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CHAPTER 6 PHYSICAL PROPERTIES OF STRUCTURAL 

LIGHTWEIGHT CONCRETE 
 

 

This chapter covers some of the physical properties of lightweight concrete.  The 

information is based on many laboratory studies and records of a large number of 

existing structures that have provided satisfactory service for more than 85 years.  

Typically, properties of lightweight concrete have been compared with those of 

normalweight concrete, and usually the comparison standard has been a single 

normalweight material.  With several million cubic yards of lightweight concrete 

being placed each year and the fact that normalweight concrete also has an 

intrinsic variability ; such a comparison of properties is no longer appropriate. 

 

 

6.0 Definition of Terms 
 

Concrete, all lightweight-Concrete in which both the coarse- and fine-aggregate 

components are lightweight aggregates.  (Deprecated term-use preferred term; 

concrete, lightweight; concrete, structural lightweight; or concrete, specified-

density.) 

 

Concrete, high-strength lightweight-Structural lightweight concrete with a 28-

day compressive strength of 6000 psi (40 MPa) or greater. 

 

Concrete, Insulating - Insulating concretes are very light non structural 

concretes, employed primarily for high thermal resistance, incorporate low-

density low-strength aggregates such as vermiculite and perlite.  With low 

densities, seldom exceeding 50 lb/ft³ (800 kg/m³), thermal resistance is high.  

These concretes are not intended to be exposed to the weather and generally have 

a compressive strength range from about 100 to 500 psi (0.69 to 6.89 MPa). 

 

Concrete, lightweight-See concrete, structural lightweight or specified 

density. 

 

Concrete, normalweight- Concrete having a density of 140 to 155 lb/ft³ (2240 to 

2480 kg/m³) made with ordinary aggregates (sand, gravel, crushed stone). 

 

Concrete, sand lightweight-Concrete with coarse lightweight aggregate and 

normalweight fine aggregate.   

 

Concrete, semi-lightweight-Concrete made with a combination of lightweight 

aggregates (expanded, clay, shale, slag or slate or sintered fly ash) and 

normalweight aggregates having an equilibrium density of 105-120 lb/ft³ (1680-

1920 kg/m³) (ACI 216). 
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Concrete, specified density-Structural concrete having a specified equilibrium 

density between 50 to 140 lb/ft³ (800 to 2240 kg/m³) or greater than 155 lb/ft³ 

(2480 kg/m³) (see concrete, normalweight).  Specified density concrete (SDC) 

may consist as one type of aggregate or of a combination of lightweight and 

normalweight aggregate.  This concrete is project specific and should include a 

detailed mixture testing program and aggregate supplier involvement before 

design. 

 

Concrete, structural/Insulating -Specifications that call for ―fill‖ concretes 

often require compressive strengths and densities in the intermediate range 

between structural and insulating concretes.  These concretes may be produced 

with high air mixtures and include structural lightweight aggregate, or sanded 

insulating lightweight aggregate mixtures, or they may incorporate both structural 

and insulating lightweight aggregates.  Compressive strengths from 500 to 2500 

psi (3.4 to 17 MPa) are common with thermal resistance ranging between 

insulating and structural concrete. 

 

Concrete, structural lightweight-Structural lightweight-aggregate concrete 

made with structural lightweight aggregate as defined in ASTM C 330.  The 

concrete has a minimum 28-day compressive strength of 2500 psi (17 MPa), an 

equilibrium density between 70 and 120 lb/ft³ (1120 and 1920 kg/m³), and 

consists entirely of lightweight aggregate or a combination of lightweight and 

normal-density aggregate. 

 

Structural lightweight concretes generally contain aggregates made from 

pyroprocessed shale’s, clays, slates, expanded slags, expanded fly ash, and those 

mined from natural porous volcanic sources.  Structural lightweight concrete is 

normally classified by a minimum compressive strength that was jointly 

established by the ASTM Specification C 330 for Lightweight Aggregates and the 

Standard Building Code for Reinforced Concrete (ACI 318).  The 318 code 

definition is ―Structural concrete made with lightweight aggregate; the 

equilibrium density at 28 days is usually in the range of 90 to 115 lb/ft³ (1440 to 

1850 kg/m³) and the compressive strength is more than 2500 psi (17.2 MPa)‖.  

This is a definition, not a specification and project requirements may permit 

equilibrium densities up to 120 lb/ft³ (1900 kg/m³), most lightweight aggregate 

concrete used in structures have equilibrium unit weights between 100 and 115 

lb/ft³ (1600 to 1792 kg/m³). 

 

These definitions are not specifications.  Project specifications vary.  While 

lightweight concrete with an equilibrium density of 70 to 105 lb/ft³ (1120 to 1680 

kg/m³) is infrequently used, most lightweight concrete has an equilibrium density 

of 105 to 120 lb/ft³ (1680 to 1920 kg/m³).  Because lightweight concrete is often 

project-specific, contacting the aggregate supplier before project design is advised 

to ensure an economical mixture and to establish the available range of density 

and strength. 
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Contact zone-The expression ―contact zone‖ includes two distinctly different 

phenomena (1) the mechanical adhesion of the cementitious matrix to the surface 

of the aggregate and (2) the variation of physical and chemical characteristics of 

the transition layer of the cementitious matrix close to the aggregate particle. 

 

Curing, internal-Internal curing refers to the process by which the hydration of 

cementitious materials continues because of the availability of absorbed water 

within the pores of the lightweight aggregate particle. 

 

Density, equilibrium-As defined in ASTM 567, it is the density reached by 

structural lightweight concrete (low density) after exposure to relative humidity of 

50 + 5% and a temperature of 73.5 + 3.5ºF (23 + 2 ºC) for a period of time 

sufficient to reach a density that changes less than 0.5% in a period of 28 days. 

 

Density, oven dry-As defined in ASTM C 567, the density reached by structural 

lightweight concrete after being placed in a drying oven at 230 + 9ºF (110 + 5ºC) 

for a period of time sufficient to reach a density that changes less than 0.5% in a 

period of 24 hr. 

 

Lightweight-The generic name of a group of aggregates having a relative density 

lower than normal-density aggregates.  The generic name of concrete or concrete 

products having lower densities than normalweight concrete products. 

 

Lightweight aggregate concretes are broadly divided by ASTM into three groups 

based upon their use and physical properties, structural, structural/insulating and 

insulating concrete density, thermal conductivity and compressive strength ranges 

normally associated with each class of concrete are summarized in Table 6.1. 

 

 

 
TABLE 6.1—Lightweight Aggregate Concrete Classified According to Use and Physical 

Properties according to ASTM C 330 and C 332. 

Class of Lightweight 
Aggregate Concrete 

Type of Lightweight 
Aggregate used in 

Concrete 

Typical Range of 
Lightweight Concrete 

Density lb/ft³ (kg/m³ ) 

Typical Range of 
Compressive Strength 

Psi (MPa) 

Typical Range of Thermal 
Conductivities 

Btu · in./h · ft2 · °F (W/m • K). 

Structural Structural-grade LWA 

C 330 

90 to 115 (1440 to 1840)  

at equilibrium 

>2500 (> 17) not specified in C 330 

Structural/Insulating Either structural C 330 

or insulating C 332 or 

a combination of C 

330 and C 332 

45 to 90 (720 to 1440)  

at equilibrium 

500 to 2500 (3.4 to 17) C 332 from 0.15 (1.05) to 

3.00 (0.43) oven dry 

Insulating Insulating-grade LWA 

C 332 

15 to 50 (240 to 800) 

oven dry 

100 to 500 (0.7 to 3.4) C 332 from 0.45 (0.065)  

1.50 (0.22) oven dry 

 

 

 

 

 

 



 6-6 

6.1 Compressive Strength 
 

―Compressive strength levels commonly required by the construction industry for 

design strengths of cast-in-place, precast, or prestressed concrete are 

economically obtained with lightweight concrete (Shideler 1957; Hanson 1964; 

Holm 1980a).  Design strengths of 3,000 to 5,000 psi (21 to 35 MPa) are 

common.  In precast and prestressing plants, design strengths above 5,000 psi (35 

MPa) are usual.  In several civil structures, such as the Heidrun Platform and 

Norwegian bridges, concrete cube strengths of 8700 psi (60 MPa) have been 

specified (fib 2000).  All aggregates have strength ceilings, and with lightweight 

aggregates, the strength ceiling generally can be increased by reducing the 

maximum size of the coarse aggregate.  As with normalweight concrete, water-

reducing plasticizing and mineral admixtures are frequently used with lightweight 

concrete mixtures to increase strength and workability as well as to facilitate 

placing and finishing‖.  ACI 213R-03. 

 

6.2 Density  
 

The fresh density of lightweight concretes is a function of mixture proportions, air 

contents, water demand, particle density, and moisture content of the lightweight 

aggregate.  Decrease in density of exposed concrete is due to moisture loss that, in 

turn, is a function of ambient conditions and surface area/volume ratio of the 

member.  Design professionals should specify a maximum fresh density for 

lightweight concrete, as limits for acceptability that should be controlled at time 

of placement.  The design professional needs to work with the LWA supplier to 

establish a correlation between fresh density and equilibrium density (self-load 

used for design). 

 

―Although there are numerous structural applications of lightweight concrete 

using both lightweight coarse and lightweight fine aggregate, usual commercial 

practice in North America is to design concrete with natural sand fine aggregates.  

Long-span bridges using concretes with three-way blends (coarse and fine 

lightweight aggregates and small supplemental natural sand volumes) have 

provided long-term durability and structural efficiency (density/strength ratios) 

(Holm and Bremner 1990).  Earlier research reports (Kluge, Sparks, and Tuma 

1949; Price and Cordon 1949; Reichard 1964; Shideler 1957) compared concrete 

containing both fine and coarse LWA with ―reference‖ normalweight concrete, 

while later studies (Hanson 1964, Pfeiffer 1967) supplemented the early findings 

with data on lightweight concrete where the fine aggregate was natural sand‖, 

ACI 231R-03. 

 

Despite the ACI 213 definition of structural-grade lightweight concrete that has 

an equilibrium dry density ranging between 90 to 115 lb/ft³ (1,440 and 1,850 

kg/m³), the report also adds that ―it should be understood that this definition is not 

a specification.  Job specifications may, at times, allow density up to 120 lb/ft³ 

(1,900 kg/m³).  In the majority of applications in North America, HSLC has been 
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associated with equilibrium densities of about 115 lb/ft³ (1850 kg/m³) and, in 

some cases, as much as 120 lb/ft³ (1,900 kg/m³). 

 

Density of the Constituents of Concrete Mixtures 

 

The equilibrium density of lightweight concrete is determined by the relative 

density of the aggregates (lightweight and normalweight) and the density of the 

cementitious matrix.  The relative density of the lightweight aggregates typically 

range from 1.1 to 1.3 is covered in Chapter three.  The relative density of the local 

normalweight aggregates are usually well established, with the common practice 

of assuring a value of 2.65 unless otherwise determined. 

 

Surprisingly, even though the relative density of cement is typically 3.15 the 

relative density of the hardened cementitious matrix fraction (referred to as the 

hydrated cement paste HCP) of concrete is quite low and closer to that of 

lightweight aggregates then that of any normalweight aggregates used.  

Normalweight aggregate is the heaviest component in concrete.   

 

The relative density of the cementitious fraction is best observed in the following 

simplistic example shown below in Table 6.2 and Fig. 6.1: 

 

Table 6.2.  Density of Hydrated Cement Paste (HCP) 

Assume a w/cm=0.5 and Non-Air Entrained Concrete 

Relative Density  

 

Fresh Wet  

Weight 

Absolute 

Volume 

HCP Dry 

Weight 

Water (1.00)  0.5 0.5 0.2 

Cement (3.15)  1.0 0.32 1.0 

 Totals  1.5 0.82 1.2 

 

Density fresh HCP = 1.5 = 1.83 (114 pcf) 

         0.82 

 

Density oven dry = 1.2 = 1.46 (91 pcf) 

          0.82 

Density, air dry @ 8% Moisture Content= 1.46 x 1.08 = 1.58 (98 pcf) 

 

 

The relative density of the HCP fraction is further reduced by the voids developed 

by entrapped and deliberately entrained air as shown below in Fig. 6.1. 

 

Assume an air entrained concrete at 6%.  When the coarse aggregate is removed 

the remaining mortar changes to having a 9% air entrained and when the fine 

aggregate is removed the remaining HCP has about 18% air entrainment.  This is 

always the case as all the air is in the HCP matrix. 
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Figure 6.1.  Density of Air-Entrained Hydrated Cement Paste 

 

Therefore as shown in the example in Fig. 6.1, a concrete with a W/c ratio of 0.5 

and 6% air has a oven dry HCP with a relative density as follows: 

 

Oven dry density (HCP) = 1.46 = 1.24 (77 pcf) 

 1.18 

A lightweight aggregate with a 50% pore volume and a relative density of the 

vitreous ceramic solid equal to 2.60 has an oven dry density of  

 

LWA dry density 2.60 x .50 = 1.30 (81 pcf) 

 

When the HCP relative density is compared to lightweight aggregate the fractions 

are quite similar, and both are significantly lower than that of natural aggregates 

(typically 2.65 for quartz, 2.3-2.7 limestone and 2.8 to 3.0 for some igneous 

minerals (diabase)).  In other words the HCP is really a lightweight component. 

 

The concept of elastic compatibility is discussed in Chapter 7 and shows how 

lightweight aggregate is more compatible with the HCP than normalweight 
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aggregate.  The compatibility of the lightweight aggregate and high performance 

concrete fractions minimizes micro-structural strains that result from service loads 

as well as those developed by thermal gradients. 

 

Equilibrium Density – Self Loads 

 

―Self loads used for design should be based upon equilibrium density that, for 

most conditions and members, may be assumed to be approached after 90 days.  

Extensive tests conducted during North American durability studies demonstrated 

that, despite wide initial variations of aggregate moisture content, equilibrium 

density was found to be 3.1 lb/ft³ (50 kg/m³) above oven-dry density (Fig. 6.2).  

European recommendations for in-service density are similar (FIP 1983).  

Concrete containing high cementitious contents, and particularly those containing 

efficient pozzolans, will develop densities with less of a difference between fresh 

and equilibrium density‖ ACI 213R-03.  Unless otherwise specified self loads 

may be determined by a calculation of equilibrium density using the procedures of 

ASTM C 567. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 Concrete density versus time of drying for structural 

Lightweight concrete ACI 213R-03, ASTM 169 D 
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When weights and moisture contents of all the constituents of the batch of 

concrete are known, a calculated equilibrium density can be determined according 

to ASTM C 567 from the following equations: 

 

 O = (Mdf + Mdc + 1.2 Mct) / V 

 E = O + 3 lb/ft³ (O + 50 kg/m³) 

 

where 

 O = calculated oven-dry density, pcf (kg/m³) 

 Mdf = mass of dry fine aggregate in batch, lb (kg) 

 Mdc = mass of dry coarse aggregate in batch, lb (kg) 

 1.2 = factor to account for water of hydration 

 Mct = mass of cement in batch, lb (kg) 

 V = volume of concrete produced by the batch, ft³ (m³) 

 E = Calculated equilibrium density, pcf (kg/m³) 

 

Specified Density Concrete 

 

―The use of specified density concrete is based on engineer’s decisions to improve 

structural efficiency by optimizing concrete density.  Specified Density concrete 

is defined as concrete with a range of density less than what is generally 

associated with normalweight concrete 2320 – 2480 kg/m³, (145 – 155 lb/ft³) and 

greater than the code defined maximum density for lightweight concrete (1840 

kg/m³, 115 lb/ft³).  Specified density concrete is achieved by replacing part of the 

ordinary normalweight aggregate (Relative Density > 2.60) with either coarse or 

fine lightweight aggregate (Relative Density generally < 1.60).  Specified density 

concrete has been used on bridges, marine structures, precast elements and 

consumer products in North America, Europe and several other parts of the world. 

 

The concept of specified density concrete is not new.  For more than 20 years 

precast concrete manufacturers have evaluated trade-offs between the concrete 

density and transportation costs.  Shown in Table 6.3 are the physical properties 

of concrete in which 25, 50, 75 and 100% of the normalweight limestone coarse 

aggregate was replaced by an equal absolute volume of lightweight aggregate.  

This resulted in 5, 11, 15 and 21 percent reductions in density respectively.  Fig. 

6.3 shows the fresh and equilibrium density and Fig. 6.4 shows the modulus of 

Elasticity. 

 

By adjusting the density of the concrete, precasters are able to maximize the 

number of concrete elements on a truck without exceeding highway load limits.  

This reduces the number of truck loads which lowers transportation and project 

cost, as well as reducing the environmental consequences of trucking products 

especially into central cities.  Opportunities for increased trucking efficiency also 

apply when transporting smaller concrete products (hollow core plank, wallboard, 

precast steps, and other consumer products).  Specified density concrete has the 
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added benefit of enhanced cement hydration.  See section on ―Internal Curing‖ for 

more detail‖, ASTM 169 D, Chapter 48. 

 

Table 6.3. Physical Properties of Concrete Mixtures 

 

Limestone coarse aggregate replaced by varying percentages of structural low density 

aggregates.  Concrete manufactured and tested at U.S. East Coast Prestressed Plant to 

optimize structural efficiency and reduce transportation costs. 
 

Mixture Number 

Coarse Aggregate 

Target Equilibrium Density          lb/ft3 (kg/m3) 

 

 

1 

Limestone 

143 (2300) 

 

2 

.75S, .25L 

135 (2160 

 

3 

.5S, .5L 

129 (2050)  

 

4 

.25S, .75L 

120 (1920) 

 

5 

LDA 

112 (1800) 

 

M 

None 

125 (2000) 

 

Physical Properties @ 18-24 Hrs. 

Compressive Strength                    ksi (MPa) 

Elastic Modulus (Test)                   ksi x 103 (GPa) 

Elastic Modulus (Calc. ACI 318)  ksi x 103 (GPa) 

        E (Calc. ACI 318) / E (Test) 

 

 

 

3.50 (24) 

3.42 (24) 

3.70 (26) 

1.08 

 

 

3.75 (26) 

3.30 (23) 

3.49 (24) 

1.06 

 

 

4.27 (29) 

3.27 (23) 

2.89 (20) 

0.88 

 

 

4.10 (28) 

2.97 (20) 

2.42 (17) 

0.81 

 

 

3.80 (26) 

2.67 (18) 

2.17 (15) 

0.81 

 

 

4.88 (34) 

3.38 (23) 

2.48 (17) 

0.73 

 

Physical Properties @ 29 Days 

Compressive Strength                    ksi (MPa) 

Elastic Modulus (Test)                   ksi x 103 (GPa) 

Elastic Modulus (Calc. ACI 318)  ksi x 103 (GPa) 

        E (Calc. ACI 318) / E (Test) 

 

 

 

5.60 (39) 

4.28 (30) 

4.49 (31) 

1.05 

 

 

5.89 (41) 

4.09 (28) 

4.10 (28) 

1.00 

 

 

5.91 (41) 

3.81 (26) 

4.17 (29) 

1.09 

 

 

5.95 (41) 

3.53 (24) 

3.13 (22) 

0.89 

 

 

6.12 (42) 

3.25 (22) 

2.92 (20) 

0.90 

 

 

6.85 (47) 

3.96 (27) 

4.50 (31) 

1.14 

 

Tensile Split Strength @ 29 Days    ksi (MPa) 

 

 

580 (4.0) 

 

615 (4.2) 

 

531 (3.7) 

 

492 (3.4) 

 

498 (3.4) 

 

504 (3.5) 

Note: 1. All concrete mixtures contain 752 pcy (446 kg/m3) Cement, 1190 pcy (706 kg/m3) Natural Sand. 

 2. All concrete mixtures, Air 3.5 ± 0.5%, Slump 4” (100 mm) 

 3. Mortar Mixture “M” contains 1208 pcy (716 kg/m3) Cement, 1770 pcy (1050 kg.m3) Natural Sand, Air 

5.5%, Slump 5.5” (140 mm). 

 4. All strength and modulus test conducted on 6” x 12” (152 x 304 mm) cylinders. 
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Figure 6.3. Fresh and ASTM C 567 Calculated 

Equilibrium Concrete Density 

 

MODULUS OF ELASTICITY - Concretes containing LWA have lower modulus 

of elasticity at both early and later ages.  Since exact modulus data at release (18 

hrs. +) is crucial to strand location, camber and deflection control, it is essential to 

determine the properties directly from the proposed concrete mixture.  It is also 

important to realize that even with normalweight concrete at the same density, the 

modulus of elasticity can vary considerably.  Table 6.3 reveals that for the 

―control‖ limestone concrete the tested elastic modulus correlated reasonably well 

with the computed value using the ACI 318 formula Ec=33w
1.5

√Fc.  For the 

lightweight concrete tested at early age and with a 29 day compressive strength of 

6120 psi (42 MPa), the ACI formula clearly over estimates the value of the elastic 

modulus. 
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Figure 6.4. Modulus of Elasticity 152 x 304 mm (6" x 12") 

Cylinders with varying replacements of limestone 

with lightweight aggregate 

 

 

6.3 Absorption 
 

Lightweight concrete planned for exposed application will be, of necessity be of 

high quality.  Testing programs have revealed that high-quality lightweight 

concretes absorbed very little water and thus maintained their low density.  This 

was not unexpected, as Bremner, Holm, and McInerney (1992) and Sugiyama, 

Bremner, and Holm (1996), in a series of publications, reported that the 

permeability of lightweight concrete was extremely low and generally equal to or 

significantly lower than that reported for normalweight concrete that were used as 

control specimens.  Similar results by Russian, Japanese, and English 

investigators confirmed these findings.  All attributed the low permeability to the 

profound influence of the high-integrity contact zone possessed by lightweight 

concrete.  The zone of weakness demonstrated in concretes containing 

normalweight aggregate, wherein layers of high w/c at the contact zone combine 

with bleed-water gaps, can be minimized if not eliminated in concretes containing 

pozzolanic materials such as silica fume, fly ash, and calcined clays, shales, and 

slates. 

 

In investigations of high-quality concretes in the Arctic, Hoff (1992) reported that 

specimens that had a period of drying followed by water immersion at 
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atmospheric pressure did not refill all the void space caused by drying.  

Pressurization caused an additional density increase of approximately 2.5 lb/ft³ 

(40 kg/m³).  Prior to the introduction of the test specimens into the seawater, all 

concretes lost mass during the drying phase of their curing, although concrete 

with a compressive strength of 9,000 psi (62 MPa) did not lose very much due to 

its very dense matrix 

 

This testing program reported that density changes mixtures containing silica 

fume, would experience some drying during their initial curing period, and 

experience long-term density gains of 3 to 4 lb/ft³ (48 to 64 kg/m³) when 

subjected to hydrostatic pressures equivalent to 200 ft (61 mm) of seawater.  The 

very high-strength lightweight concrete may be on the lower end of this range.  At 

near-surface water depths 0 psi (0 MPa), lightweight concrete will have density 

increased of less than 1 lb/ft³ (16 kg/m³). 

 

6.4 Internal Curing 

 
Introduction 

 

Lightweight aggregate batched at a high degree of saturation may be substituted 

for normalweight aggregates to provide ―internal curing‖ in concrete containing a 

high volume of cementitious materials.  High cementitious concretes are 

vulnerable to self-desiccation and early-age cracking, and benefit significantly 

from the slowly released internal moisture.  Field experience has shown that High 

Strength Concrete is not necessarily High Performance Concrete and that High 

Performance Concrete need not necessarily be high strength.  A frequent, 

unintended consequence of high strength concrete is early-age cracking.  This 

application is significantly helpful for vertical members and concretes containing 

high volumes of pozzolans that are sensitive to curing procedures.  In this 

application, density reduction is a bonus. 

 

Time dependent improvement in the quality of concrete containing pre-wet 

lightweight aggregate is greater than that with normalweight.  The reason is better 

hydration of the cementitious fraction provided by moisture available from the 

slowly released reservoir of absorbed water within the pores of the lightweight 

aggregate.  The fact that absorbed moisture in the lightweight was available for 

internal curing has been known for more than four decades.  The first 

documentation of improved long term strength gains made possible by the use of 

saturated normalweight aggregates, was reported in 1957 by Paul Klieger, who, in 

addition, commented in detail on the role of absorbed water in lightweight 

aggregates for extended internal curing. 

 

In his 1965 report, ―Concrete Strength Measurement – Cores vs. Cylinders”, 

presented to the National Sand and Gravel Association and the National Ready 

Mixed Concrete Association, Bloem (1965) states, ―Measured strength for 

lightweight concrete cylinders was not reduced by simulated field curing methods 
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employed.  This would tend to support the suggestion that the high absorption of 

lightweight aggregate may have the beneficial effect of supplying curing water 

internally.‖  This was confirmed by R. Campbell and Bob Tobin (1967) in their 

comprehensive program which compared strengths of cores taken from field 

cured exposed slabs with test results obtained from laboratory specimens cured 

strictly in accordance with ASTM C 31 procedures.  Their tests confirmed that the 

availability of absorbed moisture in lightweight aggregate produced a more 

forgiving concrete that was less sensitive to poor field curing conditions. 

 

While providing technical support to a New York City contractor building several 

twenty-story lightweight concrete frame apartment houses, Holm (2004) reported 

direct field experience that empirically confirmed the findings of the Bloem and 

Tobin investigations.  ―Discussions with a second contractor who was building 

eight other normalweight multi-story concrete frames visible from our fifteenth 

floor vantage point, focused on the extensive plastic shrinkage cracking on his 

project, and the relative absence of the problem on our building.  Both projects 

were exposed to the same ambient conditions that promote plastic shrinkage: high 

temperatures, low relative humidity and high wind velocities.  Both projects were 

furnished from the same readymix concrete supplier with essentially similar 

mixture ingredients (cement, admixtures, natural sand) with only one differing 

component: His project used a crushed stone, while ours used a lightweight 

aggregate batched with a high degree of saturation‖. 

 

In a paper addressing the long term service performance of lightweight,  Holm 

(1980) cited the improved integrity of the LWA/matrix interface, attributing the 

improved quality to internal curing, pozzolanic activity at the contact zone, and 

reduction in stress concentrations resulting from elastic compatibility of the 

concrete phases.  In another paper Holm (1980) documented the long term 

increase in strength of high strength lightweight concrete incorporating pozzolans. 

 

The benefits of ―internal curing‖ go far beyond any improvements in long-term 

strength gain, which from some combinations of materials may be minimal or 

non-existent.  The principal contribution of ―internal curing‖ results in the 

reduction of permeability that develops from a significant extension in the time of 

curing.  Powers (1959) showed that extending the time of curing increased the 

volume of cementitious products formed which caused the capillaries to become 

segmented and discontinuous. 

 

It appears that in 1991, Philleo (1991) was the first to recognize the potential 

benefits to high performance normalweight concrete possible with the addition of 

lightweight containing high volumes of absorbed moisture.  Weber and Reinhardt 

(1995) have also conclusively demonstrated reduced sensitivity to poor curing 

conditions in high strength normalweight concrete containing an adequate volume 

of high moisture content LWA.  Since 1995 a large number of papers addressing 

the role of water entrainment’s influence on internal curing and Autogenous 

shrinkage have been published of which Bentz, et al, is typical (1999). 



 6-16 

 

The benefits of ―internal curing‖ are increasingly important when pozzolans 

(silica fume, fly ash, metokoalin, calcined shales, clays and slates, as well as the 

fines of LWA) are included in the mixture.  It is well known that the pozzolanic 

reaction of finely divided alumina-silicates with calcium hydroxide liberated as 

cement hydrates is contingent upon the availability of moisture.  Additionally, 

―internal curing‖ provided by absorbed water minimizes the ―plastic‖ (early) 

shrinkage due to rapid drying of concrete exposed to unfavorable drying 

conditions (Holm, 1980b). 

 

6.5 Contact Zone 
 

―The expression ―contact zone‖ includes two distinctively different phenomena: 

(1) the mechanical adhesion of the cementitious matrix to the surface of the 

aggregate and (2) the variation of physical and chemical characteristics of the 

transition layer of the cementitious matrix close to the aggregate particle.  

Collapse of the structural integrity of the concrete conglomerate may come from 

the failure of either the aggregate or cementitious matrix, or from a breakdown in 

the contact zone causing a separation of the still intact phases.  The various 

mechanisms that act to maintain continuity, or that cause separation, have not 

received the same attention as has the air void system necessary to protect the 

matrix.  Aggregates are frequently dismissed as being inert fillers and, as a result, 

they and the associated contact zone have not received adequate attention. 

 

In order that concrete perform satisfactorily in severe exposure conditions, it is 

essential that a good bond develop and be maintained between the aggregate and 

the enveloping mortar matrix.  A high incidence of interfacial cracking or 

aggregate debonding will have a serious effect on durability if these cracks fill 

with water and subsequently freeze.  Deterioration will result, with pieces of 

apparently sound mortar separating from the bottom of the aggregate, usually with 

some of the mortar remaining firmly attached to the top side of the aggregate.  An 

equally serious consequence of microcracking is the easy path provided for the 

ingress for aggressive agents into the mass of the concrete, rendering ineffective 

the protective layer of concrete over the reinforcing steel.  The morphology and 

distribution of chemical elements at the transition layer in a number of mature 

structures that have withstood severe exposure were examined and reported by 

Bremner, et. al. 

 

The contact zone of lightweight aggregate concrete has been demonstrated to be 

significantly superior to that of normalweight concretes that do not contain 

supplementary cementitious material (See Fig. 6.5).  This profound improvement 

in the quality, integrity, and microstructure stems from a number of characteristics 

unique to lightweight concrete that includes: 

 

 The pozzolanic alumina/silicate surface of the fired ceramic aggregate 

combines with CaOH2 liberated by hydration of the Portland cement. 
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 Reduced microcracking in the contact zone because of the elastic similarity 

of the aggregate and the surrounding cementitious matrix. 

 Hygral equilibrium between two porous materials (Lightweight aggregate 

and porous cementitious matrix) as opposed to the usual condition with 

normalweight aggregate, where bleed-water lenses form around essentially 

non-absorbent coarse natural aggregates.  These lenses have water-to-

cementitious materials ratios significantly higher than in the rest of the 

matrix.  When supplementary cementitious materials are added, the high-

quality microstructure of the contact zone around lightweight aggregate is 

moderately enhanced.  However, when supplementary cementitious 

materials are used in concretes containing normalweight aggregate, this 

zone of weakness is profoundly improved. 

 

While the reduction in compressive and tensile strength due to poor contact zone 

is important, the significance of increasing permeability is even greater.  

Increasing permeability inevitable leads to penetration of aggressive agents that 

accelerate corrosion of embedded reinforcement.  The permeability of concrete is 

greater than the permeability of its constituents.  This increase in permeability 

results from interfacial flaws at the aggregate surface linking up with 

microcracking in the transition layer. 

 

The phenomenon of bleed water collecting and being entrapped under coarse 

particles of lightweight aggregate is mitigated if not eliminated.  This has been 

verified in practice by the examination of the contact zone of lightweight concrete 

tensile splitting cylinders, as well as by visual examination of sandblasted vertical 

surfaces of building structures.  This observation should not be surprising 

because, with structural lightweight concrete, the aggregate/matrix interface is a 

boundary between two porous media, while with normalweight concrete there is 

an abrupt transition at the dense aggregate/porous cementitious matrix interface‖, 

ASTM 169D, Chapter 48, (2006). 

 

Implication of Contact Zone on Failure Mechanisms 

 

Exposed concrete must endure the superposition of dynamic forces including 

variable live loads, rapid temperature changes, moisture gradients, and dilation 

due to chemical changes.  These factors cause a predominantly tensile-related 

failure.  Yet, the uniaxial compressive strength is traditionally considered the 

preeminent single index of quality, despite the fact that inadequate concrete 

performance is seldom related to this parameter.  The simplicity and ease of 

compression testing has diverted our focus from life-cycle performance and the 

development of appropriate measurement techniques that quantify durable 

concrete characteristics. 

 

In general, weakest link mechanisms are undetected in uniaxial compression tests 

due to concrete’s forgiving load-sharing characteristics in compression, because 

of localized yielding and the closure of temperature and volume-change cracks.  
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Weakest link mechanisms, however, are decisive in tensile failures in both 

dynamic and durability exposure conditions.  In most concretes the limiting factor 

in the long term performance is the integrity of contact zone. 

 

Additionally, a full comprehension has not been developed regarding the 

accommodation mechanism by which the pores closest to the aggregate/matrix 

interface provide an accessible space for products that cause deleterious 

expansion.  While research has identified ettringite, alkali-silica gel, marine salts, 

and corrosion products in these near-surface pores, it is still not fully understood 

of how these products impact service life (See ASTM 169D). 

 

Micrographs of concretes obtained from mature structural lightweight concrete 

ships, marine structures, and bridges have consistently revealed minimal 

microcracking and a limited volume of un-hydrated cement grains.  The boundary 

between the cementitious matrix and coarse aggregates is essentially 

indistinguishable at the contact zone separating the two phases in all mature high 

strength lightweight concrete’s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5.  Contact zone of structural lightweight concrete 

(W.P. Lane Memorial Bridge over Chesapeake Bay, Annapolis, MD – 

constructed in 1952) (Holm 1983) 
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6.6 Permeability 

 
While technical literature contains numerous reports on the permeability of 

concrete there is a limited number of papers where structural lightweight and 

normalweight concrete were tested under the same conditions.  Furthermore, 

almost all studies measuring permeability use test conditions that are static insofar 

as the concrete is concerned.  While this approach is appropriate for dams and 

water containing structures it is not relevant to bridges and parking garages which 

are constantly subjected to dynamic stress and strain.  Cover concrete is expected 

to maintain its protective impermeable integrity despite the accumulation of 

shrinkage, thermal and structural load related strains. 

 

Permeability investigations conducted on lightweight and normalweight concretes 

exposed to the same testing criteria have been reported by Khokrin, Nishi, Keeton 

and Bamforth.  It is of interest that in every case, despite wide variations in 

concrete strengths, testing media (water, gas and oil), and testing techniques 

(specimen size, media pressure and equipment), structural lightweight concrete 

had equal or lower permeability than its heavier counterpart.  Khokrin further 

reports that the lower permeability of lightweight concrete was attributed to the 

elastic compatibility of the constituents and the enhanced bond between the 

coarse aggregate and the matrix.  In the Onoda Cement Company tests, concretes 

with water to cement ratios of 0.55, moist cured for 28 days when tested a 9 

kg/cm water pressure had a depth of penetration of 35 mm for normalweight 

concrete and 24 mm for lightweight concrete.  When tested with sea water, 

penetration was 15 and 12 mm for normalweight and lightweight concretes 

respectively.  The author suggested that the reason for this behavior was, ―a layer 

of dense hardened cement paste surrounding the particles of artificial lightweight 

coarse aggregate.‖  U.S. Navy sponsored ―Permeability Studies of Reinforced 

Thin Shell Concrete‖, conducted by Keeton reported the lowest permeability with 

high strength lightweight concrete.  Bamforth incorporated structural lightweight 

concrete as one of the four concretes tested for permeability to nitrogen gas at 1 

MPa pressure level.  The normalweight concrete specimens included high 

strength (90 MPa) concrete as well as concrete with a 25% fly ash replacement.  

The sanded structural lightweight concrete (50 MPa, 6.4% air) with a density of 

1985 kg/m (124 lb/cf) demonstrated the lowest water and air permeability of all 

mixes tested. 

 

Mehta (1986) observed that the permeability of concrete composite is 

significantly greater than the permeability of either the continuous matrix system 

or the suspended coarse aggregate fraction.  This difference is primarily related to 

extensive microcracking caused by mismatched concrete components 

differentially responding to temperature gradients, service load induced strains 

and volume changes associated with chemical reactions taking place within the 

concrete.  In additions, channels develop in the transition zone surrounding coarse 

aggregates giving rise to unimpeded moisture movements.  While separations 

caused by the evaporation of bleed water adjacent to natural aggregates are 
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frequently visible to the naked eye, such defects are almost unknown in structural 

lightweight aggregate concrete.  The continuous, high quality matrix fraction 

surrounding lightweight aggregates is the result of several beneficial processes.  

Khokrin (1973) reported on several investigations which documented the 

increased transition zone microhardness due to pozzolanic reaction developed at 

the surface of the lightweight aggregates.  Bremner et al (1984) conducted 

measurements of the diffusion of the silica out of the coarse lightweight aggregate 

particles into the cement paste matrix using energy dispersive X-ray analytical 

techniques.  The results correlated with Khokrin’s observations that the superior 

contact zone in structural lightweight concrete extended approximately 60 

microns from the lightweight aggregate particles into the continuous matrix 

phrase. 

 

In addition, the contact zone in structural lightweight concrete is the interface 

between two porous medias – the lightweight aggregate particle and the hydrating 

cement binder.  This porous media interface allows for hygral equilibrium to be 

reach between the two phases, thus eliminating weak zones caused by water 

concentration.  In contrast, the contact zone of normalweight concrete is an 

interface between a dense, non-absorbent component and a water rich binder.  

Any accumulation of water at that interface is subsequently lost during drying, 

leaving voids. 

 

Fully hydrated portland cement paste has the potential to form an essentially 

impermeable matrix that should render concretes impermeable to the flow of 

liquids and gases.  In practice, however, this is not the case, as microcracks form 

in concrete during the hardening process as well as later due to shrinkage, thermal 

and applied stresses.  In addition, excess water added to concrete for easier 

placing will evaporate leaving pores and conduits in the concrete.  This is 

particularly true in exposed concrete decks where concrete has frequently 

provided inadequate protection for steel reinforcement.  To evaluate this behavior 

several series of thick walled cylindrical specimens were tested with flow of 

nitrogen gas being measured radially as the axial load was increased.  In this way 

flow rate could be measured normal to the compressive stress as is the case of 

containment vessels and bridge decks. 

 

To evaluate the influence of stress level on permeability normalweight and 

structural lightweight concrete specimens were tested with increasing loads in a 

nitrogen gas cell shown in Fig. 6.6.  Nitrogen was chosen because the concrete’s 

permeability would not be affected by this inert gas.  The results were reported by 

Sugiyama et. al (1996). 
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Figure 6.6. Flowchart of nitrogen permeability apparatus 

 

The test results indicate that the permeability of both types of concrete are 

relatively insensitive to applied stress levels up to the critical level at which 

extensive stress induced microcracking would be expected to occur.  At 

approximately 54% to 62% of the stress to strength ratio for normalweight 

concrete and about 72% to 82% for structural lightweight concrete, permeability 

increases significantly.  These levels at which a rapid increase in permeability was 

noted correspond to the stress levels at which others have observed that the 

incidence of microcracking starts to increase rapidly and the interconnection 

between the microcracks becomes significant.  The close match between the 

stiffness of the expanded lightweight aggregate and the cement past matrix 

minimizes internal stress concentration and explains the delayed onset of 

microcracking as compared to normalweight concrete. 

 

 

6.7 Pozzolonic Characteristics 

 
History 

There is a long history of successfully blending calcined clays and shale’s to 

cementitious materials to improve performance.  The pozzolanic properties of 

burnt clays were well known to the Romans, who utilized ground clay bricks and 

tiles.  Addition of burnt clay to lime mortars to obtain hydraulic properties also 

were known in ancient concrete produced in India and Egypt (Vitruvius, Lea).  In 

1950 Meissner reported that a California cement company had been producing for 

two decades a portland-pozzolan cement containing Monterey Shale.  It was used 

in 1932 by the California Division of Highways in several structures and in a 

stretch of an experimental concrete highway.  Observations on these trial 

installations, together with laboratory studies on the properties of concrete made 
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with the blended cement, caused the authorities of the Golden Gate Bridge and 

San Francisco-Oakland Bay Bridge to permit its use on these bridges.  The San 

Francisco anchorage of the Bay Bridge and the San Francisco pier and fender of 

the Golden Gate Bridge utilized large quantities of this cement type.  The main 

reasons for recommending the use of this cement in these structures was its 

proven resistance to alkali soils and sulfate waters together with the favorable heat 

generation characteristics it possessed for these massive blocks of concrete.  The 

advantages attributed to cements composed of a blend of portland cement and 

siliceous materials had been amply demonstrated by investigations conducted at 

the engineering Materials Laboratory of the University of California, as well as 

the Corps of Engineers reported in ASTM STP-99, (Pepper). 

 

Improvements in the physical properties and chemical resistance of concrete by 

the addition of rotary kiln produced calcined clays and shale’s have been 

documented in a number of comprehensive reports (Barger). 

 

Pozzolonic Terminology and Properties 

 

ASTM 618 classifies calcined clay and shale as natural pozzolans of class N.  

Natural pozzolans are grouped with fly ash in the chemical requirements.  ASTM 

618 also provides requirement for physical characteristics.   

 

The definition of a pozzolan is stated in ACI 116R-00 ―Cement and Concrete 

Terminology‖: ―Pozzolans – a siliceous or siliceous and aluminous material that 

in itself possess little or no cementitious value but that will, in finely divided form 

and in the presence of moisture, chemically react with calcium hydroxide at 

ordinary temperature to form compounds having cementitious properties; there 

are both natural and artificial pozzolans‖. 

 

Three characteristics of a pozzolon make it reactive and therefore effective.  

Firstly and of prime importance is a high silica content because silica participates 

in the reaction with the calcium hydroxide liberated in the hydration process of 

cements. 

 

Table 6.6 shows the percentage composition from tests conducted on commercial 

rotary kiln produced expanded shale’s, clays and slates.  The summation of the 

percentages of S1O2, AL2O3 and Fe2O3 is 91% with a range of approximately + 

6%.  Table 6.7 shows that, despite the small test sample size, the location in the 

quarry and the vagaries of testing procedures, that the range of compositional 

percentages of multiple tests on the same material is relatively small. 
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Table 6.6.  Percentage Composition of Rotary Kiln Produced Expanded 

Shale’s, Clays and Slates from North America and Europe 
Pozzolon 

Element 

A B C D E F G H I J K 

S1O2 66 65 52 71 53 78 60 66 54 63 61 

Al2O3 23 20 22 17 20 15 18 16 38 20 23 

Fe2O3 7 9 11 4 14 4 8 6 2 7 12 

CaO 2 1 2 1 4 1 2 2 1 2 1 

MgO 1 2 4 4 2 1 3 3 1 2 1 

Note: Results do not add up to 100%, because of variation in reporting techniques used by 

various testing labs. 

 

 

Table 6.7.  Uniformity of Composition of Two Selected Rotary Kiln Produced 

Expanded Shale, Clay and Slate. 
Pozzolon 

Element 

A1 A2 A3 B1 B2 B3 

S1O2 66 66 64 65 58 65 

Al2O3 23 18 19 20 27 20 

Fe2O3 7 6 9 9 11 9 

CaO 2 7 1 1 1 1 

MgO 1 1 3 2 3 3 

 

 

The second requirement is a high degree of amorphous structure.  When cooled 

slowly silica tends to a crystalline state, but when cooled rapidly it does not have 

sufficient time to organize into crystals and solidifies into an amorphous structure 

(glassy) or into an intermediate structure between crystalline and amorphous.  The 

results of petrography tests conducted at the laboratory of the Portland Cement 

Association on a commercial rotary kiln produced lightweight aggregate are 

shown in Table 6.8. 
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Table 6.8. Petrography tests 
Particle 

Shape 

Particle 

Surface Texture 

Micro Structural Character 

of Air Void System 

 

Mineralogy 

Coarse Aggregate Mineralogy was similar 

for all samples examined. 

The following 

constituents were present 

50 to 70% glass. 

Refractive index  

1.540 to 1.565 

10 to 30% quartz 

1 to 10% feldspar 

1 to 10% unidentified 

microcrystalline 

material 

Less than 1% iron oxides 

Tabular to 

ellipsoidal, 

subangular 

to rounded. 

Dense. Few voids 

greater than 1000 

microns diameter 

were exposed. 

Uniform structure with few or no 

bedding plane separations.  Most 

voids were nearly spherical and 

isolated, but if connected showed no 

directional preference for such 

connection.  Totaled voids were from 

5 to 25 microns diameter, a few up to 

100 microns.  50 to 100 micron voids 

uniformly and closely space.  Largest 

void less area observed was 900 

square micron 

Fine Aggregate 

Tabular to 

ellipsoidal. 

Progressively 

more 

angular with 

decreasing 

particle size. 

Very dense, 

smooth.  Few 

voids at surface 

were larger than 

100 microns 

Voids were similar to those described 

for coarse aggregate.  Maximum 

dimensions of air voids limited by 

particle size. 

(Reference PCA) 

 

 

The third characteristic of a reactive pozzolon is a high specific surface which 

will provide a greater surface to which the material can react.  Highly reactive 

ESCS pozzolans with Blaine fineness considerably greater than commercial 

cements have performed well in laboratory testing programs and commercial 

applications.  Inadequately ground or improperly fired material may reduce 

pozzolanic behavior. 

 

Influence on Properties of Concrete 

 

Pozzolans made from ESCS’s have been used commercially as both: 

 A separate mineral admixture addition or 

 As part of a blended cement. 

 

When used as a mineral admixture the properties of concrete are improved in both 

the fresh, and hardened states.  ESCS pozzolans have been shown to impart a high 

degree of workability in both non-air entrained and air entrained concretes that 

also demonstrated improved pumping characteristics.  ESCS pozzolans do not 

contain carbon or other contaminants that affect air entrainment in concrete.  The 

air entrained admixture dosage rates have been shown to be comparable to that of 

straight Portland cement mixtures.  ESCS pozzolans do not retard setting time. 

 

During calcining the silica and alumina minerals are unlocked and made available 

for combination with the calcium hydroxide liberated during the hydration 
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reaction of Portland cement.  This results in the development of greater amounts 

of calcium silicate hydrate (CSH) (the inorganic glue) than would be available in 

straight Portland cement concrete mixtures.  Additionally, because of the 

increased amount of the insoluble CSH, the permeability of the mixture is 

significantly reduced, thus increasing resistance to both sulfate attack and alkali-

silica reactions. 

 

There are three mechanisms by which pozzolans improve the resistance of 

concrete to sulfate attack. 

 

 Simple dilution by replacing Portland cement, there is less C3A present in 

the paste. 

 The pozzolanic hydration reaction consumes a portion of the calcium 

hydroxide resulting in a lower amount available to react with sulfates to 

form gypsum. 

 Pozzolonic hydration products contribute to a reduced permeability, thus 

limiting the ingress of the sulfate solution. 

 

Recent tests conducted on a ground rotary kiln expanded shale, clay and slate in 

accordance with the procedures of ASTM C 1012 ―Standard Test Method for 

Length Change of Hydraulic Cement Mortars Exposed to Sulfate Solution”, 

showed reductions of approximately 80% when mixtures containing 15, 20 and 

25% rotary kiln produced pozzolans were compared with a straight Portland 

control mixture. 

 

In a similar fashion, comparison of expansion measured in accordance with 

ASTM C 441 ―Standard Test Method for Effectiveness of Mineral Admixtures or 

Ground-Based Furnace Slag in Preventing Excessive Expansion of Concrete Due 

to the Alkali-Silica Reaction”, showed expansion of mixtures with 15, 20 and 

25% additions of RK ESCS to be less than one half that of straight Portland 

cement mixtures, (Lehigh Lightweight 2005 private communication). 

 

Pozzolonic Reaction in the Contact Zone 

 

All of the earlier commentary of this section report the proven performance 

(laboratory and field) when ESCS materials are manufactured to the requirements 

of pozzolans, particularly in relation to surface area criteria.  Less evident is the 

contribution of the significant enhancement of the critical contact zone developed 

by modest amounts of reaction between the extremely limited surface area of 

large (comparatively) aggregate particles used in the production of structural 

lightweight concrete. 

 

The contact zone is the transition layer of material connecting the coarse 

aggregate particle with the enveloping continuous mortar matrix.  Analysis of this 

linkage layer requires consideration of more than the adhesion developed at the 

interface and should include the transitional layer that forms between the two 
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phases.  Collapse of the structural integrity of a conglomerate may come from the 

failure of one of the two phases or from a breakdown in the contact zone causing 

a separation of the still intact phases.  The various mechanisms that act to 

maintain continuity or that causes separation have not received the same attention 

as has the air void system necessary to protect the paste.  Aggregates are 

frequently dismissed as being ―inert‖ fillers and as a result they and the associated 

transition zone have received very modest attention. 

 

In order that concrete perform satisfactorily in severe exposure conditions it is 

essential that a good bond develop and be maintained between the aggregate and 

the enveloping continuous mortar matrix.  A high incidence of interfacial cracking 

or aggregate debonding will have a serious effect on durability if these cracks fill 

with water and subsequently freeze.  A serious consequence of microcracking is 

the easy path provided for the ingress of salt water into the mass of the concrete 

where it can react with the products of hydration and render ineffective the 

protective layer of concrete over the reinforcing steel.  To provide an insight into 

the performance of different types of concrete, a number of mature structures that 

have withstood severe exposure were examined.  The morphology and 

distribution of chemical elements at the interface were studied so that those 

factors associated with good performance could be identified. 

 

Specimens taken from severely exposed mature concrete bridge decks and ships 

were prepared from these cores for examination in a Cambridge S4-10 scanning 

electron microscope equipped with a Tracor Northern NS-880 energy dispersive 

X-ray analyzer (For details see ―Aggregate-Matrix Interaction in Concrete 

Subject to Severe Exposure”, Bremner T.W., Holm T.A. and DeSouza H., FIP-

CPCI International Symposium on Concrete Sea Structure in Arctic Regions, 

Aug. 29, 1984, Calgary, Canada).  The data indicates that the silicon content 

increases at a reasonably constant rate as the aggregate interface is approached 

suggesting that the aggregate acts as source of reactive silica. 

 

Reductions in mechanical properties are inevitable as a result of the interface 

flaws as they limit interaction between the two distinctly different phases.  

However significant the reduction in compressive and tensile strength, the effect 

on permeability is even greater.  Increasing permeability inevitably leads to 

ingress of water carrying aggressive agents that accelerate frost damage and 

corrosion of embedded reinforcement. 

 

The permeability of concrete is magnitudes greater than the permeability of its 

two constituents.  A plausible explanation could be the effect of the interface 

flaws linking up with mirocracking in the mortar phase of the matrix. 
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6.8 Heat Flow Characteristics 
 

  Thermal Conductivity 

 

Thermal conductivity is a property of a material and is a measure of the rate at 

which energy (heat) passes linearly through a unit area of homogeneous material 

of unit thickness for a temperature gradient of 1 deg.  Thermal conductivity of 

concrete depends mainly on its density and moisture content but is also influenced 

by the size and distribution of the pores, the chemical composition of the solid 

components, their internal structure (crystalline or amorphous), and the test 

temperature Crystalline materials (e.g. quartz) conduct heat better than amorphous 

materials (calcined clays, ceramics, etc.). 

 

Lightweight Concrete 

 

Thermal conductivity is generally measured on oven-dry samples in a guarded 

hot-plate assemblage according to ASTM C 177.  Fig. 6.8 shows the results of the 

analysis of conductivity tests on concretes with densities from 20 – 200 lb/ft³ (320 

to 3,200 kg/m) (Valore 1980), which suggest the equation 

 

 k = 0.5e
0.02ω 

 

where k is the thermal conductivity (Btu • in./hr • ft² • ºF) and ω is the density 

(lb/ft³) 

 

 k = 0.072e
0.00125ω

 

 

where k is the thermal conductivity in, W m
-1

•K, and ω is the density, kg/m³. 
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Figure 6.8  Relation of Average Thermal Conductivity k Values 

of Concrete in an Oven-Dry Condition to Density, (Valore 1980). 

 

The Valore equation (Valore 1980) is accurate for concretes composed entirely of 

lightweight aggregate up to a density of 100 lb/ft³ (1,600 kg/m³) but becomes 

increasingly non-conservative for higher density concrete containing highly 

crystalline normalweight aggregate.  That being the case, it becomes essential to 

measure the thermal conductivity in a guarded hot plate for specified-density 

concrete aggregate combination. 

 

For a given concrete, an accurate value of the thermal conductivity based upon 

tests in a guarded hot plate (for oven-dry specimens) or a heat flow meter (for 

rapid testing when specimens contain moisture) is preferable to an estimated 

value.  However, the formula provides guidance for estimating the thermal 

conductivity in an oven-dry condition and, in addition, may readily be revised for 

air-dry conditions.  When thermal resistance values are part of the project 

specifications, the addition of crystalline natural aggregates should be avoided, as 
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the resulting thermal conductivity of the mixture will increase at a rate faster than 

that predicted by density alone (Schule and Kupke 1972). 

 

Increasing the free-moisture content of hardened concrete causes an increase of 

thermal conductivity.  As most conductivity data are reported for oven-dry 

concrete, it is essential to know the moisture contents of the concrete in 

equilibrium with its in-service environment, and then apply a modification factor 

for estimating the conductivity under service conditions.  Valore (1980) reported 

long-term moisture contents for concretes with the average for lightweight 

concrete being 4 percent by volume.  As a practical matter, after considering the 

many variations of density, mixture composition, and in-service ambient 

conditions, Valore (1980) suggested that a reasonable approximation would be to 

increase the in-place thermal conductivity by 20 percent over test oven-dry 

values. 

 

Thermal conductivity values for moist concretes were reported by Scanlon and 

MacDonald in ASTM 169C (1994).  CRD-C 44 (U.S. Army Corps of Engineers 

1998b) provides a procedure for calculating thermal conductivity from the results 

of test of thermal diffusivity and specific heat. 

 

High-strength lightweight concrete 

 

With the exception that, in general, high-strength concretes have greater density 

(low w/c, low air content), there is only a modest increase in thermal conductivity 

with increased strength.  The low porosity developed by the fully hydrated, rich 

cementitious fraction increases the thermal conductivity of the continuous matrix 

that encapsulates the aggregate fractions.  The thermal conductivities of the oven-

dried concretes reported by Hoff (1992) were 5.64 to 6.24 Btu • in./hr • lb/ft³ ºF 

(0.814 to 0.900 W/m • ºK) for 120.0 lb/ft³ (1,922 kg/m³) concrete, and 7.66 to 

7.45 Btu • in./hr • lb/ft² • ºF (1.10 to 1.07 W/m ºK) for 128.0 lb/ft³ (2,051 kg/m³) 

high-strength concrete.  These values compare well with the results estimated by 

the Valore equation (Valore 1980). 

 

 k = 0.072e 
0.00125 x 1922

 = 0.80 (k = 0.5e 
0.02 x 120 

 = 5.5) 

 

 k = 0.072e 
0.00125 x 2057

 = 0.93 (k = 0.5e 
0.02 x 128 

 = 6.5) 

 

 

High-Strength Specified-density concrete 

 

The thermal conductivity of concrete is fundamentally influenced by the thermal 

conductivity of the aggregates that are used in the specified-density concrete 

mixtures.  While the thermal conductivity of the differing lightweight aggregate 

does not differ significantly at any particular porosity, the thermal conductivity of 

normalweight aggregate varies over a wide range that is principally determined by 

the degree of crystallinity.  As reported by Scanlon and McDonald (1994) and 
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shown in Table 6.9, there exists a wide range of conductivity of concrete 

depending on aggregate type and moisture content. 

 

Holm and Bremner (1987) reported the results of measurements of the thermal 

conductivity of lightweight concrete over a wide range of temperatures.  Also 

included were measurements of the thermal conductivity of lightweight, expanded 

aggregates alone that averaged 3.3 Btu • in./hr • ft² (0.47 W/m • ºC) over a 

temperature range of 70 to 1,400 ºF (42 to 760 ºC). 

 

 

Table 6.9 

Effect of Aggregate Type on Conductivity of Moist Concrete at 

Normal Temperatures 
 

Aggregate Type 

Density Conductivity 

Kg/m³ lb/ft³ W/m • K Btu • un./hr • ft² • ºF 

Hermatite 3,040 190 4.1 28 

Quartzite 2,400 150 4.1 28 

Quartzite 2,440 152 3.5 24 

Dolomite 2,500 156 3.3 23 

Quartzite ... ... 3.3 23 

Limestone 2,450 153 3.2 22 

Quartzite 2,350 147 3.1 21 

Sandstone 2,130 133 2.9 20 

Sandstone 2,400 150 2.9 20 

Granite 2,420 151 2.6 18 

Limestone 2,420 151 2.6 18 

Marble 2,440 152 2.2 15 

Limestone 2,420 152 2.2 15 

Basalt 2,520 157 2.0 14 

Rhyolite 2,340 146 2.0 14 

Barite 3,040 190 2.0 14 

Dolerite 2,350 147 2.0 14 

Basalt 2,350 158 2.0 13 

Expanded Shale 1,590   99 0.85 5.9 

 (Scanlon and McDonald Chapter 24, ASTM 169C, 1994) 

 

 

Specific Heat 

 

The definition of specific heat is ―the ratio of the amount of heat required to raise 

a unit mass of material 1 deg to the amount of heat required to raise an equal mass 

of water 1 deg‖.  In systems of units in which the heat capacity of water is 1.0 

(either cal/g ºC or Btu/lb ºF), the specific heat values are the same.  In SI units, 

specific heat is expressed in Joules per kilogram kelvin, which can be obtained 

from customary values by multiplying by 4.1868 x 10
3
.  Tests for specific heat are 

generally carried out according to the procedures specified in the U.S. Army 

Corps of Engineers Test Method CRD-C124 (USACE 1998c). 
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ACI 122R-02 reports that the specific heat of concretes with a density range of 80 

to 140 pcf varies from 0.21 to 0.22, ACI 122, 2002. 

 

 Thermal Diffusivity 

 

Thermal diffusivity is defined as thermal conductivity divided by the product of 

specific heat and density and relates to the rate at which temperature changes take 

place within a mass of material.  Tests are generally conducted in accordance with 

CRD-C36 (U.S. Army Corps of Engineers 1998a).  The low value for expanded 

shale concrete shown in Table 6.10 is caused by the fact that thermal conductivity 

in the numerator has been shown to be exponentially influenced by density. 

 

Hoff (1992) reported diffusivity results of 0.0197 and 0.0224 ft²/hr (0.00183 and 

0.00281 m²/hr) for concrete densities of 119.4 and 127.5 lb/ft³ (1,913 and 2,043 

kg/m³), respectively.  These values are in line with those given in Table 4.10 and 

are consistent with values reported by other researchers (Fig. 6.9). 

 

Table 6.10 

Typical Thermal Diffusivity Values (after Scanlon and  

McDonald 1994) 
Type of Aggregate  

in Concrete 

Thermal Diffusivity 

m² / hr ft² / hr 

Quartz 

Quartzite 

Limestone 

Basalt 

Expanded shale 

0.0079 

0.0061 

0.0055 

0.0025 

0.0015 

0.085 

0.065 

0.059 

0.027 

0.016 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9   Thermal diffusivity of concrete as a function of density 

(from Hoff 1992, with permission of ACI) 
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6.9 Fire Resistance 
 

General 

When tested according to the procedures of ASTM E 119, structural lightweight 

concrete slabs, walls, and beams have demonstrated greater fire-endurance 

periods than equivalent-thickness members made with concretes containing 

ordinary aggregate.  Superior performance is, according to ACI 213, due to a 

combination of lower thermal conductivity (lower temperature rise on unexposed 

surfaces), lower coefficient of thermal expansion (lower forces developed under 

restraint), and the inherent thermal stability developed by aggregates that have 

already been exposed to temperatures greater than 2,000 ºF (1,093 ºC) during 

Pyroprocessing (see Fig. 6.10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10.  Effect of slab thickness and aggregate type on fire resistance of 

concrete slabs based on 250 deg F (139 deg C) 

rise in temperature of unexposed surface (ACI 216.1) 

 

 

 

High-strength lightweight concrete 

 

While there is more than 50 years experience and a multitude of fire tests 

conducted on lightweight concrete of strength levels appropriate for commercial 

construction of strength 2,900 to 5,080 psi, (20 to 35 MPa), the availability of data 

on high strength lightweight concrete has, until recently, been very limited. 
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Testing by Bilodeau et al. (1995) has reported that, because of the extremely low 

permeability generally associated with high strength concrete, there is a 

significantly reduced resistance to damage due to spalling.  Because of the higher 

moisture contents of concretes containing lightweight aggregate with high, as-

batched absorbed water contents, there is even less resistance to damage due to 

spalling.  Because of the use of high strength lightweight concrete on several 

offshore platforms where intense hydrocarbon fires could develop, there was an 

obvious need for finding a remedy for this serious potential problem.   

 

Several reports have documented the beneficial influence of adding small 

quantities of polypropylene fibers to high strength lightweight concrete, as 

demonstrated by exposure to fire testing that was more intense than the exposure 

conditions (time-temperature criteria) specified by ASTM E 119.  Jensen et al. 

(1995) reported the results of tests conducted at the Norwegian Fire Research 

Laboratories, Trondheim, Norway.  These studies included the determination of 

mechanical properties at high temperature, the improvement of spalling resistance 

through material design and the verification of fire resistance and residual 

strength of structural elements after exposure to fire. 

 

Conclusion offered by the authors included the following: 

 

a. A considerable reduction in compressive strength and elastic modulus, 

even at relatively low temperatures between 212 to 572 ºF (100 and 300 

ºC), was documented. 

b. Spalling is highly dependent on moisture content. 

c. The addition of 0.1 to 0.2 percent polypropylene fibers in the lightweight 

concrete mixture provided significant reduction of spalling.  This was later 

confirmed by structural beam test. 

d. Fire tests on beams confirmed earlier findings that severe spalling 

(exposed reinforcement) occurred on reinforced and prestressed 

lightweight concrete beams.  Reduced spalling occurred on normalweight 

concrete beams.  Reduced or no spalling occurred on lightweight concrete 

beams with polypropylene fibers.  No spalling was observed on 

lightweight concrete beams with passive fire protection (a special cement-

based mortar with expanded polystyrene balls). 

 

Bilodeau et al. (1995) also commented on the behavior of several lightweight 

concrete exposed to hydrocarbon fires.  This comprehensive report primarily, 

focused on the determination of mechanical properties, e.g. compressive, flexural 

and splitting tensile strengths, Young’s modulus, drying shrinkage, and durability 

measurements.  However, it also concluded that ―all concretes without fibers were 

almost completely destroyed during the hydrocarbon fire.  Based on the visual 

appearance, the use of polypropylene fibers improved considerably the fire 

resistance of the concrete‖.  Apparently, the fibers melt and provide conduits for 

release of the pressure developed by the conversion of moisture to steam. 
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High-strength specified-density concrete 

 

To a certain degree, the findings of these earlier tests have been paralleled by 

results from tests jointly sponsored by CANMET, Ottawa, Canada; Mobil, Dallas, 

TX; Synthetic Industries-Fibermesh, Chattanooga, TN; Headed Reinforcement 

Canada, Mt. Pearl, Newfoundland; and Health and Safety Executive, London, 

U.K.  These tests used 19.7 by 39.4 by 39.4 in. (500 by 1,000 by 1,000 mm) 

reinforced prisms (Bilodeau, Malhotra, and Hoff 1998). 

 

In tests conducted on normalweight concrete, lightweight concrete and specified 

density concrete the authors reported the following: 

 

a. The amount of spalling increased with the increase in the amount of 

lightweight aggregate. 

b. Use of polypropylene fibers significantly reduced the spalling of concrete 

exposed to hydrocarbon fires. 

c. Reduced spalling resulted in a lower temperature increase in the core of 

the concrete and enhanced protection to the reinforcing steel. 

d. The properties of the concrete inside the block were not seriously affected 

by the fire exposure.  However, the residual properties were slightly better 

for the concrete with fibers due to a smaller increase in temperature. 

e. The amount of fibers used in the concrete containing lightweight 

aggregate was not fully adequate to prevent spalling.  More research is 

needed to determine the optimum amount of fibers for the fire protection 

of different types of concrete. 

 

 

6.10 Refractory Concrete 
 

Structural lightweight concrete made with ESCS aggregates, which were 

manufactured in a Pyroprocessing process at approximately 2000ºF have more 

than a half century of proven performance in refractory applications.  These uses 

include the lining of major smoke stacks, the total construction of fire training 

centers, fireplace liners, fireplace logs and many high temperature industrial 

applications. 

 

Another refractory application included an investigation of jet exhaust damaged 

airport runways.  Based on the performance under simulated F/A-18APU exhaust 

and accelerated tests, the following was the ranking of the candidate pavement 

systems evaluated, from best to worst performers: 

 

1. Magnesium ammonium phosphate cement with ESCS aggregate 

(least damaged). 

2. Portland cement with ESCS aggregate (performed 3.7 times better 

than control). 
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3. Magnesium ammonium phosphate cement with ASTM C 33 Size 

No. 8 (2.36 mm) aggregate (cracked). 

4. Magnesium aluminum phosphate binder system (very short set time, 

cracks and spalls). 

5. Portland cement with ASTM C 33 Size No. 57 (4.75 mm) aggregate 

(control airfield pavement). 

 

The first candidate is about 9 times more expensive than the control (#5), but 

should last about 15 times longer.  The second candidate is about 80 percent more 

expensive than the control but should last 3.7 times longer. 

 

Based on analytical modeling and laboratory testing of candidate pavement 

systems under simulated F/A-18 APU jet exhaust conditions, several candidate 

pavement systems superior to standard Navy airfield pavement constructed with 

ordinary Portland cement have been developed.  The two recommended candidate 

systems were magnesium ammonium phosphate cement with 3/8 in. (9.5 mm) 

ESCS aggregate and PCC with ESCS aggregate.  Alternatively, removing the 

spilled oils from the surface of existing pavements would significantly extend 

their service life. 

 

Lightweight refractory concrete (LWRC) is effective because of: 

 

a. Aggregate already fire tested. 

b. High thermal insulation. 

c. High compressive strength 

d. Low tendency towards spalling 

e. Low transportation costs for LWRC 

f. Immediate, widespread availability 

g. No combustible or corrosive material 

 

Technical service representatives of refractory cement companies are an excellent 

source of practical information regarding mixture properties, placing and curing.  

For a sample of cement company technical literature see Appendix C. 

 

 

6.11 Abrasion Resistance 
 

Abrasion resistance of concrete depends on the strength, hardness, and toughness 

characteristics of the cement paste and the aggregates, and on the bond between 

these two phases.  Most lightweight aggregates suitable for structural concretes 

are composed of solidified vitreous material comparable to quartz on the Mohs 

scale of hardness.  Due to its pore system, however, the net resistance to shearing 

forces may be less than that of a solid particle of most natural aggregates.  

Lightweight concrete bridge decks that have been subjected to more than 100 

million vehicle crossings, including truck traffic, show wearing performance 

similar to that of normalweight concrete.  Limitations are necessary in certain 
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commercial applications where steel-wheeled industrial vehicles are used, but 

such surfaces generally receive specially prepared surface treatments. 

 

Hoff (1992) reports that specifically developed testing procedures that measured 

ice abrasion of concrete exposed to arctic conditions demonstrated essentially 

similar performance for lightweight concrete and normalweight concrete (ACI 

213R-03).  In these tests, directed towards high strength concretes for the severe 

Arctic environment, two lightweight and one normalweight were evaluated by 

five distinctly different test methods, two of which are standard ASTM test 

procedures.  Table 6.11 from Hoff (1992) compares the results of four of the test 

methods, the relative wear test results are not included as no useful data were 

obtained from that testing procedure.  The conclusions reached were: 

 

1. The evaluation of the ice abrasion resistance of the concrete is greatly 

influenced by the type of test method used. 

2. High-strength lightweight concrete (greater than 7000 lb/sq. in. (48 MPa) 

compressive strength) has acceptable resistance to ice abrasion. 

3. High quality lightweight aggregate from both the USA and Japan gave 

comparable results. 
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Table 6.11.  Relative Performance of Concretes for Abrasion Resistance 
 

 

Test Method 

Concrete Mixture Designation 

Ranking of Abrasion Values. in. (mm) 

1 2 3 4 

     

Revolving Disk Test     

Contact Pressure     

71 psi NWC LWC2 -- -- 

(0.49 MPa) 0.008-0.009 0.007-0.011   

 (0.212-0.231) (0.179-0.271)   

 NWC LWC1 LWC2  

142 psi 0.007-0.012 0.017-0.023 0.017-0.025  

(0.98 MPa) (0.180-0.294) (0.442-0.593) (0.444-0.626)  

     

ASTM C779, Procedure A     

USA Tests LWC2 LWC1 NWC -- 

 0.044 0.055 0.061  

 (1.12) (1.40) (1.55)  

Japan Tests NWC LWC1 LWC2 -- 

 0.020 0.022 0.023  

 (0.517) (0.569) (0.596)  

     

Tumbler Test     

Rough Surface NWC LWC1 LWC2 HSLWC 

 0.075 0.095 0.114 0.132 

 (1.90) (2.41) (2.90) (3.35) 

Smooth Surface NWC HSLWC LWC1 LWC2 

 0.084 0.087 0.102 0.105 

 (2.13) (2.21) (2.59) (2.67) 

     

Sliding Contact Wear Test     

 LWC1 LWC2 NWC -- 

 0.081 0.096 0.124  

 (2.06) (2.45) (3.16)  

Note: Ranking of 1 is least abrasion observed. 

 Ranking of 4 is most abrasion observed. 
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