
Stronger Concrete 
BRYANT MATHER, U. S. Army Engineer Waterways Experiment Station, Jackson, Miss. 

The most frequently encountered difficulty with any particular quantity of 
concrete is that the test specimens representing it fail to develop a high 
enough apparent compressive strength. In many cases the concrete rep
resented by the specimens is actually strong enough for its intended use, 
since the test results are incorrect or the specified strength is in excess 
of that needed. In other cases the concrete represented is actually not 
strong enough. 

There are many factors that affect concrete strength and many ways of 
making stronger concrete. For example, the practical routine production 
of portland cement concrete having a compressive strength consistently 
above 10, 000 psi after 90 days moist-curing can be accomplished by care
ful selection of materials; mixture proportions; and mixing, placing, con
solidating, and curing procedures. The most important single factor in 
the successful production of strong concrete is the maintenance consistently 
of an adequately low water-cement ratio. Concrete with a strength of 10, 000 
psi cannot be obtained from mixtures having water-cement ratios higher 
than 0. 45 by weight; and in order to provide adequate workability, it will 
usually be necessary to use at least 7 bags of cement per cubic yard of 
mixed concrete. Similar methods to those thatmay be used to make strong 
concrete stronger may .also be used to make weak concrete stronger. 

eOUR understanding of compressive strength of concrete would be facilitated if a theory 
of strength or a theory of failure existed that would adequately deal with this phenome
non. Siess (48) stated in 1958 that the most important need appeared to be for theories 
based on mechanical models which in turn are based on fundamental knowledge regard
ing the character and properties of the cement paste. He noted that phenomenological 
theories of failure are not capable of predicting deformation characteristics and sug
gested that the goal should be the development of hypotheses or theories capable of 
predicting both deformation and failure. 

Three years later the question of the origin and nature of strength of concrete was 
again considered. The unsatisfactoriness of theories based on the assumption that con
crete can be considered as ideal, continuous, and isotropic was noted, and considera
tion was directed to those theories based on the assumption that matter consists of 
particles held at certain spacings by fields of force. It appeared that knowledge of the 
kinds and numbers of bonds, their strength, and the time and condition of their forma
tion is requisite to an understanding of the nature and origin of strength and the mech
anism of fracture and failure of concrete (30). 

In the absence of a theoretical backgro\ind, including either an adequate theory 
of strength or an adequate theory of failure, and also a developed technology for 
the production and utilization of high-strength concrete, it is necessary to assume 
both that high-strength concrete may represent simple extrapolation from concretes 
of normal strength, for which there are abundant data, and that unusually high-strength 
concrete may involve relations that are other than simple extrapolations. The 
available data can be interpreted either way. Some of the data suggest that at
tempts to produce unusually high-strength concrete will involve encountering a 
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"ceiling" which cannot be exceeded by progressive changes in proportions and 
materials of the same sort that have been found to be effective in raising strengths 
from low levels to mediwn levels. Other data suggest that no such ceiling exists. 
It has been suggested by some investigators that an apparent ceiling can be en
countered either because of the properties of the aggregates or the specific nature of 
the aggregate-paste interfaces, particularly when the aggregate particles have surface 
textures and shapes that are not conducive to the development of high bond strengths. 
It has also been suggested that an apparent ceiling is frequently encountered in com..: 
pression testing at high stress levels due to the flexibility of testing machines. Taking 
all available data into account, however, it is concluded that, for strengths up to at 
least 10, 000 psi, no new principles and no new procedures will be required. 

FACTORS AFFECTING COMPRESSIVE STRENGTH OF CONCRETE 

If, from a given concrete mixture, a large nwnber of test specimens are made, 
using molds of different sizes and shapes in which the concrete is consolidated to differ
ing degrees, and these specimens are cured under different conditions for different 
lengths of time, and finally tested by different testing procedures and in different test
ing machines, a wide range of values for compressive strength will be obtained. A 
consideration of the effects of such factors has often been described as "factors affect 
ing the strength of concrete." These, however, are merely the factors that affect the 
degree to which the strength indicated by the testing of a given specimen approaches 
the potential maximum strength that could be attained by a specimen of the given con
crete mixtures under study. 

Here we are concerned primarily with the more fundamental factors that affect what 
the potential strength of a concrete mixture can be. These factors depend on the in
herent properties of the materials used in the mixture, on the proportions in which they 
are combined, and the manner in which they interact. 

The factors affecting potential compressive strength of concrete will be considered 
in the following order: (a) characteristics of the cementing medium; (b) characteristics 
of the aggregate; (c) proportions of the paste; (d) paste-aggregate interaction; (e) mix
ing, consolidation, and curing; and (f) methods of measuring the str ength. 

Price (41), reviewing factors affecting concrete strength, presented data showing 
the effectson strength of age; type (composition) of portland cement; fineness of cement; 
brand of cement; air content of concrete; cement content of concrete; water -cement 
ratio; temperature, moisture conditions, and duration of curing; initial temperature of 
concrete; use of chemical admixtures; size of test specimens; proportions of test 
specimens; duration of load; and deterioration of concrete. 

Wygant (60) stated: 

The strength of hydraulically bonded bodies can be higher than is usually realized. 
Concrete used for construction generally falls in the range 2000- to 4000-psi compres
sive strength. However, at least one concrete within my knowledge has achieved a 
strength of 15,000 psi, and strengths of 9000-12,000 psi are not uncommon. These are 
obtained using portland, high-alumina, or pure calcium aluminate cements. High 
strengths depend upon a balance of several properties. A low water-cement ratio, ex
cel lent compaction of a mix designed for density, a sufficient cement content, and care
ful curing are very important. The particle size distribution for such strengths is not 
simply arrived at. Its nature differs with the fracture characteristics or particle shapes 
of the aggregates and with the size of the larger aggregate •••• For the highest strength, 
uniformly graded aggregates wi 11 not do •••• Additions of cement above about 25% by 
volume usually are of no benefit. 

Alexander (3) swnmarized work done at the (Australian) Commonwealth Scientific 
and Industrial Research Organization on factors controlling the strength and shrinkage 
of concrete. In this summary concrete was regarded as a chain of three links: cement 
paste, cement-aggregate bond, and aggregate. 
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Wig et al (59) reported results of 20, 000 tests, involving 240 sands and 60 coarse 
aggregates. Their discussion of factors affecting strength, written on March 3, 1915, 
is as valid and pertinent today as it was then; these factors are as follows: 

a. Aggregate. No type of gravel or stone aggregate can be said to be generally superior 
to any other type used as coarse aggregate in concrete. The range of qualities in any 
type is very great. 

b. Workmanship. The method of mixing is of little importance so long as it results in a 
homogeneous mass. Differences in manipulation of the mixture by the workmen of 
several experienced concrete contractors may cause a maximum average variation in 
the compressive strength of the resulting concrete of 70% or more. 

c. Consistency. The quantity of water added affects materially the strength at a II ages. 
With the proper quantity of water the strength may be severa I hundred percent greater 
than that obtained with a large excess of water. 

d. Density. With the same aggregates and the same proportion of cement to total volume 
of aggregate, the mixture having the greatest density will usually have the highest com
pressive strength. 

e. Exposure. If the original water is permitted to evaporate and water is subsequently ex
cluded, the strength may be reduced 40% or more. Concrete shou Id be kept wet for 
several days or weeks if the maximum strength is to be attained. 

f. Grading of aggregate. There is no definite relation between grading of aggregate and 
compressive strength whi ch is applicable to any considerable number of different 
aggregates. 

Characteristics of the Cementing Medium 

Portland Cements-Powers (40) gave values of compressive strength for cements of 
differing composition and noted that these "indicate that cement gels low in CaA are 
stronger than those higher in C 3A." He further commented: " ... it seems unlikely 
that the strength of cement gel is due exclusively to physical forces ... it seems prob
able that there are many points of chemical bonding between the particles. . . . As to 
the relative importance of the two sources of strength, one can only speculate." 

Lerch (28) reported work on the effect of gypsum content of portland cement on the 
properties Of cement pastes. His data include a number of 90-day mortar compressive 
strength values in excess of 10, 000 psi. Figure 1 shows data on two of these. 

A Waterways Experiment Station investigation, which has been reported in part (29), 
involved strength tests on specimens made using five portland cements. The trendsof 
strength development of concrete mixtures all containing the same aggregates and a 
water-cement ratio of 0. 5 are shown in Figures 2 and 3. 

Alexander (3) reported that, when a mineral admixture is used, and the ratio of 
water to blend Ts constant, the strength change of paste depends not only on the change 
in water-portland cement ratio but also on the amount of admixture used. He found 
that when a siliceous material was ground to produce a very high surface area (>40,000 
sq cm/g) many materials not regarded as pozzolans showed strong pozzolanic activity, 
but he noted that the high water requirements made such materials unattractive from a 
practical standpoint. 

High-Alumina Cements. Lea (27, p. 450) gave data, credited to Robson (44), showing 
strength development of 1:2:3 concrete of O. 55 water-cement ratio, using high-alumina 
cement showing a 28-day strength of 10, 200 psi. Tomita and Well (53) reported cube 
strengths of up to 12, 700 for type II portland cement at 29 days and up to 15, 200 psi 
for high-alumina cement at 8 days. Neville (34) reported that concrete made with 

.. aluminous cement and aluminous-cement clinker aggregate, having a water-cement 
ratio of 0. 5, can give a compressive strength of 14, 000 psi in 24 hr and 18, 000 psi in 
28 days when tested as cubes. 
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Figure 1. Effect of cement composition on rate of strength development {from Lerch, 28, Table VII I). 

"Plastic" Cements. Engineering News-Record (49) referred to Soviet reports of a con
crete that had attained compressive strengths ofl 4, 000 to 17, 000 psi. 

Expanding Cements. Raymond E. Davis of Berkeley, California, informally advised 
that Alexander Klein of the Engineering Materials Laboratories, University of Califor
nia, in connection with research on expanding cements (22) had produced concrete 
having compressive strengths in the range of 14, 000 psiusing such cements and peri
clase (MgO) as aggregates. 

Characteristics of the Aggregate 

Kaplan (18) reported that the use of different types of coarse aggregate in a given 
concrete mixture resulted in variation in the compressive strength of as much as 29 
percent. He used three basic mixtures in evaluating 13 coarse aggregates. These in
cluded crushed and uncrushed gravels of three types and four types of crushed stone. 
Using mixture I, of "ordinary portland," a cement-aggregate ratio of 1:3. 08 (average · 
cement factor 91/2 bags per cu yd), and a water-cement ratio of O. 35, he obtained 28-
day compressive strengths in the neighborhood of 10, 000 psi. 

The TVA (50) compared compressive strengths of concrete made at a number of its 
projects for arange of water-cement ratios. The results at 1 yr reveal the marked 
effect of type of aggregate on strength (Fig. 4). 

Collins (10) reported on work of the resear ch organization of the Cement and Con
crete Association (Great Britain) and stated that the empirical approach to selection of 
proportions for concrete mixtures had been found to be much more successful than any 
fundamental or theoretical approach. For concretes having strengths of 7, 000 psi or 
more, both the aggregate and the workability play increasingly important roles and 
both set limits on the strength obtainable. The limit set by the aggregate generally 
lies in the range from 12, 000 to 15, 000 psi. The limit set by the workability depends 
on the means available for consolidation, and even when vibration is combined with 
pressure, no further gain in strength can be obtained by making the mixture richer 
than about 1: 2. 5 or 1: 3 by weight. Collins also reported that a procedure had been 
developed to allow for these factors and permit mixtures to be proportioned to give 
aver age str engths of 8, 000 to 10, 000 psi at 28 days with ordinary portland cem ent and 
normal moist-curing. 
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Figure 3. Effect of cement characteristics on strength development to 10 years age of 0.5 water-cement 
ratio concrete with 6 ± 0.5 percent entrained air. 

Proportions of the Paste 

The most important single factor affecting the compressive strength of concrete is 
the water -cement r atio of the cement paste. Cement gel has a density of about 2. 15 g/cc 



7 

11 ,000 
LEGEND 

SYM-
BOL DAM AGGREGATE 

0 NORRIS DOLOMITE 

10,000 x GUNTERSVILLE SAND AND 
GRAVEL 

D CHICKAMAUGA SAND AND 
LIMESTONE 

FONTANA QUARTZITE 
9 ,000 

w 
C) 
<( 

a: 
>-
~ 
I-

8 ,000 
<( 

iii n. 
i 
I-
C) 
z 
w 
a: 
I-

"' w 
> 
iii 6 ,000 

"' w 
a: 
n. 
::;: 
0 
u 

5 , 000 

4,000 

3 ,000 ..._ _ ___..__ _ _._ __ _._ _ ___..__ _ __._ __ _.._ _ __. 

0.45 0 .50 0.55 0.60 0 .65 0.70 0 .75 0.80 

WATER : CEMENT RATIO 

Figure 4. Relation of water-cement ratio to 1-yr compressive strength for various aggregate combina
tions used by TVA. 

and a porosity of about 26 percent. The space in hardened paste that is not filled with 
gel is referred to as capillary pore space (39). 

Powers (39) stated: -

We have no adequate theory about the strength of cement gel • • • • However, it is un
likely that physical forces account for all the strength •••• We assume ... that inter
particle chemical bonds exist that cannot be severed by the spreading pressure of water. 
Accordingly, we assume that strength is derived from inter-particle physical forces and 
chemical bonds, the chemical bonds affecting a relatively small part of the cross-sectional 
area. A given cement gel should be expected to have a characteristic strength, but the 
strength of the structure built of it, that is, the paste as a whole, should depend on the 
amount of gel in the space available to it •••• . The amount of space available to gel is 
equal to the sum of the volume of water-filled space originally present plus the space 
made vacant by the hydration of cement ••• [Fig. 5] is an example of the relation be
tween compressive strength and gel/space ratio. The points plotted represent specimens 
from three different mixes •• • at 6 different ages ranging from 7 days to 2 years •••• 
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Compressive strength is directly proportional to the cube of the gel/space ratio. The 
proportionality factor, 34,000 for this particular cement and type of test specimen, might 
be considered a measure of the intrinsic strength of the gel itself, it being the strength 
when the gel/space ratio is unity. 

Powers (38) also reported a private communication from M. A. Swayze concerning 
materials prepared under the direction of Duff A. Abrams in the laboratories of the 
Lone Star Cement Corporation which were regarded as "The strongest materials yet 
made with portland cement (which) were neat cement cylinders, molded under pres
sure, containing about O. 08 g of water per g of cement. . . (from which) strengths as 
high as 40, 000 psi were obtained." Powers noted that "Very little of the cement in 
these cylinders could have become hydrated," and that the strength obtained "is equal 
to the strength of natural stones such as granite, dolomite, or basalt." It is a natural 
consequence of the implications of the dependence of compressive strength on water
cement ratio (or gel/space ratio) that for strengths above some given level, there will 
be insufficient water to hydrate all the cement that is used, i.e., an insufficient volume 
of originally water-filled space to accommodate the potential hydration products if all 
the cement were to become hydrated. It therefore follows that in the high-strength 
concrete strength ranges, the higher the strength desired, the lower the proportion of 
the cement that can become hydrated. 

Plowman (35) showed the linearity of the relation of strength to time (log scale) for 
ages of 1 day to 1 yr and concretes of water-cement ratio of O. 3 to O. 9 (only those for 
0. 3 to 0. 7 are shown in Fig. 6). 

Tests made in 1931 at the Lone Star Cement Research Laboratory under the direc
tion of Duff A. Abrams were reported in 1956 by Ernst Gruenwald (15). The results 
(Figs. 7 and 8) cover mixtures made using natural sand and gravel graded to l '/2 in. , 
and a sand-gravel ratio of 1: 1. 86. The concrete was machine-mixed. Two 6 by 12- in. 
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cylinders were made from each mixture, 
moist-cured, and tested at 28 days. Values 
given are the average of the testing of the 
two cylinders. 

Klieger (24) indicated that concrete of 
water-cement ratios as low as 0. 29 by weight 
could be pr oduced and full y compacted. H 
the concrete was to be consolidated by 
hand, the slump needed to be about 11/2 in. 
and the mixture required about 20 percent 
fine aggregate. When external vibration 
(4, 900 vpm) was used, the mixture could 
be proportioned to have zero slump and 
about 18 percent fine aggregate. The hand
placed mixture of O. 29 water-cement ratio 
required 12 bags of cement per cu yd; the 
vibrated mixture only required 9'/2 bags 
per cu yd at the same water-cement ratio. 

Collins (9) stated that optimum high 
strength is obtained at that water -cement 
ratio which is as low as possible and still 
permits full consolidation. The mixture 
proportions and type of aggregate are much 
less important than water-cement ratio. 
Crushed granite and natural sand at a water -
cement ratio of O. 40 give a compressive 
strength of about 9, 000 psi at 28 days, 
whereas natural gravel and sand give a com
pressive strength of only about 6, 700 psi 
at the same water-cement r atio. 
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TVA correlated (50, Appendix H) strength data relating to over 10, 000, 000 cu yd of 
concrete in 12 majordams for which over 26, 000 cylinders were tested. The relations 
of water-cement ratio, age, cement type, and aggregate to compressive strength were 
developed. The Norris Dam aggregates with type II cement gave a 1-yr compressive 
strength of nearly 11, 000 psi at a water-cement ratio of O. 45. The relation of the 
strength of this cement-aggregate combination to water-cement ratio at 7 days, 28days, 
and 1 yr is shown in Figure 9. 

Paste-Aggregate Interaction 

The term "paste~aggregate interaction" is used to include consideration of those 
factors affecting strength of concrete that have been described both as "paste-aggregate 
bond" and "cement-aggregate reaction," since there is, as yet, very little basis on 
which to make a distinction between physical and chemical effects that may develop and 
affect paste-aggregate interaction and consequently concrete strength. 

Alexander (3) reported that results of tests at 7 days indicate that the strength of the 
bona between cement paste and plane rock surfaces is normally 50 to 60 percent of the 
paste strength, but some exceptional rocks can give .much higher or much lower 
strengths. He also found that bond forming ability appeared not to vary widely for a 
given rock type regardless of locality of origin. Both cement-aggregate bond strength 
and paste strength decrease with increasing water-cement ratio; it is suggested that if, 
at a given water-cement ratio, fracture occurs at the aggregate-paste bond, this mode 
of failure is not likely to change with change in water-cement ratio. However, the mode 
of rupture is likely to change with age, failure of paste being more likely at later ages. 
Cement -aggr egate bond strength was found to decr ease r apidly with incr easing aggr egate 
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size, bond to a 3-in. particle being only about one-tenth that to a corresponding 1/2 -in. 
particle. 

Alexander and Wardlaw (4) discussed data that tend to suggest that there are likely 
t0 oe specific zones of weakii'ess in concrete, and that these zones are located at the 
junction between the paste matrix and the largest aggregate particles present. 

Alexander(2) reported results of approximately 1, 000 determinations of cement
aggregate bond strength and paste strength. He concludes that a given paste develops 
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TABLE 1 

COMPARISON OF EXPERIMENTALLY DETERMINED AND 
CALCULATED VALUES 

Eagg 
Ecalc 

Em or tar 
v'1/~ 

Ee one (kg/sq cm 
Aggregate (kg/sq cm (kg/sq cm (kg/sq cm x 10-') 

x 10-') x 10-') () x 10-') 
Soft Hard 

Diorlte 1041 346 o. 50 550 520 694 

Glass 742 313 o. 55 467 458 549 

steel 2200 313 o. 55 600 592 1350 

Limestone 795 374 o. 52 472 519 592 

Limestone 632 374 0. 52 465 478 507 

Limestone 473 374 o. 52 399 422 425 

Limestone 131 374 o. 52 284 192 248 

quite different degrees of bond strength at 7 days age with different, strong, uniform 
aggregates; that the 28-day bond strength is in general about 50 percent greater than 
the 7-day s trength. He also found that all bond strengths were lower than the strength 
of the paste. 

Hansen (16) considered the relations of two kinds of combined materials: (a) com
bined hard material in which the continuous phase has a high modulus and the discon
tinuous phase a lower modulus; and (b) combined soft material consisting of elastic 
particles of high modulus in a matrix of lower modulus. The moduli of elasticity of 
such combined materials are as follows: 

for the combined hard material 

and for the combined soft material 

where 

V volume concentration of component, 
E modulus of elasticity, 
s = soft, and 
h = hard. 

Hansen employed these formulas and compared the results with experimentally deter
mined values for the modulus of a number of combined materials, including those given 
in Table 1. 

Mixing, Consolidation, and Curing 

The production of high-compressive-strength concrete will normally require the 
use of lower water-cement ratios than are generally used in construction. Concrete 
proportioned using such lower-than-average water-cement ratios will be " drier ," 
"bar.sher," "les s wor kable," and "less plastic" than mixtures generally used. Conse
quently, the mixing, placing, and consolidation procedures employed will generally 
need to be modified from those customarily used. Since the high compressive strengths 
of interest are to be evaluated when the concrete is older than the ages at which con
crete strengths are normally specified in construction, advantage should be taken of 
the opportunity to devel op st rength over a longer period of curing than is usually pro 
vided. Hence curing procedures will also properly be modified when high compressive 
strengths are desired. 
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Mixing-Bloem (7) reported studies of the effect of mixing on strength. He noted 
that slurry mixing, -a process involving the adv9-nce preparation of a cement-water 
mixture which is then blended with aggregate to produce concrete, had aroused some 
interest. Benefits thus obtained are presumably attributable to more efficient hydra
tion of the cement resulting from the more intimate contact between cement particles 
and water achieved in the ·vigorous blending of cement paste. 

Mixing the slurry at very high speed produced a slight increase in fluidity, a slight 
increase in the average weight of the cubes which corresponded to a reduction in air of 
about O. 5 percent, and an increase of 13 percent in compressive strength. 

Prolonged Mixing-A limited examination was made by Bloem (7) of the effect on 
concrete strength of mixing for an excessive period of time. The b atch was mixed 
initially for 6 min. Thereafter, the mixing was continued for 8 hr during which the 
concrete was sampled and tested at intervals of approximately 1 hr. At each testing 
period, one set of tests was made without adjusting the mixture and one set after mix
ing with added water to restore slump to the design range. 

The test results show that on the average the concrete lost approximately 2 in. of 
slump during each 1-hr period of mixing. The amount of water required to restore 
the slump averaged approximately 4 gal/cu yd or, very roughly, 2 gal/in. of slump. 
The additions increased progressively from 2 gal/cu yd/in. of slump after the first 
hour to 9 gal after the fourth hour, and then became less. The temperature of the con
crete rose from 82 F initially to about 100 F when the test was discontinued after 8 hr. 
The strength was detrimentally affected only when water was added to restore the 
slump lost during prolonged mixing. The magnitude of the reduction in each case was 
about what would be expected to result from the increase in water-cement ratio. 

Ray et al (42) reported that when 2 to 3 hr were allowed to elapse between mixing 
the concrete and preparing the test cylinders, the strength was higher than if the speci
mens were made either earlier or later. The increase over those made soonest was 
approximately 20 percent. The authors attributed this to decrease in water-cement 
ratio due to evaporation losses and absorption of water by the aggregates. 

Consolidation-Davies (13) investigated effects of consolidating concrete by vibra-
tion concluding that: -

The effectiveness of vibration depends mainly on its acceleration, and not on the in
dividual values of its frequency and amplitude; but very small amplitudes, of the order 
of 0.002 in., are comparatively ineffective. There is little to choose between vertical 
linear and horizontal circular vibration; vertical circular vibration is definitely better 
than either. The effectiveness of vibration increases with its acceleration, probably up 
to at least 20 g; but above about 12 g the increase is slow. 

The Joint Committee of the Institutions of Structural and Civil Engineers (17) empha
sized the importance of consolidation in the attainment of the compressive strength for 
which the constituents and proportions of a mixture were selected. Figure 10 shows 
that, for the data plotted, the presence of 5 percent voids reduced the strength by 30 
percent. The report points out that with a properly proportioned concrete mixture 
"extended vibration will be wasteful of effort but not harmful to the concrete." If, on 
extended vibration, segregation of the concrete mixture occurs, this indicates that the 
mixture is not properly proportioned. 

Studies at the Road Research Laboratory (21) resulted in the conclusion that for a 
given acceleration, best consolidation would be obtained using a vibrator of large 
amplitude and low frequency. 

Curing-Hansen (16) showed (Fig. 11) that between 6 hr and 28 days on a log-log 
scale plot of compressive strength versus age there will be three different straight 
lines, one for the first 30 hr, another from 30 to 72 hr, and a third from 3 to 28 days. 
He noted that these correspond to the observations of Grudemo of three stages of hydra
tion -as observed by electron microscopy. 

Antill (6) reported results of tests on 1, 800 specimens made with six types of cement 
manufactured in New South Wales. He concluded that the equation for the relation of 
compressive strengths after 7 and 28 days of curing was best represented by 
8211 = 1. 60 S7. 
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Creskoff (11) developed a procedure by 
the use of which, from a limited number 
of pilot tests at 3 or 7 days age and at 28 
days, a relation could be developed from 
which 28-day strengths of a given mixture 
could be predicted from earlier -age 
strength test results with a known probable 
error. The procedure involves making at 
least 6 and preferably 10 sets of 3 or 7-day 
and 28-day specimens, varying the slump 
from %to Bin., and plottingthe relation of 
earlier strengths and 28-day strengths. 
From these a relation is established and 
a probable error computed. In using this 
method for controiiing strength of concrete, 
Creskoff recommended that for every 100 
specimens made for test at earlier ages, 
10 be made for test at 28 days to check on 
the continuing accuracy of the relation and 
the probable error. 

Figure 10. Relationofpercentageofvoids to con
sequent loss in strength (from reference _!2). 

Plowman (35) established that concrete 
cured at 11 F did not gain strength. He 
therefore concluded that the maturity of a 
concrete should be based on the age in 
hours multiplied by the number of degrees 
above 11 F at which it had been cured. 
Thus for 28 days at 64 F the maturity is 

35, 600 F-hr. He then showed that the 
could be calculated from: 

percentage of the strength at 35, 600 F-hr 

A + B 1 maturity og10 
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Figure 11. Compressive strength versus age showing three stages of hydration (from Hansen, 16, 
Fig. 3.2.1, p. 35). -
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TABLE 2 

VALUES FOR CONSTANTS A AND B 

Strength (psi) After 
Constants 

35, 600 26 , 700 17,800 8900 3800 
F-hr F-hr F-hr F-hr F-hr A B Zone 

0- 2, 500 0-2300 0-2000 0-1600 0-1000 -7 68 I 
2, 500- 5, 000 2300-4800 2000-4000 1600-3200 1000-2200 6 61 II 
5,000- 7,500 4800-7100 4000-6300 3200-5200 2200-3800 18 54 Ill 
7, 500-10, 000 7100-9300 6300-8500 5200-7000 3800-6000 30 46. 5 IV 

This he referred to as a "law." He gave a tabulation of values (Table 2) for the con
stants A and B, pointing out that the use of these values throughout the range of each 
"zone" did not introduce errors in excess of 2 percent over using exact values computed 
for particular points within each zone. Plowman (35) concluded that: (a) concrete made 
with portland cement obeys the law; (b) the law is independent of quality of the cement, 
water-cement ratio, aggregate-cement ratio, curing temperature below 100 F, and the 
shape of the test specimen; (c) the datum temperature for maturity calculation is 11 F. 
Maturity is a summation of the integrals of time-temperature of the concrete above 
11 F, negative values being disregarded; (d) the values of A and B are related linearly 
to the strength at any age and may be predicted; (e) values of the constants for the four 
"zones" specified are sufficiently accurate for all normal work; and (f) given the strength 
at any maturity, the strength of that grade of concrete at any other maturity may be 
calculated. 

In a discussion of Plowman's paper, Klieger (23) noted that other data would fit this 
law only if (a) the relation between the logarithm of maturity and strength is linear, (b) 
the initial temperature of the concrete is in the range 60 to 80 F, and (c) no loss of 
moisture by drying occurs during the curing period. He observed thatconcretes now 
made in the United States do not show such a linear relation. He also observed that 
"ultimate strength is influenced by the rate of hydration during the early stages of 
hydration." A high early rate generally results in lower ultimate strength. 

KJ.ieger reported elsewhere (24) that for low water-cement ratio concretes it is more 
necessary to supply additional water during curing than is the case with high water
cement ratio concretes. For concretes of O. 29 water-cement ratio, the strength of 
specimens made with saturated aggregates and cured by ponding water on top of the 
specimen was 850 to 1, 000 psi greater at 28 days than that of comparable specimens 
made with dry aggregates and cured under damp burlap. He also noted that although 
early strength is increased by elevated temperatures of mixing and curing, later 
strengths are reduced by such temperatures. 

Price (41) showed that at 180 days age, concrete specimens that had been continu
ously moist-cured showed higher compressive strength than any whose curing had been 
interrupted. However, in tests of specimens at 90 days age, he found higher strength 
for specimens moist-cured to 28 days and thereafter stored in laboratory air. These 
results were for concrete of O. 5 water-cement ratio, 31/2 -in. slump, cement content 
of 556 lb per cu yd, 36 percent sand, and 4 percent air. He also showed that the lower 
the initial temperature of concrete in the range 40 to 115 F, the higher the strength at 
all ages from 28 to 180 days when the specimens were molded, sealed, and stored at 
the specified initial temperature, maintained at that temperature for 2 hr, and then 
stored at 70 F until tested. These results were based on concrete of O. 53 water-cement 
ratio, cement content of 606 lb per cu yd, 40 percent sand, 0 percent air, and type II 
cement. 

Methods of Measuring Strength 

Specimen Size-Neville (33) pointed out that the strength of a brittle material can be 
defined as the critical state Of stress at which fracture occurs. He noted that the actual 
stress at fracture is considerably lower than the theoretical strength estimated from 
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Figure 12. Relation of compressive strength, tensile splitting strength, and modulus of elasticity at 
six ages. 

molecular cohesion and calculated from surface energy. He suggested that the Griffith 
theory relating to cracks and flaws which lead to high stress concentrations and local 
fracturing while the average stress is low can be invoked not only to account for the 
low actual strength of such materials, but also for the observed effects of specimen 
size on indicated strength of concrete. He suggested that as specimen size increases, 
the probability of the presence of a critical flaw of critical location and orientation 
likewise increases. Ina review of data on flexur al strength he found "convincing proof" 
that the effect of specimen size was as follows: as the area of the bottom surface of the 
beam subjected to critical stress increases, the probability of a critical flaw being 

TABLE 3 

present increases; hence the lower 
average strength and the lower the 
coefficient of variation. 

Testing Methods - Anderson (5) pre
sented data on the use of the Schmidt 
concrete test hammer for evaluating the 

RELATIONSHIPS OF STRENGTH TEST RESULTS 
compressive strength of hardened con
crete when the concrete had compres-

Compressive Strength {psi) 

Cylinders 

2000 
3000 
4000 
5000 
6000 
7000 
8000 

Cubes 

2670- 3000 
4000- 4500 
5340- 6000 
6670- 7500 
8000- 9000 
~~40-1 n, fiOO 

10, 670-12, 000 

Tensile 
Strength {psi) 

200 
275 
340 
400 
460 
fi20 
580 

Flexurai sive strengths up to 11, 000 psi when 
strength {psi) tested as cubes. He concluded that the 

375 
485 
580 
675 
765 
855 
930 

accuracy obtained approaches that at
tainable in tests of carefully prepared 
cylinders. 

Tests of gravel aggregate concrete 
made at the Waterways Experiment 
Station in 1961 revealed the relation 
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Figure 13. Effect of environment of testing on indicated compressive strengths of silica and silicates 
(from Charles,~). 

shown in Figure 12 for compressive strength, tensile splitting strength, and "static" 
modulus of elasticity. 

Abeles (1) gave the approximate relations (Table 3) between results of various types 
of tests for -strength. 

Kesler (19) reported results of over 1, 400 tests of concrete made with the same 
aggregates and tested as beams in flexure and as modified cubes and cylinders in com
pression at different mixture proportions and ages. He concluded that: 

a. The modulus of rupture varies from about 22% of the cylinder compressive strength for 
low-strength concrete to about 12% for high-strength concrete. 

b. The cylinder strength varies from about 7.5 to 6.5 times the modulus of rupture for low
and high-strength concrete, respectively. 

c. The modulus of rupture varies from about 18% to about 12% of the modified cube strength 
for low- and high-strength concrete, respectively. 
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d. The cylinder strength was about 80% of the modified cube strength for low-strength con
crete, but about the same as the modified cube strength for high-strength concrete. 

Kesler also found the standard error of estimate is as follows: modulus of rupture 
from cylinder strength, 75 psi; cylinder strength from modulus of rupture, 630 psi; 
modulus of rupture from cube strength, 75 psi; and cylinder strength from cube 
str_ength, 420 psi. 

Testing Conditions-The environment of the test specimen during testing can 
markedly affect the results of the test. Data given by Charles (8) are plotted in Figure 
13. It is indicated that, in general, strengths in compression are markedly reduced 
by either raising the ambient temperature during testing or raising the moisture con
tent of the atmosphere in which testing is done, or both. Quartz was found to have a 
compressive strength of 35, 800 psi at 240 C in saturated water vapor, but 83, 000 psi 
in dry nitrogen at 25 C. 

STRENGTH DESIRED-STRENGTH ATTAINED 

Specified Values 

The uses to which portland cement concrete are commonly put require that the con
crete, when cured, develop compressive strength to some specified degree or to some 
degree that was assumed in the structural design. One summary (56) of the strength 
properties of plain concrete published by the Corps of Engineers, U.-s. Army, stated, 
"The strength of concrete depends upon many factors, including water-cement ratio, 
age, cement strength, proportions of cement, sand, and aggregate; and the methods 
used for the placing and curing of the concrete." This reference then stated, "Con
crete having values of f~ from 3, 000 to 5, 000 psi, as measured by standard 28-day 
cylinder tests, is generally used in construction. " 

High Strengths Attained 

The 55-year index to the publications of the American Concrete Institute (58) listed 
five references (12, 43 , 51 , 52, 54) under the entry "High-Strength Concrete~ The 
earliest of these is Hardycross' discussion (12) of design of columns. He noted that 
"increased concrete strength increases columnstrength very little even where the 
moment is fixed. In the case where the moment varies with the column stiffness, the 
use of high-strength concrete may, if we follow the code, actually weaken the column, 
so that a larger column is needed the greater the concrete strength." The index did 
not refer to the 1910 paper by Porter (37) which includes the following: 

"· •• investigations rwerel made in connection with one of the bridaes recent Iv con
structed by the City of New York to ascertain how the strength of c~ncrete might be 
increased.... It was found by the addition of a certain number of cut nai Is or spikes 
per cu ft of concrete, the crushing and tensile strength were increased enormously. 
One series of tests giving results as high as 18,000 psi or nearly eight times the ordinary 
strength." It is not stated whether these tests were made on cylinders or cubes. 

Gonnerman and Lerch (14) pointed out that between 1904 and 1950 the principal 
changes in portland cements were "an increase in the average computed C3 S content 
and increase in fineness, each of which has contributed to higher concrete strengths 
at all ages up to 10 yr .... " They showed results of compression tests to an age of 
10 yr for laboratory cements procured in 5-yr periods from 1916 to 1950 (see Fig. 14). 

One group of data reported by Gonnerman and Lerch (14, Tables XX and XXI) con
cerned tests of a blend of four type I cements at a water-cement ratio of 4 gal per bag 
using·1%-in. sand andgravel. Datafromthis series of tests are given in Table 4. 
These data indicate the effect of water-cement ratio by giving essentially equal strength 
for concrete having equal water -cement r atios in spite of a range in slump from less 
than 2 to more than 6 in. and a range in cement content from less than 7 to more than 
9 bags per cu yd. 
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Figure 14. Age-strength relations for concrete made with laboratory cement (from Gonnerman and 
Lerch,~' 1951, Fig. 5). 

Klieger (25) reported results of strength tests on specimens of concrete containing 
6 bags of cement per cu yd and having a 2 to 3-in. slump up to 3 yr of age. One mix
ture, at 3 yr, developed compressive strength in excess of 10, 000 psi. Data on this 
mixture are given in Table 5. 

Shideler (47) reported tests in which compressive strengths in excess of 10, 000 psi 
were obtainedat 90 days and in excess of 11, 000 psi at one year using sand and gravel 
aggregate (Fig. 15). The aggregate was uncrushed and well rounded. The mixture 
contained 330 lb of water, 950 lb (10. 11 bags) of cement, 727 lb of sand (25%), and 
2, 177 lb of gravel. The slump was 'i'4 in. 

u. S. Bureau of Reclamation Studies 

J. E. Backstrom of the Engineering Laboratories, U. S. Bureau of Reclamation, 
Denver, informally provided the following information regarding exceptionally high
strength concretes encountered in that laboratory. These data relate to six groups of 
tests; permission for their inclusion in this paper was provided by the Chief Engineer, 
U.S. Bureau of Reclamation. 

TABLE 4 

TEST RESULTS ON BLEND OF FOUR TYPE I CEMENTS 

Mix 1 Mix 5 Mix 9 

Sand, 'f, 33 33 33 
Aver age Slump , !n. 1. 8 3. 7 6. 2 
Cement, absol ute volume , 'lo 12. 1 14. 0 16. 0 
Ssnd, a bsolute volume , 'f, 24. 0 22. 9 21. 5 
Gravel, absolute volume, 'f, 48. 2 45. 8 43. 2 
Water, absolute volume, 'f, 13. 9 16. 0 18. 2 
Air, absolute volume, 'f, 1. 8 1. 3 1. 1 
Unit weight, pcf 153. 0 152. 2 150. 8 
Cement, bags/cu yd 6. 84 7. 90 9. 01 
Compressive strength, psi: 

16 hr 990 990 990 
1 day 1, 770 l, 740 1, 710 
3 days 4, 340 3, 810 3, 890 
7 days 5, 810 5, 850 5, 870 
28 days 7, 600 6, 970 6,990 
3 months 0, 100 8, 310 8, 040 
1 yr 9, 150 9, 250 9, 420 
5 yr 10, 250 10, 410 10, 450 
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Figure 15. Effect of moisture conditions on strength (from Shideler, 47, Tables 3 and 5). 

The highest concrete strength was 16, 650 psi on a single 6 by 12-in. cylinder made 
using 9 bags of high-early-strength cement per cubic yard, a water -cement ratio of 
O. 37, %-in. crushed stone coarse aggregate, and a well-grade~/ washed, screened 
river sand as fine aggregate. The mixture had a slump of 0 to 72 in. The concrete 
was made in Costa Rica, for use in prestressed concrete construction. The cylinder 
was fog-cured for 12 months and then shipped to a university in the United States for 
testing. The strength of the concrete exceeded the capacity of the available testing 
equipment, and therefore the specimen was shipped to the U. s. Bureau of Reclamation 
laboratory. It was capped for testing at a total age between 15 and 18 months (having 
been allowed to air-dry after 12 months age), and was tested first for modulus of elas 
ticity. Modulus in the air - dry condition was 2, 310, 000; Poisson' s ratio was O. 19. 

The specimen wu.s then loaded to a total of 307, 000 lb at which time the caps failed 
without damaging the specimen. Twelve days later, on June 14, 1960, after the speci
mens had again been prepared for testing by grinding the ends plane, it was tested and 
found to have a strength of 16, 650 psi. 

TABLE 5 

RESULTS OF STRENGTH TESTS 

Cement No. 
Type 
Cement content, bags/cu yd 
Water-cement ratio, gal/bag 
Slump, in. 
Air content, f> 
Compressive strength, psi (modified cubes) 

1 day 
7 days 
28 days 
3 months 
1 yr 
3 yr 

16 
I 

6. 01 
4. 63 
1. 9 
1. 38 

1, 820 
6, 040 
'l ~~o a; 080 
9, 540 

10, 160 

Waterways Experiment Station Studies 

As was previously mentioned (31), the 
strongest concrete I ever saw, anathe 
strongest yet made at the Waterways Ex
periment Station, was some made for and 
reported on by K. Mather (32). An aver
age strength of 13, 200 psi was obtained by 
testing after 90 days moist curing three 
6 by 12-in. cylinders molded from a batch 
using Y2 -in. magnetite aggregate, 10. 3 
bags of type I cement, a cnrboxylic-neid 
water-reducing admixture, having an O. 30 
water -cement ratio, a %-in .. slump, anda 
unit weight of 230 pcf. 
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TABLE 6 

RESULTS OF UNIVERSITY OF COLORADO STUDIES 

Coarse W/ C Cement Slump 
Compressive Strength (psi) 

Aggregate by Wt (bags/ cu yd) (in.) 
28 days 90 days 

Red sandstone 0. 50 6. 7 1. 0 4, 550 5, 570 
Red sandstone o. 40 8. 4 o. 6 6, 500 7, 710 
Red sandstone. o. 33 10. I o. 6 8, 710 9, 990 
Red sandstone o. 29 11. 8 o. 2 9, 720 10, 470 
White sandstone o. 50 6. 7 1. 0 3, 940 5, 530 
White sandstone 0. 40 8.4 0. 8 6, 070 7, 630 
White sandstone o. 33 10. 1 o. 8 8, 350 9, 990 
White sandstone 0. 29 11. 8 o. 2 9, 560 11, 080 
Gravel 0. 33 10. 1 3. 0 B, 000 9, 070 
Basalt o. 33 10. 1 o. 8 10, 150 12, 000 

University of Colorado Studies 

Thoman and Raeder (52) noted in 1934 that "published data on concrete of an ultimate 
strength greater than 6000 psi are meager." They reported studies begun in 1932 at the 
University of Colorado, results of which are given in Table 6. Test specimens were 
3 by 6-in. cylinders and were moist cured. Thoman and Raeder commented " ... it 
is reasonable to suspect ... that for very high strength concrete the ultimate strength 
attained depends to some extent upon the kind of coarse aggregate used. . . . Further 
research to study the part played by the coarse aggregate ... should prove highly in
teresting." 

Cast Stone 

Walker (57) noted that tests made on samples of cast stone selected at random from 
actual jobs,tested as 2-in. cubes, dried at 105 C before test, showed strengths (in psi) 
as follows: 

9490 
9130 
9540 
9760 

Concrete Slabs for Fort Peck Dam 

7, 380 
10,860 
10,950 
9,100 

8900 
9000 
9700 
9240 

Strengths of over 18, 000 psi ':Vere reported (55) to have been obtained in connection 
with the manufacture of mesh-reinforced precastconcrete slabs for powerhouse wall 
facing at Fort Peck Dam, Montana. The mixture was composed of 1 bag of type I 
cement, 64 lb of silica sand passing a No. 50 sieve, 220 lb of % - to 1/4 -in. crushed 
limestone, O. 9 lb of a water-reducing retarding admixture, and 4 gal of water. The 
specifications called for a minimum compressive strength of 9, 000 psi. The average 
slab compressive strength was "well over" 12, 000 psi, many exceeded 15, 000 psi, and 
the maximum was 18, 147 psi. The slabs had an average absorption of 4 percent. They 
were cast on a vibrating table, and the forms were removed after 1 day. The slabs 
were moist-cured using quilts. The wooden pallet on which the slabs were cast was 
covered with an absorptive form lining. The placing and consolidating operation was 
completed in 11/2 min. 

Concrete in Paris Exhibition Hall 

A report in Engineering (26) described a new exhibition hall in Paris as follows: 

The new exhibition hall of the Centre National des Industries et Techniques 
in Paris, just beyond the Pont de Neui I ly, is bui It who I ly of reinforced and pre
stressed concrete. In plan it is an equilateral triangle with sides 738 ft long. The 
crown of the roof is 150 ft above ground leve I. The roof covers a main exhibition 
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floor at first storey level of 220,000 sq ft with another of 270,000 sq ft below it. 
To meet the structura I requirements of the roof a particular dry mix concrete was 
used (to give 17,000 lb per sq in.) and to place the concrete in the shells a high
frequency low-amplitude vibrator was used in conjunction with a light float for 
surface tamping. The roof was concreted in bays, each supported by a close 
system of tubular scaffolding. All the concrete was mixed in a central batch
wei ghing plant located 2 ~ miles from the site. 

The roof is believed to contain the longest span yet bui It as a thin shell 
vaulted structure and the three sections are the largest surfaces supported at a 
single point. 

The foregoing is the only published account that was located during the course of this 
review in which it was reported that job-mixed concrete was produced to have a com
pressive strength in excess of 10, 000 psi. 

APPLICATIONS, ECONOMICS, AND PROCUREMENT OF 
HIGH-COMPRESSIVE-STRENGTH CONCRETE 

Applications 

While advantage cannot economically be taken of very high-strength concrete in ordi
nary reinforced concrete construction using normal-strength reinforcing steel, the 
situation is quitE;! different in shell structures below ground. Such structures derive 
their advantages from soil-structure interaction as a result of which the loading is 
distributed advantageously and the dynamic strength of the soil is utilized in resisting 
the effects of dynamic loading. In order for the soil strength to be economicallyutilized 
and to mobilize the dynamic energy of distortion of the soil, the shell must be flexible. 
Even the thinnest reinforced concrete arches fail in compression at high overpressures 
long before critical buckling stresses are reached. The lowest possible section modulus 
is conducive to maximum flexibility. Hence partially or wholly underground reinforced 
concrete arches designed to withstand dynamic loading should be as thin as possible; 
such design makes appropriate the use of materials of the highest available strength. 
Asymmetric loading induced progressively higher bending stresses the thicker the sec
tion becomes. A thin section backed by a firm soil can absorb the entire load in dia
phragm compressive stresses. 

Economics 

Richart (43) in 1936 gave comparative costs for concrete in place in structures; and 
he concluded that, giving principal weight to the values for tied columns, the saving in 
relation to the cost oi 2, 000-ps.i cum:rele woUld be as 1nd.1cated in Table 7. 

Towles (54) in 1932 discussed the advantages of the use of "high-strength concrete." 
His analysiswas based on the "assumption that it would be possible to manufacture 
satisfactorily concrete of a 28-day strength of 7000 psi." He further assumed that "the 
extreme fibre stress in compression is limited to 37. 5 per cent ... or 2600 psi ... and 
concentric compression to 25 per cent or 1750 psi." His first discussion dealt with 
"arch construction in which concrete fulfills most completely its function of carrying 

TABLE 7 

COMPARATIVE COSTS AND SAVINGS 

Compressive 
Strength {psi) 

2000 
3000 
4000 
5000 
6000 

Price per 
Cubic Yard 

($) 

7. 20 
1 . on 
7. 90 
8. 40 
9. 05 

Saving 
(\() 

0 
20 
33 
42 
50 

load by compression of the structural 
members." He considers, for simplicity, 
"arches of open spandrel construction in 
which the load is carried vertically at equal 
intervals to the arch ring or rib." He 
stated: "It will be found that the following 
ratios of weight will hold appr oximately for 
arches with solid ribs of the same type and 
proportions with equal load per ft of length 
imposed upon the arch rings (exclusive of 
the dead load of the arch rings themselves) , 
and for ordinary ratios of rise to span (say 
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from Ys to 1/a)." Comparing concrete of strength fee = 750 psi as given in most then
current codes with concrete of a strength of 1750 psi, he found: 

Span (ft) 
50 

100 
150 
200 
250 

W750/W1750 
2.5± 
2.7± 

2. 7 to 3. 1 
2. 8 to 3. 6 
3. 0 to 4. 0 

This comparison, he noted, revealed that "for the same proportions in the arch ring 
and for the same loading per ft imposed on the arch rib, it would be possible with 
1750-lb concrete to construct a span with the same weight per ft in the arch rib which 
would be 2Ya times as long as with 750-lb ... concrete." He adds " ... in the future 
when we have surmounted practical difficulties of producing high-strength concretes 
we may expect arch spans of unprecedented length." He assumed that 7, 000-psi con
crete would cost 60 percent more than 3, 000-psi concrete and calculated that "on the 
basis of a proportion of span weights of 1. 6 to 1. .. a 100-ft span of 750-lb concrete 
corresponds approximately in this ratio with a 125-ft span of 1750-lb concrete." He 
concluded: " ... from the standpoint of cost, there would be marked advantages in the 
use of high-strength concretes, particularly for designs involving multiple arch spans, 
for single long span crossings, and for arches in which it is desired to keep the ratio 
of rise to span at a minimum." 

In discussion of Towles' paper, Rosov (46) reported that by combined vibration and 
pressure Freyssinet had obtained compressive strengths as high as 8, 500 psi. Rosov 
also reported (45): "In daily manufacturing of precast concrete the strength of 14, 000 
psi is attained." 

Procurement 

The procurement of high-strength concrete implies that there will be a compressive 
strength specification that test specimens of the concrete must meet. For the purpose 
of this paper, the strength level desired has been taken as 10, 000 psi as indicated by 
tests after 90 days moist-curing of standard molded cylinders having a height equal to 
twice their diameter. 

For a coefficient of variation of 15 percent and a specified design strength of 10, 000 
psi, the required average strength for an allowable probability of 1 failure in 10 will 
be 12, 400 psi, which may well be unattainable under specific concrete producing con
ditions. It may therefore normally be necessary, in order consistently to produce 
high-strength concrete, to achieve a lower variance of test results than is now regarded 
as good field control. 

It is possible that the characteristic distribution of compressive-strength test re
sults for high-strength concrete will not be normal since a skew distributionfrequently 
characterizes data whose mean is close to a limit. If this were to be found to be the 
case, values of required average strength might well need to be higher than those com
puted on the normal assumptions. 

Wig et al (59) in 1915 came to the following conclusions regarding the production of 
concrete of desired compressive strength. These, with only very slight modifications, 
are still entirely valid: 

1. No standard of compressive strength can be assumed or guaranteed for 
concrete of any particular proportions made with any aggregate unless all the 
factors entering into its fabrication are controlled. 

2. A concrete having a desired compressive strength is not necessarily 
guaranteed by a specification requiring only the use of certain types of mate
rials in stated proportions. Only a fractional part of the desired strength may 
be obtained unless other factors are controlled. 
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3. The compressive strength of a concrete is just as much dependent upon 
other factors, such as carefu I workmanship and the use of the proper quantity 
of water in mixing the concrete, as it is upon the proper quantity of cement. 

4. The compressive strength of concrete may be reduced by the use of an 
excess of mixing water to a fractional part of that which it should attain with 
the same materials. Too much emphasis cannot be placed upon the injurious 
effect of the use of excessive quantities of water in mixing concrete. 

5. The compressive strength of concrete may be greatly reduced if, after 
fabrication, it is exposed to the sun and wind or in any relati vely dry atmo
sphere in which it loses its moisture rapidly •••• 

6. The relative compressive strength of concretes to be obtained from any 
given materials can be determined only by an actual test of those materials 
combined in a concrete. 

7 •••• [ T] he relative value of several fine aggregates to be used in concrete 
cannot be determined by testing them in mortar mixtures. They must be tested 
in the combined state with the coarse aggregate. 

8 •••• [T] he relative value of several coarse aggregates to be used in concrete 
cannot be determined by testing them with a given sand in one arbitrarily selec
ted proportion •••• 

9. No type of aggregate such as granite, gravel, or limestone can be said to 
be generally superior to all other types. There are good and poor aggregates of 
each type. 

10. By proper attention to methods of fabrication and curing, aggregates 
which appear inferior and may be available at the site of the work may give as 
high compressive strength in concrete as the best selected materials brought from 
a distance, when the latter are carelessly or improperly used. 

11. Density is a good measure of the relative com pressive strength of several 
different mixtures of the same aggregates with the same proportion of cement to 
total aggregate •.•• 

12. Two concretes having the same density but composed of different aggre
gates may have widely different compressive strength. 

13. There is no definite relation between the gradation of the aggregates and 
the compressive strength of the concrete which is applicable to any considerable 
number of different aggregates. 

14. The gradation curve for maximum compressive strength, which is usually 
the same as for the maximum density, differs for each aggregate. 

15. With the relative volumes of fine and coarse aggregate fixed, the compres
sive strength of a concrete increases directly, but not in a proportionate ratio, as 
the cement content. An increase in the ratio of cement to tota I fine and coarse 
aggregates when the relative proportions of the latter are not fixed does not nec
essarily resu It in an increase in strength, but may give even a lower strength. 

16. The compressive strength of concrete composed of given materials, com
bined in definite proportions and fabricated and exposed under given conditions, 
can be determined only by testing the concrete actually prepared and treated in 
the prescribed manner. 

17 •••. [T] he compressive strength of most concrel"es, os commercially made, con 
be increased 25 to 100 percent or more by emp loying rigid inspection wh ich wi II 
in5ure proper methods of fabrication of the materials. 
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SUMMARY 

It has long been known that it is possible to use portland cement in ways that pro
quce products having much higher compressive strengths than are generally required. 
Cement pastes have been made which have developed compressive strengths of 40, 000 
psi. Portland cement concrete specimens representing concrete made for specific 
engineering use in construction have developed compressive strengths as high as 
18, 000 psi. In precast c.oncrete work compressive strengths of 14, 000 psi have, in 
some cases, been obtained regularly. 

The practical, routine production of portland cement concrete having a compressive 
strength consistently above 10, 000 psi after 90 days moist-curing will require careful 
selection of (a) materials; (b) mixture proportions; and (c) mixing, placing, consolidat
ing, and curing procedures. It does not appear that extraordinary materials or pro
cedures are demanded. The most important single factor affecting the producibility of 
high-compressive-strength concrete in any given situation is, and will be, the achieve
ment of an adequately low ratio of weight of mixing water to weight of cement in the 
mixture. With normally available strong aggregates, processed under close control 
to a specified grading, virtually any commercial portland cement meeting current 
specifications can be used to produce concrete having a compressive strength of 10,000 
psi, provided means are available and are properly employed to consolidate concrete 
of the particular water-cement ratio that will be required to attain this strength with 
the particular materials selected. For some materials the required water-cement 
ratio will be lower than for others. The lower the required water-cement ratio, the 
greater will be the need for special procedures to obtain effective consolidation. 

In those cases where materials that can readily be used to obtain high-compressive
strength concrete are not locally and economically available, it may prove more eco
nomical to resort to more vigorous methods of consolidation in order to permit utili
zation of local materials, the effective use of which requires unusually low water
cement ratios and consequently unusually dry mixtures. In other cases, where the 
available materials approach those having optimum properties for production of high
compressive-strength concrete, the required water-cement ratio will not be so low, 
the concrete will be more workable, and more customary methods of consolidation 
will be effective. The choice, therefore, between low-cost materil!-lS and high-cost 
compaction procedures versus high-cost materials and lower-cost consolidation proce
dures will be a matter of engineering analysis in any specific situation. 

The available data indicate it to be unlikely that 10, 000-psi compressive-strength 
concrete will be obtained from mixtures having water-cement ratios higher than O. 45 
by weight. They also indicate that in order to maintain a mixture of sufficient work
ability to be consolidated, it will in most instances be necessary to use at least 7 bags 
of cement per cu yd of mixed concrete. With cements, aggregates, and admixtures of 
the most desirable types it will be possible to use higher water-cement ratios, lower 
cement contents, and more workable mixtures than with materials of less desirable 
types. At a given water-cement ratio, it will often be possible to develop equivalent 
strengths at a variety of combinations of workability and cement content, increases in 
the latter being resorted to to provide increased workability at greater materials cost. 

The production of concrete consistently having a high compressive strength will, in 
nearly all cases, involve achieving a low variance in test results, since it will, in most 
such cases, not be possible to produce concrete having an average strength very much 
higher than the specified strength in order to compensate for large variance in test 
results. The achievement of such low variance requires closer production control than 
is normally obtained on most construction projects. An essential feature in obtaining 
such close control will be an effective inspection organization composed of experienced 
inspectors who receive support from all echelons of project management. 

High-compressive-strength concrete has been produced. In 1934, it was reported 
that workable concrete with slump of O. 8 in. , a 28-day compressive strength of 10, 150 
psi, and a 90-day strength of 12, 000 psi using basalt aggregate, 10. 1 bags of cement 
per cu yd, and a ·water-cement ratio of O. 33 by weight had been made. In 1960, a 6 by 
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12-in. cylinder made in Costa Rica from concrete containing 9 bags of high-early
strength cement per cubic yard, a water-cement ratio of O. 37 by weight, and having 
a slump of 0 to Y2 in. was tested at an age between 15 and 18months, and had a strength 
of 16, 650 psi. These and similar instances must, in the present state of the art, be 
considered exceptional since there has been little or no demand for high-compressive
strength concrete and consequently normal concrete production practices have not been 
established for routine production of such concrete. 

High-compressive-strength concrete may have little if any economic advantage in 
conventional reinforced concrete construction in which steel of normal working-stress 
limits is used. However, high-compressive-strength concrete may be expected to have 
very important economic advantages in arch and dome construction, especially when 
the design requirements include resistance to dynamic loadings of high intensity and 
particularly where the structure is underground. 

ACKNOWLEDGMENTS 

This paper was taken in part from High-Compressive-Strength Concrete, A Review 
· of the State of the Art, prepared under MIPR AF (29-601)-61-04, sponsored by the 

Defense Atomic Support Agency under WEB No. 13. 080, Project 1080, Task No. 10803, 
publit:1hed in August 1962, by Air Force Special Weapons Center, Kirtland Air J<'orce 
Base, New Mexico, as Technical Documentary Report No. AFSWC-TDR-62-56, and 
issued as u. S. Army Engineer Waterways Experiment Station Miscellaneous Paper 
No. 6-520, Report No. 1. Copies of the report may be obtained by qualified r equester s 
from Defense Documentation Center (successor to ASTIA). Loan copies can be obtained 
from the Director, USAE Waterways Experiment Station, Box 631, Vicksburg, 
Mississippi 39181. 

REFERENCES 

1. Abeles, P. W. Notes on Material for Prestressed Concrete. Concrete and Con
structional Engineering, Vol. 52, No. 9, pp. 297-310, Sept. 1957. 

2. Alexander, K. M. Strength of the Cement-Aggregate Bond. Proc. American 
Concrete Institute, Vol. 56, pp. 377-390, Nov. 1959. 

3. Alexander, K. M. Factors Controlling the Strength and Shrinkage of Concrete. 
Constructional Review, Vol. 33, No. 11, pp. 19-29, Nov. 1960. 

4. Alexander, K. M., and Wardlaw, J. Dependence of Cement-Aggregate Bond
Strength on Size of Aggregate. Nature, Vol. 187, No. 4733, pp. 230-231, 
July 1960. 

5. Anderson, Arthur R. Discussion of Test Hammer Provides New Method of Eval 
uating Hardened Concrete by Gordon W. Greene. Proc. American Concrete 
ln1:>lilule, Vol. 51, pp. 256-1-256-3, 1954-55. 

6. Antill, J. M. Strengths of Concrete, Relationship Between 7 and 28-Day Tests. 
Commonwealth Engineer, Melbourne, Vol. 26, pp. 5-7, 1938. 

7. Bloem, Delmar L. High-Energy Mixing. Technical Information Letter No. 169, 
National Ready Mixed Concrete Association, pp. 3-8, Aug. 17, 1961. 

8. Charles, R. J. The Strength of Silicate Glasses and Some Crystalline Oxides. In 
B. L. Averbach, D. K. Felbeck, G. T. Hahn, and D. A. Thomas, ed., Frac
ture (proceedings of an international conference on the atomic mechanisms of 
fracture held in Swampscott, Mass., April 12-16, 1959), Technology Press, 
John Wiley and Sons and Chapman and Hall, Ltd., 1959. 

9. Collins, A. R. The Principles of Making High-Strength Concrete. Civil Engineers 
Review, Vol. 4, pp. 172-176, 203-206, May-June 1950. See also Civil Engi
neering and Public Works Review, London, Vol. 45, No. 524, pp. 110-112, 
Feb. 1950; No. 525, pp. 170 - 171, 188, March 1950. 

10. Collins, A. R. Research for the Concrete Industry. Civil Engineering and Public 
Works Review, Vol. 55, No. 646, p. 679, May 1960. 

11. Creskoff, Jacob J. Estimating 28-Day Strength ofConcretefromEarlierStrengths
Including the Probable Error of the Estimate. Proc. American Concrete In
stitute, Vol. 41, pp. 493-512, 1945. 



27 

12. Cross, Hardy. Design of Reinforced Concrete Columns Subject to Flexure. Proc. 
American Concrete Institute, Vol. 26, pp. 157-169, 1930. 

13. Davies, R. D. Some Experiments on the Compaction of Concrete by Vibration. 
Magazine of Concrete Research, Vol. 3, No. 8, pp. 71-78, Dec. 1951. 

14. Gonnerman, H. F., and Lerch, William. Changes in Characteristics of Portland 
Cement as Exhibited by Laboratory Tests over the Period 1904 to 1950. ASTM 
Special Tech. Publ. No. 127, 1951. 

15. Gruenwald, Ernst. Effect of Slump on Compressive Strength of Concrete of Con
stant Water-Cement Ratio. Proc. American Concrete Institute, Vol. 53, 
pp. 230-231, 1956. 

16. Hansen, Torben C. Creep and Stress Relaxation of Concrete-A Theoretical and 
Experimental Investigation. Royal Swedish Institute of Technology, Cement 
and Concrete Research, Proc., No. 31, Stockholm 1960. 

17. The Institution of Civil Engineers-The Institution of Structural Engineers, Joint 
Committee. The Vibration of Concrete. London, 1956. 

18. Kaplan, M. F. Flexural and Compressive Strength of Concrete as Affected by 
the Properties of Coarse Aggregate. Proc. American Concrete Institute, 
Vol. 55, pp. 1193-1208, May 1959. 

19. Kesler, Clyde E. Statistical Relation Between Cylinder, Modified Cube, and Beam 
Strength of Plain Concrete. Proc. ASTM, Vol. 54, pp. 1178-1187, 1954. 

20. Kesler, Clyde E., and Siess, Chester P. Static and Fatigue Strength. In Signif
icance of Tests and Properties of Concrete and Concrete Aggregates, ASTM 
Special Tech. Puhl. No. 169, pp. 81-93, 1955. 

21. Kirkham,. R. H. H., and Whiffin, A. C. The Compaction of Concrete Slabs by 
Surface Vibration: First Series of Experiments. Magazine of Concrete Re
search, Vol. 3, No. 8, pp. 79-91, Dec. 1951. 

22. Klein, A. , and Troxell, G. E. Studies of Calcium Sulfoaluminate Admixtures for 
Expansive Cements. Proc. ASTM, Vol. 58, pp. 986-1008, 1958. 

23. Klieger, Paul. Discussion of Maturity and Strength of Concrete by J.M. Plowman. 
Magazine of Concrete Research, Vol. 8, No. 24, pp. 175-178, Nov. 1956. 

24. Klieger, Paul. Early High-Strength Concrete for Prestressing. Proc. World 
Conference on Prestressed Concrete, San Francisco, Calif., pp. A5-1-14, 
July 1957. 

25. Klieger, Paul. Long-Time Study of Cement Performance in Concrete. Chapter 
10, Progress Report on Strength and Elastic Properties of Concrete. Proc. 
American Concrete Institute, Vol. 54, pp. 481-504, Dec. 1957. 

26. Large Span Vaulted Roof in Shell Concrete. Engineering, London, pp. 738-739, 
June 1959. 

27. Lea, F. M. The Chemistry of Cement and Concrete, 2nd Ed. E. Arnold and 
Company, Ltd. , New York, 1956, 637 pp. 

28. Lerch, William. The Influence of Gypsum on the Hydration and Properties of 
Portland Cement Pastes. Proc. ASTM, Vol. 46, pp. 1252-1292, 1946. 

29. Mather, Bryant. The Partial Replacement of Portland Cement in Concrete. In 
Cement and Concrete, ASTM Special Tech. Publ. No. 205, pp. 37-73, 1958. 

30. Mather, Bryant. Second Conference on Fundamental Research in Plain Concrete. 
Jour., American Concrete Institute, Newsletter, pp. 31-33, April 1962. 

31. Mather, Bryant. How Strong Can Concrete Be? Jour., American Concrete In
stitute, Newsletter, pp. 1-2, Nov. 1964. 

32. Mather, Katharine. High-Strength, High-Density Concrete. Jour., American 
Concrete Institute, Proc., Vol. 62, pp. 951-962, Aug. 1965. 

33. Neville, A. M. Some Aspects of the Strength of Concrete. Civil Engineering and 
Public Works Review, London, Vol. 54, No. 639, pp. 1153-1156, Oct. 1959; 
No. 640, pp. 1308-1310, Nov. 1959; No. 641, pp. 1435-1439, Dec. 1959. 

34. Neville, A. M. Properties of Concrete. John Wiley & Sons, p. 76, 1963. 
35. Plowman, J. M. Maturity and the Strength of Concrete. Magazine of Concrete 

Research, Vol. 8, No. 22, pp. 13-22, March 1956. 
36. Plowman, J. M. Measuring the Workability of Concrete. The Engineer, pp. 1007::. 

1009, June 17, 1960. 



28 

37. Porter, Harry F. Preparation of Concrete-From Selection of Materials to Final 
Disposition. Proc. National Association of Cement Users (ACI), Vol. 6, 
p. 296, 1910. 

38. Powers, T. C. A Discussion of Cement Hydration in Relation to the Curing of 
Concrete. HRB Proc. , Vol. 27, pp. 178-188, 1947. 

39. Powers, T. C. The Physical Structure and Engineering Properties of Concrete. 
Research and Developm.ent Laboratories, Portland Cement Association, Re
search Department, Bulletin 90, July 1958. 

40. Powers, T. C. Physical Properties of Cement Paste. Proc. 4th International 
Symposium on the Chemistry of Cement, National Bureau of Standards Mono
graph 43, Vol. II, pp. 577-609, 1962. 

41. Price, Walter H. Factors Influencing Concrete Strength. Proc. American Con
crete Institute, Vol. 47, pp. 417-432, 1951. 

42, Ray, K, K .... armakar, J, K, and Datta, S. K Variation of Concrete Strength Due 
to Delay in Placing. Indian Concrete Journal , Bombay, Vol. 30, No. 2, p. 42, 
Feb. 1956. 

43. Richart, F. E. A Study of the Economics of High Strength Concrete in Building 
Construction. Proc. American Concrete Institute, Vol. 32, pp. 459-472, 1936. 

44. RobFJon, T. D. Characteristics and Applications of Mixtures of PortlandandHigh
Alumina Cements. Chemistry and Industry, No. 1, pp. 2-7, January 5, 1952. 

45. Rosov, Ivan. A Study of the Views of Freyssinet. Structural Engineer, 1931. 
46. Rosov, Ivan. Discussion of Advantages in the Use of High Strength Concretes by 

Thomas T. Towles. Proc. American Concrete Institute, Vol. 29, pp. 149-152, 
1933. 

47. Shideler, J. J. Lightweight-Aggregate Concrete for Structural Use. Proc. 
American Concrete Institute, Vol. 54, pp. 299-328, 1957. 

48. Siess, C. P. Summary of Conference and Speculation on the Future. In Final 
Report on First National Conference on Fundamental Research in Plain Con
crete by Clyde E. Kesler, Department of Theoretical and Applied Mechanics, 
Univ. of Illinois, May 1, 1959. 

49. Soviet Concrete Not So Tough? Engineering News -Record, Vol. 166, No. 22, 
p. 47, June 1, 1961. 

50. Tennessee Valley Authority. Concrete Production and Control. Technical Report 
No. 21, Washington, D. C., 1947. 

51. Thaulow, Sven. Tensile Splitting Test and High Strength Concrete Test Cylinders. 
Proc. American Concrete Institute, Vol. 53, pp. 699-706, 1956-57. 

52. Thoman, William H. , and Raeder, Warren. illtimate Strength and Modulus of 
Elasticity of High Strength Portland Cement Concret e. Proc. American Con
crete Institute, Vol. 30, pp. 231-238, 1934. 

53. Tomita, H. , and Well, D. E. Effect of Temperature Rise on Compressive 
Strength of Hardened Cement Paste. Technical Report 169, U.S. Naval Civil 
Engineering Laboratory, Port Hueneme, Calif., January 31, 1961. 

54. Towles, Thomas T. Advantages in the Use of High Strength Concretes. Proc. 
American Concrete Institute, Vol. 28, pp. 607- 612, 1932. 

55. Unusual Strengths Attained in Precast Slabs Used for Facing Powerhouse Walls 
at Fort Peck Dam. Concrete, Vol. 57, No. 5, pp. 9-10, May 10, 1949. 

56. U.S. Army, Office, Chief of Engineers. Design of Structures to Resist the Effects 
of Atomic Weapons, Strength of Materials and Structural Elements. EM 1110-
345-414, March 15, 1957, with Change 1, January 10, 1961. 

57. Walker, C. G. Recent Developments in the Manufacture and Use of Cast Stone. 
Proc. American Concrete Institute, Vol. 32, pp. 473-484, 1936. 

58. Wiedyke, Robert G., and Hurd, Mary K. American Concrete Institute, 55-Year 
Index, 1905 - 1959. American Concrete Institute, Detroit Mich. , 1960. 

59. Wig, R. J., Williams, G. M., and Gates, E. R. Strength and Other Properties 
of Concrete as Affected by Materials and Methods of Preparation. Technologic 
Papers of the Bureau of Standards, No. 58, June 20, 1916. 

60. Wygant, J. F. Cementitious Bonding in Ceramic Fabrication. In W. D. Kingery, 
Ed., Ceramic Fabrication Processes. Technology Press, MIT, pp. 171-188, 1958. 




