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Expansive cement concretes, if adequately restrained by reinforcing 
steel, can minimize or prevent the development of cracks due to drying 
shrinkage. Such concretes are referred to as shrinkage-compensating. 
Reported are results of an investigation undertaken to determine the ef
fect of aggregate type on the properties of shrinkage-compensating con
cretes. Included in this study were 3 types of natural aggregates and 
one lightweight aggregate. Two types of cement were used. One was 
the shrinkage-compensating cement that was a blend of 15 percent 
by weight of calcium sulfoaluminate expansive component and 85 percent 
of type V portland cement. The second cement used in the control con
cretes was 100 percent type V portland cement. The expansion and 
shrinkage characteristics of the shrinkage-compensating concretes were 
determined for both restrained and unrestrained prisms. Compressive 
strength and modulus of elasticity were determined for unrestrained 
cylindrical specimens. All concretes had a cement content of 5. 5 scy and 
a water-cement ratio of 0. 58 by weight. With these fixed mix proportions, 
the slump of the concretes with the 4 different types of aggregate varied 
from 2 to 4 in. From the results of this investigation it is concluded that 
the aggregate type is an important factor in the properties of a shrinkage
compensating concrete. Shrinkage-compensating concrete mixes must be 
so designed that their restrained expansion is of sufficient magnitude to 
compensate for the potential shrinkage of the concrete containing a cer
tain type of aggregate. The expansion and shrinkage behavior of a 
shrinkage-compensating concrete is related to its modulus of elasticity. 
Concretes of high elastic modulus exhibit a larger expansion than do con
cretes of lower modulus of elasticity. 

•SHRINKAGE-COMPENSATING CEMENTS, now being produced by several manufac
turers in the United States, are used in various types of concrete construction. Cali
fornia, Connecticut, Ohio, and Wisconsin have constructed concrete pavement sections 
with shrinkage-compensating cement (1). Other uses of concrete utilizing shrinkage
compensating cement included, for example, a folded-plate roof in Yuba City, California 
(2), floors of several large commerical buildings, a motel, and a municipal pumping 
station (3 ). The expansive cement developed by Alexander Klein (4), of the University 
of California at Berkeley, is designated by ACI Committee 223 as type K A number 
of review papers and reports covering the properties and uses of expansive cement 
concretes have been published (5, 6, 7). ACI Committee 223 is currently preparing 
a comprehensive report on expansive cement concretes (8) that will be published by the 
American Concrete Institute. -

The benefits obtained from the use of shrinkage-compensating cements are derived 
from the expansion of the concrete. If this expansion, which takes place during the 
early ages of curing, is restrained by reinforcing steel, the steel goes into tension and 
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the concrete into compression. On drying the concrete shrinks causing a relief of the 
precompression rather than the development of tensile stresses as is the case in con
ventional concrete. When the drying shrinkage is essentially complete, a properly de
signed shrinkage-compensating concrete will remain under a slight compression thus 
reducing cracking. 

The rate and magnitude of expansion are influenced by several factors including the 
chemical composition and fineness of the expansive cement, richness of mix, conditions 
of curing, and degree and type of restraint. These and other factors have been investi
gated and reported (9). One of the most important factors affecting not only the expan
sion characteristics -of the concrete but also its drying shrinkage is the aggregate. 
Carlson (10) has shown that the drying shrinkage of concrete, which is but a fraction of 
that of neat cement paste, is greatly influenced by the compressibility of the aggregate 
and the volume change of aggregate due to drying. The maximum size, grading, shape, 
and surface texture of the aggregate also have an effect on the shrinkage of the concrete. 
Pickett (11) has developed an equation for shrinkage of concrete as a function of the 
shrinkageof the cement paste, volume of aggregate in the mix, and the elastic constants 
of the aggregate and of the concrete mix. Hansen and Nielsen (12) have extended this 
theory by including the effect of shrinkage of aggregate and modulus of elasticity of 
cement paste and aggregate. 

SCOPE OF INVESTIGATION 

The objective of this investivation was to evaluate the influence of the nature of ag
gregate used on the physical and mechanical properties of shrinkage-compensating con
crete. Three types of natural aggregates and one lightweight aggregate were employed. 
To permit a direct evaluation of the effect of type of aggregate, all concretes employed 
contained the same volume of aggregate per unit volume of concrete. The expansion of 
the concrete during its 14-day curing period and the drying shrinkage during storage at 
50 percent relative humidity and 70 F was determined for restrained as well as unre
strained concrete prisms. Compressive strength and modulus of elasticity were deter
mined for each concrete at ages of 3, 7, 14, and 28 days. As a control mix for each 
type of aggregate a type V portland cement was used. The strength and drying 
shrinkage of the concrete made using this cement were determined and used as a refer
ence. 

Although only a single concrete mixture (identical cement factor, w/c ratio, and ag
gregate volume) was employed, similar trends as those reported in this study should be 
expected for other mixes. 

MATERIALS AND TEST SPECIMENS 

Cements 

Two types of cement were used. One was the shrinkage-compensating cement that 
was a blend of 15 percent by weight of calcium sulfoaluminate expansive component, 
made at the University of California ( 4, 13), and 85 percent of type V portla.nd cement 
of the following compound composition: C3S = 55 percent, C2S = 25 percent, C3A = 3.4 
percent, and C4AF = 8. 9 percent. A portland cement low in C3A content was selected, 
as previous research (9) has established that the lower the C3A content of the portland 
cement (15) the greater the expansion of the expansive cement. Furthermore, the 
composition and expansion of the shrinkage-compensating cement used in this study are 
similar to the commercially produced shrinkage-compensating cement. 

The second cement, which was used for the control concrete mixes, was 100 percent 
type V portland cement of the same composition as that used in the shrinkage
compensating cement. 

Aggregates 

Three natural coarse aggregates of ¾-in. maximum size and a lightweight aggre
gate of %-in. maximum size were used. The natural coarse aggregates were selected 
on the basis of their influence on the shrinkage characteristics of concrete. One of these 
coarse aggregates was crushed granite, which produces concretes of low shrinkage 
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Figure 1. Restrained concrete prism. 
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characteristics. Its specific gravity was 2. 87 and its absorption was 0. 9 percent. The 
second coarse aggregate, also producing concretes of low shrinkage characteristics, 
was a river gravel of relatively smooth rounded shape. Its specific gravity was 2. 80 
and absorption was 0. 7 percent. The main rock types present in this aggregate were 
basalt, andesite, dacite, and quartz. The fine aggregate used with these 2 coarse ag
gregates was a well-graded quartz sand with an F. M. of 2. 76, specific gravity 2.60, 
and absorption of 1.3 percent. The third natural aggregate, both coarse and fine (F. M. 
2. 60 ), was a partially crushed river aggregate, primarily sandstone and graywacke, 
which produces concretes of relatively high shrinkage characteristics. Its specific 
gravity was 2.67, and its absorption was 1.4 percent. These 3 natural aggregates are 
hereinafter designated as granite, river gravel, and sandstone aggregate. 

The lightweight aggregate, both coarse and fine, was an expanded shale produced by 
calcining crushed shale in a rotary kiln, resulting in a rounded hard-coated product. 
The %-in. maximum size coarse aggregate had a specific gravity of 1. 28 and absorp
tion of 14. 5 percent; and the fine expanded shale aggregate (F. M. 2.18) had a specific 
gravity of 2.12 and absorption of 10. 5 percent. This expanded shale aggregate is here
inafter designated as lightweight aggregate. 

Concretes 

In designing the concrete mixes for the 4 different types of aggregates, it was essen
tial to select proportions resulting in a fixed volume of aggregate per unit volume of 
concrete to permit a direct comparison of the effect of type of aggregate on properties 
of shrinkage-compensating concrete. The final mix selected had a cement content of 
5. 5 scy and water-cement ratio of 0. 58 by weight. With the fixed volumes of aggregate, 
cement, and water, the slump was allowed to vary from 2 to 4 in. (3. 0 ± 1 in.). The 
nominal unit weight of the concretes containing the natural aggregates was 152 pcf and 
of the lightweight aggregate concretes 105 pcf. 

Test Specimens 

The expansion and the drying shrinkage characteristics of the concrete were deter
mined on both r estrained and unr estrained 3- by 3- by 10-in. prisms. The r estrained 
pris ms , a s shown i n Figur e 1, had an embedded 3/is-in. threaded rod (24 threads per 
in.) wi th end plates providing 0.30 per cent of steel in the longitudinal direction. 

The ends of the threaded rod were furnished with a gage point for length measure
ments. The unrestrained prisms had only a gage plug in each end for length measure
ments. After casting, the prisms were stored in a fog room, the sides of the prism 
molds were removed at age 8 hours, an initial length measurement was taken, and the 
prisms on their base plates (to prevent damage to the weak concrete) were stored in 
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lime-saturated water. The base plates were removed after 24 hours. All prisms were 
water-cured for 14 days and then transferred to a low humidity room maintained at 70 F 
and 50 percent relative humidity. Measurements of expansion during water-curing and 
shrinkage during storage in the low humidity room were taken at frequent intervals. 

Compressive strength and modulus of elasticity were determined on unrestrained 
3- by 6-in. cylindrical specimens at ages of 3, 7, 14, and 28 days. After casting, these 
specimens were stored in a fog room, molds removed after 24 hours, and the specimens 
then stored in lime-saturated water up to age of test. 

TEST RESULTS 

Summarized herein are the test results obtained for shrinkage-compensating con
cretes made with 4 different aggregates and for corresponding control mixes containing 
type V portland cement. Included are compressive strength, modulus of elasticity, and 
the expansion and shrinkage behavior of the shrinkage-compensating concretes. A mini
mum of 3 specimens was used to determine the relationships presented for any one 
mixture. The cement content of all concretes was 5. 5 scy, the water-cement ratio was 
0. 58 by weight, and their slump was 3 ±1 in. 

Compressive Strength 

Results of compressive strength tests on the concretes up to age 28 days are shown 
in the upper 2 diagrams of Figure 2. The diagram on the right gives results for the 
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Figure 2. Compressive strength and modulus of elasticity of concretes. 
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shrinkage-compensating concrete mixes and the one on the left for the corresponding 
control mixes made with type V portland cement. The nominal 28-day compressive 
strength of these concretes was 3,000 to 3,500 psi. Compressive strength was deter
mined on 3- by 6-in. unrestrained specimens cured in lime-saturated water up to the age 
of test. 

In making comparisons of data obtained on the shrinkage-compensating concretes and 
the type V cement concretes, it should be recognized that the type of aggregate has a 
marked influence on the expansion behavior of the shrinkage-compensating concretes, 
and this influences their compressive strengths. The greater the expansion of the con
crete is, the lower should be its strength. Unrestrained expansion data for these 
shrinkage-compensating concretes are shown in Figure 3. Note that the expansion of the 
concrete is almost completed within 14 days of curing and that about 85 to 90 percent of 
this expansion occurs during the first 7 days. 

Referring to Figures 2 and 3, the lightweight aggregate shrinkage-compensating con -
crete (curves D ), which had the lowest expansion, had the highest strength, whereas the 
river gravel concrete (curves B), which exhibited the largest expansion, had the lowest 
strength. 

The surface texture and angularity of an aggregate may have a more important influ -
ence on the strength of shrinkage-compensating concretes than the magnitude of expan
sion. The rougher the surface texture is, the better the bond between paste and aggre
gate, thus resulting in higher strength. The crushed granite (curve A) not only produced 
a concrete of relatively high expansion (Fig. 3) but also a concrete of high strength 
(Fig. 2). Even after expansion has taken pla ce, its rough textured angular shaped parti
cles will provide better bond than a smooth textured rounded aggregate. This is clearly 
demonstrated when comparing the results obtained with the river gravel and crushed 
granite concretes. Inasmuch as the expansion (Fig. 3) of the crushed granite concrete 
(curve A) was only slightly lower (7 pe1·cent) than that of the river gravel concrete (curve 
B), it might be expected to have a somewhat higher strength. However, the rough tex
tured angular shape of th~ granite aggregate produced a concrete of much higher 
strength (25 percent) than the river gravel. It may therefore be concluded that the com
pressive strength of shrinkage-compensating concrete is influenced by 2 factors: (a) the 
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surface texture and shape of the aggregate that influences the bond between paste and ag-
gregate, and (b) the magnitude of expansion. · 

The small difference in strength observed for the control concretes made with type V 
cement (Fig. 2) can be attributedprimarilyto the surface texture and angularity of the ag
gregate. The lower 28-day strength of the lightweight aggregate concrete is to some de
gree due to the lower strength of the aggregate itself. The slightly higher 3-day strength 
of this concrete is probably due to the internal curing, at an early age, provided by the 
water held in the pores of the lightweight aggregate. 

Modulus of Elasticity 

Modulus of elasticity was determined at ages of 3, 7, and 28 days on 3- by 6-in. con
crete specimens cured in lime-saturated water up to the age\ of test. Results obtained 
on the shrinkage-compensating concretes and on the control concretes made with type V 
cement are shown in the lower 2 diagrains of Figure 2. 

For all ages and aggregates investigated, the shrinkage-compensating concretes had 
a lower modulus of elasticity than the corresponding concrete containing type V cement. 
This difference in modulus of the concrete is primarily due to the difference in the mod
ulus of the paste, the structure of which is altered during expansion. The higher the ex
pansion is, the lower the modulus. The lightweight aggregate shrinkage-compensating 
concrete, which had the lowest expansion (curve D, Fig. 3), had a 28-day modulus of 
elasticity (Fig. 2) only 4 percent lower than that of the corresponding type V cement con
trol mix, whereas for the river-gravel concrete (curve B), which exhibited the largest 
expansion, the loss in modulus of elasticity was 16 percent. 

Referring to the lower diagrams of Figure 2, it can be seen that the type of aggregate 
has a significant influence on the modulua of elasticity of the type V cement concretes, 
ranging from 2. 2 x 106 psi for the lightweight aggregate mix to 4. 9 x 10° psi for the river 
gravel mix. A much smaller difference in modulus can be observed for the shrinkage
.compensating concretes that ranged from 2.1 x 106 psi for the lightweight aggregate mix · 
to 4.1 X 10 psi for the river gravel mix. This smaller effect of type of aggregate on 
modulus of elasticity is due to the different expansion characteristics of these concretes. 
A low modulus concrete has a lower expansion and thus a smaller reduction of modulus 
than does a high modulus concrete that has a much larger expansion. Thus the effect of 
aggregate type on modulus of elasticity of the concrete is being masked by the expansion 
of the paste that reduces its modulus. 

Expansion-Shrinkage Characteristics 

A shrinkage-compensating concrete is subject to as much drying shrinkage as a port
land cement concrete. However, if its expansion is restrained by reinforcing steel, a 
slight compression is developed in the concrete. On drying the shrinkage of this con
crete will reduce the magnitude of the precompr.ession. A properly designed shrinkage
compensating concrete mix will remain under a slight compression even after long · 
periods of drying. By preventing development of tensile stresses during drying, the 
formation of drying-shrinkage cracks can be avoided. As shown by test results herein 
reported, the aggregate has a significant effect on -expansion as well as on drying 
shrinkage and is therefore a major factor in the mix design of a shrinkage-compensating 
concrete. 

The expansion characteristics up to 14 days of water-curing and subsequent drying 
shrinkage up to age of one year of the shrinkage-compensating concretes made with the 
4 different types of aggregates are shown in Figure 4. These volume changes were de
termined on 3- by 3- by 10-in. prisms. Data for unrestrained prisms are shown in the 
upper diagram of Figure 4, and data for the prisms restrained with reinforcement 
(p = 0. 3 percent) are shown in the lower diagram. It should again be pointed out that a 
shrinkage-compensating concrete can only be effective if restrained. The tests on un
restrained prisms were made for comparison purposes only. 

To evaluate the effect of type of aggregate used in this investigation on the shrinkage 
of concrete, drying shrinkage was determined for the control concrete mixes employing 
the type V portland cement. Results of these tests, for both restrained (p = 0. 3 percent) 
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Figure 4. Effect of aggregate type on length change of shrinkage
compensating concrete. 

and unrestrained 3- by 3- by 10-in. prisms are shown in the 2 diagrams of Figure 5. 
These concretes were water-cured for 14 days prior to storage in a room at 50 percent 
relative humidity and 70 F. These data clearly demonstrate the significant influence of 
the type of aggregate on drying shrinkage of concrete. For the unrestrained concretes 
the· one-year shrinkage ranged from 0. 058 percent for the river gravel mix to 0.108 for 
the sandstone aggregate. The crushed granite mix had about the same shrinkage charac
teristics as the river-gravel mix. The one-year unrestrained shrinkage of the light
weight aggregate concrete was 0. 065 percent. As is to be expected the drying shrinkage 
of prisms restrained with reinforcing steel is lower than that of unrestrained prisms. 
As shown in Figure 5, the one-year shrinkage of the restrained concretes ranged from 
0. 044 percent for the river-gravel mix to 0. 075 percent for the sandstone aggregate con
crete. This is about a 30 percent reduction as compared to the shrinkage of the unre
strained concretes. 

Referring to Figure 4, the 14-day expansion of the shrinkage-compensating concretes 
ranged from 0. 064 to 0.128 percent for the unrestrained prisms and from 0. 048 to 0. 084 
percent for the restrained prisms. The low expansion values were for the lightweight 
aggregate and sandstone aggregate concretes and the large expansions for the river
gravel and crushed-granite concrete mixes. Unrestrained concrete made with the river 
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gravel had a somewhat higher expansion than the concrete made with crushed granite; 
however, the reverse is true for the restrained prisms. No reason other than testing 
variation can be given for this small discrepancy between restrained and unrestrained 
prisms. In general, however, the higher the elastic modulus of the concrete is, the 
larger its expansion. 

Data for the restrained prisms (lower diagram of Fig. 4) clearly show that the river
gravel and crushed granite mixes have some residual compression even after one year 
of drying. This is not true for the sandstone aggregate or lightweight aggregate con
cretes, which lost all of the precompression after about 40 days of drying. To produce 
a true shrinkage-compensating concrete with these 2 types of aggregate; a different mix 
design would need to be employed that would increase the expansion characteristics of 
the concrete. This could be accomplished either by increasing the expansive cement 
content of the concrete or by using a cement of higher expansion characteristics. It is 
therefore essential that in evaluating the behavior of a shrinkage-compensating concrete 
the same type of aggregate be employed as that which will be used in the structure. 

Discussion of Results 

Results of this investigation demonstrate that aggregate type is an important variable 
in the properties of shrinkage-compensating concretes. For a concrete mix of a given 
cement content and water-cement ratio, the aggregate type controls its strength, elastic 
modulus, and its expansion and shrinkage behavior. Concretes made with aggregate 
types producing a high elastic modulus expand more than those of lower 'modulus. For 
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the normal weight concrete mixes investigated, the magnitude of shrinkage was inversely 
proportional to the elastic modulus of the concrete (Figs. 2 and 5). Thus the expansion 
and shrinkage characteristics of the normal weight concrete are related to the modulus 
of elasticity of the aggregate. A low modulus aggregate that is easily compressed under 
load will produce a mix of low expansion and high shrinkage, whereas the reverse will 
be true for a high modulus aggregate. 

Compressive strength is lowered by expansion of the concrete, but not by an amount 
directly proportional to the expansion of the concrete. Aggregate shape and surface tex
ture play a part in determining how much strength is lost because of expansion. 

Modulus of elasticity of the shrinkage-compensating concrete was always lower than 
that of the corresponding concrete made with the type V portland cement. The higher 
the expansion of a concrete is, the lower its modulus. 

From the results of this study it is evident that in the design of a shrinkage
compensating concrete mix the selection of aggregate type must be carefully considered. 
Aggregates that produce low shrinkage in conventional concretes are more suitable for 
use in shrinkage-compensating concretes than are aggregates responsible for high 
shrinkage of concretes. In general, aggregates producing low shrinkage concretes in
clude quartz, limestone, dolomite, granite, and some basalts, whereas those producing 
high shrinkage concretes include sandstone, slate, and some basalts or other aggregates 
of low rigidity or which shrink considerably by themselves. Should an aggregate be 
selected that is known to produce concretes of high shrinkage characteristics, an in
crease in expansive cement content, or the use of a cement of higher expansion potential, 
needs to be considered. It should be recognized, however, that an increase in expansion 
will tend to reduce the strength and modulus of elasticity of the concrete. It is therefore 
essential that the properties of a shrinkage-compensating concrete be fully evaluated 
employing the aggregate type selected for use in a particular structure or project. 
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