 

consisted of a turnbuckle and wooden rod.  In all the tests performed in this series, the 

geotextile was always located at the interface between the two halves of the shear box.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16.15.  Large-size direct shear test apparatus 

 

Table16.6.  Angle of Internal Friction for Coarse Aggregates 
 

 

Material 

 

 

Test 

Method 

Angle of Internal Friction (Ø) Degrees as 

Determined by Direct Shear (DS) and Triaxial 

Compression Tests (T) 

Loose Compact 

  Ø Density Ø Density 

ESCS AGG A 

 

ESCS AGG B 

 

Limestone 

 

ESCS AGG B 

DS 

 

DS 

 

DS 

 

T* 

40.5 

 

40.0 

 

37.0 

 

39.5 

58 

 

52 

 

107 

 

46 

48 

 

45.5 

 

N/A 

 

44.5 

66 

 

58 

 

118 

 

52 

 * Data from triaxial tests, Stoll and Holm (1985) 

 Note: Unit weight for loose and compact specimens are the same as for  

 Consolidation tests. 
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The first series of direct shear tests was performed on loose and compact specimens of 

normalweight and lightweight aggregates to investigate the effect of the relative density 

on the angle of internal friction.  Results are presented in Table 16.6 for all the aggregates 

tested. 

 

A comparison of the data from the present series with results of triaxial tests (on one 

material) reported in Stoll and Holm is also presented in Table 16.6.  It is seen that results 

of the direct shear tests are in good agreement with the triaxial testing data.  The data also 

shows that there is a difference in response between the ESCS A and ESCS B aggregate 

for compact relative density.  A detailed visual examination indicated that the lightweight 

aggregate is relatively more angular, which explains high values of angles of internal 

friction and less compressible behavior.  The results of the direct shear testing indicate 

that the shear strength characteristics of lightweight aggregate are similar to commonly 

used normalweight aggregates. 

 

 

Interaction Between Lightweight Aggregate and Geotextiles 
 

Valsangkar and Holm reported results of testing programs on the interaction between 

geotextiles and lightweight aggregate fills that included the variables of differing 

aggregate types and densities, thickness of aggregate layer, and geotextile types.  The 

results indicated that the overall roadbed stiffness is unaffected when lightweight 

aggregate is used instead of normalweight aggregate for small deflections and initial load 

applications.  These tests were followed by a large-scale test, which reported that the 

comparison of the friction angles between the lightweight aggregate or the normalweight 

aggregate and the geotextiles indicate that interface friction characteristics are, in general, 

better for lightweight aggregate than normalweight aggregates. 

 

 

Results of the direct shear tests performed with geotextiles incorporated at the interface 

between the upper and lower shear box are presented in Table 16.7.  It should be noted 

that all the tests in this series were performed on loose aggregate specimens only.  For the 

combination of aggregate/geotextile/peat subgrade, the road structure was inverted in the 

shear box due to high compressibility of peat.  The aggregate was placed in the lower box 

and peat in the upper box with geotextile located at the interface.  With this arrangement, 

the geotextile remained at the interface between the two halves of the shear box in spite 

of considerable compression of the peat under normal stress. 
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Table 16.7. Friction Angle Between Geotextiles and Coarse Aggregates 

 
Material in 

Lower Box 

Material in 

Upper Box 

 

Fabric 

Fraction Angle 

(Degree) 

Limestone 

Limestone 

ESCS (A) 

ESCS (A) 

Peat 

Limestone 

Limestone 

ESCS (A) 

ESCS (A) 

Peat 

Peat 

Limestone 

Limestone 

ESCS (A) 

ESCS (A) 

Peat 

Peat 

Peat 

Peat 

Peat 

Peat 

Peat 

Woven 

Nonwoven 

Woven 

Nonwoven 

--- 

Woven 

Nonwoven 

Woven 

Nonwoven 

Woven’ 

Nonwoven 

41.0 

42.0 

47.8 

47.0 

31.0 

32.0 

32.0 

32.0 

32.0 

31.0 

30.0 

Note: Water content of peat = 600%, Unit weight of limestone 

aggregate = 13.5 kN/m³, Unit weight of ESCS (A) = 8.5 kN/m³ 

To convert density from kN/m³ to lb/ft³ multiply by 6.37 

To convert stress from kPa to lb/in² multiply by .147 

 

 

Compressibility 
 

Compressibility tests completed on lightweight aggregate fill have demonstrated that the 

curvature and slope of the ESCS backfill stress-strain curves in confined compression 

were similar to those developed for companion limestone samples (Addo, 1986).  Cyclic 

plate-bearing tests on lightweight aggregate fills demonstrated vertical subgrade reaction 

responses that were essentially similar for the lightweight and normalweight aggregate 

samples tested (Valsangkar and Holm, 1993). 

 

ASTM C 330 specifications required all structural lightweight aggregates to develop 

concrete strengths above 17 Mpa (2500 psi).  All structural ESCS concrete will develop 

34.4 Mpa (5000 psi), and small number can be used in concretes that develop 

compressive strengths greater than 69 Mpa (10,000 psi). 

 

Materials Tested: ESCS aggregates from two sources were studied.  The particles tested 

were subangular in shape, durable and chemically inert.  The expanded, vitrified particles 

are screened to produce the desired gradation for a particular usage.  In the geotechnical 

applications, coarse aggregates with particle sizes between 5 mm to 25 mm are 

commonly used and materials within this grading were used in this testing program. 

 

Both ESCS aggregates studied had a grain size distribution varying between 3/4-#4 (19 

and 4.7 mm).  The uniformity coefficient of ESCS lightweight aggregate LWA #1 was 

1.4, whereas for the lightweight aggregate LWA #2 the coefficient was 1.5. 

 

One-dimensional compressibility and direct shear tests using normalweight crushed 

limestone aggregate were performed by Addo in 1986, and these data were used in the 

test for comparison purposes.  This material has a uniformity coefficient of 1.4 and a 

grain size distribution varying between 3/4-#4 (19 and 4.7 mm). 
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Test Procedures: One-dimensional compressibility tests were performed in a 550-mm 

diameter 306-mm-deep floating steel ring.  The vertical loads were applied by a 100-ton 

capacity hydraulic jack and settlements were measured by three dial gages.  One of the 

special features of the large-size consolidometer is the provision of three strainsert bolts 

attached to the confining steel ring.  These bolts are 19 mm in diameter and instrumented 

with strain gages.  The bottom end of the bolt is connected to the outside wall of the 

floating ring.  The top of the bolt is inserted into a slot in the cylindrical housing, which is 

attached to the bottom plate of the consolidometer (Fig. 16.16).  With this arrangement, 

the frictional forces mobilized on the wall of the consolidometer exert tensile force on the 

strainsert bolts, which are monitored during the loading of soil specimens.  For each load 

increment, the applied load at the top of the soil specimen is known, and the load at the 

bottom is calculated from the strainsert bolt data.  The average axial stress on the soil 

specimen is calculated by taking the algebraic mean of the load at the top and bottom. 

 

The friction mobilized along the perimeter of the floating ring increase with the applied 

axial load and the relative density of the soil specimen.  At a maximum load of 150 kN, 

approximately 30% of the applied load was transmitted in side friction for loose 

specimens for all aggregates tested.  These data indicate the importance of measurements 

and accounting for the side friction in large-scale one-dimensional compression testing.  

During each load increment time-dependent settlements were monitored, and the next 

load increment was applied when the settlement under the previous load was complete.  

All the tests were done on dry specimens only. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16.16.  100-ton capacity consolidometer 
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Test Results: Table 16.8 summarizes the materials and densities employed in the 

compressibility test series.  Compressibility test results are present in Figs. 16.17 and 

16.18 for compact and loose sample, respectively.  In additions to the test data for 

lightweight aggregates, compressibility curves for normalweight crushed limestone 

aggregate are also presented  

 

Table 16.8.  Compressibility Test Series 

 
 

Material 

Dry Unit Weight kN/m² 

Loose Compact 

 

LWA # 1 

LWA # 2 

Limestone 

 

9.11 

8.24 

16.73 

 

10.41 

9.16 

18.50 

To obtain lb/ft³ multiply kN/m² by  6.36 

 

 

for comparison purposes.  From Figure 16.13 and 16.14 it is seen that the curvature and 

the slop of the stress-strain curves in confined compression for the first monotonic and 

subsequent cyclic loadings are similar for crushed limestone and LWA #2 lightweight 

aggregate.  The LWA #1 lightweight aggregate with a similar grain size and relative 

density appears to be relatively lest compressible.  The trend reported by Stoll and Holm 

1985 of the increased slope of stress-strain curve sequent to the first monotonic loading is 

observed both for the normalweight and lightweight aggregates.  Also, the unloading and 

reloading curves are very flat for all the aggregates tested in this series. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16.17. One-dimensional compression stress/strain curves 

for compact coarse aggregates 

 



 16-36 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16.18. One-dimensional compression stress/strain curves 

for loose coarse aggregates 

 

At the end of five cycles of loading, grain-size analysis tests were performed to 

investigate the extent of particle breakage due to cyclic loading.  Comparison of the 

grain-side distribution curves before and after cyclic loading indicated that no noticeable 

degradation had occurred.  However, minor degradation occurring during the first few 

cycles of loading appears to lead to more stabilize interparticle contacts, and the material 

reacts in a much stiffer manner to subsequent load application. 

 

Cyclic Plate Load Tests on Lightweight Aggregate Beds 

 
A testing program carried out at the University of New Brunswick, Canada consisted of 

laboratory plate load tests on beds of lightweight aggregate with or without geogrid 

reinforcement.  The variables studied were relative density of the aggregate and location 

of the goegrid with respect to the base of the plate. 

 

Materials: ESCS Lightweight aggregate was used in this study.  The lightweight 

aggregate tested had a grain size distribution between 3/4  - #4 (19 and 4.7 mm) with a 

uniformity coefficient of 1.4.  Table 16.9 gives the angle of internal friction data for the 

lightweight aggregates from two sources, along with the data for limestone aggregate. 
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Table 16.9.  Angle of Internal Friction for Coarse Aggregates 

 
 

 

Material 

 

 

Test 

Method 

Angle of Internal Friction (Ø) Degrees as 

Determined by Direct Shear (DS) and Triaxial 

Compression Tests (T) 

Loose Compact 

  Ø Density Ø Density 

ESCS AGG A 

 

ESCS AGG B 

 

Limestone 

 

ESCS AGG B 

DS 

 

DS 

 

DS 

 

T* 

40.5 

 

40.0 

 

37.0 

 

39.5 

58 

 

52 

 

107 

 

46 

48 

 

45.5 

 

N/A 

 

44.5 

66 

 

58 

 

118 

 

52 

 * Data from triaxial tests, Stoll and Holm (1985) 

 Note: Unit weight for loose and compact specimens are the same as for  

 Consolidation tests. 

 

Testing: Plate load tests were performed in a test pit 10’6‖ x 10’6‖ x 5’3‖ inches (3.2 x 

3.2 x 1.6 m) deep.  The facility is equipped with loading frames, and the reaction beam 

can be adjusted in the vertical position depending on the thickness of the soil in the test 

pit.  Details of the test setup are shown in Figure 16.19.  A standard steel plate 12 inch 

(300 mm) in diameter was used in all the tests.  The loads were applied by a hydraulic 

ram, and the settlements were monitored using two dial gauges.  The date from the dial 

gauges and the level vial mounted on the plate were used to ensure that plate tilting did 

not occur during testing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16.19.   Setup for plate load test 

 

In all the tests performed the thickness of the lightweight aggregate was at least  

2′10″(900 mm).  Loose relative density was achieved by end dumping the aggregate in 

the test pit.  An average dry density of 50 lb/ft³ (800 kg/m³) was achieved when the 

aggregate bed was prepared by end dumping. 
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After completion of testing of the loose lightweight aggregate, it was removed from the 

test pit.  A small vibratory plate compactor  21 x 24 inch (530 x 610 mm) plate was then 

used to compact 6″ (150-mm) -thick lifts of lightweight aggregate (Figure 16.20).  

Density measurements made after compaction indicated that an average dry density of 59 

lb/ft³ (950 kg/m³) was achieved. 

 

When the plate was properly seated, load was applied with the hydraulic ram (Figure 

16.17).  For loose aggregate beds, the loads were monotonically applied in increments of 

225 lb (1 kN) until a settlement of 1/2 inch (12 mm) was achieved.  For the compacted 

aggregate bed, monotonically increasing loads were applied in increments of about 450 to 

675 lb (2 to 3 kN) until the place settlement reached  1/2 inch (12 mm).  Load increments 

for reinforced aggregate varied from 900-1350 lb (4 to 6 kN) during the monotonic 

application of loads.  Irrespective of the magnitude of the load increment, each load 

increment was maintained until the rate of settlement was less than .0008 inch (0.02 mm) 

/min for a minimum of three successive minutes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16.20.  Test Pit with BOMAG Vibratory  

compaction (21" x 24" Plate) 

 

The choice of 1/2 inch (12-mm) settlement as the maximum settlement was adopted on 

the basis of the ASTM standard for plate load testing (ASTM D 1195-64).  However, 

load cycling before reaching 1/2 inch (12-mm) settlement was not carried out as 

recommended in ASTM D 1195-65, because the primary objective of the study was to 

determine the coefficient of subgrade reaction for monotonic loading.  The other reason 

for adopting the 1/2 inch (12-mm) settlement criterion and not cycling the load before 

this much settlement occurred is found in the work by DeBeer, which concluded that the 

settlement at the onset of bearing capacity failure of granular soils with high relative 

density is on the order of 5 percent of the width of the loaded area. 
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Figure 16.21.  10-ton hydraulic ram jack, 12" dia. Plate and gages 

 

In all the tests performed, cyclic loads were applied after the monotonic load was applied 

to achieve a 1/2 inch (12-mm) settlement.  In each case the maximum load corresponding 

to 1/2 inch (12-mm) settlement was applied six to eight times to study the behavior under 

cyclic loading.  Each test was done at least twice to ensure that data and trends were 

reproducible. 

 

Results: Plate load test results for unreinforced lightweight aggregate are presented in 

Figure 16.21 for compact and loose beds.  The bearing stress for 1/2 inch (12-mm) 

settlement increased from 16.8 to 66.2 lb/in² (116 kPa to 456 kPa) because of moderate 

compaction.  The values of coefficient of vertical subgrade reaction were determined 

from the slope of the bearing stress-versus-settlement data obtained during the monotonic 

loading.  The results are given in Table 16.10.  Typically, values of coefficient of vertical 

subgrade reaction of  30 pci (8 MN/m³) loose and 140 pci (38 MN/m³) compact are used 

for normalweight coarse grained soils.  Thus, the plate loading tests confirm that the 

behavior of tested coarse lightweight aggregate is similar to that of normalweight 

aggregates. 
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Table 16.10.  Coefficient of Vertical subgrade Reaction for Coarse 

Lightweight Aggregate 
 

Test No. 

 

Plate Diameter 

mm 

 

Relative Density 

 

Coefficient of Subgrade 

Reaction, MN/m³ 

 

1 

2 

3 

4 

 

 

300 

300 

300 

300 

 

Loose 

Loose 

Compact 

Compact 

 

9 

10 

42 

38 

To convert: 

 kPa to lb/in² multiply by .145 

 MN/m³ to pci multiply by 3.69 

 Mm to inches multiply by .0393 

 Kg/m³ to lb/ft³ multiply by .016 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16.22.  Effect of relative density on plate settlements 

 

Conclusions: Results of the preliminary plate load testing program reported in this paper 

indicate that the coefficient of vertical subgrade reaction values of lightweight aggregates 

is similar to that of normalweight aggregates used in roadway and engineered fill 

applications.  The inclusion of geogrid as a soil reinforcement enhances the 

compressibility characteristics of the lightweight aggregate similar to the normalweight 

aggregate.  Even though relatively few tests have been done in this program, the 

extensive testing done previously at the University of New Brunswick, with the result of 
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the present investigation, indicate that geotechnical behavior of coarse lightweight 

aggregate is similar to that of normalweight aggregate. 

 

This section was adapted from a paper that was reprinted with permission of the 

Transportation Research Board, National Research Council, Washington, DC, 

Transportation Research Record No. 1422; Soils, Geology, and Foundations; 

Lightweight Artificial and Waste Materials for Embankments Over Soft Soils, January 

1993. 
 

This paper as originally published by TRB used only metric notation.  For US customary notation us the 

following:  1 inch = 25.4 mm; 1 pound = 4.45 N; 1 psi = 6.90 kPa; and, 1 pcf = .0624 kg/m³ 

 

 

Model Test On Peat Geotextile Lightweight Aggregate System 
 

Considerable research has been done in recent years dealing with the interaction of 

normalweight aggregate and geotextile overlying soft compressible soils. In some 

instances, lightweight aggregate is used instead of ordinary aggregate to reduce 

settlements, and in the bridge abutment areas, to minimize lateral forces and to reduce 

drag loads on piles. 

The paper ―Model Tests on Peat-Geotextile-Lightweight Aggregate System”, (Valsangkar 

and Holm, see appendix E) reports the results of experimental research (testing 

equipment is shown in Fig. 16.23) dealing with interaction of lightweight aggregate and 

geotextiles overlying peat subgrades. Variables investigated include differing aggregate 

types and densities, thickness of the aggregate layer and geotextile types. The results 

indicate that for small deflections and initial load application the overall roadbed stiffness 

is unaffected when lightweight aggregate is used instead of normal weight aggregate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16.23.  Small scale model test apparatus (1" = 25.4 mm) 
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Permeability of Lightweight Aggregate Backfill 
 

Free draining properties of backfill systems are essential in the prevention of the build-up 

of hydrostatic pressures.  Very high permeability’s greater than .39 inch (1 cm) /sec have 

been measured on samples of ESCS lightweight aggregate tested in several laboratories 

confirming the fact that granular coarse ESCS are ―free draining‖. 

 

In the paper “Expanded Clay and Shale Aggregate for Leachate Systems” presented in 

the Geo-Environmental Engineer, November 1997, the authors, Bowders et. al. reported 

the results of permeability tests on four samples of expanded shale and clay.  The results 

are shown below in Table 16.11. 

 

 

Table 16.11.  Permeability (k) Determined Using Hazen Formula, 

Constant-Head, and Constant Rate-of-Flow Techniques 
 

 

 

Permeability 

 

Expanded Shale Expanded Clay  

Leachate 

Collection 

Sand 

 

19 to 6 mm 

(3/4 in. to 

no. 4) 

 

10 to 2 mm 

(3/8 in to 

no. 10) 

 

9 to 5 mm 

3/4 in. to  

no. 4) 

 

13 to 5 mm 

(1/2 in to 

no. 4) 

 

Hazen Formula 

k (cm/s) 25 6 25 25 0.06 

Constant-Head Tests 

k (cm/s) 

1 < i < 2 

k (cm/s) 

0.2 <  i < 0.5 

 

9 to 6 

 

__ 

 

3 to 2 

 

6 to 4 

 

11 to 6 

 

19 to 12 

 

8 to 6 

 

__ 

 

__ 

 

__ 

Constant Rate-of-Flow Tests ∆h – 0.7 to 0.3 cm 

k (cm/s) 44 10 39 40 0.02 

Constant-Head Tests, Postleachate Immersion 

k (cm/s) 

0.2 < i < 0.5 

 

__ 

 

2 to 0.2 

 

13 to 8 

 

__ 

 

__ 

Constant-Head Test, under 350 kPa Normal Stress 

k (cm/s) 

0.2 < i < 0.5 

 

7 to 3 

 

0.6 to 0.1 

 

12 to 9 

 

6 to 2 

 

0.4 to 0.2 

Note: i = hydraulic gradient; ∆h = head loss 

Due to sidewall leakage during the test, these values are not representative; 

Lower hydraulic conductivities are to be expected. 

 

The authors concluded, ―A primary issue for any potential leachate collection material is 

whether the aggregate has a sufficiently high hydraulic conductivity.  We measure 

hydraulic conductivities of 6 cm/s – 40 cm/s when the aggregate was not subjected to 

external compressive stress, and 0.1 cm/s – 12 cm/s under a 350 kPa (50 psi) compressive 

stress.  Hydraulically, these aggregates, even under a large compressive stress, should 

perform well in leachate collection systems applications 
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Thermal Properties of Lightweight Fills 

 
For more than eight decades, design professionals have used lightweight concrete 

masonry and lightweight structural concrete on building facades to reduce energy losses 

through exterior walls.  It is well demonstrated that the thermal resistance of lightweight 

concrete is considerably higher than that of ordinary concrete, and this relationship 

extends to aggregates in the loose state. 

 

Structural lightweight aggregate has been effectively used to surround high-temperature 

pipelines to lower heat loss.  Long-term, high-temperature stability characteristics can be 

maintained by aggregates that have already been exposed to temperatures of 2012º F 

(1100° C) during the production process.  Other applications have included placing 

lightweight aggregate beneath heated oil processing plants to reduce heat flow to the 

supporting soils. 

 

Thermal Conductivity: The following information on Thermal Conductivity Table 

16.12 is provided to assist engineers when designing thermal sensitive projects, i.e. frost 

protection for underground water lines, insulation around or under thermal sensitive 

vessels, etc. 

 

Moisture has a significant effect on thermal conductivity of granular insulating fills.  The 

thermal conductivity increases about 4% per one-percent moisture for expanded shale, 

clay and slate lightweight aggregate and increases 7-9% per one-percent moisture for 

natural sand and gravel. 

 

The practical in-place ―k‖ values for insulating fills depends on the equilibrium moisture 

content of the fill, which varies depending on the environmental conditions.  Where 

protected conditions exist like core insulation inside concrete masonry units or fills 

protected by water proof membranes, a ―k‖ value multiplying factor of 1.1 to 1.2 is 

commonly used.  Where unprotected conditions exist like in large geotechnical fills or 

insulation around underground utility line, a multiplying factor of 1.8 to 1.9 is commonly 

used. 
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Table 16.12.  Weight and Thermal Conductivity values  

for Expanded Shale, Clay & Slate Lightweight Aggregate 

 

 Dry Thermal Conductivity, k¹, 

 Density Btu/hr ft² (deg F/in.) 

 lb/ft³ (W/m deg C) 

 

Coarse 3/4 " or 1/2 " to #4² 

 

 20 .68 (0.097) 

 30 .83 (0.119) 

 40 .93 (0.141) 

 50 1.13 (0.163) 

 60 1.29 (0.185) 

 70 1.44 (0.207) 

 

Natural Granular Fill (Sand with clay and gravel) 

 

 110 7.5 – 8.5 (1.2 – 1.3) 

 120 9 – 12 (1.35 – 1.7) 

 130 11 – 15 (1.6 – 2.2) 

 140 13.5 – 20 (1.9 – 3.0) 

 160 21 – 35 (2.6 – 5.0) 

 

1. K values were taken from “The Thermo-physical Properties of Masonry and its 

Constituents, Part 1, Thermal Conductivity of Masonry Materials”, by Rudolph 

C. Valore, Jr. 

2. The K values for Fine or Coarse/fine blend averages 6% lower. 
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16.4 APPLICATIONS OF LIGHTWEIGHT AGGREGATE FILLS 

 
Lightweight Aggregate Fills at Waterfront Structures 

 

A classic example of how unusable river front was reclaimed and large industrial site 

extended by the use of sheet piles and lightweight aggregate fill is shown. 

 

WATERFRONT STRUCTURES 

 Allows economical modification 

to marine terminals 

 Allows increased dock side draft 

 Reduces Lateral Thrust/Bending moments 

 Allows free drainage and control of in-place 

density 

 

   

Port of Albany 

 

Lightweight aggregate fill specifications for this project required rotary kiln expanded 

shale to have a controlled coarse aggregate grading and laboratory test certification of an 

angle of internal friction greater than 40 degrees.  No constructability problems were 

experienced by the contractor while transporting, placing and compacting the lightweight 

soil fill.  Peak shipments were more than 1,000 tons per day without any logistical 

difficulties.  The material was trucked to the point of deposit at the job site and 

distributed by front-end loaders.  This project used approximately 27,000 yds³ (20,000 

m³) of compacted lightweight and resulted in overall savings by reducing sizes of sheet 

piling and lowering costs associated with the anchor system. 

 

Modifications to the Port of Albany marine Terminal reclaimed an area of approximately 

1,500 x 80 ft. in and unstable slope area and provided increased dockside draft to permit 

service by large oil tankers.  Lightweight aggregate backfill minimized lateral earth 

pressures, while also reducing overburden pressures on the sensitive silts.  

Transportation, placement and compaction of the lightweight aggregate soil fill was not 

weather sensitive and was readily accomplished in a minimum time frame and without 

logistic difficulties. 
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Port of Albany marine Terminal Expansion, Albany, New York. 

Engineer: Childs Engineering, Inc., Medfield, Mass. 

 

 
 

 

The reclamation of useable space, to extend the property of this 

Major petroleum tank farm was demonstrated in this project 

Which was reported on Civil Engineering Magazine. 

 

 
 

 

To permit ocean going tankers to dock very long sheet 

Piling was driven into a soft seam of soil. 
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Cross Section At Sheet Pile Wall 

Port of Albany Marine Terminal 

 

 

 
 

 

At times, more than 50 truck loads of ESCS were delivered daily, 

Leveled and compacted by rubber tired loaders in lifts of  

Approximately 12 to 18 inches.  The process is simple, not limited 

By weather and comparable to the use of ordinary granular aggregates. 

 

 

 
 

...The project was finished on time and within budget, 

without any unusual construction procedure. 
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  Lightweight Aggregate Fill Behind Retaining Walls 

 

Bulkheads and Retaining Walls 

The use of lightweight Aggregate fill 

 

 Reduces soil thrust as well as bending 

moments 

 Reduces forces against abutment and end 

slope 

 Allows free drainage 

 Improves embankment stability 

 

 

 

 

Retaining Wall Backfill, Providence Rhode Island 

Engineer: C.E. Maguire Engineers, Mansfield, Mass. 

 

Rhode Island State House at Providence River 

 

This project involved the construction of a retaining wall behind the Rhode Island State 

House at the Providence River.  The weight of the entire project, including the wall, the 

backfill, and a future roadway at the top of the wall, was quite significant.  With the 

area’s soft clay strata, there were engineering concerns that too much weight might force 

the existing bulkhead toward the river.  The use of approximately 3,600 cubic yards of 

lightweight aggregate fill reduced the total project weight so dramatically that the 

probability of deep seated bulkhead failure was virtually eliminated. 
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Lightweight Aggregate Fill on Elevated Structures 
 

Elevated Structures The use of lightweight Aggregate fill 

 

Landscape & Plaza Fills                                                                   

 Minimizes dead loads 

 Free draining helps minimize hydrostatic 

potential 

 More plants and levels can be added 

 Easy to transport and install 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Barney Allis Plaza, Kansas City, Missouri 

Architect/Engineer: Marshall & Brown Incorporated 

 

Barney Allis Plaza 

 

6,000 cubic yards of lightweight aggregate (expanded shale) was used as loose granular 

fill on top of an existing underground parking garage.  The material provided subsurface 

drainage, weight reduction and long term stability.  In addition, the lightweight aggregate 

material established the grade and contour for a plaza area which was built on top of the 

parking structure.  The lightweight aggregate material was graded ASTM C 330 3/4 " x 

No. 4. 
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Lightweight Aggregate Fills Over Soft Soils – Load Compensation 
 

Load Compensation for Sinking Road Bed, Colonial Parkway, VA. 

 

In numerous location through North America, design of pavements resting on soft soils 

has been facilitates by ―load compensation‖ replacement of heavy soils with a free-

draining structural lightweight aggregate with low density and high stability.  Replacing 

existing heavy soil with lightweight aggregate permits raising elevations to necessary 

levels without providing any further surcharge loads to the lower level soils. 

 

Rehabilitation of Colonial Parkway near Williamsburg, Virginia, built alongside the 

James and York Rivers, provides a representative example of the procedure.  Soft marsh 

soil sections of this roadway had a low load-bearing capacity, and had experienced 

continuous settlement.  The concrete roadway slabs were removed along with the soil 

beneath to a depth of more than 3 feet.  The normalweight soil was then replaced with 

structural lightweight aggregate with a compacted moist density of less than 60 lb/ft³ (960 

kg/m³).  This provided effective distribution of load to the soft soil layer, load 

compensation, and side slope stability. 

 

Reconstruction was completed in two stages by first completely rehabilitating in one 

direction, followed by excavation of the opposing lane with delivery, compaction, and 

slab construction routinely repeated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Colonial Parkway between historic Williamsburg, 

Yorktown, and Jamestown, VA is constructed over the soft 

soils in the swamp area between the James and York Rivers. 
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The settlement of heavy, soft soils particularly at the bridge 

locations, which were supported on piles, caused  

an unacceptable road bump. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The heavy soils were removed and replaced with a greater 

Volume (equal weight) of lightweight aggregate that allowed 

raising the grade level.  This project required no special construction 

 equipment and no waiting for insulating concrete formwork. 

 

 

 

 

 

 

 

 

 

 

 

 

 

And compacted by rubber tired traffic to an in place 

density of less than 60 lb/ft³. 
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After completion of one lane, the second lane was opened up. 

This slide clearly demonstrates the in place stability of the  

Compacted lightweight aggregate previously placed.  Because 

Structural lightweight aggregate is manufactured to stringent Standards, 

 the Angle of internal friction will be assured.  [Typically 38 degrees 

+- 2 loose and > 40 degrees compact 

 

 

Lightweight Aggregate Fill Reduces Settlement Over Unstable Soils, Morgan City, 

LA. 

 

Highway embankment fills over unstable soils present particularly difficult problems.  

Uneven settlement can produce a ―roller coaster‖ ride, as well as significant maintenance 

problems.  The Louisiana Department of Transportation and Development constructed a 

series of roadway test sections with sand fill 9.5 feet in depth.  In one section, 2.5 feet of 

sand was replaced with 2.5 feet of lightweight aggregate fill.  The reduction in weight, 

coupled with the increase in long term stability provided by the lightweight aggregate’s 

high angle of internal friction, reduced settlement 40% to 60% as compared to the all-

sand fill.  Considerable savings in highway maintenance, repairs and replacement can be 

realized if differential settlement is reduced. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Embankment Fill, Louisiana DOT D Test Project 

Morgan City, Louisiana 
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Lightweight Fill For Airport Runway Repair, Norfolk, VA. 

 

 

 Allows otherwise un-useable land to be 

reclaimed and developed 

 Design elevations are achieved with low fill 

weight 

 Low fill weight increases slope stability 

 Controlled gradings assure uniform and 

consistent in-place density 

 Long-term settlement is controlled and 

reduced 

 Controlled fill allows uniform load 

distribution 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Runway Repair, Norfolk Naval air Station, Norfolk, Virginia 

Engineer: Patton, Harris, Rust & Associates 

 

Much of this facility was built on marsh land.  Poor soil conditions and intense traffic 

loads produced differential settlements and ―alligator‖ cracking of the taxiway after only 

3 years.  High soil stability and relief from overburden pressures were provided by 

substituting compacted lightweight aggregate for heavy, unstable soil to a depth of 4 feet.  

Lightweight aggregate material was placed at 6 inch lifts and hand compacted with a 

vibratory plate.  Field compaction and projected yields were monitored using a nuclear 

densometer.  The compacted base was then paved and air traffic restored in a timely 

manner.  Differential settlement was economically solved. 
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Lightweight Aggregate Backfill for Reduced Settlement of Levees 

 

 
 

 

Reduced submerged density will contribute too significantly 

reduced settlement as well as lower maintenance costs 

on levee structures built over soft soils. 

 

Lightweight Aggregate Fills For Bridge Applications 
 

Charter Oak Project 

 

The following data has been excerpted from ―Lightweight Fill Solutions to Settlement and 

Stability Problems on Charter Oak Bridge Project, Hartford, Connecticut,‖ by John P. 

Dugan, Jr., Halley & Aldrich, presented to the Transportation Research Meeting and 

reported in TRB No. 1422, TRB, Washington, DC 1993. 

 

Project Description: The new Charter Oak Bridge, which links Hartford and East 

Hartford, Connecticut, was opened to traffic in August 1991, 72 months from the start of 

design and 40 months from the start of construction. The 6-lane, 1,037-m (3,400-ft.) -

long, $90 million multigirder steel structure, built 61 m (200 ft.) south of the old bridge, 

carries US Route 5 and State Route 15 over the Connecticut River and its flood plain. 

The project included extensive construction of approach roads and bridges, valued at 

$110 million. 
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Lightweight Fill: For this project the following ESCS grading was specified: 

 

Square Mesh Sieve Size   Percent Passing by Weight 

1 in. (25.4 mm)  100 

3/4 in. (19.0 mm)     80 - 100 

3/8 in. (9.5 mm)     10 - 50 

No.4      0 – 15 

 

For design, a unit weight of 60 lb/ft³ (961 kg/m3) and an angle of internal friction of 40 

degrees were used. 

The lightweight fill was placed in 2 ft. (0.61 m) -thick lifts and compacted with four 

passes of a relatively light 5 ton (4.5 Mg) vibratory roller operating in vibratory mode.  

 

Sub-Surface Conditions: The site is in the floodplain of the Connecticut River. Sub-

surface conditions, in the order of increased depth, are: 

 

Embankment Stabilization: If constructed of earthen material 125 lb/ft³ (2,002 kg/m³), 

the maximum 46 ft. (14.0 m) high embankment for the Charter Oak Bridge’s east 

approach would not have an acceptable safety factor against slope instability. The safety 

factor against slope failure toward the adjacent Hockanum River, using earth fill, was 

estimated to be only 1.0 to 1.1 (Fig. 16.20). 

 

 
 

Figure 16.20.  Slope stability for east abutment.  

Final conditions with lightweight fill 

. 

Many stabilization alternatives were considered. A toe berm placed in the river was the 

most economical but was rejected to avoid delays that would occur because of the time 

required to obtain environmental permits.  Therefore, it was decided to construct the 

embankment of lightweight fill.  The 82,000 yds. (52,730 m) of lightweight fill is one of 

the largest quantities of lightweight fill placed for one project in the United States.  

Lightweight fill significantly reduced stress in the weak varved clay. Even so, it was 

necessary to excavate a portion of the approach fill to the existing bridge to provide the 

design safety factor of 1.25. The light weight fill’s 40 degree angle of internal friction 

was higher than provided by earth fill, which increased resisting forces along the 

potential failure plane.  Another benefit of the lightweight fill was the significantly 

reduced settlement, compared with an earth fill. The total settlement, over the first 15 
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years, of a lightweight embankment was predicted to range from 1.4 to 2.1 ft (0.43 to 

0.64 m), compared with estimates of up to 6.5 ft. (1.98 m) for earth fill. Observed 

settlement at the east abutment over a year is in line with the predicted values. Hence, the 

surcharge fill and vertical drains that were planned to speed consolidation of an earth fill 

were unnecessary. Nevertheless, the lightweight technique cost an additional $2 million 

in construction compared with the more conventional earth fill/berm/surcharge design. 

[However, this design provided the most timely and cost effective solution to the 

problem] 

 

 

 
 

Lightweight fill was placed in approach embankments for a  

replacement bridge to reduce settlements of the adjacent exiting bridge. 

Project specifications called for an in-place, compacted, moist bulk density of 

less than 60 lb/ft³.  Results of tests on ½ of steel buckets placed in fill, covered 

with compacted aggregated, then retrieved and weighed, demonstrated 

in place compacted moist densities less then specified maximums, and in agreement 

with a one point proctor test conducted in the lab. 

 

 
 

Although, many stabilization alternatives were considered, it  

was decided to construct embankment using structural lightweight fill. 

Approximately 82,000 cyds of lightweight fill was used at this bridge 

abutment location. 
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Settlement Reduction at Existing Bridge: A part of the overall project was replacement 

of Route 15 over Main Street in East Hartford, Connecticut, with a new bridge — a 

single-span structure 183 ft. (55.8 m) wide, at the existing bridge, but extending 70 ft. 

(21.4 m) north and 25 ft. (7.6 m) south. Plans called for stage construction, with traffic 

maintained on the existing bridge while the north section of the new bridge was built. 

Then traffic was carried entirely on the north half of the new bridge while the existing 

bridge was being demolished and the south half being built. Lightweight fill made it 

possible to keep the existing bridge in service while the north portion of the new bridge 

was being built, and to avoid more expensive alternatives to prevent settlement.  The 

existing bridge is supported on spread footings bearing on a sand layer over 

approximately 140 ft. (42.7 m) of soft varved clay. A recent inspection had reported 3 in. 

(7.6 cm) settlement of the west abutment and rotation and horizontal movements of both 

abutments of the single-span bridge. Temporary corrective repairs were planned; 

however, there was little tolerance for additional deflections.  Although the new bridge 

was designed to be supported on deep end-bearing piles, the 25 ft. (7.6-m) -high approach 

fills would increase stresses and lead to settlement in the clay beneath the existing bridge. 

If an earthen embankment was used, predicted bridge settlements ranged from 1/2 to 2 in. 

(1.3 to 5.1 cm), which were considered intolerable. The project was therefore designed 

using lightweight fill for portions of the approach embankments within 75 ft. (22.9 m) of 

the existing bridge. The lightweight fill reduced stress increases in the clay, lowering 

predicted settlements of the existing bridge to tolerable limits, to approximately half the 

magnitudes for earth fill. Measured settlements of the two bridge abutments, during the 1 

1/2-year period between embankment placement and demolition of the bridge, were 3/4 

in. (0.16 cm) and 1 in. (0.22 cm), which are within the range expected for the lightweight 

fill.  The lightweight fill option was significantly less expensive than underpinning the 

existing bridge and lengthening the new bridge to provide greater distance between the 

approach fills and the existing structure. 
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The lightweight fill was placed in 2.0 ft thick lifts and compacted with four passes of 

relatively light roller.  This project also used Structural Lightweight Aggregate Backfill 

in several different applications including at waterfront structures and over very old 

but functional brick water tunnels. 

 

 

 

 
 

Compared with an earth fill a major benefit of the lightweight 

fill was the significantly reduced settlement.  The total settlement, over 

the first 15 years, of a lightweight fill embankment was predicated to range 

from 1.4 to 2.1 ft compared with estimates of up to 6.5 ft for earth fill. 

Considering all applications, more than 100,000 tons of structural lightweight 

aggregate backfill were used on the project. 
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Settlement Prevention at Existing Sewer: A 6.5 ft. (2.0-m) -diameter sewer crosses the 

existing and new bridge alignments between the west abutment and Pier 1. This 60-year-

old cast-in-place concrete pipe founded in the loose silty alluvium is underlain by varved 

clay (Figure 16.21). Preload fill for construction of the bridge, adjacent pile driving, and 

new alignment of I-91 northbound required up to 20 ft. (6.1 m) of fill over the sewer and 

would cause settlements in the varved clay and unacceptable movements in this old pipe.  

The most severe settlement problem was solved by designing a pile-supported bridge to 

carry I-95 over the sewer pipe. Nevertheless, stress increases in the clay from the adjacent 

approach fills and the effects of the pile driving were estimated to cause 1 to 2 in. (2.5 to 

5.1 cm) of settlement beneath the pipe. To prevent pipe settlement, 5 ft. (1.5 m) of 

alluvium from above the pipe was replaced with lightweight fill. This decreased the 

effective stress in the clay below the pipe by approximately 300 lbs/ft² (300 P) and 

counteracted settlement effects from the other sources. No significant pipe settlement was 

measured.   

 

 
 

Figure 16.21.  Lightweight fill above MDC sewer pipe 

 

Wharf Stabilization: The project included construction of a wharf and boat launch ramp 

along the west shore of the Connecticut River south of the Charter Oak Bridge. 

Lightweight fill was designed to provide stability for the wharf’s anchored sheet pile 

bulkhead.  The bulkhead retains 25 ft. (7.6 m) of soil above dredge level in the river 

(Figure 16.22). Stability analyses of circular failure surfaces indicated an unacceptably 

low factor of safety. As an alternative to anchoring a stiffer wall into underlying bedrock, 

a layer of lightweight fill was designed to reduce stresses in the weak varved clay and 

alluvium deposits and increase the factor of safety for overall slope stability to 1.25.  The 

design called for replacing existing soil with a 5 ft. (1.5-m) thickness of lightweight fill. 

The 8 in. (0.2-m) -thick reinforced concrete wharf slab was placed on a 12 in. (0.3-m) -

thick layer of compacted gravel fill over the lightweight fill. 
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Figure 16.22.   Lightweight fill placed to improve stability 

for wharf’s sheet pile bulkhead. 

 

Closing: Design and construction of the Charter Oak Bridge and approaches over soft 

soil proved to be complex and challenging. Lightweight fill was an invaluable tool to 

increase slope stability and reduce settlements, both for facilitating the new construction 

and protecting sensitive existing structures. 

 

References: Smith, A.D. Design of the Charter Oak Bridge Embankment. Proc., ASCE 

Specialty Conference on Stability and Performance of Slopes and Embankments, 1992 
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 Rehabilitation of Existing Bridge Abutments, Duke Street Bridge, VA. 
 

Project name: Duke Street Bridge  Location: Virginia 

 

   
 

 
 

 

 

 

   
 

 

 

Rotation of this bridge abutment of 

more than 8 inches caused the plate 

girders on this skewed bridge to move 

away from their bridge bearing seal. 

 

...which was witnessed by the characteristic 

―dip at the end of the bridge‖, caused by the 

settling of the subgrade. 

...Relative movement of the different parts 

of the structure were obvious. 
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The heavy soil was excavated from 

behind two of the four lane bridge 

abutment (maintaining service on this 

critical connection that split a major 

city) 

 

And rolled and compacted on both 

sides of the bridge. 

 

With the remedial lightweight 

backfill rapidly following the 

excavation 
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With continuous progress despite 

inclement weather.  Approximately 

20,000 tons of lightweight backfill 

were placed on this structure, within 

budget, while meeting the critical 

completion time requirements. 

In similar fashion on a Connecticut 

project lightweight fill was used behind 

relatively small bridge abutments that 

required rehabilitation. 

And compacted by hand held small 

plate tamping equipment. 
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Lightweight Aggregate Fill For Slope Stability 
 

Improvement of slope stability has been facilitated by lightweight aggregate in a number 

of projects prone to sliding.  Waterside railroad tracks paralleling the Hudson River in the 

vicinity of West Point, New York, has on several occasions suffered serious 

misalignment due to major subsurface sliding because of soft clay seams close to grade 

level.  After riverbank soil was excavated by a barge-mounted derrick, lightweight 

aggregate was substituted and the railroad track bed reconstructed.  Reduction of the 

gravitational force driving the slope failure combined with the predictable lightweight 

aggregate fill frictional stability provided the remedy for this problem.  Troublesome 

subsoil conditions in many other marine applications in Harbors throughout the United 

States have also been similarly remedied. 

 

 

   
 

   
 

 

 

 

 

 

 

Predictably low densities coupled 

with and assured angle of internal 

frictions allowed more efficient use 

of housing adjacent to the slope in 

this photo. 

Reducing the driving force of the 

weight of the embankment, 

coupled with a high angle of 

internal friction will increase the 

factor of safety involved in slope 

stability calculations. 
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Lightweight Aggregate Backfill Over Buried Pipes 
 

Underground Conduits & Pipelines 

 

 Reduces dead loads on buried structures 

 Allows construction of higher fills 

 Provides thermal insulation to underground 

facilities 

 

 

 

 

  
 

 

   
 

 

 

This outfall pipe from a major institution 

traversed a soft organic soil that had created 

numerous settlement related problems.  By 

replacing the heavy marine clay with 

lightweight aggregate the problem was 

substantially reduced. 

The procedure is simple, economical, 

and insensitive to inclement weather.  

No new technology is required, only a 

backfill that weighs approximately ½ 

of the original soil. 
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The lightweight backfill material is 

easier to handle and encourages 

increased productivity of on site 

labor.  Another Midwestern  project 

utilized approximately one cubic 

yard of lightweight backfill per foot 

of pipeline...for about one mile. 
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Lightweight Fill for Intermediate Layers 
 

Structure Repair & Rehabilitation 

 

 Reduces dead load on existing 

structures 

 Easy transportation and  

installation increase productivity 

 Precise gradings allow for a 

uniform and controlled in-place 

density 

 

 

 

   
 

 

   
 

 

 

 

 

 

Rehabilitation of an industrial workplace 

built over a former waste site was 

accomplished by removing several feet of 

uncontrolled fill and replacing this 

volume with lightweight fill.  Soil 

settlement of the high organic original fill 

had caused numerous problems....cracked 

slabs, machine misalignment, bumpy 

forklifts, etc. 

Because of soft subsoil the slab and 

subgrade was removed.  Lightweight 

aggregate was installed as the new 

subgrade.  The concrete floor was 

constructed allowing the industrial 

facility to be quickly returned to 

service.  Construction was simple, fast, 

economical, and involved no new 

special construction techniques. 
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Lightweight Aggregate Backfill Behind Concrete Masonry Segmental 

Retaining Walls 
 

Lightweight aggregate application to restore the eroded area for the Clifton Avenue 

property owners, a Keystone Retaining Wall was utilized.  This type of wall can be 

constructed with very little batter (slope).  Since the eroded area had to be filled for the 

restoration, the Keystone Retaining Wall was a logical choice.  This mechanically 

stabilized earth (MSE) wall system used Tensar Geogrid reinforcement and 15,600 cubic 

yard of Expanded Clay Lightweight Aggregate backfill in the reinforced zone of the wall.  

Construction of the Keystone Wall on top of the soil-nailed wall presented design 

challenges since the soil-nailed wall was not designed for the additional weight created 

by the restored property above.  In order to minimize the stress on the lower soil-nailed 

section, the near vertical Keystone Retaining wall was backfilled with Lightweight 

Aggregate.  Even though the cost for Lightweight Aggregate was greater than 

conventional fill, lightweight aggregate has a much lower density and a higher degree of 

internal stability.  This combination of physical properties made lightweight aggregate 

the perfect fill and most economical solution for this challenging site. 

 

 
 

The Keystone Retaining Wall, backfilled with Lightweight Aggregate, 

Provided an economical and aesthetically pleasing method to  

Restore the eroded frontage property. 

Natchez, Mississippi, Design/Build Team, Howard Baker Inc. 

Ogdon Environmental & Energy 

Burns, Cooley, Dennis, U.S. Corps of Engineers 
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Lightweight Fills for High Thermal Resistance (Below Frost Line) 

 

 Insulating Backfill Substantially reduces 

ground movement-induced stresses on 

buried pipes and structures 

 Counteracts frost heaving, resists 

freeze/thaw cycles and highly insulative 

 Inert, non-corrosive and stable 

 

 

 

 

 

 
 

Calgary Pipeline, Calgary, Canada 

Engineers: City of Calgary, Phildysh & Associates Consultants, Ltd. 

 

Water mains must be installed below the level of frost penetration.  In Calgary this 

requires deep, wide trenches.  Such trenches are expensive and often dangerous to 

workers.  The insulating properties of lightweight aggregate fill allowed engineers to 

reduce trench depth from approximately 11 to 7 ft. (3.3 to 2.1 m).  This provided safer 

working conditions and reliable freeze protection with an environmentally ―friendly‖ 

material.  Lightweight aggregate backfill will also afford easier winter excavation for 

pipe repair, reduce disruption of water supply and street traffic by decreasing 

construction time, and eliminate the need for synthetic insulating board and wide 

trenches.  With lightweight aggregate backfill, present and future savings in capital costs 

alone are expected to be substantial. 
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Lightweight Aggregate Backfill Provides Free Draining for Leachate In 

Waste Land Fill 
 

Landfill Drainage 

 Inert; High chemical stability 

 Reduces dead loads on pipes 

 Allows free drainage of leachate/water 

 Acid insoluble 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To assure long term resistance to leachate acids that would 

decompose calcium based aggregates, lightweight aggregate 

was used to provide predictably high hydraulic conductivity and 

lower loads to the waste fill. 
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16.5 ECONOMIC IMPLICATIONS 
 

An economic solution provided by a design that calls for a specially manufactured 

lightweight aggregate requires some elaboration.  In many geographical areas, structural 

lightweight aggregates are sold on the basis of a price per ton, FOB the plant.  However, 

the contractor responsible for the construction of the project needs in-place total cost on 

the compacted material necessary to fill a prescribed volume.  To illustrate that point, one 

may presume that if a lightweight aggregate is available at $X/ton, FOB the production 

plant, and trucking costs to the project location is $Y/ton, the delivered job site cost will 

be $(X + Y)/ton.  As mentioned previously, many projects have been supplied with 

structural lightweight aggregates delivered with a moist loose density of about 48 lb/ft³ 

(770 kg/m³) and compacted to a moist in-place density of about 55 lb/ft³ less than the 

typically specified 60 pcf (960 kg/m³).  This would result in an in-place, compacted moist 

density material cost (not including compaction cost) of  

 

$/yd³ = [(X + Y) x 55 x 27] / 2,000 

 

 

Additional Economic Benefits: 

 

 Approximately twice as much volume of lightweight aggregate can be transported 

per load as compared to normalweight. 

 In restricted or commercial areas, cutting the number of trucks by half is 

environmentally significant. 

 Loader or crane bucket volume can be increased to allow faster placement and 

longer reaches. 

 In tight spaces where hand placement and compaction is required, lightweight 

aggregate is much easier to handle and offers considerable labor savings. 

 

 

 
 

 

 

 

 



















































































































 

 

 

APPENDIX C 

 
 MACTEC Report, April 29, 2003, “Laboratory Testing of the Density of 

Expanded Shale, Clay and Slate Lightweight Aggregates”, pp. C1– C5 

 Background on Determining the Compacted Density of ESCS Lightweight 

Aggregates, pp. C6 – C8 

 ASTM D 698-00a, “Standard Test Methods for Laboratory Compaction 

Characteristics of Soil Using Standard Effort”, pp. C9 – C19* 

 ASTM D 4253-00, “Standard Test Methods For Maximum Index Density  

and Unit Weight of Soils Using a Vibratory Table”, pp. C20 – C33* 

 ASTM D 4254-00, “Standard Test Methods For Minimum Index Density  

and Unit Weight of Soils and Calculation of Relative Density”, pp. C34 –  

C42* 

* Visit www.ASTM.org for document 
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