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AGGREGATE GRADING FOR MECHANICALLY COMPACT 

CONCRETE PIPE 

SECTION A-G1ERAL 

A-1 INTRODUCTION: Concrete pipe as a material of 

construction has, by a gradual evolution from an article 

of questionable merit to one of accepted permanence, at- 

tamed a rather prominent position in certain lines of 

construction. This evolution has been the result of the 

applications of principles discovered in the practice ol' 

fabrication rather than from fundamental studies sUCh as 

have characterized the development of plastIc concrete. 

No doubt, much credit for the development is due to a 

higher qualIty of raw materials and to the perfection 

of mechanical equipment to form the pIpe. However, the 

most modern equipment and the best of materials have 

failed to produce a first quality product in the hands 

of inexperienced operators. Due to the fact that the 

concrete mix from which pipe is fabricated by mechanical 

means is of the non-plastic type or what is termed "dry- 

mix," and due also to the fact that such non-plastIc 

mixes have a very limited field of application, an ex- 

tended study of the many variables encountered in 

products manufacture has never been undertaken, and 

the literature is almost void of information that is 
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of particular consequence to the pipe producer. 

It has been stated that concrete pipe is man- 

ufactured entirely upon knowledge gained through exper- 

ience (-), and it is realized that this knowledge is 

somewhat guarded. Such a condition is not one to ben- 

ef it the industry as a whole, and to the end that cer- 

tain principles, proven by experiment and application 

to production, be placed upon record, this thesis is 

written. 

À-2 PROCESSES OF LIANUFACTURE: The processes of 

manufacture of concrete pipe may be broadly divided 

into the poured pipe and the machine made pipe. The 

fundamentals of production of poured pipe are well es- 

tablished in the field of plastic concrete, consequently, 

no discussion of this type of pipe is contained herein. 

The mechanically fabricated pipe may be subdivided into 

three general classifications, tamped pipe, packer head 

pipe, and centrifugal pipe. A brief description of the 

mechanical processes is in order. 

Tamped pipe is manufactured by mechanically 

tamping ttdry_mixed» concrete between an outer forni and 

an inner core. The outer form is clamped in a rigid 

position and rotates about the core. Ash sticks, shod 

* Private Communication - Portland Cement Association 



with steel shoes, transmit mechanical force to the con- 

crete in a series of rapid blows; the concrete being fed 

into the annular space between the mould and the core at 

a rate controlled by the operator. As the annular space 

is filled with tamped concrete, the ash tarnping stick is 

allowed to rise by slipping through leather friction 

grips in the head rig, the pressure upon the grips regu- 

latng the force of the blow. As soon as the annular 

space is filled, the tamp stIcks and head rig are allowed 

to swing to one side and a heavy mould is forced into the 

surface of the concrete to produce the desired end condi- 

tion. 

Since a dry mix is used, the core may be with- 

drawn from the concrete as soon as moulding operations 

are complete and the jacket or outer mould with the pipe 

contained, is transported bodily to the curing room 

where the jacket is stripped from the pipe. The jacket 

is then returned to the machine and the operation is 

repeated. 

Packer head pipe is manufactured In essen- 

tially the same manner as tamped pipe with the excep- 

tion that the mechanical force is transmitted to the 

concrete by shoes that are attached to the top of the 

core. A revolving core is used instead of a revolving 

jacket and during the core rotation, a lift takes place 
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that result 8 in the core passing entIrely through the 

pipe. During the lifting process, concrete is fed into 

the upper space and the shoes press it outward against 

the surface of the mould. The core, which follows the 

packing shoes, trowels the inside surface of the pipe 

smooth in the same manner as in the tamped process. 

In the centrifugal process, a large outer mould 

is rotated at a high speed and concrete of a mix that 

approximates a plastIc condition is fed to the mould. 

Since the concrete revolves wIth the mould, the outward 

centrifuga]. force of the spinning pushes It against the 

face of the mould. A large portion of the mixing water 

is squeezed from the mix upon compaction, this water be- 

ing troweled from the inner surface when the final level- 

Ing to inside diameter takes place. It is not possible 

to remove the forms at once with this tyoe of pipe, con-. 

sequently, the centrifugal process approximates the 

poured process in the amotmt of equipment necessary. 

All of' the above mentioned types of pipe may 

be manuí'actured with steel reinforcing or plain, as may 

be required by the specifications as to the supporting 

strength of the pipe. The placing of the reinforcing 

steel and the necessity of sound compaction eround ït, 

result In some difficulty of manufacture in each type 

of pipe. In genera!, it is conceded that the operations 
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of the packer head machine are somewhat restricted to 
the nal1er sizes of pipe (preferably plain) and the 
centrifugal to the larger sizes due to the invested cap- 
ital in equipment. By single or multiple tamping ar- 
rangements, the tainped pipe has been developed to encom- 

pass the entire range of types and sizes for both the 
plain and reinforced ì±pe. 

A- THE SPECIFIC PROBL: tIT1ee tests (for pipe) 
are required - the strength test, the absorption test, 
and the internal hydrostatic pressure test. The more 

coarse aggregate used, the greater the strength and 

lower the absorption. Unless the jrading of the aggre- 

gate is carefully worked out and the concrete is mixed 

for a sufficient length of time, the pipe may fail to 
meet the percolation (hydrostatic) test because water 

often percolates through crevices among the coarse ag- 

gregate." (10) 

Such statements as the above are found scat- 

tered throughout the literature, but conununlcations and 

inquiry have failed to bear fruit in the form of any 

definite recommendations that might effect the desired 

grading. Loading conditions (11) (12), physical testing 
and specifications (3) (4) (13), hydraulic capacity (1) 

(2) (14) (16) (17) (18), and descriptions of the process- 
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es of manufacture (10) (15) have 'been covered extensive- 

'y in the literature, with the entire material vo±d of 

any suggestion as to methods or procedure for the grading 

of aggregates to improve pipe quality. No one in the 

products industry denies the need of an applicable method 

for the grad!ng of pipe aggregate, especially for those 

sizes of pipe where the wall thickness is small and fail- 
ure to meet specification by percolation through the thin 

wall is imminent. Since percolation is not an important 

measure of pipe quality for the thicker walls (pipe 18 

inches and above in internal diameter) and since the 

specifications for percolation, absorption and strength 

form a difficult combination to meet for the pipe under 

18 inches in dismeter, the efforts of this research were 

directed toward the design of a concrete mix that would 

economically meet specifications and not be incapable of 

application in a products plant for the pipe sizes as 

limited above. 

Since the primary interest of the writer has 

been established in the field of tamped pipe, this study 

was further narrowed to encompass only this type of 

production. Consequently, the object of the research 

for which this thesis presents the results might be 

stated as: To establish a method for proportioning and 

grading concrete aggregates and cement such that pipe of 
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small dinmeters, fabricated from the proposed mix by 

the tamped process, shall pass the tests for percolation, 

strength, and absorption, and further, that such a method 

be economical and adaptable to products plant operation. 

À-4 PREVIOUS FORTS: Over a period of some years, 

the writer and Professor S. H. Graf attempted. to apply 

the established methods of aggregate grading to the oro- 

duction of concrete pipe. Papers dealing with the fun- 

damentals of the methods, and recommendations of pro- 

cedure were presented before the products inanufacturerst 

association (k). These attempts to promote an improve- 

ment in pipe quality were made without the benefit of 

trial under operating conditions. Manufacturers hesitat- 

ed to establish unfamiliar practices without direct su- 

pervision, consequently, no plant data or test specimens 

were available to prove the worth of the proposals. 

iilethods of aggregate grading that were termed "the 

method of minimum void space" (), "the method of sur- 

face area" (-), and "the method of maximum density" (*), 

were all recoirmiended at var±ous t±mes but it remained 

for the initial stages of this research to show that the 

above proposals were quite useless in actual practice, 

first, because the quality of pipe was, in most cases, 

* Unpublished Papers 



lowered rather than raised, and second, all of the meth- 

ods were too involved for the pract±ces of the ordinary 

products plant. The failures that resulted from the at- 

tempts to apply the above methods were not considered 

suitable data for this writing, but they were contribut- 

ing factors to the final results in that they were elim- 

inated as possible methods and pointed toward the final 

solution of the problem by indicating those practices 

that were not feasible. 

In the early stages of this research, the ques- 

tion of the effect of the water content of the "thy-mixes 

became a paramount consideration because no one variable 

affects pipe quality to the same degree as does the 

amount of water Incorporated in the mlx. This variable 

was attacked from the standpoint of the water-cement 

ratio and while absolute values such as found in the 

field of plastic concrete were never determined (the 

writer believes that absolute values do not exist), 

comparable results and trends were established. A dis- 

cussion of this phase of the problem and other prelim- 

mary studies follow. 
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SECTION B-PRELIMINARY (PERIMENTS 

B-1 THE VATER-CLT RATIO: "The mlx shall be such 

as will produce a pipe that will meet the physical test 

requirements hereinafter provided, but under no circum- 

stances shall the mlx consist of less than i part 

Portland cement to 4 1/2 parts of combined coarse and 

fine aggregate, WITH A MINBdITJIVI AIVIOUNT OF WATER TO PRO- 

DUCE A WORKABLE MIX FOR MACHINE MADE PIPE." 

The above statement (capitals by writer), 

taken verbatim from a specification for concrete pipe at 

as late a date as l95O, represents a general opinion 

held by pipe producers at that time. Observations of 

the character of "th'y-mixes" were not in accord with t1 

above statnent and tests were initiated to determine 

the effect of mixing water, as expressed by the water- 

cement ratio, upon the strength of specimens fabricated 

from a "dry mix. 

A series of compression test cylinders was pre- 

pared for mixes laying well within the limits of dry mix- 

ed concrete, using a unifonn sample of dry sand as aggre- 

gate. All cylinders were compacted in a uniform manner 

by mechanical tamping and were cured in water for a 

twenty-eight day period. The proportions of cent to 

aggregate varied freni 1:2 parts to 1:6 parts by weight 
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of cement to sand, with the water content varying from 

that necessary to prevent crumbling to a quantity suf- 

ficient to cause a definite slump of the specimen upon 

the removal of the mould. 

Figure 1 presents the results of' the tests up- 

on the above described samples by a plot ot' the breaking 

strength against the water-cement ratio (8). Each point 

represents the average result of' from five to eight cyl- 

inders. While it is not presumed that the specimens as 

prepared duplicate the compaction or strength attained 

in the concrete of machine fabricated pipe, or that the 

compressive strength is a true measure of concrete qual- 

ity as used for products manufacture, nevertheless, the 

results are comparable and indicate a very definite 

trend, THE HIGH THE WATF -c 1fl RATIO, THE STRONG 

THE CONCRL'rE. This statnent is contrary to the opinion 

as expressed in the foregoing specification. 

Repetitions of the above experiments were con- 

ducted for tensile test specimens and Figure 2 presents 

the test results of a series prepared from Los Angeles 

sand and Portland cement as a 1:4 mix by weight. Figure 

3 establishes the same trend as indicated by the labora- 

tory tests for actual specimens of machine made pipe of 

10 inch diameter and 1:4.02 mix by weight. The maximum 

load under a three edge bearing test and the supporting 
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strength calculated therefrom are given. There can be 

no mistake in the general effect of water content of the 

mix upon strength as indicated by the results referred 
to. 

It will be noted that, in several cases, the 

water-cement ratio for maximum strength vías exceeded. 

Such results are In accordance with predictions establish- 
ed. by a general consideration of the water-cement ratio 
curve for plastic mixes. Figure 4 presents this general 

curve and the points plotted thereon are the results of 

the calculation of percentages by the estimation of max- 

lrnwn attainable strength and the water content agreeing 

with such a figure. The points are quite scattered, but 

such is to be expected since they include the results 
fron compression test specimens, tensile test specimens, 

and samples of pipe, and since the computations were made 

by an evaluation of the intersections of strength curves 

such as given in Figures 1, 2, and 3 and the usual water- 

cnent ratio curve as drawn through the points beyond 

maximum strength. Figure 4 emphasizes the fact that an 

increase in water content Increases the strength, which 

is in agreement with the conception established by the 

water-cement ratio curve for plastic concrete. (9) 

ConclusIons drawn from this preliminary study 

of the water-cement ratio follow: 
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(i) An increase in the water content of ttth.y_mixesU 

produces an increase in the strength of the finished 

product. 

(2) Specifications containing minimum water clauses 

are incorrect. 

(5) Increased strength is obtained with an increase 

in water content until a definite slurip of the product 

results upon the removal of the forms or moulds. 

(4) Variations in strength are more marked at the 

higher water-cement ratios, the increase in strength be- 

ing as great as 3O% for an increase in the water-cement 

ratio of 0.05. 

PRELIMINARY INVESTIGATIONS 0F AGCTREGATE GRAD- 

ING: While the previously described experiments upon 

aggregate grading (which indicated certain mixes or 

types of grading to be impractical or unsuitable) might 

be expanded wider the heading of preliminary investiga- 

tions, these researches will not be reported in detail 

and attention will be directed only to those results 

that eventually contributed directly to the solution of 

the probl. Two general types of grading exist, the 

uniform or continuous grading and the intermittent or 

gap grading. It is generally considered that the con- 

tinuous grading forms the more suitable type for plastic 
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concrete. The maximum density mixes of Fuller and 

Thompson (6) are empirical examples of the uniform type. 

The various trials with established systems of grading 

indicated that a uniform mixture of aggregate was not 

desirable for concrete products. Consequently, atten- 

tion was given the intermittent grading although such a 

type is considered to be too harsh, and unsuitable for 

plastic concrete. Since little or no inforr.ation was to 

be found. in the concrete literature relative to the 

intermittent system, preliminary experiments were con- 

ducted to determine in measurable terms the properties 

of such a system. Also, since fineness modulus measure- 

ments provided a definite and familiar scale by which to 

judge coarseness or fineness of the aggregate combina- 

tions , it was desired to incorporate the modulus with 

the grading. It must be realized that the conditions 

surrounding the manufacture of pipe, limit the range 

over which coarseness or fineness of the aggregate may 

be varied. As previously pointed out, too fine a mix 

results in excessive absorption, while too coarse a mix 

results in percolation through the pipe viali. Although 

not of such wide influence, there appears to be an ef- 

feet of aggregate size upon strength, the coarser mixes 

resulting in the stronger products. Also, excessively 

coarse mixes tend to cause ttrock spots" in the surface 
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of the finished pipe arid an excessively fine mix tends 

to adhere to the core or forms causing tIbningU or a 

seam fracture upon removal of the jacket. The coarse- 

ness or fineness of a mix, then, is established by spec- 

ifications on the one hand and the limiting conditions 

of fabrication on the other. Some variation in fineness 

modulus (fineness measurnent) can be made available by 

variation in the richness or cement content of the mix, 

however, economy dictates certain limits for such a 

practice. 
From the above discussion it is evident that 

a reconimended fineness modulus is desirable, however, 

such a recommendation must be established by the ob- 

servation of plant conditions, methods of manufacture, 

and a consideration of specifications. It has been 

pointed out that the boundary condition or the ratio of 

surface area to volume is a necessary consideration (5), 

especially in the manufacture of pipe where the surface 

area-volume ratios are high. In the recommendation of 

a modulus, these ratios were established as an index 

of the variation. Time was not ava±lable to select a 

fineness modulus for all pipe sizes by observation of 

plant coiñitions, consequently, efforts were made to es- 

tablish values for three pipe sizes (4, 10, and 18 inch 

diameter). From the three selected values, a general 
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recommendation as indicated by Figure 5 was decided up- 

on. That the recommendation is compatible with the 

boundary condition is indicated by the surface area- 

volume curve (plotted upon the same figure) since it is 

known that a higher ratio of surface area to volume ne- 

cessitates a finer mix (lower fineness modulus). It has 

been suggested that the recommended mixes are too fine, 

also that they are too coarse, however, individual plant 

conditions vary and until further standardization in 

practice takes place, the above results cannot be iniprov- 

ed. In any event they were found very suitable in the 

applications described in the material that follows. 

In order to understand the fundamentals of' the 

gap graded mixes, a series of experiments was inaugurat- 

ed to study the important variables. The procedure of 

the various experiments was adapted to the apparatus and 

means of measurement available. Previous practca1 ex- 

perience had limited the feasible sizes of aggregate and 

combinations of the same that were possible of plant use. 

The object of these preliminary experiments was f our- 

fold; namely, (1) To determine the combinations of mini- 

mum void space for various compacted mixes of screened 

aggregates ranging from through 3/4 and on 1/2 inch mesh 

screens to through No. 48 and on No. 100 mesh screens. 

All mixtures were combinations of two-sized aggregates 
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(two component mlx) so that a distinct ap existed in 
the grading which could in no manner be described as 

continuous. (2) To determine whether a relationship 
existed between the fineness modulus of aggregate mixes 

of rninirtnin void space and the diameter ratio (small to 
large) of the component partIcles. (3) At conditions 
of maximum compact-Ion, to determine the variations in 
density end compressive strength of prepared specimens 

as influenced by the water-cement ratio, and for the 

same conditions to determine the effect of the fineness 

modulus upon the cnpressIve strength, and, (4) To cor- 

relate the values obtained in a general reconunendation 

of aggregate grading. 

0f the foregoing objectives, the first three 
are completed In the assembled data that immediately 

follow, while the fourth remains for the general reco!n- 

mendations contaIned in a later sectIon. To present the 
results in logical order, the first three objectives 
will be discussed. 

B-2-s Void Space Measurements: For brevity, the 
different screened sizes of aggregate used will be re- 
ferred to by the numbers as given in Table 1, which pre- 

sents the physical characteristics of the materials. 
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TABLE i 

Aggregate Screen Size Particle Specific Voids 
No. Size Passing Caught Diameter-In. Gravity _____ 

1 3/4-1/2 0.742 0.525 0.634 2.57 37.6 

2 1/2-/8 0.525 0.7l 0.448 2.56 37.1 

o 3/8-4 0.371 0.185 0.278 2.64 36.5 

4 4-6 0.185 0.093 0.139 2.64 38.3 

5 8-14 0.093 0.046 0.0695 2.56 42.3 

6 14-28 0.046 0.0232 0.0346 2.54 42.8 

7 28-48 0.022 0.0116 0.0174 2.56 42.6 

8 48-100 0.0116 0.0058 0.0087 2.70 45.0 

To measure the void space of the several ag- 

gregate combinations, the mixtures were rodded into e. 

machined container of predetermined weight. From the 

net weight of aggregate contained, the average (weighted) 

specific gravity and the container volume, the void 

space for a given combination was calculated. Total 

weights of the various aggregate batches varied from 8.8 

pounds to 11.0 pounds as measured upon a metric solution 

balance to an accuracy beyond the reported void space 

figures. 

Various percentages by weight of all aggre- 

gates were combIned with the No. i aggregate and again 

with the No. 3 aggregate (these sizes representing the 

largest possible of use in medium and small sizes of 
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pipe) and the void space rneasirernents were made upon all 

mixtures. The results, represented as averages in graph- 

ical form, are given in Figures 6 and 7. Each point 

shown in the figures is the average of two determinations 

tbt checked closeli in all cases. 

B-2-b Fineness Modulus: Since the percentages of 

screened sizes present In a combination of aggregates 

were fixed by the relative proportions used, a calcula- 

tion of the fineness modulus for each combination was 

postble, however, since interest was centered upon the 

mixtures of minimum void space, the calculations were 

restricted to such mixtures. From fundamental consider- 

at±ons it appeared that a relationship should exist be- 

tween fineness modulus and diameter ratio of the corn- 

ponents of a maxinmrn densitï mix. The relationship 

found in the case of the mixtures of minimum void space 

for the No. i and No. series of aggregate is presented 

in Figure 8. Doubtless, an entire fsmily of cwves for 

different large sized aggregate could be prepared, but 

since the sizes used are compatible with the intended 

purpose, the rernaning measurements await the necessity. 

B-2-c Strength and Density of Mixes of' Maxinm 

Compaction: The factor of the extent of' compaction has 

always been uncertain in the correlation of experimental 

strength figures, and practical test results in so far 
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e.s the "dry mixes" are concerned. A consideration of 

the density of actual products as compared to the cien- 

sity of experimental specimens tends to place the re- 

suits upon a comparative basis, however, such correc- 

tions are not entirely satisfactory. WhIle the experi- 

mental method of compaction used in these tests does not 

pretend to duplicate plant conditions, it provided a 

condition of reproducible compaction that yielded sam- 

plea of the same densIty as attained in machine fabri- 

cated pipe. The method was essentially the placing of 

the dry mixed concrete into compression cylinder moulds 

by jigging to refusal upon a flow table (8). The moulds 

were calibrated as to volte by an external piston that 

served the purpose of a taniping weight. The procedure 

was to measure the number of jigs (1/2 inch drop) noces- 

sary to produce maximi.un compaction for a given mix. 

Once the required number of jigs was determined, the 

preparation of duplicate samples was possible. 

A series of compression test cylinders was 

prepared as above outlined, using a 1:4 mix by weight of 

cement to aggregate. The aggregate was the minimum voId 

space mixture of series C-16, Figure 6, havIng 35% by 

weight of No. 7 and 65% by weight of No. 3 aggregate. 

Care was taken that the water-cement ratio should be 

the only variable, and the cylInders were cured in water 
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for seven days before breaking. Figure 9 presents the 

variation in density obtained by the variation in water- 

cernent ratio, and Figure 10 presents the change in 

compressive strength for the same variable. 

In order to evaluate the effect of grading up- 

on the strength, a series of test cylinders was prepared 

using the minimum void space mixtures of aggregate from 

C-1, C-14, C-15, C-16, and C-17. The concrete was pro- 

portioned 1:4 and the water-cement ratio was held con- 

stant at 0.60. The fineness modulus for the different 

mixes ranged from 4.5 to 5.7 and Figure 11 gives the 

twenty eight day strengths of the samples. 

B-2-d Conclusions: It is pertinent to draw con- 

clusions at this point from the results of the fore- 

going, preliminary experiments. 

(1) Any gap or intermittent grading of aggregate 

produces a combination of minimum void space that be- 

comes more def±nite as the sizes of the components 

separate. It is noticeable that such minimum voids oc- 

cur at approximately the same percentages by weight of 

larger and a11er aggregate sizes, indicating that cer- 

tain percentages accomplish maximum aggregato cornpact±on. 

(2) For a given fineness modulus, a particular di- 

ameter ratio of small to large sizes of aggregate ap- 

pears to produce minimum void space, with the fineness 
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modulus increasing as the diameter ratio increases. For 

a particular fineness modulus, the desirable s±ze separa- 

tion is indicated. 

(3) At compaction to refusal, the water-cement ratio 

influences the density of the finished concrete, which in 

turn is reflected in an increase in the strength of the 

concrete. (The writer considers all increase in 

strength due to increase in the water content to be the 

result of greater compaction made possible by the added 

water.) 

(4) As is the case with plastic mixes, the "dry 

mixes" exhibit a peak in strength at a definite fineness 

modulus. 

(5) Since aggregate sizes, strengths, values of the 

fineness modulus, and ssrnple densities are all in accord 

with plant figures, it is considered that the above re- 

sults and conclusions are indicative of the properties 

that might be expected of intermil;tently graded mixes. 

blackp
Text Box
p.30 not used.
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SECTION C - MATERIALS AIID GRADING 

SAND SIZE: For the manufacture of pipe, prac- 

tical considerations dictate a three component mix, 

comprising coarse aggregate, fine aggregate, and ceìiient. 

Also, wall thicknesses limit the maximum size of coarse 

aggregate to such dimensions that any one particle will 

not extend through the entire section of the wall, con- 

sequently, for medium size pipe, one-half inch age- 

gate is about the largest possible of use. For the 

smaller sizes of pipe a three-eighth inch aggregate is 

desirable. It bas been shown (7) that the relation be- 

tween particle sizes for a mix of maximum density or 

minirnDm void space is, 

d2 .......... . (1) 

where, d1 = average diameter of coarse aggregate. 

average diarieter of fine aggregate. 

d3 = average diameter of cement. 

If an average fiìre of 0.001 inch is assumed for 

the partIcle diameter of the cement, then for the 

largest size of coarse aggregate (1/2 inch) the aver- 

age particle dismeter for the sand should be, 

0.634 x 0.001 = 0.025 inch. 

The average particle diameter of sand for use with the 

smaller coarse aggregate (3/8 inch) would be, 
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= 0.448 x 0.001 0.021 inch. 

The above average diamet ers for the sand 

particles indicate that a major portion of the sand 

(more than 60% by weicht) should pass the No. 28 and 

be retained upon the No. 48 sieves. A valuable point 

is here established; namely, that the sand suitable 

for combinations with the established sizes of coarse 

aggregate must be very fine. Concrete sand (of univer- 

sally larger particle diameter than indicated) would 

not serve the purpose. In considering the above point, 

the fact must be borne in mind that a gap graded mix 

with a uniform size of coarse aggregate is anticipated. 

It is pertinent to mention that the above 

size considerations were applied in establishing sub- 

sequent recommendations, and that a suitable, practical 

sand of the proper size was available In the form of 

Columbia river mason sand with a sieve analysis as 

follows, 
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TABLE 2 

Sieve Percent Percent Percent 
Size Retained Coarser Finer 

4 0.0 0.0 100.0 

8 1.0 1.0 99.0 

14 7.9 8.9 91.0 

28 29.5 38.4 61.6 

48 36.1 74.5 25.5 

loo 22.5 97.0 3.0 

Pan c.O 

100.0 219.8 

The foregoing sieve ana1yss gives a fineness 

modulus of 2.20. If it is considered that the average 

specific gravity applies throughout the entire range of 

sieve sizes for a particular sand, then the average 

particle dismeter for the Columbia river sand would be 

0.0255 inch or a size slightly larger than the size 

desired as indicated by the prevIous calculations. 

However, since this study was necessarily a practical 

application, the fact that such a sand was available was 

considered fortunate since it is not possible to resort 

to sand screening in a products plant due to economic 

considerations. Since the Columbia river sand appeared 

suitable for use, a check of the fineness modulus was 

made over a period of two months. It was found that 
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the average fineness modulus was somewhat greater than 

anticipated, but that a imiform product was available 

as indicated by Table 3. 

TABLE 3 

Test No. Fineness Modulus 

1 2.24 

2 2.38 

3 2.25 

4 2.38 

5 2.25 

6 2.26 

Average 2.29 

Maximum 2.38 

Minimum 2.24 

Whi].e more or less extraneous to the subject 

matter of thIs writing, it is of interest to know that 

a rough correlation exists between the average particle 

diameter and the fineness modulus. Such a relationship 

makes possible the calculation of particle diameter 

directly from the sieve analysis to a degree of accuracy 

sufficient for practical apDlication. Table 4 gives a 

number of calculated, average particle diameters for 

various sands and the fineness modulus; these same values 

being represented in graphical form in Figiue 12. 
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TABLE 4 

TJÍr,,1.r, A. D.,..4-$ 1 1Th4 

.l9 0.0681 

3.35 0.0677 

4.38 0.150 

5.33 0.186 

1.69 0.0179 

4.16 0.111 

4.71 0.192 

2.67 0.0497 

2.24 0.0270 

2.95 0.07o7 

3.52 0.120 

3.30 0.103 

3.84 0.186 

COARSE AGGREGATE: As has been shown by 

Famas (7), ror diameter ratios (smallest to largest) 

below a value of 0.01 and. for an initial void content of 

40%, an increase in the voids in the coarse aggregate 

makes possible the use of a larger number of component 

sizes up to between three and four. Since a three 

component mix was desired, a maximum void space in the 

coarse aggregate was imperative. Such maximum void 

space is present in an aggregate of a uniform size but 



7 

n5. 
-I 

0 
o 

(r) 

u) 

Lu 

z: 
LUZ 
z: 

o ___-_----___ 
ill_I:_01 ___ 

___ - _ß) 
___-- ------ 

___ 
1 

-_ 
,0 

------____ 

_--__ 
aoa 0.03 004 0.06 08 WO 

AVE?AGE TCLE DIAMETFR 

Fipure 12 

0.20 



38. 

of irregular shape. It is also necessary that the 

coarse aggregate be as large as possible. This latter 

consideration ±s limited by wall thickness of the pipe, 

consequently, a coarse aggregate of the maximum possible 

size, uniform size, and irregular shape was sought. It 

is not impossible from an economic standpoint for a 

products plant to screen large aggregate, but there is 

a dlisadvantage in the accumulation of undesirable, un- 

dersized material. If a separate use for such material 

is possIble, such as the production of brick, building 

tile, fence posts, etc., then the problem is greatly 

simplified. 

In tuis study, a suitable coarse aggregate 

was found in screened gravel from a sand pit. While the 

particles were not as irregular in shape as was de- 

sired, they were clean, durable, and of uniform size. 

Table b gives the sieve analysts of the material. 



Sieve No. 

3/8 

e 
e 

14 

28 

48 

100 

Pan 

TABLE 5 

Percent Retained 

0.0 

7.2 

58.1 

28.7 

4.6 

0.9 

0.3 

0.2 

100.0 

Fineness Modulus 4.64 

39. 

Percent Coarser 

0.0 

7.2 

65.3 

94.0 

98.6 

99.5 

99.8 

464.4 

It is considered that the above material repre- 

sents about as close a uniformity in size as is obtaIn- 

able without recourse to screening. However, since the 

above aggregate was somewhat small in size (too large a 

proportion upon the No. 14 sieve), and since the partie- 

les were regular in shape, a crushing and screening oer- 

ation was consIdered desirable. Where very large pipe is 

prociced at the same time as small pipe, the over-run and 

under-run from the screen can be used for such sizes. 

Table 6 gives the sieve analysis of the screened aggre- 

gate prepared or the small pipe by a 3/8 inch mesh tram- 

mel screen that followed a sand screen. The through-put 

was the product of a disc crusher that operated upon one 
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inch minus river gravel. 

Sieve No. 

4 

8 

14 

28 

48 

loo 

TABLE 6 

Percent Retained 

0.0 

58.4 

25.5 

8.2 

2.6 

1.2 

0.8 

Percent Coarser 

0.0 

58.4 

83 9 

92.1 

94.7 

95 9 

96.7 

Pan 3.3 

100.0 521.7 

Fineness i.Iodulus 5.22 

Fig,.res 1 and 14 present a graphical and 

pictorial representation of the two coarse aggregates 

described above. The method of representing tile sieve 

analysis is not the best or most useñil method, but .t 

is easi1r understood by the manufacturers and gives a 

specific idea of the variation in aggregate sizes, a 

picture that the cumulative curves fall to present. 

RICHNESS 0F MIX: Reference to relationships 

developed for three component systems of maximum 

density (7) show that for conditions of varying void 
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space and varying density, the proportions by weight 

of the components are given by the equation, 

Total Weigit = W1 + (l-W1) + (1-wi) ((l-W2)/N2)..(2) 

where, 

w1 = (1-v3)si / ((i-v1)s1 + vi(l-v2)s2) ...() 
W2 (1-v0)s2 / ((1-v2)s2 + v2(1-v)s3) ...(4) 
V1 fractional voids in coarse aggregate. 

V2 fractional voids in fine aggregate. 

V fractional voids in cement. 

= true specific gravity of coarse aggregate. 

S2 = true specIfic gravity of fine aggregate. 

true specific gravity of cemnent. 

Equation 2 is essentially a weight balance 

with the weights being expressed in terms of absolute 

voiwnes of material and specific gravities. 
To illustrate a particular case of applying 

the above balance, take aggregate No. 2, Table 1, 

having 7.1 percent voids, absolute specific gravity 

2.56, and. aggregate No. 7 with 42. percent voids, ab- 

solute specific gravity of 2.56, and cement with 52 

percent voids, specific gravity 3.10 or apparent 

specific gravity of 1.48 and combine them according to 

the conditions of equation 2. 
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w (1-0.37) 2.56 0.745 i - Ç1-0.37) 2.56 + 0.37 (1-0.42y 2.56 

w (1-0.42) 2.56 _________________ = 0.702 2 (l-0.4) 2,56 G,42 (1-0.52) 3.10 

Total W = 0.745 + 0.255 + 0.255(0,298/0.703) 

Total W 1.108 

Whence the proportions are, cement 0.108 sand 

0.255 : gravel 0.745, or 1:2.46:6.90 mix by weight. 

The above calculations aro obviously not applicable to 

products plant mixes where a proportion of 1:5 by 

weight is the absolute maximum lean limit feasible of 

use. Although the above calculations, without doubt, 

produce a maximum density mix, they are not applicable 

to dry mixes because of the harshness that results, es- 

pecially at lov water contents. 

The determination of the richness of mix by 

means of minimum void space calculations leads to un- 

satisfactory results even when corrected for the con- 

traction in volume that results when the components are 

combined. Void space calculations upon the aggregate 

alone give results that are roughly one-third of the 

measured values, consequently, no faith can be placed 

in such calculations as a means of determining the rich- 

ness of a mix. 
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Because of the difficulty experienced in op- 

erating pipe machines with harsh mixes and because of 

the high strength concrete necessary to meet specifi- 

cation requirements, a pipe mix must contain a rela- 

tively high proportion of cement. Many specifications 

for pipe give a 1:3 mix by weight as the leanest accept- 

able. Where the cement proportion is not a part of the 

specification, strength requirements dictate a mix that 

is seldom, if ever, leaner than 1:5 under the present 

methods of fabrication. In general, pipe mixes cover 

the range from 1:3.5 to 1:4 and it might be stated that 

since the material cost accounts for only a small per- 

centage of the total production cost for small sizes of 

pipe, any factor that unfavorably influences production 

rates results in sn economic loss. A mix of too low a 

cement content is such a factor. 

With due regard to the above considerations, 

the richness of mix for use in the production of' pipe 

under 18 inches in diameter is a figure that must be 

determined for each plant in light of the economy of 

production and strength test specifications. Plant ex- 

perience appears to be the most suitable guide in pro- 

portioning since all proposed methods of arriving at 

mixes must be altered in essent±al details to fall 
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within those limits that are imown to produce a satis- 
factory product. 
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SECTION D-RECOMMF1DATIONS 

AGGREGATE GRADING: With due consideration of' 

the foregoing material, with a knowledge of operating 

conditions in products plants, and with a consideration 

of the general level of control procedure in such plants, 

the recoimnendations that follow are presented in as 

practical a manner as possible, a fact that gives the 

appearance of failure at correlation. It must be kept 

in mind, however, that any involved procedure that 

might be submitted would fall for no other reason than 

a lack of understanding on the part of those accepting 

the recommendations, Since the primary consideration 

is the aggregate grading, this item constitutes the 

major subject in that which follows, however, an in- 

fluence is exerted upon other factors that are important 

to production; these factors being beyond the scope of 

th! writing. 

The recoimnendations of' aggregate grading are 

presented with due co 

tors, 

(1) A gap graded 

desirable. 

(2) A bigh water 

(3) A coarse mix 

isideration of the following fac- 

or intermittently graded mix is 

content increases pipe strength. 

produces stronger concrete than 



a fine mix. 

mix. 

(4) A coarse mix will carry less water than a fine 

(5) Too coarse a mix will cause "rock spots." 

(6) Too fine a mix will cause burning and stickIng 

to the cores. 

(7) A recoìmiended fineness modulus is available. 

(8) The larger the size separation in a gap graded 

mix, the lower the resulting void space. 

(9) For practical aggregates about 40 percent of 

the total weight of mixed aggregate should be fine 

material to produce minimum void space. 

(10) To promote workability and increase the den- 

sity of the product by increasing the extent of compac- 

tion, a richer mix than called for by maximum density 

consIderations is desirable. 

(li) The coarse aggregate should be uniform in 

size but irregular in shape. 

(12) IIaximum particle diameter is limited by wall 

thickness of the pipe. 

(13) It is not feasible for a products plant to 

screen sand, consequently available sands must be 

utiliz ed. 

(14) Control testing must be simple and directly 

applicable. 
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Considering the above stipulations, the fol- 

lowing recommendations are proposed for the aggregate 

grading for machine compacted concrete pipe. 

(A) A COARSE AGGREGATE IN THE FOFTh OF DURABLE 

PARTICLES OF UNIFORM SIZE AND IRREGULAR SHAPE IS DE- 

SIRED. THE SIZE OF THE COWSE AGGREGATE SHOULD BE SUCH 

THAT ThE AVERAGE PARTICLE DIAMETDR IS BFTWE 1/2 AND 

1/3 THE THICKNESS OF THE WALL OF THE PIPE. THE FINESS 
1ODULUS OF THE COARSE AGGREGATE SHOULD BE ALL ENOUGH 

SO THAT A CI1BINATION OF 60 PFCENT BY WEIGHT OF COARSE 

AGGREGATE WITH 40 PCT BY WGHT OF FflE AGGREGATE 

WILL NOT RESULT IN A MIX AGGREGATE OF HIGH FINENESS 

MODULUS THAN IS RECOMivID FOR A DFINITE SIZE OF 

PIPE. (See Fig. 5.) 

(B) A FINE AGGREGATE IN THE FORM OF DURABLE 

PARTICLES OF AS UNfl'ORM A SIZE AS POSSIBLE SHOULD BE 

OBTAINED. THE MAJOR PORTION OF THE FINE AGGREGATE 

SHOULD LIE UPON A NO. 48 OR NO. 100 SIJE AND SHOULD 

CONTAIN AS SMALL AN AMOUNT AS POSSIBLE ON THE LARGER 

SIEVES, ESPECIALLY THE NO. 14 AN]) NO. 28. ANY AMOUNT 

0F MATERIAL IN THE FINE AGGREGATE THAT IS LARGER THAN 

THE NO. 14 SIEVE iOULD BE CONSIDERED AS COARSE AGGRE- 

(C) A C OMBIN AT ION OF THE AB OVE D ESC R IB AGGR E- 

GATES SHOUlD BE FECTFD SO THAT 50 TO 60 RCT BY 
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WEIGHT 0F THE TOTAL MIX AGGREGATE WILL LIE ABOVE A 

NO. 8 SIFVE. THE FINENESS 1ODULUS OF THE AGGREGATE 

MIXTURE SHOULD CLOSELY APPROXIMATE THE RECO1VILDED 

FINES !dODULUS F A DEFINITE SIZE OF PIPE. AT ALL 

EVENTS, TEE AGGREGATE 'iD(TURE SHOULD iIBIT A DISTThCT 

GAP IN THE GRADING, SUCH A GAP APPEARING AS SMALL PF2- 

CENTAGES OR NO 1íATERIAL REJAThED UPON THE 1W. 14 AND NO. 

28 SIEVES. 

(D) SUFFICIENT CEM'IT SHOULD BE ThCORPORATED WITH 

THE AGGREGATE TO GIVE A MD( N' LEN1 THAN 1:4.5 PARTS 

OF CThiT TO AGGREGATE BY WEIGHT. THE CHOICE OF THE 

MIX SHOULD BE CONTROLL BY STRENGTH TEST RESULTS. 

( E ) THE MAXIITtJ1I A1i OUNT O F WAT F2 SH OULD BE IN C OR - 

PORAT IN THE IIIX, IT BEING FEASIBLE TO INCREASE THE 

QUANTITY OF MIXING WAT AS THE FIN ESS MODULUS DE- 

CREASES. AT ALL TIMES THE SHOULD BE SUFFICIT WAT 

TO PRODUCE A DISTINCT WB MARKING UPON THE PIPE WHEN 

THE FORMS ¡RE RFOV) AND SOME SLURRY SHOULD RESULT 

UPON THE TABLE UNDER THE JACK. IN GENERAL, THE WAT- 

CEiVIENT RATIO WILL LIE BLTVEEN 0.50 AND 0.70 BY VOUThIE. 

The foregoing recoîiendations necessitate a 

knowledge of the characteristics of the aggregate, 

however, a sieve analysis of the material constitutes 

the primary test procedure end such an analys±s is not 

so difficult but that it is feasible of use for contro]. 
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purPoses. Limitations of operation under the recom- 

mendations are sufficiently flexible so that for the 

general run of aggregates the specified percentages may 

be taken either by volume or veight. 

a.:! (PERTh 1TAL VERIFICATION: The value of any 

reconmiendation in the concrete pipe field can be meas- 

ured in definite terms by the test results upon speci- 

mens prepared in accordance with such recoimnendatlons. 

As previously mentioned, these tests include strength, 

absorption, and percolation and it is the atm of every 

pipe manuíacturer to produce a product that will meet 

specification in all three of' the tests. The proposed 

"two peak" mix, prepared in accordance with the fore- 

going recommendations, was given a plant trial to prove 

the worth of the propossis. Columbia River mason sand 

was used as a fine aggregate (see Tables 2 and 3) and 

screenings, as represented in Figure 14, were used for 

the coarse aggregate. The resulting combination is 

presented in Figure 15. 

It will be noted in Figure 15 that a distinct 

gap exists in the grading as a result of the low per- 

centages of iraterial upon the No. 14 and No. 28 sieves. 

The fineness modulus of 3.54 limits the pipe size to 

approximately an 8 inch diameter in accordance with 
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Figure 5. AccorcUrigly, a products plant was operated 

for a period of' one day using the mix described by 

Figure 15. The morning operation produced 6 inch di- 

aineter pipe and the afternoon operation 8 inch diameter 

pipe. Production rates were checked and found to be at 

an sverage of 785 feet of pipe per 8 hour day for 3 

foot joints. This figure is essentially equal to the 

average production of 8 inch bell end pipe established 

at 750 feet per day (). It is quite obvious that any 

recoiîunendations that decrease production rates would 

be unsatisfactory, especially in the smaller pipe 

sizes, consequently the above check in the rate was 

deemed necessary. 

After a two day curing period, seven samples 

from the above described production were selected at 

random for a p'colation test. Seven more samples 

were selected after a 15 day period and at the same 

time six samples for a strength test. Generally, a 

full twenty-eight day period is allowed bef'e the pipe 

are to meet specification requirements, however, due to 

business pressure, it was necessary to make the tests 

upon the samples at the end of 15 days' time. As a 

result, the test values s.s given in Table 7 would have 

been somewhat higher for the twenty-eight day period. 

4 Unpublished Data. 



2-Day Porcolatiori Test __-in. diametor plpo. 

All samples pasod the twenty pound pei qure inch percolation te3t without 
leak. Seien pipos viere carried to the fo11oiing Internal pressures In ooiuìds 

per squaro inch, which wa the available city ater pressure at the time of the 
test: 1, (34, ö3, ci3, 63, rnr1 one p.pe f1od it t33 and ono at 51 pounds 

prcure0 

The above samples 1td beon o"rod with lovi presuro steam for twelve hours ad 
allowed to rern:jin tho curiflg roo"i for t,ienty four hours before reovirií' to the 
yard. 

15-Day Pcrcoiation To;t e-in. G-in. diameter Lne. 

ill swnplo3 1)133Od the twenty potmd per square inch porcolation test ':itthout 
1ea. seven pipc were tested nt the í'oiio.iL vai1aò10 city v.'ater pre$sure in 

pounds per squ.rc inch at t"le tine of boat; 71, 55, 4, 3.5, o5 63. .one of 
the cirnp1os fai1cI. The above specirnen3 wert from tho suie lot of 1P° as test- 
ed in the tio clay tests, after bein stored in tue pipa yard viith no special 
treatment foi' t.ìo 1ntorvcnin' timo. 

.- trcnth yost at 1 Days 

T ot a 
:ariplo Load Load 
Jurnber iounds ?ounds per ?oot 

8-in. 2-ip. diameter ptpe. 

pocifioation 
Load o\rir 

Pounrthper ?oot jueification 
i 4,6() 1,310 l,OJ 51.Q 
2 4,Ù'.(j 1,370 l,OCO 37.0 
3 4,910 1,4CC 1,000 40,0 
4 I,41O 1,260 1,000 26.0 
5 4,GCi 1,310 1,000 31.0 
G 4,'7)) 1,jU 1,000 36,0 

ii :ater Absorption (5-hour boil J 

Cample Dry V.et Increase Ptvoont 
wibcr '.7eiht Ueljtht in eirht Absorption 

1. 300.0 G33.0 42,0 
2 35.O 015.5 0,5 7.07 
3 C720 712,0 40.0 
4 -5o.O O/0 '.10 o.25 

Ç.22:! 'later Absoi'ption jJ4hoir irnrirs.on ) 

Sariple Dry Viet Increase 7orcent 
ìlumber iei:ht Vîeiht in Wei-)ht Absornt ion 

1_ J1:3.() :»/0 61.0 '5.67 
2 1331.5 307.0 5505 
3 35.b 675.5 4O() ;.30 
4 :i8.O 712.0 44.0 

s. Three edro bearing test, ilos. i and 2 with loadometer and os. 3, 4, 5, 
and G in Riehie 150,000 pound te3tin: machine. 
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The specifications in force for the tests 

reported in Table 7 were 1000 pounds per foot for the 

three edge bearing load, 8 percent absorption for the 

5 hour boiling test, and a percolation test in accord- 

ance with the A.S.T.M. specif±cations (4) or else a 

test at 20 lh./sq. in. for a ten minute period viithout 

leakage. Since no leaks were experienced for the 

twenty pound test, it was decided to carry the pres- 

sures as high as possible. It will be noted that the 

available cIty water pressure limited the extent of' the 

tests. On the basis of a 3/4 inch wall thickness for the 

8 inch diameter pipe, the average pressure of 63 lb./sq. 

in. results in a tensile stress of 336 lb./sq. in. which 

Is exceedingly high for a 1:3.8 mix at two days' time. 

The manufacturers witnessing the above tests 

were both surprised and gratified at the results and in 

contemplation of adopting the recommendations and at 

their request, a "standard" mix was prepared for plant 

approximation. This "standard" was prepared from 

graded materials and is presented in Figure 16. It was 

not supposed that any plant could duplicate the "stand- 

ard," but that it simply presents a picture of the 

recoimnendations in a graphical form. Only a small lot 

of the "standard" mix was available, however, the water- 

cement ratio results as presented In Figure 3 were ob- 
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tamed from pipe specimens in which this aggregate was 

used. It will be noted that the average supporting 

strength was about 1800 pounds per foot, which is 14% 

t 
Figure 17 

I 

above the A.S.T.M. specifications (4) for the 10 inch 

diameter pipe. The strength at the higher water-cement 

ratios was even greater. Figure 17 is a picture of 

some of the test specimens prepared for the above de- 

scribed study. 

Some variations of the gap graded mix were 

attempted but none were as successftl as those made in 

accordance with the recommendations as proposed herein. 

Further data were ava1ab1e in support of the satisfac- 

tory character of the "two peak" mix but such data are 

incorporated in plant test records since the plants in 

which the original tests were conducted adopted the 
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system and continued to operate under the conditions 

imposed for the smaller pipe sizes. Such operation 

has been reported to be very economical. 

a:. COFOR1ATI()N OF RECOMLIEDATIONS: Since the 

time at wbich the foreßoing recommendatïons were first 

established, several plants have adopted the intermit- 

tent 8radin. Without exception, marked success has re- 

suited in so far as reports are indicative. Figure 18 

shows a sample of an aggregate mix from a New Orleans 

plant where the ttjy0 peak" mix resulted in freedom from 

trouble due to percolation in the smaller sizes of pipe. 

This mix is somewhat fine, containing too high a per- 

centaCe of material on the No. 48 sieve. This fact is 

reflected in the production rates from this plant, their 

rates being below average and lower for the smaller 

pipe sizes which is indicative of the condition of the 

pipe sticking to the jackets. Such factors are char- 

acteristic of the fine mixes. 

A Texas plant experienced a great deal of 

difficulty in operation, and produced a very poor quai- 

itî of pipe. The foregoing recmnendations and. the 

graphical "standard" (Figure 16) were forwarded to them 

along w±th some specific suggestions. The following 

excerpt from a communication speaks of the successful 
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application of the method. 

....." in two weeks we dICI not stand up 

1000 feet of pipe, none of which would pass inspection. 

With your suggestions, as to mix, and using the same 

operator, we now average over 600 feet per day with 

little or no question of 95% of it running No. i pipe." 

The sieve analysis of the mix from the Texas 

plant as well as the analysis of a mix from a Washington 

plant that has operated very successfully uoon the in- 

termittent grading are presented in Figure 19. Both 

mixes are for use in small sizes of pipe as indicated 

by the low fineness modulus figure. 

Several comments upon the satisfactory re- 

suits obtained by the application of the recommendations 

contained in this thesis have been received from opera- 

tora who have adopted in full or in part the foregoing 

material. Sufficient time has not elapsed to prove 

the worth of the gap graded mixes as a universal ag- 

gregate for all sizes of pipe. However, sufficient 

confirmation has been received to make possible the 

statement that the gap grading offers definite advan- 

tages where percolation is a major consideration in de- 

termining pipe quality. In so far as it has been pos- 

sible for the writer to determine, the intermittently 
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graded, aggregate mlx has made possible a balance be- 
tween the three factors; percolation, strength, and 

absorption. 
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SECTION E-CONCLUSIONS 

Certain general conclus1.ons can be drawn as 

a result of the efforts of the research described in 

this wrIting. For the sake of directness, these conclu- 

sions are listed below In the order in which they are 

described. 

(i) An increase in the water content of "dry mix- 

concrete produces an Increase in strength as long 

as the mix remains in a definitely non-plastic condi- 

tion, consequently, specifications incorporating minimi.m 

water clauses are incorrect. 

(2) VarIations in strength due to water content 

of the mix are more apparent at high water-cement 

ratios. 

(3) In general, the accepted methods of design for 

plastic concrete mixes proved to be of little value when 

applied to non-plastic mixes. 

(4) An Intermittently graded aggregate mixture 

exhibits a combination of sizes that produces minimum 

void space or maximum aggregate compaction. Although 

such gap graded mixes are not suitable for plastic con- 

crete without some modification, they appear to be sat- 

isfactory for use in "dry mixes." 

(5) Concrete mixes as used for the manufacture 
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of concrete products must be richer in cement than in- 

dicated to be necessary by maximum density calculations.. 

Strength requirements, and the practices of fabrication 

dictate the higher cement content. 

(6) perimental results have made possible 

definite recommendations for the grading of aggregate 

mixtures for use in the manufacture of concrete pipe of 

small diameters. 

(7) The value of the proposed recommendations has 

been verified by plant operation. 

(8) Further operating data are necessary before a 

universal recommendation of the intermittent system of 

grading can be made. 
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