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CONTKOL O F M A T E K I A L S AND M I X T U K E S F O R 
C O N C R E T E F O R P A V E M E N T S 

B Y R W C^TJM, Director 

Highway Research Board 

The control of the vaiious operations involved in producing con­
crete of which each batch is like every other batch within narrow 
limits seems to be complicated and difficult, but when the various nec­
essary steps are taken m order, it is found that none of them need be 
very intricate, and that excellent lesults can be secured 

This paper is descriptive of the methods that are being used by the 
Iowa Highway Commission to produce concrete for pavements that is 
high in strength, uniform m quality, and of definite, piedetermined 
composition 

The methods used or similar ones can be used anywhere, if in the 
liands of competent inspectors Adequate control of these important 
technical operations can be best secured when the inspectors are quali­
fied by their training to understand the reasons for the various opera­
tions. 

The observations made and data secured during the construction of 
700 miles of concrete pavement in 1928 demonstrate the benefits de-
iived from such careful control and point out features m which fur­
ther refinement and information are needed 

The Iowa specifications for mixtures and the methods used for 
controlling the operations of the making of the concrete are based upon 
two fundamental considerations These are quality and definiteness 
of requirements as to quantities of materials Contracts for the pave­
ment jobs including all materials are awarded at public letting to the 
lowest responsible bidder An element of very great importance in 
bidding is the estimate of the quantities of materials to be used In 
the Iowa practice the specifications for proportions are so written that 
the quality of concrete is predetermined by means of limiting water 
cement ratios, and the quantities of materials to be used are estab­
lished within a veiy narrow range 
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S P E C I F I C A T I O N 

PROPORTIONS FOR CONCRETE—SINGLE COURSE PAVEMENT 
IOWA HIGHWAY COMMISSION—1928 

M I X 

no 

P r o p o r t i o n bv d r y w t , l b 
cement to lb sand to lb 

coarse aggregate 

M a x total 
w a t e r 

a l lowable 
gal per bag 

of cement 

M a x size of 
aggregate 

a l l o w a b l e — 
inches 

C l a s s 1, 2, or 3 
aggregate 

Approx bbl 
C e m e n t per 

c u y d of 
concrete 

1 1 171 3 47 5 5 1 5 1 6 3 
2 1 1 93 2 91 5 5 2 5 171 
3 1 2 0 6 2 53 5 5 2 5 178 
4 1 2 17 2 1 7 5 5 2 5 185 
5 1 2 5 5 185 5 5 2 5 1 9 2 
6 1 2 30 1 54 5 5 2 5 2 0 0 

" These propoi t ions are based upon aggregates h a v i n g specif ic g r a v i t i e s of 2.65 I f mater ia l s are 
furnished w h i c h have specif ic grav i t i e s of more than 2 07 or less t h a n 2 63 , the proport ions w i l l be 
ad jus ted i n accordance w i t h the ra t io w h i c h the a c t u a l specif ic g r a v i t y bears to 2 66 

" T h e es t imated quant i t i e s of cement per c u b i c j a r d of concrete shown in the table of propor­
t ions are based upon average condit ions I f the combinat ion of m a t e r i a l s is such t h a t the quant i ty 
of cement used is cons i s tent ly more than 1 per cent greater or more t h a n 1 per cent less t h a n the 
est imated q u a n t i t y the proport ions w i l l be ad jus ted accord ing ly T h i s does not app ly to var ia t ions 
in quant i t i e s caused b y v a r i a t i o n i n the t l i ickness of the s lab " 

T h e essent ia l f eature of th i s specif icat ion for proport ions i s the maintenance of cons tant absolute 
volumes of aggregates i n each batch 

STRENGTH 

In order to provide for some parts of the state in which the supply 
of fine aggregate greatly exceeds the coarse, a choice of six different 
base proportions is offered in the specifications These mixtures where 
of similar materials and of the same consistency will yield concrete 
of equivalent strength Bulletin No 60 of the Engineering Experi­
ment Station, Iowa State College, reports the experimental work upon 
which this system of proportioning is based. It is also true that if the 
same consistency is maintained m these various mixtures a constant 
water-cement ratio must be used Therefoie the minimum strength to 
be expected is controlled by a maximum water requirement in the 
specification 

QUANTITIES OF MATERIALS 

An estimate of the quantity of cement needed per cubic yard of 
concrete is included in the specification in order to give a uniform 
basis for estimating bids 

There are two factors, due to the mateiials, which may m practice 
cause variation m the quantities of mateiials used (a) Material of 
different specific gravity than that used in the estimate and (b) the 
production of concrete of different density than expected With plastic 
mixes the density varies with the amount of mixing water. The 
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quantities of materials needed for a cubic yard of concrete may be 
estimated as follows: 

Proportion 1—1 71—3 47, using 5 5 gallons of water 
per bag of cement 6 bag batch 

Cement, 6 bags <g 94 = 564 lbs 
Fine aggregate = 964 lbs 
Coarse aggregate = 1957 lbs 

Assuming the specific gravity of cement to be 3 14 and of the 
aggregates to be 2 65, the volume of space that will be occupied by the 
particles of the various materials may be computed as follows: 

One cubic foot of cement absolute volume will weigh 3 14 (specific 
gravity) X 62 5 lb. (wt of cu ft. of water) = 196 2 lbs therefore the 

564 
space to be occupied by 564 lbs = iqqT ~ 2 876 cu. ft. 

and similarly the fine aggregate — , = 5 82 cu. f t 
2 65 X 62 5 

j 957 
and similarly the coarse aggregate = = — — — — — = 11 815 cu. ft. 

2 65 62 5 
water, 33 0 gals = 4 40 cu ft 

24 91 cu f t . = 
the yield of a 6 bag batch if there is enough water used so that there 
are no air voids. 
Since 24 91 cu ft of concrete required 6 bags, the requirements for 

6X27 
one cubic yard IS = 6 50 bags = 163 bbl 

^4 91 
Any change in either of the two variables m the computation, 

specific gravity or water content wiU cause a change m the yield of 
the batch, and if the amount of cement per cubic yard is to be held 
within one per cent it is evident that occasional changes may have 
to be made m the proportions 

The specifications provide for making such changes after the ]ob 
conditions are stabilized. 

By using a constant water-cement ratio with the same cement, sand 
and coarse aggregate, the consistency will be constant for all the 
proportions given m the table However, a change in the kind of ma­
terials used may require a change m the water-cement ratio m order 
to produce concrete of the consistency necessary for proper workability 
on the road. Since a change m the water-cement ratio will cause a 
corresponding change in yield, it is necessary to be prepared to make 
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adjustments m mixtures if the yield of concrete for a given quantity 
of cement is to be kept constant 

METHODS OF CONTROL 

The objectives are (1) to produce uniform concrete of the required 
strength by maintaining a uniform water cement ratio after same has 
been established for proper workability on ,the job and by uniform 
measurement of the other materials in the required proportion, and 
(2) to use such quantities of materials as will produce concrete con­
taining an amount of cement withm one per cent of that estimated in 
the specifications. 

The materials are all inspected before arrival at the site of the 
work and a record of the data on each carload is kept 

The duties of the proportioning plant inspector are: To supervise 
storage of materials, especially the building of the stock piles in order 
to minimize segregation, to see that the proper quantities of materials 
enter each batch, and to test the specimens of concrete sent in from 
the pavement Supervision of measurement involves determination of 
specific gravity, and the moisture content of the aggregates, since the 
proportions are by dry weight 

Beam specimens for use in determining time of opening of pave­
ment, and for general record as to quality are made by the inspector 
m charge at the mixer This inspector also supervises the measure­
ment of water His other duties have to do with the placement of the 
concrete, with which this paper is not concerned. 

Adjustments of proportions other than for specific gravity or mois­
ture are made by the district material inspector or higher authority. 

The proportioning plant inspector is provided with laboratory 
equipment for the performance of the necessary tests and a small 
wooden buildmg is furnished for his use, as shown m Figures 1 and 2. 
The cost of the small building is about $50 00 and of the equipment 
about $100.00. 

SPECIFIC GRAVITY AND MOISTURE IN AGGREGATES 

It is necessary to know the specific gravity of the materials, both 
for use m adjusting proportions, and for use m determining the mois­
ture carried by the material or that absorbed 

The proportions are arranged fundamentally on the basis of abso­
lute volumes, but are stated in the specifications by weight of aggre-
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Figure i . Field Laboratory 

Figure 2. Field Laboratory Equipment 
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gates having specific gravities of 2 65 That is, so many pounds of 
cement to so many pounds of sand having a specific gravity of 2 65 
when in a saturated but surface diy condition to so many pounds of 
coarse aggregate having a specific gravity of 2 65 in the saturated, 
surface dry condition The specific gravity is first determined for 
the materials to be used, m this surface dry but saturated condition. 
One determination will usually suffice, so long as the source of supply 
I S not changed A simple form of pycnometer or measuring bottle is 
used for determining either apparent specific gravity, free water m 
the sample oi the water absorbed by the particles of the sample This 
pycnometer consists of a common fruit jar with a conical top, as shown 
in Figure 3 Figure 4 shows the type of balance needed for this work 

DETERMINATION OF SPECIFIC GRAVITY 

The specific gravity of the aggregate particles in a saturated sur­
face dry condition is determined as follows: 

(a) Coarse Agg,regate The apparent specific gravity of coarse 
material shall be determined upon material that has been immersed 
m water at 70° F . for 24 hours The pieces shall be individually 
surface dried with a towel Two thousand grams of this surface dried 
material shall be weighed out to the nearest 0 5 gram This sample 
shall be placed m the pycnometer and the pycnometer̂  partly filled 
with water at 70° F The pycnometer shall be gently shaken and 
rolled to remove entrained air The pycnometer shall then be exactly 
filled with water and its outside surface dried The pycnometer and 
its contents shall then be weighed to the nearest 0 5 gram The ap­
parent specific gravity shall be computed from the formula. 

Specific Si-avity=-^-q-^r—^ 

where 
S = the weight of the sample m grams. 
P = the weight in grams of the pycnometer full of water. 
W = the weight in grams of the pycnometer plus the sample plus 

sufficient water to fill the pycnometer. 

(b) Ftne Aggregate. The apparent specific gravity of fine material 
shall be determined in the same way as for coarse material except that 
the sample shall consist of air dried material and shall consist of 1000 
grams 

For making changes in the weight proportions on account of specific 
gravity, the saturated, surface dry determination applies exactly to 
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Figure 3. Pycnometer for Determination of Apparent Specific 
Gravity, Contained Moisture and Absorption of Aggregates 
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materials which reach the job carrying some free water. To be exact 
in the case of materials which do not carry free water but absorb water 
during the mixing and placing operations, the specific gravity used 
should be that of the material containing only the moisture that would 
be absorbed during the mixing and placing period. However the error 

Figure 4. Balance for Use in Determining Apparent Specific Gravity, 
Contained Moisture, and Absorption of Aggregates 

being small the specific gravity saturated and surface dry has been 
used in practice. This is a point susceptible of further refinement in 
the case of very porous materials. 

D E T E R M I N A T I O N O F M O I S T U R E I N A G G R E G A T E S 

Since aggregates are seldom saturated and surface dry i t is neces­
sary to adjust the batch weights to compensate for the free moisture 
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present or for the moisture to be absored by the aggregates as the case 
may be The same apparatus may be used for determining the free 
moisture or absorption as for specific gravity The theory for the use 
of the pycnometer method is as follows: 

Let P = Weight of pycnometer filled with water, m grams 
Let Ga = Specific gravity of material when in a saturated surface 

dry condition. 
Let s = Weight of sample in gTams 

Then— = The volume of the sample if it weie m a saturated 
ira 

surface dry condition, m cubic ccntimeteis 

Let W = P + s ^which is the Aveight of the pycnometer plus 

weight of the sample plus the weight of enough water to fill the 
pycnometer with the sample m the pycnometer, if the sample were 
satuiated and surface dry 

Let x = thc number of giams of ficc wutci m the sample oi the 
number of grams of watei that will be absorbed by the sample {x will 
be positive if the sample contains free water and negative if the sample 
absorbs water) 

Then * -\- % — The volume which will be displaced by a sam-

pie of weight s, but containing + x gi-ams of free moisture 

Let Wi = P 4- s — ^ winch is the weight of the pycnometer 

plus the weight of a sample containing + x grams of ficc moistuie 
plus enough water to fill the pycnometer with this sample m the jar 

(jTa (ja 

G, ' Ga ' 

W—W^^ — S + S—X-\-xGa=C 
Ga 

Ga 

G a - 1 

I f the sample contains free water m the amount x, the amount of 
saturated, surface dry aggregate m the wt of sample s will be less than 
if the sample is just in the saturated surface dry condition, therefore 
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, the weight Wi will be less than the weight W and x will be positive 
I f on the other hand the particles of the sample are m condition to 
absorb moisture, TTi will be greater than W and therefore x wiU be 
negative. 

The manner of conducting the test is as follows 
The weight of the pycnometer filled with water at 70° F . (P)''is 

determined This will remain constant for any given pycnometer 
The size of sample having been decided upon and Gg having been de­
termined W can be computed This quantity will be a constant for 
any given material for a given pycnometer and a given size of sample 

A sample representing the material to be used and of the quantity 
previously decided upon is weighed out This sample is placed m the 
jaf of the pycnometer, which is partly filled with water. The jar is 
then filled with water, and is rolled and shaken to remove any en­
trained air Water is then introduced through the hole in the cap until 
the pycnometer is full All the water used shall be at 70° F Any 
excess water on the outside of the pycnometer is wiped off and the 
jar and contents is weighed This weight is Wi 

18 then computed It will be noted that for the conditions mentioned 
above all the quantities in the formula are constants except Wi. 

Having determined the number of grams of water in the sample, 
tlie following computation is made 

^ = the per cent of the sample taken which is fiee moisture oi 

the per cent watci absorbed based on the original weight of the sample 
Since the moisture determination can be made m about ten minutes 

the inspector can easily make a sufficient number to insure that he has 
detected all variations that may affect the batches The variation m 
moisture will not be large for materials that have been m storage piles 
for any length of time, but there may be considerable variation from 
car to car or from car to stock pile 

The inspector is required to make a sufficient number of tests to 
insure that he has detected all variations that may affect the material 
for any considerable period of time One moisture test for each ma­
terial every two hours is considered a minimum 

The largest variations usually occur m the fine aggregate The 
most uniform condition prevails when the materials are handled 
through a large stock pile The moisture content of materials in cars 
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vanes from car to car and from place to place in the same car. These 
variations are affected by the condition of the cars and by the hauling 
distance from the loading plant. 

T A B L E I 

DATA ON MOISTDBB I N SAND FROM 94 JOBS 

Percentage of mois ture 

P r o j e c t V a r i a t i o n 
no M i n M a x Average per cent 

81 Job showing highest average 
moisture content 37 66 49 29 

11 Job showing lowest average 
moisture content 0.8 26 16 IS 

63 Job showmg greatest variation 
m moisture content 19 79 4.2 60.-

69 Job showing least vanation in 
moisture content 30 35 Z2 05 

T A B L E n 

DATA ON MoiSTtntE I N GitAVEa. PROM 50 JOBS 

Percentage of moi s ture 

P r o j e c t 
M i n 

85 Job showing highest average 
moisture content , 14 

31 Job showins lowest average 
moisture content —12 

26AJob showmg greatest variation 
in moisture content —1.8 

30 Job showmg least vanation in 
moisture content 0 0 

M a x 

16 

10 

47 

03 

V a r i a t i o n 
Average per cent 

14 

-01 

02 

01 

02 

22 

65 

03 
Tl ie m i n u s s ign ind icates t l iat the m a t e r i a l absorbed water instead of c a r r y i n g free mois ture 

T A B L E m 

DATA ON MOISTIHIE I N L I M E S T O N E FROM 45 JOBS 

Percentage of mois ture 

P r o j e c t 
Average 

V a r i a t i o n 
no M m M a x Average per cent 

91 Job showmg highest average 
moisture content 00 16 09 16 

80 Job showing lowest average 
moisture content - 1 6 05 07 21 

19 Job showing greatest variation 
in moisture content - 2 1 30 05 51 

88 Job showing least variation in 
moisture content - 0 5 01 - 0 4 06 

A typical example of the hour to hour variations is shown in 
Figure 5. 
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The range in moisture conditions encountered from job to job is 
shown m Figures 6 and 7 

When i t is remembered that a variation m moisture of 3 per cent 
of the weight of fine aggregate may mean a variation of 0 6 gallon per 
bag of cement m the water cement ratio of the batch, and twice as 
much for an equal variation in the coarse aggregate i t appears that a 
determined eflFort is justified m making correction for these variations 
A variation of 0 6 gallon per bag of cement is equivalent to a change 
in strength of about 10 per cent for the data shown in Figures 18 
and 19 

B A T C H W E I G H T S 

The inspector having determined the specific gravity of the aggre­
gates, the percentage of moisture, the percentage of sand m the coarse 
aggregate, and the percentage of coarse aggregate m the sand com­
putes the batch weights as illustrated by the following example • 
Assume— 

Specified proportion—1—1 93—2 91 weight 
Specific gravity of fine aggregate 2 65 
Specific gravity of coarse aggregate 2 ^ 
Per cent passing the No 4 sieve—fine aggregate 85 00 
Per cent passing the No 4 sieve—coarse aggregate 4 00 
Per cent moisture—fine aggregate 4 50 
Per cent moistuie—coarse aggregate 2 30 
Size of batch—7 bags of cement 

Correction for Specific Gravity Since the specified proportion is 
based upon specific gravities of 2 65, a proportion which would give 
the same absolute volumes wil l be obtained by multiplying the aggre­
gate parts by the ratio of the specific gravity of the material to be used 
to 2 65 thus 

^ — X 1 93 — 1 4 ^ X 2 91 = 1 — 1.93 — 2 80 
" 2 65 2 65 

Correction for Sand in Coaise Aggiegate and Coarse Aggregate in 
the Sand The specified dividing line between fine and coarse aggre­
gate is the No 4 sieve A correction is not made unless one or the 
other of the materials contains more than 5 per cent over or under size, 
since the specifications allow a tolerance of 5 per cent on the No. 4 
sieve. I n the example the fine aggregates contain 15 per cent coarser 
than the No 4 sieve so the correction wil l be made 

Proportion to maintain 1 • 1 93 • 2 80 
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Since the specific gravities of the two materials are different, the 
correction can best be made by reducing the proportion to absolute 
volumes. Using a batch containing 196 lbs of cement the absolute 
volume relation wi l l be as follows: To determine the absolute volume 
of any weight of a given material, divide the weight by the specific 
gravity of the material times the weight of one cubic foot of water. 

196 
Cement 196 lbs, = 1.00 cu. f t . absolute volume, 

o 14 X o2 5 
O^TQ 

Sand 378 lbs, „ „^ ^„ ^ = 2 28 cu f t absolute volume 
2 65 X 62 5 

549 Coarse Aggregate 549 , =SS1 cu f t absolute 
^ 00 / \ o 

volume 
The proportion by absolute volume is therefore 1 : 2 28: 3 31 
Let X — corrected absolute volume of fine aggregate to use as fur­

nished and y = corrected absolute volume of coarse aggregate to use 
as furnished, then 

x + y = 2.28 + 3.31 = 5.59 

and 
.85 a; + 04 3 / = 2 28. 

Solving 

a;== 2 54 
2 / = 3 05 

Therefore the corrected mix by absolute volumes wil l be 1 cu f t 
cement to 2 53 cu f t of the fine aggregate at hand to 3 05 of the 
coarse aggregate 

To find the weight of a given absolute volume of material, multiply 
the volume by the specific gravity times the weight of a unit volume 
of water. The corrected weight relationships wi l l be therefore. 

Cement—1 X (3 14 X 62.5 lbs ) = 196 lbs. 
Fine aggregate—2 53 X (2.65 X 62 5 lbs.)-= 418 lbs. 
Coarse aggregate—3.05 X (2.55 X 62 5 lbs ) = 486 lbs. and the 

corrected proportion is 1 : 2.13: 2.48. 

Correction for Moisture The fine aggregate contains 4.5 per cent 
of moisture. 



292 HIGHWAY RESEARCH BOARD 

Let X = amount of fine aggregate and moisture needed to produce 
2 13 parts of fine aggregate 

then 

and 955 a; = 2 13 

x= 2.23 

The coarse aggi-egate contains 2 3 per cent moisture 
Let y = amount of coarse aggregate and moisture to produce 2.48 

parts of coarse aggregate 

then 

and 977 y = 2 48 

y = 2.54 

Therefore, having made the adjustment for specific gravity, over 
and under size, and moisture, m order to produce concrete equivalent 
to the base proportion the materials at hand will need to be measured 
m the proportion o f l . 2 2 3 254 

A 7-bag batch wi l l require • 
7 X 94 X 2 23 = 1467 lbs fine aggregate as furnished 
7 X 94 X 2 54 = 1671 lbs coarse aggregate as furnished 

The computations are very much simplified tn practice by means 
of tables and diagrams 

The total net amount of moisture in the aggregates per batch is 
communicated from the plant inspector to the inspector at the mi.\er 
so that the amount of water added at the mixer can be regulated m 
accordance therewith 

M E A S U K E M E N T O F A G G i t E G A T E S 

Aggregates are measured by weight As weighing has been used on 
all paving work under the Iowa Highway Commission for five years, 
the methods and appliances have become well established on a prac­
ticable basis The details that have been found to be important have 
been crystallized in the following specifications 

" Equipment for weighing aggregates shall be capable of weighing 
accurately to two (2) pounds and shall comply with the following 
conditions: 

" 1 . At least that part of the total load weighed which is a fraction 
of one hundred pounds shall be indicated on a graduated beam 
or dial. 
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" 2 The weighing equipment must be so arranged that the operator 
stands, when operating the bm gates, at Such a position that 
he can conveniently shovel material from the weighing hop­
per The weighing beam or dial shall be in fu l l view of the 
operator when he is m a position to operate the gate which 
delivers materials to the weighing hopper. 

" 3 There must be sufBcient clearance between the top of the weigh­
ing hopper and any other part of the bin structure that the 
scale operator can conveniently shovel material from the 
weighing hopper 

" i I n the case of weighing hoppers mounted on platform scales, the 
arrangement shall be such that the center of gi'avity of the 
total load on the scale is m the same vertical line as the center 
of the scale platform " 

The following instructions to the inspectors in charge of the weigh­
ing plants are the result of five years of experience 

I N S P E C T I O N O F W E I G H I N G D E V I C L S 

"Before concrete operations are started at any mstslllatioa, the 
bins shall be fu l ly loaded and allowed to stand for at least twelve 
hours The inspector shall then check the accuracy and the sensitive­
ness of each weighing device used to the f u l l amount of any batch that 
will be used. The contractor is required to provide 400 pounds of 
standard fifty-pound weights for each scale installation 

" The scale shall fiist be balanced with no load The standard 
weights shall then be placed on the scale m such a way as to apply 
the load at the same position as the load wi l l be applied by the mate­
rials to be weighed 

" The standard weights shall be applied one at a time and the scale 
reading for each increment of load recorded in a permanent notebook. 
When the last standard weight has been applied, the weights shall be 
removed without changing the scale setting The scale shall then be 
accurately balanced by placing material m the weighing hopper. The 
standard weights shall then be added to this weight as before and this 
process repeated until the required capacity is reached The sensi­
tiveness of the scale shall be checked at each increment of load within 
two hundred pounds of the required capacity by sliding the poise each 
way until the beam rises or falls as the case may be The required 
movement each way shall be recorded 
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" I f the scale is not found to be sensitive to two pounds, the scale 
shall not be used until i t is repaired or adjusted I f the scale is not. 
accurate to five pounds, i t shall not be used until i t is repaired or ad­
justed except when the scale is found to be sufficiently sensitive and 
the calibration curve is a straight line I n such a case the scale may 
be used for the period necessary to have proper repairs or adjustments 
made. When a scale is used under these circumstances, the correction 
necessary to compensate for the error m the scale shall be made. 

" The inspector shall inspect the scales frequently to detect any 
sign of sluggishness, inaccuracy or damage. 

" The scales shall be checked ful ly for accuracy at intervals of 
one week or less or at any time that accident or settlement may have 
affected them 

" The scales shall be balanced under no load at least twice each day 
of work At least once each working day the scales shaU be checked 
for accuracy and sensitiveness by applying one standard fifty-pound 
weight to the f u l l load and the indicated difference m weight and the 
sensitiveness observed. I f the scales have long exposed levers, the con­
tractor shall be required to provide the scales with suitable protection 
from the wind. 

I N S P E C T I O N O F W E I G H I N G 

" One of the most important diities of the inspector is the inspec­
tion of the weighing of the aggregates He should spend as much time 
as possible observing this operation I f the proper inspection of the 
addition of cement to the batch requires the inspector to be away 
from the scales at the time when aggregates are being weighed, an 
additional inspector shall be arranged for by the resident engineer 

" The scales, set at the required weight, shall be accurately bal­
anced by the load for each batch 

" I n most cases, i t wi l l be found impractical to attempt to weigh 
out a batch at a single opening of the bin gate. I t wi l l ordinarily be 
necessary to sot the scales for some weight less than the weight re­
quired for the batch The gate is then opened and left open until the 
scale beam rises. The gate is then closed and the scale set at the re­
quired weight. The gate is then partially opened and material allowed 
to flow slowly into the weighing hopper until the scale is balanced. 

" I f an overload has been applied, i t must be removed 
" The inspector must insist upon extreme care on the part of the 

scale operator Eepeated cases of carelessness in this respect is suffi­
cient cause for having the scale operator removed 
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" Equipment for the satisfactory weighing of aggregates has been 
arranged in a variety of ways Figure 8 shows the simplest outfit 
used. This consists of a wooden hopper resting on the platform of an 
ordinary platform scale. Figure 9 shows a typical set-up of perma­
nent equipment especially designed for this purpose " 

M E A S U R E M E N T O F W A T E R 

Accuracy of water measurement comparable to that secured with 
other materials has not yet been attained The equipment furnished 
with the newer concrete mixers, although much improved and accu­
rate under some conditions still does not insure constant measurement 
from batch to batch on a pavement mixer 

Mr Bert Myers, Engineer of Materials, Iowa Highway Commis­
sion, discussed some experiments on the customaiy water measuring 
devices at the 1928 Highway Research Board Meeting 

These experiments include measurements by water meter upon 
seven mixers of three makes, for one-half day each Mr Myers con­
cludes that most of the water measuring equipment of the type which 
consists of a closed tank discharging into the mixer drum through an 
adjustable syphon, trough, pipe or displacement cylinder designed to 
allow a conti oiled quantity of water to be drawn from the tank, wil l 
nieasuie water accurately when the supply has a uniform pressure 
and contains little entrained air However, in practice where pres­
sures varied m short periods of time as much as 150 pounds per square 
inch, and opportunities existed for entiance of air, he found errors 
m measurement in all cases ranging fiom 2 50 gallons per batch to 
7 28 gallons per batch I t was found that the valve arrangement 
which permits the passage of water not measured in the tank, when 
the valves aie operated was largely responsible for the excess of water. 
As this excess is directly proportional to the supply line pressure the 
variation is coirespondmgly large 

" I t appears from these observations that the present method of 
water measurement employed on paving mixers is too inaccurate to 
give the control of the quality of concrete that is desired and that the 
difficulties encountered m the field are such that accurate measure-
ment of water by volume m a closed tank is not to be expected There­
fore, some new method of water measurement seems to be desirable. 
Measurement in a tank open to the air would reduce the errors due 
to the presence of entrained air m the pipe line and would reduce the 
leakage through the valves since the pressure on the valves would be 
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Figure 8. Plant for Weighing Aggregates. Wooden Hopper on 
Platform Scales 

Figure g. Steel Bins, Hopper and Weighing Arrangement for 
Aggregates 
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greatly reduced By the use of an open tank, some of the simplicity m 
arrangement and operation possible when a closed tank is used would 
be sacrificed " 

I n an attempt to eliminate some of tlie eriors prevalent in water 
measurement the specifications of the Iowa Highway Commission 
now contain the following requirements: 

" The water measuring equipment shall be capable of accurate 
measurement to one quart gallon) and shall be so airanged that 

I 
7ar)A 

Open /o /Jir 

I R T I /•ffiser Pipe 

Measur/nq 7an^ 

* Inter/oched Two IVo/lb/i/es 

Figure 10 Diagrammatic Sketch of Water Measuring Equipment 
on Paving Mixer to Comply with Iowa State Highway Commission 
Specification 

the accuracy of measurement wi l l not be affected by variations m 
piessure 111 the water supply line Unless the water is to be weighed 
the water measuring equipment shall include an auxiliary tank from 
which the measuring tank shall be filled The volume of the auxiliary 
tank shall be at least equal to that of the measuring tank The equip­
ment shall be so arranged that the water pressure m the measuring 
tank cannot exceed that due to the difference in elevation between 
the two tanks." 

Figure 10 shows a diagrammatic arrangement of tanks to comply 
with this specification. 
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A D J U S T M E N T O F P E O P O B T I O N S 

On each proj'ect as soon as possible after conditions are stabilized, 
the actual volume of concrete laid for a run of four hundred feet or 
more is carefully measured, m order to compare the quantities of 
materials being used with the estimated quantities shown in the speci­
fications I f the quantity of cement used per cubic yard of concrete 
varies more than 1 per cent from the estimate, tbe proportions arc 
changed enough to correct this condition This survey also gives in­
formation as to the thickness of slab being laid, to compare with the 
plan thickness A typical case was handled as follows: 

The volume of concrete laid in four hundred feet of pavement was 
determined from measurement of the subgrade before the concrete 
was placed and of the surface of the concrete to get accurate cross 
sections of the slab at 10-foot intervals Measurements across the 
slab were taken every two feet. 

Length of section measured = 400 0 *feet 
Measured volume = 4741 99 cu f t 
Plan volume = 4617.54 cu f t 
Average excess thickness = 0 21 inches 
Overrun in cement due to excess tfiickness == 2 80 per cent 

According to the inspector's report: "These data show the slab 
to be more than the required thickness at all points except the west 
edge where about ^ of an inch form settlement was found The form 
settlement on the east side was only 3/32 inch " The proportions of 
the concrete are not changed to correct for the overrun due to this use 
of excess concrete, but the information is of value to the inspector and 
to the contractor's foreman. 
Theoretical cement for 4 00 feet of correct cross section 

1216 bags 
Cement used = 1276 26 bags 
Total overrun = 4 90 per cent 
Overrun due to combination of materials 

= 4 9 — 2 . 8 = 2 1 percent 

or computed in another way: 
Cement estimated = 1 78 bbl per cubic yard 
Measured volume of concrete = 4741 99 cubic feet = 175 63 cu yds. 
Cement used = 319 065 bbl 

Cement used per cubic yard ^ 1 , ^ ' = 1 817 bbl 
175 DO 

Overrun due to materials = 21% 
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The use of more cement than estimated was probably due to the 
use of a lower water cement ratio than e^stimated. I f an accurate 

"record of the amount of water used were available the proportions 
could be easily and definitely corrected by designing a mix with the 
new water cement ratio to use the estimated amount of cement. How­
ever, as shown m the discussion on water measurement, these data 
are not available. A comparison of the yield of a one-bag batch as 
placed wil l indicate the correction to be made 

Cubic feet of concrete per bag of cement. 

Estimated = 3 791 
Actual = 3 715 

076 cu. f t . 

Assuming that a small amount of aggi-egate can be added to the 
batch without an increase in the water per batch, the mixture can be 
corrected by adding to each batch 076 cu f t of aggregate (absolute 
volume). 

As the aggregates m the original mixture were m the ratio of 45 
to 55, 45 per cent of the addition should be sand and 55 per cent 
gravel. 

45% of .076 cu f t . = 0.034 cu. f t 
55% of .076 cu f t ^ .042 cu f t 

The specific gravity of the sand and gravel is 2 65 The weight 
per cu. f t . of sand or gravel absolute volume = 2 65 X 62 5 = 165 60 
lbs. Therefore the weights of aggregates to add to each batch are • 

Sand — .034 X 165 6 = 5 63 lbs 
Gravel = 042 X 165.6 = 6 95 lbs 

BATCH D A T A — O N E BAG BATCH 

Original New • 
Cement 94 lb 94 
Sand 19364 lb 199 27 
Gravel 237 82 lb 244 77 

New proportion = 1 — 2 12 — 2 60 

As a matter of fact i t is probable that for the same workability the 
new batch wil l need a small addition of water, which wil l have an 
effect upon the quantities However, experience has shown that the 
result wi l l still be withm the 1 per cent variation allowed by the 
specification. I t is doubtful, field conditions being what they are, that 
closer control than 1 per cent is practicable. 
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The problems in design of mixtures and adjustment of propoitions 
are capable of mathematical solution, except for one factor That is 
workability A t present there is no known way of telling exactly what 
the workability of certain mixtures wil l be nor the effects of changes 
This leaves the final adjustment on a cut and try basis as m the fore­
going example 

F I E L D TESTS 

T I M E OF OPENING PAVEMENT 

Test specimens are made on each job to determine when the pave­
ment has acquired sufficient strength for opening, and to afford re­
search data. Two beams 6 by 6 by 30 inches are made each day On 
the day following that on which the specimens are made and when 
they are 12 to 18 hours old they aie moved with the molds m place to 
the plant inspector's laboratory and stored m damp sand until tested 
Beams are tested normally at ages of 4 and 10 days, each beam being 
broken twice 

These specimens are tested as simple beams m a machine furnished 
the inspector for that purpose. The requirements for the testing 
machine are as follows: 

" The following principles should be secured m the design of the 
pai ticular apparatus that may be used to make transverse tests of con­
crete beams whether they are field or laboratory tests: 

"(a) The distance between supports and points of load application 
shall remain constant for a given piece of apparatus 

"(b) The load shall be applied normal to the initial position of 
the neutial plane of the beam and m such a manner as to avoid eccen­
tricity of loading 

"(c) The direction of reaction shall, at all times throughout a 
given test, be parallel to the direction of the applied load I f this be 
vertical, then the direction of the reactions shall be vertical and shall 
remain so throughout the test until rupture occurs. 

" NoTBi—The more common devices, which, either single or in combination, 
essentially secure such a relation between the applied loads and consequent reac­
tions, include link supports, rocker bearings, spherical bearings or flexure plates 

"(d) The application of the load shall be such aS to secure uni­
form increments of load for equal time periods This operation re­
quirement demands that the operation of the apparatus be " smooth " 
and free from sudden shocks 
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"(e) The ratio of distance between point of load application and 
the nearest reaction to depth of beam shall be not less than 1^ to 1 

" N O T E — T h e effect of this ratio on modulus of rupture requires further investi­
gation " 

This testing machine is illustrated in Figures 11 and 12 An inter­
esting feature of this machine is the arrangement for application of 
the load to the specimen at a uniform rate of speed Water i s run 
through a flexible tube at a uniform rate, under practically constant 
head into a bucket suspended from the end of the scale beam The 
load IS applied to the specimen by means of the hand-crank and re­
duction gears at such speed as wil l keep the scale beam in poise, thus 
assuring uniform load application When the beam breaks the water 
IS automatically shut off. The container and water are tJien weighed, 
as shown m Figure 12, and the weight multiplied by the lever ratio 
of the machine to determine the breaking load These machines are 
moderate m cost and have proven satisfactory m use 

One broken end f iom each beam is shipped to the headquarters 
laboratory, where the ragged end is sawed square, both ends capped 
and a compression test made at 28 days of age. The stone saw used 
for the purpose is illustrated m Figure 13 

K E S U L T S 

The results secured by the system of control described herein may 
be measured by the record as to quantities of materials used, and the 
strength data secured f i o m t h e test s p e c i m B i i s X)ata a i e reported 
f iom 69 projects covering G34 miles of pavement construction. 3754 
transverse and 3303 compression tests were made Table No I V gives 
the average data for the v a r i o u s projects 

QUANTITIES OF MATERIALS 

As evidence of the success of the attempt to control quantities of 
materials within reasonable limits may be cited the fact that for the 
first time in many years there were no controversies over quantities 
between tlie contractors and engineers This is the more significant 
because the program for the year was ovei twice as large as the biggest 
yeai heretofore The average overrun in cement used for all jobs was 
1 2 per cent The methods used for forming the sub-grade under the 
Iowa Specifications are such that sonic extia depth is practically 
inevitable, and when i t i s remenibeied tliat on a 7-inch slab an ex-
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Figure i i . Transverse Testing Machine for Concrete Beams, 
Showing Use of Water to Keep Poise in Balance as Load is Applied. 
Water Used Instead of Weights, to Insure Load Application at a 
Uniform Rate 

Figure 12 Transverse Testing Machine for Concrete Beams, Show­
ing Method of Weighing the Water Used in Balancing the Poise 
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tra depth of only .07 inch wil l account for a 1 per cent overrun in 
materials, i t is easy to believe that overruns due to the combinations 
of materials were practically eliminated. When a job continued after 
investigation and adjustment to show the use of cement in excess of 
the estimate i t was always possible to show from the measurements 
of the slab that the fault lay in the use of excess concrete. Frequently 
extra concrete is used deliberately in order to avoid other more ex-

Figure 13. Stone for Trimming Specimens of Concrete 

pensive difficulties. A comparison of the record under this specifica­
tion with the work done in 1920 to 1923 under volumetric measure­
ments is shown in Figure 14. 

STRENGTH TESTS 

I n addition to the modulus of rupture tests, one end of each beam 
was sent to the laboratory, the broken end sawed square, and both ends 
capped with plaster for a compression test. The average results for 
each job are also shovra in Table I V . I n so far as strength is con­
cerned the measure of the effectiveness of the control methods may be 
seen in the degree of uniformity attained. 

UNIFORMITY 

I n both transverse and crushing tests these results show improved 
uniformity due to the control methods. Not only are the strengths of 
the specimens from one project more uniform, but the various projects 
are more uniform with each other. 
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Showing That the Controlled Projects of 1928 Had in General 
More Uniform Strength 
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Tabic I V shows for each project m 1928 the mean variation of the 
strength of the individual specimens from the average of all of the 
specimens for the project I n the transvterse tests the least uniform 
project had a mean variation of 17 8 per cent and the most uniform 
4 6 per cent I n compression the least uniform was 17.2 per cent 
and the most uniform 4 7 per cent On 28 projects under volumetric 
measurement in 1921-22 and 1923, the least uniform project had 
a mean strength variation from the average of 23 5 per cent and the 
most uniform was 2 5 per cent I n 1928 the mean variation of 68 per 
cent of the jobs was 10 per cent or less I n 1921 to 1923 only 36 per 
cent had a mean variation of 10 per cent or less 

Figure 15 shows these data graphically As the mean variations 
for each job are plotted m the order of magnitude, the average slopes 
of the resulting lines offer a ready comparison between the uniformity 
of the two sets of data The less steep slope for the controlled projects 
indicating that the jobs were more uniform with each other. 

Figure 16 shows the range m the compressive strength of the speci­
mens from three of the 1928 projects, having mean variations of 15 6, 
10 0, and 5 6 per cent respectively This diagi-am illustrates princi­
pally the fact that the mean variation from the average is a good 
measure of relative uniformity. 

I n Figure 17 the average crushing strengths of 69 jobs under con­
trol m 1928 are compared with 28 volumetric measurement jobs m 
1921 to 1923 The greater uniformity of the 1928 work is again 
apparent. 

These projects were scattered over the entire state of Iowa, and 
there was a considerable diversity in both fine and coarse aggregates 
The fine aggregates ranged from fine r iver sands to coarse glacial de­
posits, and the coarse aggregates included several grades of gTavel and 
soft, medium and hard limestone I n view of the degree of uniformity 
secured i t is reasonable to conclude that this system of proportioning 
based upon the maintaining of constant absolute volumes of aggre­
gates per batch, is a sound method 

E F F E C T OF PROPOBTIONS 

Under the specifications in force the contiactors had the option of 
using anyone of six different base proportions The deteimining fac-
lor usually being the relative economy These mixtures are expected 
to yield concrete of equivalent strengths when made of similar ma­

l l 
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CRUM—CONTROL ON CONCRETE PAVEMENTS 311 

terials and the concretes are of the same consistency. I n order to pro­
duce the same consistency for various mixtures, i t has been found nec­
essary to have a practically constant water-cement ratio. 
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Figure x^ Average Compressive Strengths. Each Point 
Represents the Average Strength of the Specimens Made 
Each Day on One Job 

T A B L E V 

E F F E C T OF VARIOUS BASE PROPOBTIONS UPON STBENOTH—IOWA 1928 

Base 
proportiors 
by weight 

Number 
of 

projects 

Average strength tests 

Base 
proportiors 
by weight 

Number 
of 

projects 

Transverse 
modulus of rupture, 

lbs per sq inch 
Crushing, 

lbs per sq inch 
Base 

proportiors 
by weight 

Number 
of 

projects 

Maximum Minimum Average Maximum Uinimum Average 

1—171—347 5 725 527 652 5048 3776 4658 
1—1 93—2 91 35 714 492 595 5404 3600 4497 
1—2 06—2 53 13 679 450 580 5058 4061 4496 
1—2 17—2 17 6 631 517 576 4962 4168 4598 

I n 1928 four of the permissable proportions were used. Table V 
showing the average transverse and crushing strengths of the speci­
mens from all of the projects demonstrates that the samfe class of con­
crete was produced with each of the mixtures , 
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The record of amount of water used was, as previously mentioned, 
rather unreliable, however, when the average job strengths are plotted 
against the water-cement ratio as m Figures 18 and 19, the general 
concordance of these data with those of aU other experiments is noted 
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Figure 21. Tests of Individual Cores. Project No. 60 

CEUSHING STRENGTHS FKOM MOLDED SPECIMENS AND DRILLED OGEES 

On many of these projects cores have been taken and tested at vari­
ous ages Figures 20 and 21 showing the strengths of the individual 
core specimens on two jobs are typical of all I n making these tests 
insufficient attention was paid to the moisture content of the speci­
mens at the time of tests This would account for some of the strength 
variations However, the data are extensive enough so that the average 
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strength line shown on the diagrams probably represents the increase 
in strength of the concrete. I t is interesting to note the average 28 
day strength of the molded specimens is slightly higher than the indi­
cated average core strength at the same age 

I n Figure 22 data from all of the projects are shown Each point 
being the average of a number of cores of approximately the same 
age. The molded specimen average shown is the grand average for all 
projects The same relation between cores and molded specimens ap­
pears here as on the diagrams for the individual jobs 
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Figure 22. Tests of Cores Each Point Is the Average of a 
Group of Cores of Approximately the Same Age, from One 
Job 

K I N D O F A G G K E G A T E 

On 30 projects the coarse aggregates were of gravel and on 26 proj­
ects they were of crushed limestone. The specifications assume, that in 
so far as controlled by the proportions, i f the mixtures contain the 
same absolute volume of aggregates an^ cement the strengths wi l l be 
the same. This assumption is substantiated by these data, the average 
strengths of gravel and limestone concretes being practically identical 
Each material of course, exhibits a range in strength due to other fac­
tors that apparently effect each in about the same degree Figure 23 
shows the average strengths of the various jobs separated into gravel 
and limestone 

The Iowa practice of proportioning both types of materials upon 
exactly the same basis has been successful in yielding concrete of the 
quality expected. 
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The range in physical characteristics of the aggregates is shown in 

Table V I . 
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Figure 23. Gravel and Crushed Limestone Aggregates. Each 
Point Is the Aggregate for One Project 

T A B L E V I 

CHARACTERISTICS OF IOWA AQGREGATES 
Range 

Gravel, Limestone, 
Sieve analysis per cent per cent 

Passing 2i-inch sieve 100 100 
Passing li-inch sieve 85 to 100 80 to 100 
Passing |-inch sieve 44 to 74 30 to 70 
Passing f-mch sieve 8 to 34 10 to 21 
Passing No 4 sieve 1 to 4 1 5 to 6 
Silt and CJay 0 to trace to 
Shale 0 to 05 to 
Coal 0 to 025 to 
Sticks 0 to trace to 
Clay Lumps 0 to trace to 
Soft Particles 0 to 10 3 06 to 103 
Percentage of Wear •36 to 300 t4 to 8 
Specific Gravity 2 62 to 2 70 2 53 to 2 70 

• Modified Abrasion Teat for Gravel—A A S H 0 
t Deval Abrasion Test— A S T M 

The gravels of Iowa are for the most part of glacial origin and 

contain from 0 per cent to 50 per cent of limestone particles 

EELATION BETWEEN TRANSVERSE AND CRUSHING STRENGTH 

The individual specimens exhibit about the same relative range in 

strengths in bending as in compression, as do also the average for the 
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Figure 24. Relation between Transverse and Compressive 
Strengths of the Same Specimen. Transverse Tests Platted 
in the Order of Magnitude, with the Crushing Strength of 
the End of the Same Beam Directly Below 
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Figure 25 Relation between Transverse and Com­
pressive Strength, Job Averages Average Transverse 
Strengths of Jobs—Platted in the Order of Magnitude, 
with the Corresponding Average Crushing Strengths Di­
rectly Below 
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vanous jobs The same basis for design of mixtures therefore appears 
to apply to either case 

These data do not however, exhibit any constant relation between 
the transverse and compression strength of the individual specimens, 
or the averages of individual jobs I n Figure 24 the modulus of rup­
ture of the individual specimens are plotted m the order of magnitude 
Direcily beneath each transverse test is shown the crushing test on the 
same specimen I n Figure 25 the average strengths of the specimens 
from all of the proj'ects are compared in the same way The general 
relation indicated by these data between transverse and crushing 
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Figure 26 Relation between Transverse and Compressive 
Strength 

strength, show that m so far as mixtures are concerned, the same 
general laws apply, but that m individual cases the transverse and 
compressive strengths are differently affected by other conditions and 
characteristics of the materials For instance i t is well known that the 
effect of the moisture contained in the specimen is very different for 
the two kinds of stress 

G E N E R A L CONCLUSIONS 

The pavements built under these methods of control cost no more 
than under the older systems. I n fact i t is believed that the definiteness 
of the quantities of materials required by the specifications has been 
a factor in lowering costs. 
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The cost of inspection has not been increased although higher grade 
inspectors are needed than formerly 

The concrete is of high quality and of more uniform character than 
formerly. 

I t I S therefore reasonable to conclude that the results of the methods 
of control of the quality of concrete described are more than com­
mensurate with the efforts expended. 

DISCUSSION 

ON 

CONTROL OF MATERIALS A N D M I X T U R E S FOR 
PAVEMENTS 

B E B T M Y E R S , Engineer of Materials and Tests, Iowa Highway 
Commission. I n the paper just presented Mr Crum has described 
the application of a specification that contains most of the features 
that seem to be essential and desirable in a specification for concrete. 

1. I t provides for the use of the materials available locally in a 
manner consistent with economy and adequate strength. 

2 I t avoids specifying both method and result 
3 I t insures adequate minimum strength 
4 I t provides uniform quality of concrete from various propor­

tions of a single kind of cement, a single kind of sand and a single kind 
of coarse 'aggregate 

5. I t provides a basis for a reasonably accurate estimate of the cost 
of the concrete 

The data presented show that accurate control of the quality of con­
crete on any given job has been accomplished in a degree that seems 
quite satisfactory. These data do not indicate that the control of the 
quality of the concrete over a broader field which includes the use of 
various kinds of cement, sand and coarse aggregate is as accurate as 
might be desired This specification does not attempt to provide for 
a special design of concrete mixtures for each combination of differ­
ent kinds of materials. While the desirability of such a provision has 
been recognized by the writers of this specification, a satisfactory 
method of incorporating such a provision has not been apparent to 
them. 

I n the selection of the design for a concrete mixture, the engineer 
is faced with two considerations that are involved m any problem of 
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engineering design. These are quality and cost. A specification for 
concrete is not adequate unless i t insures adequate and uniform 
quality and provides a basis for an accurate estimate of cost 

The specification under discussion provides for concrete of ade­
quate minimum strength I t provides a basis for an accurate estimate 
of the cost of the cement which is the most expensive item of material 
in the concrete 

This specification does not provide for concrete of the same strength 
on two jobs unless the kind of cement, sand and coarse aggregate is 
the same for both. Mr Crum reports a variation in average compres­
sive strength at 28 days from 3600 to 540i pounds per square inch 
for various jobs This is a variation of 50 per cent of the minimum 
or a variation of approximately 21 per cent each way from the aver­
age for aU the jobs reported. 

This specification does not provide a basis for an absolutely accu­
rate estimate of the quantity of aggregates required for a given volume 
of concrete The following example represents an extreme case. 

The base proportion specified was 1-1 946-2.919 by weight. The 
estimated quantity of cement was 1.71 barrels per cubic yard of 
concrete This estimate was based on the assumption that the water-
cement ratio would be 5 25 gallons per bag. I t was found on the job 
that the water cement ratio required to produce concrete of the de­
sired workability with the materials actually used was 4 27 gallons 
per bag This resulted m a yield of concrete per barrel of cement 
3.01 per cent less than i t would have been had the water-cement 
ratio used been that which was assumed in arriving at the estimated 
quantity of cement Had the base proportion been used with a 
water-cement ratio of 4 27 gallons per bag the pavement would have 
cost the contractor approximately 3 per cent more than might have 
been anticipated. This is true because the yield per batch would 
have been decreased, thus reducing the output of the crew per unit 
of time. The only items of expense not increased by this deficiency 
m yield would be the earth woik, perhaps the form setting and per­
haps the curing. 

The proportions on this job were adjusted to add a sufficient quan­
tity of aggregates to produce the anticipated yield using the esti­
mated quantity of fcement per cubic yard. This change in propor­
tions resulted in the use of 4 17 per cent more aggregates than was 
anticipated. I f the sand cost $1 10 per ton and the coarse aggregate 
cost $1 90 per ton delivered, the cost of the pavement was increased 
1 52 per cent Thus the discrepancy between the estimated cost based 
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on the data given m the specifications and the actual cost was re­
duced approximately one-half by the adjustment of proportions 
Since the change in the water-cement ratio necessary to maintain 
the desired workability with this slight increase in the quantity of 
aggregate was negligible, the owner still secured concrete of a qual­
ity well above that which would have resulted had the base propor­
tions been used with a water-cement ratio of 5.25 gallons per bag 
The average compressive strength at 28 days of the concrete on this 
job was 4220 pounds per square inch 

Improvement m this specification both as to uniformity of strength 
of concrete for all possible combinations of diflFerent kinds of mate­
rials and as to providing a basis for a more accurate estimate of cost 
would be desirable Improvement in one of these at the expense of 
the other would not be desirable 

The science of the design of concrete mixtures does not seem to 
have been developed to such a point as to provide a general solution 
of the problem thus presented. 

By applying any one of several theories of design of concrete mix­
tures, the engineer may arrive at a specification for concrete mix­
tures which may be expected to provide for concrete of any required 
strength However, none of these theories provides any convenient 
means for arriving at a basis for accurately estimating the quantity 
of the various materials necessary to produce a given quantity of con­
crete. For the solution of this problem of yield of concrete the 
method of trial batches at once suggests itself This would seem a 
practical method of solution if the number of possible combinations 
of different kinds of cement, sand and coarse aggregate were small, 
and provided some dependable measure of woikability were available. 

Mr Crum has stated that there is no measure of workability that 
can be depended upon to give results that are reliable for field use. 
Assuming, however, that it is possible to make up, m the laboratory, 
trial batches of concrete which can be depended upon to prove work­
able m the field, on account of the number of variables encountered 
the problem is still not simple when applied to highway work cover­
ing an entire state. 

During 1929 there were used on highway work m Iowa, cement 
from twenty-three diflFerent mills, sand froni forty-tw,o different 
sources and coarse aggregate from forty-two different sources. This 
gives 40,5'72 possible combinations of cement, sand and coarse 
aggregate 

Supposing that the Iowa Highway Commission should desire to 
determine the yield for each of these combinations for each of the 
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S I X specified proportions and that the solution m each case required 
the mixing of ten trial batches This would mean the mixing of 
2,434,320 batches of concrete which, at the rate of ten batches per 
hour, would require the work of one crew for a little over twelve 
years Thus the amount of work necessary to give all the data neces­
sary to estimate accurately the quantity of all materials necessary 
to produce a cubic yard of concrete from each of the possible com­
binations I S quite imposing, even if it is assumed that any kind of 
material from a given source is always the same as regards the char­
acteristics which affect yield of concrete 

In actual practice the number of variables entering into the solu­
tion of the problem is, of course, reduced materially since the mate­
rials from all sources would not be available for use on any given iob 

One case m which this problem was greatly simplified Avas that 
described by K W Crum, Proceedings of the Seventh Annual Meet­
ing of the Highway Research Board, Part I , page 212 In this paper 
I S reported the procedure followed m designing a mixture for a single 
aggregate which was the only aggregate available withm a consid­
erable area 

The mixture was designed after methods described by Talbot and 
Eichart, Bulletin No 137, Engineering Experiment Station, Uni­
versity of Illinois In the paper mentioned above Mr Crum reported 
the preliminary work of design 

From a further study based on more complete data, the following 
design was obtained The stiength required was 3500 pounds per 
square inch at 28 days The laboratory. studies mdicated that the 
relative water content necessary to pioduce concrete of satisfactory 
workability was 1 10 According to Talbot and Eichart, concrete 
with basic water content would be 1 06 times stronger than this con­
crete. Therefore the strength at basic water content would need to be 
1.06 X 3500 or 3710 pounds per square inch Eeferring to the void 
strength curve for this material, it was found that the void-cement 
ratio corresponding to this strength is 85 cubic feet per bag. 
Eeferring to the characteristic curves for 1 1 relative water content, 
we find that for 85 cubic feet of voids per bag the ratio of aggregate 
to cement by absolute volume would need to be 4 6 and that the unit 
composition of the concrete would be as follows 

Cement 136 cu ft abs vol per cu ft of concrete 
Aggregate 626 cu ft abs vol per cu ft of concrete 
Water 181 cu ft abs vol per cu ft of concrete 
Air voids 057 cu ft abs vol per cu ft of concrete 

1000 
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Reducing the composition to pounds, we find the composition to be 
as follows: 

Cement = 136 X 195 4 = 26 58 lb per cu ft of concrete 
Aggregate = 626 X 163 4 = 102 30 lb per cu ft' of concrete 
Water = 181 X 62 5 = 1131 lb per cu ft of concrete 

The mix is, therefore, 26 58 lbs cement to 102 30 lbs aggregate = 
I to 3 85. 

The water cement ratio is 11 31 lbs per 26 58 lbs. cement = 

I I 31 
—-— X 94 = 40 0 lbs per bag of cement = 4.80 gals. 
26.58 

The concrete will require 26.58 lbs cement per cu. ft. = 27 X 
26.58 lbs = 717 66 lbs = 1 91 bbls 

T A B L E I 
COMPARISON BETWEEN DESIGN DATA AND CONSTBUCTION DATA FOB CONCBETE 

MDCTUBB 

Water, 
gal 
per 
bag 

Cement, 
bbl 
per 

QU yd 

Aggre­
gate 

cement 
ratio 
by 

nelght 

Air 
voids, 
cu ft 
per bag 

Void 
cement 
ratio, 
eu ft 

per 
bag 

strength, 
lb per 
sq in 
at 28 
days 

Design data 4 ^ 191 385 ^018 842 3500 
Construction data 4 62 192 3 96 1802 796 4310 
Specified 190 400 

Previous experience indicated that the quantity of water that 
would be used in the field was likely to be somewhat less than that 
assumed in the design Trial batches of concrete of approximately 
the same design indicated that the strength was likely to be some­
what higher than that for which the concrete was designed. From 
this information the specification for this mixture was fixed at a pro­
portion of 1 to 4 00 by weight with an estimated quantity of cement 
of 1 9 barrels per cubic yard of concrete. 

The data from eight jobs using this mixture on approximately 85 
miles of pavement constructed in 1929 provide an interesting check 
on the accuracy of this design Table I shows a comparison between 
data used m the design of the mixture and the average of data ob­
tained in the field from the eight ]obs mentioned above. 

As was anticipated, certain slight discrepancies between the labo­
ratory and field data are apparent The amount of mixing water 
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used m the field was less than that assumed in the design. In other 
words, the desired workability was obtained m the field with less 
mixing water than the quantity indicated as necessary by laboratory 
studies This is believed to be due to more thorough mixing ob­
tained in a paving mixer than is obtained by hand mixing in the 
laboratory The design data were obtained from mortar specimens 
mixed by hand according to usual laboratory practice 

The same assumption offers a satisfactory explanation of the re­
duction in the quantity of air voids 

The reduction m the void cement ratio accounts for some of the 
difference in strength between that used m design and that obtained 
in the field Keference to the void strength curve for this material 
shows that concrete with a void cement ratio of .796 cubic foot per 
bag of cement and with the relative water content might be expected 
to have a compressive strength of 3900 pounds per square inch at 
28 days The remaining difference of 410 pounds per square inch 
may be explained by the fact that the laboratory specimens were 
cured at a temperature of 70 degrees Fahrenheit while the specimens 
from which the field data were obtained were cured at natural sum­
mer temperatures m the field 

The increase in the quantity of dry materials necessary to pro­
duce a cubic yard of concrete results naturally from the decrease in 
the void cement-ratio It would appear, therefore, that had there 
been available some means of determining accurately m the labora­
tory what mixture would prove to have proper workability in the 
field, a mixture would have been designed that would have been 
accurate both as to strength and the quantity of all materials neces­
sary to produce a given volume of concrete. 

The degree of success attained in solving a special problem in the 
design of concrete mixtures indicated by the example cited has the 
tendency to inspire the hope that it is possible to arrive at a general 
solution for all problems in the design of concrete. 

It would not seem impossible to arrive at some measure of work­
ability for concrete to be used in pavements It would also seem that 
there must be some characteristic of any given material which affects 
yield when that material is used in concrete. I f so, it would seem 
to be withm the realm of possibility to discover this characteristic 
and measure it. Some engineers have suggested the term "water 
demand" as descriptive of this characteristic An example of this 
which is commonly noted is the amount of water required to pro­
duce normal consistency in cement paste This quantity for one kind 
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of cement may be 23 per cent of the quantity of cement and for an­
other 26 per cent. The amount of water necessary to produce con­
crete of any given degree of workability will not be the same when 
one of these cements is used as it will be for the other Hence the 
yield of concrete for a given quantity of dry materials will probably 
not be the same for both 

Doctor Talbot has reported the difference in the void content of 
mortars of the same consistency mixed with the same cement and 
different sands. 

There seems to be some indication that the same phenomenon is 
encountered m coarse aggregates from different sources. I f this 
characteristic could be measured independently for each kind of 
material, it would then seem possible to estimate the yield of con­
crete from any combination of kinds of materials So far this has 
not been done 

This would seem to present an interesting field for much needed 
research I't is to be hoped that such research will be conducted and 
that the results will provide some rational method for a more gen­
eral application of the recognized principles of design of concrete 
mixtures There are considerable advantages to be gamed by substi­
tuting accurately designed mixtures for the arbitrary proportions 
now commonly used if this can be done without violating the general 
principles which apply to the writing of specifications The engineer 
cannot feel that he is performing his proper function unless he is 
making every practical use of the scientific knowledge available. It 
would seem, therefore, that there is a sufiicient stimulus to insure 
the accomplishment of the work necessary to make the science of the 
design of concrete mixtures generally applicable to highway work 

F . H J A C K S O N , Senior Engineer of Tests, United States Bureau of 
Public Beads The description of the methods used by the State of 
Iowa in controlling the quality of concrete for pavements, as given 
by Mr Crum, as well as his discussion of the results which have been 
secured, are of peculiar interest to the Bureau of Public Roads just 
at this time because of the efforts which the Bureau is making to 
secure improvements along this line in connection with the construc­
tion of federal aid pavements From a strictly theoretical point of 
view, there can be no question as to the desirability of exercising suffi­
cient control over construction processes so as to insure that concrete 
of definite and uniform quality wiU be produced However, there 
seems to be some diffeience of opinion among engineers as to the 
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extent to which they are warranted in caiiying their field control 
operations in order to secure this end, especially if such control adds to 
the cost of the work 

There appears to be a feeling m some quarters that, for any real im­
provement over existing methods of control, the additional cost would 
be out of all proportion to the benefits derived. The results which 
have been obtained in Iowa should go far towards demonstrating 
not only the practicability of close field control but also that significant 
benefits m the shape of increased uniformity are secured at practically 
no additional cost. For instance, the author, by comparing the uni­
formity of the strengths obtained on 28 jobs constructed during 1921, 
1922 and 1923 with the uniformity of the strengths obtained on 69 
jobs constructed m 1928, has shown that, whereas m the former case 
only 35 per cent of the jobs showed a mean variation from the average 
strength of 10 per cent or less, in the 1928 work 68 per cent of all 
jobs showed a variation of 10 per cent or less It will be observed, 
furthermore, that the most significant change m construction practice 
during this interval was the abandonment of the volumetric and the 
adoption of the weight method of measuring aggregates It is fair to 
assume that the marked increase is uniformity which has been ob­
served IS due in a large measure to this change It has also been noted 
that the variation in yield has been quite materially decreased on the 
jobs where weight measurement was employed As has been shown by 
the author, the average deviation on 75 jobs constructed in 1928 was 
only 1 2 per cent, which is so slight as to be entirely accounted for by 
variations i n depth of subgrade It is interesting to note that the 
theoretical principle to the effect that variations in grading of aggre­
gates do not affect yield when measurements are made on a weight 
basis IS so strikingly verified by actual construction practice i n Iowa. 
This principle, to the mind of the writer, furnishes one of the out­
standing advantages of weight measurement m that it makes possible 
a much closer estimate of quantities by the contractor, resulting m 
closer bidding and ultimately lower costs 

The writer would like to call attention also to the fact that the nec­
essary field operations incident to the proper control of mixtures, such 
as the determination of specific gravity and moisture content of aggre­
gates and the necessary field adjustment of mixtures, are being made 
at practically no additional cost for inspection, this m spite of the 
fact that higher grade inspectors are employed The experience of the 
State of Iowa is of great interest to us because it proves that the theory 
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of weight proportioning of aggregates can be put into practice without 
unduly adding to the cost of construction 

The method used by Iowa in allowing the contractor a choice of a 
number of base proportions, all of which are designed to give concrete 
of substantially the same quality, is also of interest from the economic 
standpoint, m that it permits the use of mixtures containing rela­
tively high percentages of sand m those sections of the state where fine 
aggregate is much more abundant and consequently much cheaper 
than coarse aggregate. The practice of designing mixtures so as to in­
sure the production of concrete of the desired quality at the lowest cost 
by making the best use of locally occurring materials is one which 
should be actively encouraged. We should keep m mind at all times 
the fact that it is the quality of the finished product which is of pri­
mary importance and that the properties of the various constituent 
materials are only of importance m so far as they affect the methods 
and cost of securing this result It should always be remembered that 
real design should include consideration of the economic as well as 
the engineering features of the problem and that the goal should be 
the securing of concrete of the required quality at the lowest cost. 
Strict adherence to the same arbitrary proportions over an entire 
state where local conditions as to available materials differ widely 
does not properly take account of the cost feature and should be 
modified m favor of design methods which take local conditions into 
account. 

It is interesting also to note that the base proportions which appear 
in the Iowa Specifications have each been so adjusted that concrete of 
substantially the same consistency will be produced with the same 
water-cement ratio. Subject to the inaccuracies of job water control, 
which are discussed by the author, the concrete strengths obtained 
should therfore be an indication of the soundness of the water-cement 
ratio strength law The author has pointed out that the results secured 
indicate that concrete of the same class was produced with each of the 
base proportions, thus demonstrating the soundness of the design. Ex­
perience m Iowa also seems to indicate that, withm the range of 
aggregates available m that state, there is no relation between type of 
aggregate and strength of the concrete either crushing or transverse. 
The writer would like to have available similar data from other states 
where the range in character of aggregates is greater than in Iowa 
in order to determine whether laboratory investigations carried out 
by the Bureau of Public Eoads which indicate that type of aggregate 
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does have an appreciable effect upon strength for a given water-cement 
ratio would be substantiated by field tests such as are reported in this 
paper. If the differences which are noted m the laboratory are not 
reflected under controlled field operations it is time we knew it. 

If it is possible to secure sufficiently accurate results by the use of 
the basic water-cement ratio strength relation, the design of concrete 
for pavements wiU be greatly simplified. The writer, however, has 
always had a feeling that, m localities where types of aggregates vary 
widely, a refinement of the original water-cement ratio method of 
design, using the so-called " trial " method, is necessary m order to 
properly evaluate all of the factors affecting strength In this con­
nection, the question arises whether to a certain extent the dispersion 
of the plotted points m Figure 18 which shows the relation between 
water-cement ratio and modulus of rupture for the 1928 work is not 
at least partly due to the effect of character of individual aggregates 
on strength. It is noted that the band of plotted points covers a 
strength range of about 150 pounds per square inch, which is equiv­
alent to the difference in strength produced by a change m the water-
cement ratio of about 1 gallon per bag of cement, or 0 13 This 
happens to be almost exactly the value observed m the Bureau tests m 
which 17 different coarse aggregates were used and their effect upon 
strength noted. 

F U B T H E E C O N T E O L O F T H E U N I F O E M I T Y O F A o O E E G A T E G E A D A T I O N 

The writer would like to conclude his discussion of this very in­
teresting paper with a few remarks on the control of aggregate 
gradation Irrespective of the methods used i n establishing the initial 
proportions for a concrete job, a reasonable control over the uni­
formity of deliveries of materials for that job is essential if we are 
to avoid excess adjustments of mix to take care of variations m work­
ability due to changes m aggregate gradation Even when proportions 
are based on definite absolute volumes of materials, as i n Iowa, varia­
tions m workability necessitating adjustments of mix are bound to 
occur from time to time under the present system of using run of 
stock pile coarse aggregates Of course under conditions where it is 
possible to exercise rigid inspection of stockpiling, re-handling opera­
tions, etc., as IS the case in Iowa, the evils incident to segregation of 
sizes are greatly lessened The writer has felt for a long time that the 
practice of screening concrete aggregate into certain primary sizes 
at the producing plant and latei re-combining them m certain proper-
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tions m an effort to meet a specification requirement for a well graded 
material is illogical No matter how carefully the sizes are blended and 
no matter how carefully the material is stockpiled, segregation is 
bound to occur The writer believes that the next logical step m the 
improvement of uniformity is the proportioning of the coarse aggre­
gate m at least two separate sizes, such as has been done for a number 
of years in both North Carolina and California It is believed that the 
positive control ovei the grading of coarse aggregate which will be 
secured in this manner will not only result in more uniform concrete 
but will also make possible the designing of mixtuies carrying higher 
percentages of coarse aggregate than have been heretofore considered 
advisable The work done by the Bureau of Public Roads during the 
past summer at Arlington should throw considerable light on this sub­
ject Although the results of these tests will not be available for some 
time, it I S possible to say at this time that m so far as workability alone 

I S concerned it was found entirely practical to place and finish con­
cretes in which the value-^, as defined by Talbot and Richart, was 

Oo 

raised to approximately 0 84 
In this term, b represents the absolute volume of coarse aggregate 

in a unit volume of concrete and bo the absolute volume of coarse 
aggregate in the same volume of coarse aggregate The ratio is taken 
as a measure of the limiting quantity of coarse aggregate which may 
be used under a given set of conditions as regards materials, methods 
of placing, etc As a matter of comparison it may be said that the 
values of this ratio for an average 1:2:3^ concrete road mix is 
approximately 0 78 

The measure of workability used m these tests was the ability of the 
finishing machine on the job to handle the conciete so as to secure a 
satisfactory surface finish free from honeycomb m not to exceed three 
passages of the finishing machine The question of relative strength 
and density, freedom from interior honeycomb, etc, can only be de­
cided after the concrete has been tested, which will not be done until 
the coming summer 

In conclusion, the writer wishes again to voice his appreciation of 
the fact that the actual experiences of the State of Iowa m the construc­
tion of concrete pavements under controlled conditions have been made 
available through this paper for the use of other organizations in­
terested m the same subject" 
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C. H S c H O L E E , Consulting Materials Engineer, Kansas High­
way Commission Mr Crum's very excellent paper leaves but little 
to be added on this interesting subject, but perhaps some of the 
experiences in Kansas where for the past three years most of our 
proportioning has been done by weight, may be of interest 

Kansas has foi several years past been using weight proportions 
for nearly all concrete pavements constructed As m Iowa, our ex­
perience indicates a much better control of the quality of the result­
ing material The high degree of accuracy shown in Mr. Crum's 
paper could hardly be obtained m any other way 

In estimating quantities of materials required in concrete, par­
ticularly the cement content, I would like to suggest that the use of 
formulas including the method of absolute volumes be used only for 
preliminary estimates and that for checking quantities m the field 
that the actual yield test be made As pointed out by Mr. Crum, 
there is no reason why field methods should be any more inaccurate 
than the same operations in the laboratory 

For the last two years we have been determining the weight per 
cubic foot, using the one-half cubic foot measure, of the mixed con­
crete on the job and using this for the control of quantities of mate­
rials and cement content per cubic yard of concrete 

Due to a lack of suitable coarse aggregate over nearly two-thirds 
of the State of Kansas, and the very uniform distribution of an 
excellent coarse sand containing some gravel, a large proportion of 
the concrete we are now using contains practically no coarse aggregate. 

The material used as a total aggregate will have a fineness modu­
lus, we call it gradation factor, of about 4.00, approximately 15 per 
cent will be retained on a f̂o 4 sieve, and 10 to 15 per cent will pass 
the No 28 sieve, the dry and rodded weight will be about 117 lbs 
per cu ft 

For concrete pavements we use this with proportions of 1:3^ by 
dry and rodded volumes with about five gallons of water per sack 
of cement, including water in the aggregate Calculating the cement 
requirements of such a mix by the absolute volume basis gives an 
estimated value of 1 83 bbls In actual practice it is difficult to get 
over 1 70 bbls. of cement into a cubic yard of such concrete. To 
illustrate this let me give you some typical figures on a yield test as 
we make it in the control of our field work. This is a veiy simple test 
where weight proportions are used and is a familiar laboratory pro-
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cedure adapted to field control situations Assume a seven bag batch 
the actual weight of materials m such a batch will be: 

Cement, 7 bags @ 94 668 lb 
Sand gravel 2870 lb 
Water, 7 @ 065 © 62 4 284 1b 

Wt of batch 3812 lb 

The weight per cubic foot of the mixed concrete is measured in a 
one-half cubic foot measure, is then determined and a typical value 
would be 142 lbs per cubic foot The batch then yielded 

3812 
— _ - = 26 8 cubic feet of concrete 

and cement required per cubic yard are 

^ Iffllf'̂ '̂  = 1 7 6 bbls per cubic yard 

The method is of course equally well adapted to conditions where 
separate aggregates are used This method makes possible very close 
checks upon the cement requirements per cubic yard and we find it to 
be very helpful and much simpler than attempts to check up on 
measured lengths of pavement and uniformity of subgradmg. As 
pointed out by Mr Crum, a variation of 0 07 inch on a 7-inch pave­
ment will cause a 1 per cent variation in the quantities of material 
used and it is the speaker's conviction that a very large percentage 
of the variation in cement content charged against materials m the 
past, and attempted to be corrected by changes in proportions have 
been due to subgrade variations With weight control of proportions 
nearly all variation m actual cement content per unit volume of 
finished material can be eliminated This is clearly shown m Mr. 
Crum's paper. We have found this method of checking yield very 
satisfying to the contractor who m nearly every instance where an 
overrun was occurring, would otherwise demand a readjustment of 
proportions 


