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THE CONSTRUCTION OF HIGH-TYPE 
BITUMINOUS PAVEMENTS 

BY THE DIVISION OF MANAGEMENT, U.S. BUREAU OF PUBLIC ROADS 

Reported by C. F. ROGERS, 

N 1926 the Bureau of Public Roads undertook 
study of construction methods and costs on bitumin- 
ous concrete highway projects. Twenty-three proj- 

ectsin7 States with an aggregate length of 150 miles were 
selected for study. Each of the projects was desig- 
nated by a job number which is used throughout this 
report. Details concerning the lengths of the projects, 
tons of surfacing for different courses and thickness of 
courses are given in table 1. The projects range in 
size from a minimum of 1,600 tons to a maximum of 
49,000 tons. 

To facilitate comparison, actual mileages have been 
adjusted to mileages of pavement 20 feet wide and of 
equivalent area. ‘The tonnage per square yard and per 
mile for base and surface courses is shown for each 
project. The tonnage of material in base courses in- 
cludes material used as a base in surface widening, full- 
width base sections on relocation, and the course 
ordinarily referred to as the leveling course and placed 
on the base. Surface courses include only top or 
wearing courses whether constructed on base of similar 
or dissimilar type. The average base and surface 
thickness has been derived for each project by calcula- 
tions based on actual specific gravities developed in the 
various courses and actual weights of each course. 
Averaging the figures for all projects results in an aver- 
age project with a 20-foot surface, 5.15 inches of bitu- 
minous mixture, 6.5 miles in length and containing 
3,142 tons of material per mile. This average project 
required 20,426 tons of material, but recent projects 
have required approximately 54,000 tons in 12 miles 
and 65,000 tons in 14 miles. 

Assistant Highway Engineer 

A Mopern, Larce-Capaciry PLANT SHOWING SCREENS, BINS, 
MIXER, AND SToraGe Box. Trucks DRIVE STRAIGHT 
THROUGH IN LOADING. 

TaBLe 1.—Length, thickness, and quantities involved in projects studied 

| iti . | | 
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Job no. pavement Surface a3 OA her oft =a ee 
equivalent | EES courses | 
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| | es 

| | 
| Square | | 

Miles Tons Tons Tons yards | Tons Tons Tons | Tons Tons Tons | Inches Inches 
Me Pe ee Sok ee eae 8. 28 | 16, 294 9,458 | 25, 752 97,104 | 0.168 0.097 | 0.265 | 1,968 | 1,142) 3,110 3 3.26 .79 | 5. 04 
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Oe Se ee eee ae 6.59 | 15, 353 7, 733 | 23, 086 TT,o32" | 199 . 100 299 | 2,326 | 1,172 | 3,498 | 3| 3.85} 5. 70 
Ne. dee eee Se 3.45 | 3,191 2,953 | 6,144 40, 421 .079 . 073 152 | 925 | 856 | 1, 781 Ae boos Al 2. 91 
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By far, the greater number of projects studied con- 

sisted of surfacing laid directly on old cement concrete 

pavements, although a few surfaces were placed on new 

subgrade or on new cement concrete base. In all cases, 

except one, the surfacing was placed between side forms 

of wood, steel, or concrete and finished to these forms. 

All of the single-course pavements were laid on cement 

concrete base of a lean mix, and a thickened-edge sec- 

tion with curbs for lateral support. In the case of the 

one project where side forms were not used the base was 

made 1 foot wider than the surface course. 

The mixes used include those commonly referred to as 

sheet asphalt, fine aggregate bituminous (or asphaltic) 

conerete, coarse aggregate bituminous concrete, and 

modifications of certain patented types of pavement on 

which patents are no longer operative. In the study 

of rates of production and costs, only those items di- 

rectly related to the actual pavement are included and 

such items as subgrading, form-setting, and production 

of materials are omitted. 
The projects were all of such size as to justify con- 

struction with a single plant set-up. In most cases the 

plants were located near the center of the job but factors 

such as the location of satisfactory sidings, space rentals, 

and accessibility made it desirable to locate some plants 
at a distance from the center. 

TYPICAL PROCEDURE IN BITUMINOUS CONCRETE CONSTRUCTION 

DESCRIBED 

Figure 1 shows the plan and elevation of a typical 
bituminous concrete plant. Aggregates are usually 
delivered by rail to an adjacent siding. From 2 to 4 
separated sizes are delivered. The aggregate is moved 
from the cars to stock piles from which the ‘cold 
bucket-elevator” is fed. At some plants the unloading 
is done by crane and at others the tracks of the siding 
are elevated permitting bottom-dumping of cars and 
gravity feed to bins or piles. Gravity feed from bins to 
the bucket elevator with the flow regulated by control 
gates is frequently used. Belt conveyors are also used, 
particularly for the sand. The different sizes of aggre- 
gate should be fed to the elevator in the proportions 
required for the mix as nearly as is possible. 

The cold elevator hoists the material to the dryer for 
drying and heating. When this operation is com- 
pleted the material is discharged by gravity to the hot 
pit beneath. At some plants, a blower and dust col- 
lector (see fig. 1) is used to by-pass the fine, dry material 
to prevent clogging the dryer. The fine material is 
wasted or deposited in the hot elevator pit with the 
larger heated aggregate. 

An elevator raises the material from the hot pit to 
screens at the top of the plant where it is separated into 
the required sizes and then deposited in storage bins 
located over the weighing hopper. Where filler is used, 
it is generally conveyed from ground storage to a sepa- 
rate bin from which it may be fed by gravity or screw 
conveyor to the weighing box. 

A boiler is used to furnish steam for heating materials 
and to operate the various power units. The boiler is 
usually heated by fuel oil which is stored in tanks and 
pumped to the boiler. Asphalt is drawn from cars and 
stored in an underground tank where it is heated by 
steam coils or tubes. The asphalt is pumped from 
this pit to the mixing platform on the main tower of 
the plant just above the pug mill. 

A batch is proportioned by allowing each size of ag- 
gregate to flow into the weighing box in the proper 
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Figure 1.—TypicaL ARRANGEMENT OF Mrxine PLANT. 

amount as determined by weight. The aggregates are 
then dumped into the pug mill, which is in continuous 
operation, and the asphalt is admitted while the mate- 
rials are being agitated. On completion of the mixing 
the batch is discharged through a steam-activated dis- 
charge gate to a storage box or directly to hauling 
equipment. 

The mixed material is hauled to the road and de- 
posited directly on the surface or in spreader boxes. 
It is then either shoveled and raked into place or it is 
spread with the spreader boxes. Following the initial 
spreading, the final spreading and raking is often done 
by hand but recently, particularly in the west, the 
mechanical finishing machine has to a large extent 
replaced hand finishing. 

Rolling is done with a variety of types of rollers. 
Both the macadam and tandem type are used and 
weights range from 3 to 15 tons. 

PLANT MODIFICATIONS DESCRIBED 

Many modifications from the plant arrangement 
which has been described were observed but the general 
methods remained unchanged. On some projects in 
the Middle Western States the various plant acces- 
sories were built around a mixing unit mounted on a 
railroad flat car. With such plants the economy of 
easy movement is largely offset by small capacity which 
is inherent in the design. At one large plant, an 
elevator fed hot material to screens and batcher on one 
tower and a second elevator raised the batches to a 
hopper supplying the mixer on another tower. This 
arrangement reduced the over-all height of the plant. 
At another plant of medium capacity the units were 
arranged horizontally on low towers with furnace, dryer, 
screen hopper, and mixer assembly, and power plant in 
the order named. Most of the plants studied had very 
desirable jacking and other devices for assembling units 
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with speed and facility. The plant design which pro- 
vides a balanced flow of materials through the several 
units with a ininimum number of simple mechanical 
devices will also provide the greatest freedom from 
breakdown and delay. 

TIME DISTRIBUTION AND DELAY STUDIED 

Although the plants studied varied somewhat in 
their arrangement, the particular functions of the 
various umits were comparable. On every project 
there was a limiting unit or bottle neck, past which 
the materials could flow only in definitely limited 
amount. The removal of this bottle neck at one unit 
would only transfer it to some other unit which would 
then fix the rate of production. The purpose of the 
time study has been to derive the limiting rate for each 
unit or part of the plant and gradually to synchronize 
the several units by adjustment of size and speed or 
improvement of control of moving parts. 

Stop-watch studies covering thousands of hours 
were made of repetitive operations, such as loading, 
batching, and mixing. Analysis of these data resulted 
in detailed information concerning operating cycles 
and capacity of each unit. An accurate record was 
kept of the cause and amount of all delays. Delay or 
lost time was classed as ‘‘major” or ‘‘minor.” Major 
delays are definite stops in excess of 15 minutes and 
may occur during working hours or as a prolonged 
shut-down. Minor delays occur only during working 
hours under full expense and are usually of greater 
relative cost than major delays. They may be only a 
few seconds in duration but may recur frequently in 
cyclical operation. Study of stop-watch records for 
typical hours of operation indicated the extent of each 
kind of delay and comparisons were made on a per- 
centage basis. It has been assumed that such per- 
centages reflect the time distribution during all of the 
working hours. The correctness of this assumption 
has been checked by comparison with records covering 
protracted periods and the error is found to be less than 
one tenth of 1 percent. 

Job time or ‘‘available time” is based on the length 
of the average working day and the days of job dura- 
tion with the exception of Sundays and_ holidays. 
The elimination of major delays from available time 
results in ‘working time” during which the full crew 
is always on the job. The subtraction of minor delays 
from working time results in ‘‘utilized time” during 
which the plant is operating at 100 percent efficiency. 
In conducting the study both major and minor delays 
were classified as to causes and also as to whether they 
were avoidable, partly remediable by good manage- 
ment, or unavoidable. 

The results of such studies are shown in tables 2 and 3 
and figure 2. The nature and extent of all major and 
minor delays observed in the time studies on each of 
the 23 jobs are shown in table 2. The available time 
on each project is shown in days and the average work- 
ing day is shown in hours. The product of these two 
yields the total available hours for each project, and 
the summation of all projects gives 12,646 hours total 
available time. Major delays resulting from 15 general 
causes are responsible for the loss on all jobs of 4,552 
hours, or 36 percent of all available time. Minor delays 
resulting from 9 general causes account for the loss 
of 1,801 hours out of 8,094 working hours—a loss of 22 
percent of working time and 14 percent of available | 
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Fiagure 2.—AVAILABLE Time DiIsrrRiIBUTED ACCORDING 

Time UTILIZED AND Time Lost. 

TO 

time on all jobs. Of the 12,646 available hours, but 
6,293 hours are utilized in the direct production of 
paving mixtures. 

Table 3 is a recapitulation of table 2, distributing all 
delays according to 18 general causes, and subdividing 
each kind of delay as unavoidable, partly remediable or 
avoidable. Under these heads the delays are further 
classified as major and minor. The last column of 
the table showing the number of jobs on which each 
type of delay occurred shows that certain well-defined 
types of time loss were found on nearly every project 
studied. The data of table 3 are shown graphically jin 
figure 2. 

EFFICIENCY OF MANAGEMENT VARIES GREATLY ON DIFFERENT 
PROJECTS 

The extent to which production on the various 
projects suffered from major and minor delays com- 
bined may be shown by computing utilized time as a 
percentage of available time. Such percentages are 
given in the third column of table 4. The effect of 
minor delays only (utilized time as a percentage of 
working time) is shown in the second column. Projects 
are listed in the table in the ascending order of these 
percentages which range from 55 to 97 percent. The 
last column of the table shows the over-all efficiency 
on each of the jobs derived by computing actual utilized 
time as a percentage of possible utilized time (available 
time less unavoidable delays). 
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TABLE 2.—Distribution of time losses on 23 projects 

Project numaiberes- -.--5---2- 5-525 1 2 3 4 5 6 7 8 9 10 11 12 13 

Available GAYSo2 -29 3) ea see 75 91 48 50 73 60 41 28 40 78 81 57 36 

A-verage day, Hotirs.....2--=s=. —. <- 8 8 9.1 10 8 13.5 12.8 9.9 8 12.3 9.7 8 8 

Total available hours-.---.-------- 601 728 437 502 584 814 525 277 321 960 783 459 288 

Major delays: Hours Hours Hours Hours Flours Hours Hours Hours Hours Hours Hours Flours 
Rain aad sno wa. oso--=-eoe=—o 70. 5 31.0 69. 0 62.7 94.6 55.0 20: biglits see ee 168. 7 48.3 43.4 270 
Plant, mechanical. _ 222-2258 5.7 2.0 7.3 7.0 16.9 2a OWeekee eee si Wn Page ee Saas 35.5 6.3 0.8 
Street, mechanical_.._._._-.-_- 9250) eee a) see gk 0 | ee ee [eee eee aL eee eee 4.0 (ceases 6.1 
Late start, mansgenrent.= oo) 98 DLO ee ee ee ee eee OEY ste | peer ae 6:9 l2s32- - ae eens aecee afk eee acd |5. ce eeewe ss San eee 
Lack of materials_------- 6.5 27 Okan se oa ee Be} (ee Serene Se eee oe tingle Se 2 Oe ae 52.0 16.9 6/4 eee 
Wold! and fog see oe ene ees 143. 5 95: 2 le fone cae |e ee BE 5 a Sa a re | eee arc ee ee 148.8 
Wt, Das@ic ce cere ae ee cee ere |e ee 2 eee ce (550 ey il Sey 128. 7 G52) Seat eee ees 272;8 eee eee ee 
MiVing2 22.252 -2-2-6 a See eo eee eee | eee 20. 3 2.0 A036 Gl See ere ee ee ee ee eee ees Pri pee ee i 
Velie OU primers ne ee eee | eee ee (5 :5| ce eee ee ee 72 Sel ee ee 7.5 6) Oa oeee ees os ee 
POWor POLES: = Soe ee rec ae ee ee, ferret DB Ge ase See. aI Ee Se 2 eee a be Pe ee ee ee 
Puelc cee no ea a Bo See ee eee | eee ees 6.8 cece oe co Soe a ee Se El ee a Se ae a ee 
Handling materials: 22 So 2s eas oe aa ea oe ee ee eee ee 20.38) sosesaee oe 27.0 3.3 5.5 12.3 16. 7 a6 
Heating materials....=.22 34 jan chee a eee oe ek RS aN ee | reer eee nes | eee eee 126|kotoseeoee 5p 2:3 sen Libs) 4s eee 
Tack of subgrade. 22 2s5h22 2 2ccik 5 oe es A a Ne a na ee oe 31.6 10:0: 2 eee 2) eee 
Miscellaneous----------------- 8.0 ECO)? eee os Mee 14.6 12.4 bf || ae oe | [en 22.6 4.0 8.9 200 

Mobilis secaseens coo e eee 84. 1 128. 5 178.5 259. 7 107.5 419.0 191.1 74.2 ileal 563. 4 131.5 98. 2 186. 0 

DPotaliwoOrking ime: «..s6 sees es 516.9 599. 5 258. 5 242.3 476.5 395.0 333. 9 202. 8 303. 9 396. 6 651.5 360. 8 102.0 
Total working time as perecntage 

ol available time=_=-2s-222-2----. 86.0 82.4 59. 2 48.3 81.6 48.5 63. 6 73.2 94.7 41.3 83. 2 78.6 35.4 

Percent- | Percent- | Percent- | Percent- | Percent- | Percent- | Percent- | Percent- | Percent- | Percent- | Percent- | Percent- | Percent- 
age of age of age of age of age of | age of age of age of age of age ofc. age of age of age of 

working | working | working | working | working | working | working | working | working | working | working | working | working 
Minor delays: time time time time time time time time time time time time time 

Hauling equipment_-_--_------ 8.9 17.0 4.4 4.6 2.0 4.3 17.5 24.7 11.5 11.6 5.4 3. 7.0 
Bin shortaceses se ee 8.5 12.0 7.2 10.6 4.3 8.0 15.3 14.9 920) asa Ses 6.7 12.8 10. 4 
Plant, mechanical__....-_---.- ihe ais 4 1.0 2ali 5.0 1.6 1.9 1.6 1.6 2.5 a ap | re Be 
Plant, operatives ose - seen a wll .8 .6 4.4 1.6 3.0 1.5 207, 1.0 2.5 peal 2.8 2.1 
Handling aggregate_----------- Da0 |= e Fe ee eee Lae =a 2.0 4.1 30; |easaeeeose ye Me [ee ee: ate vd 
Pinishing...3-2.05 2 sssSe2 eae ae |e some ooo ee eee ee | eee ae Sig As | ee Se eee a ee eee a ee | ee se ee ee 3.3 
hanging ominspectin smi at) Se coe eee ee eee ne ee 16, ec rs ee eee 7 Dulng ed eel et eee ais ac} 
Handling asphalt... 2222222322) ees ol ee ee Se ee een 54 eee 2 I ea oe | ee a ee Ft ss ben aa) 
Miscellaneous: 2S sseee-ne aoe 20 eee 2.4 1.0 2.2 2.5 Z,0f A ne eee of. 2.0 ae a’ 

Oval] eee eee eee 25. 7 30.5 15. 4 21.6 16.8 24.8 42.1 45.2 28. 1 18.6 Weis 2207 23. 5 

Total minor delay, hours---------- 133.0 183. 0 39.9 52.8 80. 2 97.8 140.6 91.5 85. 5 73.8 115.6 81.9 24.0 
Total utilized time, hours__-_-_--.-- 383. 9 416.5 218. 6 190. 0 396. 3 297.2 193.3 iis} 218. 4 322. 8 535. 9 278.9 78.0 
Utilized time as percentage of— 

Working time 253 ee 74.3 69.5 84. 6 78.4 83. 2 LP 57.9 54.8 71.9 81.4 82.3 (pS 76.5 
AYO Destine meee sae eae 63.9 Slee 50.1 37.8 67.8 36.5 36.8 40.1 66.8 3300 68. 4 60.8 Die 

TaBLe 3.—Recapitulation of delays by classes, showing time lost in hours and as a percentage of available time 

Class of delay Number 

of 
; : projects 

Cause of delay Unavoidable More or less remediable Avoidable All classes on 
which 
delay 

Major Minor Major Minor Major Minor occurred 

Flours | Percent| Hours | Percent} Hours | Percent) Hours | Percent| Hours | Percent| Hours | Percent| Hours | Percent 
Ran and SNOW Ra. ono sseen ee oa eaeees- 1, 307 VC eee eee a eee ee (Rp Se (ee Se oe ee el eee oe nee | aa | eee 1, 307 10.3 21 
Wet base-orsubgradez.2- 25. Sees ee 926 (e831 pans Gene. 3 Saeed | oe ee ene | eee | ee | eee |e ee 926 7.3 10 
Cold and foggy weather-_-_---.------------ 729 6.8 joo ee eee. SAE Se eee So See a et |e eee | pe es [eas oe een | ee eee 729 5.8 6 
Hauling equipment, supply and opera- 
URE SATS oe a eee ee es) ee oe eee meres (OR A ale a cee Ae Zl oe 44 0.3 613 4.9 657 5.2 23 

Bins empty or overllowing< 2-42-2240 oe Se ce ree See sal ee ef eee eee ey 638 5.0 638 5.0 21 
Miscellaneous :+ 2522.7 2. Sa |e ee eee eee 421 3.3 89 fo nc (Ei ee 510 4.0 20 
Mechanical trouble at plant-------------- 6 Ly eS ee eee Sa 311 2S) 112 Fi eee el hae a Se eee 429 3.4 23 
Moving :on Street. co. = $2 eae ese ke aie a re ae ees |e 198 L622. nose ese aa pees | Sone ae | meee eee 198 1.6 10 
Handling ageregate at plant-2 2222 222~ encase CLES NE eS ee ee ee ee 107 .8 90 ae 4 197 1.5 17 
Mechanicalion Street. 222s 2-822 t=> 5 ee | 2 es ee ee 176 bea Ie ae Ree ts ee St ee ee ee ee 176 1.4 14 
dack ob materialise’ lames. ao = ee [eee eee ee ee [es ee ee 151 LSD nIE eee ee ee ee ee el bale pepe re | Saker 151 1.2 12 
Operative at: plant-2 so2263 {oe eae | Ea re ee a | ee ee |e sna teqecee el eee | See ee 146 1.2 146 1.2 23 
Lack of siberade. 22 so. | seeeee Cee 75 .6 6 
Handling asphalt and fuel._.---.-._____-- 53 -5 10 
Heating materials at plant 48 4 6 
Late start—management_.--__.-._...------ 46 4 8 
iishing see es ee 44 -3 6 
PHSPeClIng Or Chan elne Mix ae ek eee ee | eee 23 oe ee aera a See | oa ee et | eee | ene (cs 23 .2 if 

Total ms jor delayos sees eee 2, 968 PAR? be Ie Se, open SE eee 1, 305 TO 4 eae oe 279 PHP Ie eae ees aes tS 4, 552 36. 0 

otal Minor delays 28-22 e ee enh eee ee 23 yy) ees eae eas 245 tS I pee ee ee 1, 533 12.2 1,801 14.3 
Total major and minor delay: 

POurso= Ss 26 Sere oe eee eee 2, 991 1, 550 1, 812 ' Average 
Perego fas 2 35.8 eee eee 22. 6 12.3 14.4 13.6 
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TABLE 2.—Distribution of time losses on 23 projects—Continued 

Total Percent- 

(es On ESE (og oo te ee eee ee 14 15 16 17 18 19 20 21 22 23 forall | 08 7 
| projects | ~ amp q 

| 

Available days_.-.--- 39 29 113 28 50 4 86 102 39 £55 Pc oe Hee a 
Average day, hours-_-- 8.5 11.5 8 11.8 8 8 & 8 8 al Maaco oe oa 
Mintel ayallnple nours.= 222255222 0e5 foo sie 332 335 904 330 397 912 688 816 312 341 12, 646 | 100, 0 

| / 

| 

Major delays: Hours Hours Hours Hours Hours Hours Hours Hours Hours Hours Hours 
LEAN GSaUI RSS ON see ee 92.8 48.5 V1.5 Wig eae 65.8 208. 0 47.5 4.0 14.5 1, 307 10.3 
Plant, mechanical-____-_-------_--_--___ 18.1 .8 SI, Oh) een 3.0 41.3 13.6 19.7 8.7 5.1 311 | 26 
mErpoL, mocnaAniGnls<—_ 22 sess oes ae 4.7 7.0 (a ees s a8 is 11.8 33. 2 ig eae 176 | 1.4 
ALO sare; alinkar ement.2.. 226-22 se oo iG. foe eck ie ial | Re pie ai 1 La. yl ek ee TN 0) Eee ee 9.9 Rs os Bee SF 46 .4 
RU RAGERIISLOrI Soa eee Ore ee Pec 1.5 COE ens I ree rie ame Ok Lee oe 3.3 a7 151 | Ie 
(Cle) tales sate IN (ay ge Speer ae ee ea: een ee 2) yee tae SE I ee DOT eee ee oe hs eens ene, Pere See ee I Ay 729 | 5.8 
VG NaS 2 oo ee Se 27.0 65.8 ALOT) (Woeees te | 5 See SS 135.9 113.8 162 0) (oes 926 | 7.3 
Moving-._-- Shear a ee ee Be Pe ee bee Aer ee 3.5 1.4 4.7 16.3 (ee: An |e ee te ee 198 1.6 
PI BUMie OC DNION Ul... sabe Soe een ssn eee 1 | (oP e e PSuhseeeee eee eee eee 2B 7a ete tee, BR es 44 at: 
BEA UOTE) i eet ise a ee ae ee rede | ee esos eke enon Gt ill Re I el ee EE la Se Oe ES eee 1.4 & let ewes 
EBL =) 08 = 2 gS me ad it area os (UES ee he ie goo ee) (en ee ae aeepae, SS Pn * SE OV eS pad a RE Se Oe ee ete ht 1 
PATI Me IA COTIAIS ae sae een ee eee oop ee hom eee ee es Da eee 4.8 Bie | Bek ied BE ee 107 8 
“SIGS R eT alee ay CK eee ee, RES aS) I ee eee ESD Co aes I a ke STE ee eee el ee eh ee Eee Tt iN 48 4 
PERGRA OT Ie) ACO ae eer rie eee See 6.8 ERO e phe SOLS OF | ee ee eae Me EE ee AL ee 75 6 
IVINS OCIIAN GOUS! Stason ions as ee De 5.3 16 250. 5 CGE ie aren oe ge eee a 5 Ys Ne Seeice! S a git oN Soe 421 | 33 

“1 bd) fc De ee an SS Oe ee A ee eee 259. 0 152.3 529. 0 15.1 13.4 399. 4 391. 2 285.8 44.6 23. 4 4, 552 36.0 

Motial working GlinG 2-2... 2--—--- 2-25-52 73. 0 182. 7 375.0 314.9 383. 6 512.6 296.8 530. 2 267. 4 317.6 8, 094 ie eee 
Total working time as percentage of available 

HULSEY 5 Sa eg ee eee ape a ep eee 22.0 54.5 41.5 95. 4 95. 6 56,2 43.1 65. 0 85. 7 93. 1 64. 0 

Percent- | Percent- | Percent- | Percent- | Percent- | Percent- | Percent- | Percent- | Percent- | Percent- 
age of age of age of age of age of age of age of age of age of age of 

working | working | working | working | working | working | working | working | working | working 
Minor delays: | time time time time time time time time time time Hours 

Pauline eq ClpMment=: => Sens - 8 aoe 3.9 9.9 3.9 16.7 15 4.9 3.0 Wad 1,2 0.1 613 4.9 
Pin sUOLvaee rs ones eek eo tee 52 6.7 Se 5g | |e ae 9.1 3.5 1.8 8.8 9.1 1.0 638 | 5.0 
Plant sMeCUAUI CHE wamee seo ee. eke ui! 27 ie2 2,5 9 eo 6 Polls| eso ER rae 112 | 9 
inn T ODO OAULV Clete tees sc eee ee nea 2,1 1.6 1.8 1.5 hdl 2.6 Pa: 2.0 7 146 | 1.2 
andlingvageragatees. 2025s ees °5 8.7 Sete sg <a 2 Beal [te a iat a | eae Fin eee ae 90 | cal 
Rishi pomeet Meare tt fee oe Dail Gee ak kal eee ney. 2m eee Soe Le L304 eee ee eee. 7 a eee 1.3 44 .3 
hanging or mspecting Mixa sn. 8" | 2-2 Dal 1) eee es SMEs 0 heehee cnc nel Sl perce. Pho a A) (Re 2a | Pe ee ee ee 23 2 
Handing asp nalts ne esses = nee Sud 6.0 ip Ae a ot a [ge a 1.6 i Ye) Cee = S| Se eee eee 46 | 4 
TSG EMTS SE < e aet Fo E  a  e  e  re oll Speee eo ee) W eee ae nee eeeeeree aepes Speer .5 5.4 1.3 LL Be eee 89 | 7 

Percent- 
age 

SGU H loge 8 Sie Be ae ae L7. 2 38.8 Dieik 21.0 16.1 13.9 14.8 22.5 iM apt 3.1 22.3 | 14.3 

Motalaninor delay; OUTS. 2 s<.22----<-2-<4-.- 12.5 70.8 103. 8 66. 2 61.8 71.0 43.8 119.3 43. 0 D5it. 1s) es ee 
Motalutiised time, OUTS. -2 25 2-32. sens 60. 5 111.9 271.2 248. 7 321.8 441.6 253. 0 410.9 224, 4 307.9 Gi 2087 eo. sess S 
Utilized time as percentage of— 
VAR gio hey fn Uae (ee ee eee ae, Se 82.8 61. 2 (PB) 79.0 83.9 86.1 85. 2 71..0 83.9 96. 9 (GET idl Sear ee 
ASS TEN OTE nna eee ee ee ae 18, 2 33.3 30. 0 75. 4 81.1 48. 4 36.8 50. 4 71.9 | $0. 3 SOUS ious ---- oS 

The over-all efficiency for the average job is com- 
puted as follows: 

Hours 

Eero LOmulin Go see Aime ee ee ee eee 12, 646 
Unavoidable delay: 

Ot mee ee e R ee 2 ee eS 3, 889 
INWERROQGY EL, — ae a a gc a es rie ees 228 

4,117 

ReneS OLOmULIZeCsblin eh een owe o = Set SL eS 8, 529 
Avoidable delay: 

WME ROS Eo a age OS ak I ce Se ace a ot 663 
INICIO tee era e e, S a BAT ee 1, 573 

2, 236 

Pree mtu IAC yhiinl Caen See See Oe 6, 293 
Actual utilized time as a percentage of possible utilized 

'HUTING 2 onl Sle SO ee i Se eee 74 

These data are shown graphically in figure 3. The 
upper graph shows the distribution of available time 
between the two kinds of delays and productive work. 
The lower graph shows the distribution of working 
time between minor delays and productive work and a 
comparison of over-all efficiency at the various plants. 
The close agreement of utilized time as a percentage of 
working time with over-all efficiency indicates that the 
minor delays were largely avoidable and that the major 
delays were largely unavoidable. 

These data are an index of the efficiency of manage- 
ment in making use of available time. However, they 
do not reflect the mechanical efficiency of the plants 
while in full production. 

TaBLE 4.—Utilized time as a percentage of available time and of 
working time and over-all efficiency at all plants 

Utilized | Utilizea | Total work- 
time asa | time asa a per- Over-all 

Job no. percentage | percentage | centage of | efficiency 
of working | of available z ASI | 2 

time time Nie er time 

Percent Percent Percent Percent 
55 40 73 46 
58 37 64 52 

61 33 55 56 

69 | 57 82 69 
72 67 95 71 
72 30 42 66 
74 64 86 75 

7. 37 49 65 
ae | 27 35 76 
Re 61 79 71 

78 50 65 73 
78 38 48 76 

79 75 95 80 
81 34 4) 65 
82 68 83 81 

83 18 22 $1 
83 68 82 | 4 
84 81 97 85 
84 72 86 82 
85 50 59 86 
85 37 43 &9 
86 48 56 78 
97 90 93 | 46 

The frequency and extent of delays from a variety of 

causes warrants a detailed discussion of the manner 

in which they creep into highway construction operation 

either as a result of adopted practices of management, 

or as a result of circumstances not directly controlled 

by management. Discussion of these matters will be 

delayed in order to first consider other losses which are 
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Figure 3.—UtTiuizeEp TIME AND Major AND MINorR DELAYS As 
PERCENTAGES OF AVAILABLE TIME (UPPER GRAPH) AND WorK- 
ING, TIME UTILIZED AND OVER-ALL EFFICIENCY AT ALL PLANTS. 

an 

equally great in their effect on the potential profits 
of the contractor. 

PROJECTS RATED ACCORDING TO EFFICIENCY OF PRODUCTION 

Efficiency of production during utilized time involves 
the inherent rates of production of the units making 
up the plant, practices in operating the plant and 
specification requirements. Table 5 shows details 
concerning the mixing cycles on each of the 23 jobs, the 
output of the plants and their over-all efficiency. The 
mixing cycles shown represent the actual average per- 
formance during utilized time. 

Mixing cycles range from 46.8 seconds to 87.4 
seconds with the corresponding batches per hour 
ranging from 76.9 to 41.2. The plant with the smallest 
batch (0.309 ton) had a mixing cycle of 58.6 seconds 
with a resulting possible output of 19 tons per hour. 
A plant producing batches in excess of 2 tons in a cycle 
of 49.2 seconds, had a possible output of 150 tons per 
hour or 8 times the amount of the smaller plant. 

In table 5 the total job tonnage and the utilized time 
(table 2) are used to determine the rate of production 
per utilized hour. Since utilized time represents opera- 
tion at maximum efficiency, this figure also represents 
maximum possible production or plant capacity. 
Working hours and total tons produced are used to 
determine the production per working hour. The per- 
centage of plant capacity attained is the same as the 
percentage of working time utilized. Production per 
available hour is also shown. The over-all efficiencies, 
which reflect the management’s use of available time 
exclusive of unavoidable delays are repeated from table 
4 for comparative purposes. 

The production of a plant depends on both the inher- 
ent limitations of the plant equipment and on the effi- 
ciency with which it is operated. An index of produc- 
tion may be obtained by multiplying the plant capacity 
in tons per hour by the over-all efficiency. Such an in- 
dex for each plant is shown in table 6, which is arranged 
in descending order of indices. If the job with the high- 
est index of production, no. 23, be accepted as haying 
maximum production, or 100 percent, we can then 
compute the percentage of maximum attained on the 
other projects as shown in the table. 

The production of job no. 23, as controlled by the 
combined plant and management characteristics was 
2'¢ times that of the average and 11 times that of job 
no. 10. A later section of the report will show that the 
unit costs for labor and equipment on each project are 
in substantially the same order as the indices of pro- 
duction. Job no. 23 was a large project and used a large 
plant, and it should not be assumed that every project 
should use such a plant or should attain 100 percent on 
the basis used in table 6. 

The data of table 5 are shown graphically in figure 4 
in which the jobs are arranged in numerical order. The 
upper diagram shows the time of charge, mixing, and 
discharge for each plant. The middle diagram is a 
comparison of batch size with a superimposed compari- 
son of the possible batches per hour at each plant—the 
two factors which determine the possible output. The 
lower diagram shows the rates in tons per utilized hour, 
per working hour, and per available hour. These rates 
are also referred to as plant capacity, attained produc- 
tion, and gross production. These rates cover produc- 
tion on whole road projects and therefore represent 
average characteristics. 

RATES OF PRODUCTION ON THREE PROJECTS COMPARED 

In a study of production with a view to increasing 
efficiency we must go beyond average characteristics 
and examine the fluctuations in output from day to day. 
Good management will be reflected by a consistent high 
daily production while inefficient management which 
permits delays to creep in will show fluctuations. 

Figure 5 shows the cumulative rates of production 
during working time expressed as a percentage of the 
maximum possible rate on each day of operation on three 
typical projects. The figures for any day represent the 
average for all days up to and including that day. There 
is a marked difference in the general average rates 
attained at the three plants, which are affected by the 
size of the plant, specification requirements as to the 
mixing cycle, and the efficiency of management. The 
projects were selected particularly to show variations 
in the effect of fortuitous conditions. 
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TABLE 5.—Operating characteristics and efficiency of plants studied 

| | 
Operating characteristics of mixer Attained | Ratio of | ; Possible | p,. | -Attainec’| attained | Produc- 

Job | | Possible Average | produc- | Produc- | produc- | produc- | tion per | Over-all ob no. | | batches ator : tion dur- | tion per : bap latictancy: 
‘ ; | er hour ch tion per ing study| working | tion to javailable | efficiency 

Charge Mix (Discharge| Cycle P hour , 4 : plant hour 
| hour capacity 

pe Cis 

Seconds | Seconds | Seconds | Seconds Tons Tons Tons Tons Percent Tons Percent 
9.2 43.3 10.5 63.0 57.1 1.174 67.1) 25,'752 | 49.8 | 74.3 42.8 74. 6 

11.1 45.4 12.8 69. 3 51.9 1, 333 69. 2 28, 831 | 48.1 | 69. 5 39. 6 69.3 
10.7 59. 0 14.6 84.3 42.7 . 599 25. 6 5, 599 | 21.6 84. 4 12.8 86.3 
8.1 51.6 3.4 63.1 57.1 . 987 56.3 10, 705 | 44.2 78. 5 21.3 75. 7 
8.4 39.8 9.8 58. 0 62.1 1. 566 97.3 38, 526 80.9 83.1 | 66.0 84. 2 

18.6 35.6 5.0 59. 2 60.8 . 487 29.6 8, 807 | 22.3 75.4 10.8 64.5 
7.3 38.5 4.0 49.8 72.3 . 923 66.8 12, 918 38. 7 57.9 24.6 51.6 
8.2 34.8 3.8 46.8 76.9 . 623 40. 2 4, 460 22.0 | 54.8 | 16. 1 45.7 

14.0 40.0 8.0 62. 0 58. 1 1.819 105. 7 23, O86 75.9 71.9 71.9 70.9 
12.5 34. 3 11.8 58.6 61.4 . 309 19.0 6, 144 15. 5 81.5 6.4 65. 1 
8.1 38.9 4.2 Slee 70.3 .495 34.8 18, 658 28.6 82. 2 23.8 80.7 

10. 4 41.5 11.4 63.3 56.9 1,188 67. 6 18, 840 §2. 2 77.3 41.0 70.8 
10.8 61.0 9.2 81.0 44,4 . 690 30. 7 2, 393 | 23. 5 76. 5 8.3 75.8 
5.4 72.1 9.9 87.4 41,2 . 659 27. 1 1, 638 | 22.5 82.9 | 4.9 80.6 

10.6 56. 6 5.6 72.8 49. 5 1.124 55. 6 6, 198 34.0 61.2 18.5 55.9 
7.0 41.3 10.0 58.3 61.7 1, 523 94, 1 25, 496 68. 0 72.3 28, 2 65. 5 

10.0 42.7 8.0 60. 7 59. 3 . 552 32. 8 8, 148 25. 9 79. 0 24.7 79. 5 
12.1 33.0 13,7 58.8 61.2 2. 035 124. 6 40, 103 104.5 83.9 101.0 84. 5 
10.0 40.3 13. 2 63.5 56. 7 1, 956 110.9 48, 950 95.5 86.1 53. 7 (i EW 
8.2 43.4 13.8 65.4 55.0 1, 262 69. 4 17, 554 59. 1 85. 2 25. 5 88.9 
6.0 40.0 12.2 58. 2 61.8 1, 563 96. 6 39, 685 74.8 77.5 48. 6 72.6 

10.8 24, 2 14,2 49, 2 73. 2 2. 055 150. 4 33, 756 | 126. 2 83.9 108. 2 82. 2 
9.8 31.3 14.5 55. 6 64.8 2. 186 141.7 43, 556 137.4 97.0 127.9 96. 2 

9.9 43.0 9.7 62. 6 57.5 1, 299 74.7 469, 803 58. 4 | 78. 2 | 37.1 73.9 

TaBLE 6.—Indices of production and comparison of production Sere —— aes 
based on assumption that maximum production was attained on 
job no. 23 80 PUGMILL MIXER - Ss 

OPERATING CYCLE 

Index of | Percent Index of Percent re ‘i 
Job produc- | of maxi- Job produe- | of maxi- 

tion mum tion mum 60 

(ep) 

“At SLES BER RES 136.2 i wiW|| Pee a ee 42.7 61.3 Spe 
SL eo ean emawed 123.8 ONT et te ei 34.5 25.3 S 
iboiiy nd Spek Sk A Le ees 105. 2 Troe Loko eee eeess ae a oe 31.1 22.8 Wo 40 
OE See ee eee 86. 1 (7H | few Ee ee oe ee 28.1 20.6 “ 
Eee en al 81.9 Conk t ipeateees ames 26. 1 19.2 
if) ee ee SS eee 75.0 (afar || i pee oes Oe Se eee 23.8 ily 30 
ay CRALR SEER 70.2 Bion giaaea sae ye 22.1 16.2 
7: | eat SS ape 61.7 A OS Oa Le mee ee cee 21.9 16.1 
TGS, ee eag ae a 61.6 aD Nl bhi pee 2 ie al ee 8! 19.1 14.0 a 
ane PLA Ad Se. 50.1 Sergiley Os Bt igi et 08 18.4 13.5 
[eat Dearie 47.9 TAD LR TS eee ae ene 12.4 9.1 Paints: 
Lp ae 47. 8 35.1 

ena 
(@) da a 

Table 7 shows for each of these three jobs the factors fe 
controlling production as actually recorded during work- BATCH SIZE ANOIRATE « 
ing hours and as specified or interpreted in practice. _ 20 S 
On some of the jobs studied the specifications required 2 ie 
a standard mixing time and also limited the number of | = '5 Qo 
Biches er working hour at a rate not in harmony with 2 S = y 10 & 
the mixing time—a double standard frequently encoun- Z & 
tered in this class of work. On the projects studied the F os Fy 
limitation on batches per hour was the one usually TONS PER BATCH a 
enforced. Lack of adequate devices for timing the 0 ttt - 
mixing period and the consequent lack of control is nA SALE 
the probable cause of the limitation of batches per hour. _ TONS PER PRODUCTION RATES 
On recent projects, satisfactory timing devices have igo Foy UTILIZED HOUR 
been in use and there appears no need for additional woo |. FE workine Hour 

limitation. : ee : £2) AVAILABLE HOUR 

On job no. 4 different mixing times were specified for | & 100 
base and surface course. With the necessary charge| = 
and discharge time the average cycle (specified) was 56) & © 
seconds, which permitted 64.3 batches per hour. The| 2 ,. Fy 
mixer was designed for a 1-ton batch, which limited) * 
production to 64.3 tons per hour. 40 F 

On job no. 18 the specification, as interpreted, per- 
mitted a mixing time plus one half the discharge time 
of 45 seconds or alternately a maximum rate of 65 ae VMMSMNM, 
batches per hour. The latter requirement governed. 1 23465 6 7 8 9 101 12 13 14 15 16 17 18 19 20 21 22 23 
Using a 2-ton batch for which the mixer was designed JOB NUMBER 

gave a maximum permissible rate of 130 tons per} figure 4.—Errecr or Orrratine Cycie anp Barcu Size ON 

hour. PropuctTion Rate. 
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Taste 7.—Factors controlling production at 3 plants whose produc- 
tion rates are shown in figure 5 

se Sn Speci 
| Actual limitations peace) en ae 

er aes Total ‘ Total 
| Base Puriac or aver- Base Surfac-| 5; aver- ing | “age ing age 

Project no. 4 
| 

Charge, seconds---------| 7.2 8.6 8.1 7.2 8.6 Veo 
Mix, séconds:..25..25--= 33. 5 60. 7 51.6 30.0 60. 0 44.6 
Discharge, seconds-_----- 4.0 3.0 3.4 4.0 3.0 3.5 

Cycle, seconds..--------| 44.7 72.3 63. 1 41.2] 71.6 56.0 
Batches per working 63. 2 39.1 44,8 87.4 50.3 64.3 
hours. aeere ena ese 

Tons per Daichese=-—-o == . 944 . 889 . 987 1.0 1.0 1.0 
Tons per working hour-_- 59. 6 34.7 44,2 87.4 50.3 64.3 

Working Nourse 22s. 92. 2 150.0 | 242.2 62.9 | 103.5 166, 4 
Otal pOnS! s-seee ees eee 5, 497 5, 208 10,705 5,497  |5,208 10, 705 

Project no. 18 | 

Charge, seconds---------| 9.9 14.3 ipaal 9.9 9.9 9.9 
WEix.. secondsS:_-__-=2--== 44.6 46.4 44.4 32. 2 pills 2! 218 

Discharge, seconds ------ 13.3 14.1 1357 13.3 14.1 13.7 

Cycle, seconds. --_-- Bee) OMB |) 7E Ns 70. 2 55. 47) 56,4 55.4 
Batches per working 

hour. 4 See se ee 53. 1 48. 1 bLs3 65 65 65 
Tons per batch___------- 2. 048 2. 009 2. 035 2.0 2.0 2.0 
Tons per working hour_-| 108.8 | 96.8 104. 5 130 130 130 

Working hours--..------ 246. 0 137.6 383. 6 205. 9 102.5 308. 4 
Totalitions=-2 9 ese 26, 776 |13, 327 '40, 103 26,776 {18,327 !40, 103 

Project no. 22 | 

Charge, seconds_.-------- 8.6 Le LOSS 8.6 8.6 8.6 
Mix, secondsia4 42 --=— 33. 6 33.9 33. 7 29.0 36.5 31.8 
Discharge, seconds------ 13.8 D459) 1) 142 13.8 14.9 14.2 

| 
Cycle; seconds=-_==-----} 665077) | 6345 58. 7 51.4 60. 0 54.6 
Batches per working 

DOUrS2 552-5 ee ee 64.3. | 56.7 61.3 70.0 60. 0 66.0 
‘PONS. Per Datehee sss 2. 056 2.053 2. 055 Bl 2: 1 2) 
Tons per working hour_-; 132.2 116.5 126. 2 147.0 | 126.0 138. 6 

Working hours_____----- 163.1 10453 | OTs: 146.9 96.5 243.4 
Totalspous. cesses sees 21, 593 12, 163 |33, 756 21,593 {12,163 33, 756 

| 

On project no. 22 the specification as interpreted 
required 45 seconds mixing time or alternately per- 
mitted 70 batches per hour on base and 60 on surface 
course. With a 2.1-ton batch the maximum permissible 
rate (average for two courses) was 138.6 tons per hour. 
There is a great difference in the efficiency with which 
these plants were operated. On project no. 22 the 
cumulative rate of production rose to 90 percent of the 
maximum within 7 days after beginning work, and the 
job was completed in 39 days with an average rate of 
91 percent. On project no. 18 the average rate for 
the job was shghtly more than 80 percent. 

On project no. 4 work was greatly hampered by bad 
weather and the cumulative rate of production did not 
reach 70 percent until the twenty-ninth day and re- 
mained at approximately this figure for the remainder 
of the job. The plant on project no. 18 could have 
completed this project in 10 days. 

A combination of time losses, slow operation, and 
small plant reduced the output at one plant to 4.9 tons 
per available hour (see table 5) even though operating 
at 80.6 percent efficiency, while another plant reached 
five times that production while operating at 51.6 per- 
cent efficiency. Still another project produced 108.2 
tons per available hour with an efficiency of 82.2 
percent. 
_ The low rates of production attained at some plants 
indicate that not only should more attention be elven 
to the elimination of avoidable time losses but that 
consideration should be given to the use of plants of 
larger capacity. 
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Figure 5.—CuMULATIVE Rates oF PRODUCTION AT 3 PLANTS 
Durinc WorKING TIME EXPRESSED AS PERCENTAGE OF THE 
Maximum PossisLtE Rate. THE PLANT ON PrRosect No. 4 
Was SMALL, Poorty MANAGED, AND WEATHER CONDITIONS 
Were Bap. On Prosect No. 18 tHe Prant Was LARGs, 
WELL MANAGED, AND WEATHER CONDITIONS WERE Goon. 
On Prosect No. 22 tHe Puant Was LARGE AND WELL 
MANAGED BUT WEATHER CONDITIONS WERE ONLY Farr. 

controlled, but when such losses are followed by produc- 
tion which cannot exceed a fixed low rate the unit costs 
are certain to be high. The desirable size of plant will 
be affected by fixed daily cost of the outfit, relative 
plant costs, size of project, and other matters. Equip- 
ment and practice is not yet sufficiently standardized 
to attempt to lay down rules for size of plant but it is 
quite evident that many jobs justify greater plant 
capacity with a consequent greater daily production 
during available time. 

LOSSES OF TIME DUE TO WEATHER DISCUSSED 

Referring to tables 2 and 3, it will be noted that 23.4 
percent of all available time is lost because of the weather 
and that such delays occurred on 21 out of the 23 proj- 
ects. Delays due to rain, snow, wet base or subgrade, 
and cold or foggy weather, are classed as major unayvoid- 
able delay. However, there is the possibility of mini- 
mizing their effect on production and unit cost by 
adjusting the construction season in accordance with 
weather records. 
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eae Te T not infrequently due to carelessness also resulted in loss 
of production. The explosion of a boiler, destruction of 

so ++ . ft | plant by fire in two cases and the accidental death of an 
/ employee are typical examples. These were classed as 

40 }—— — miscellaneous delays. 
- | All these delays, common and uncommon, fortuitous 
2°30 or otherwise, indicate the need for alertness, since they 
wa robbed 23 contractors of 12.3 percent of their available 

20 time. 

The total loss of 4,553 hours on 23 projects because of 
- major delays is a serious one. However, major delays 

generally result in cessation of operation, ‘and are there- 
A fore usually < accompanied by a partial reduction in cost 

ie eircor! tice. Noe ere GAN EER WAR AER. MAy of labor, fuel, ete. With minor delays such is not the 
MONTHS — YEARS 1927 TO 1930 

Figure 6.—PERCENTAGE OF AVAILABLE Time Lost BECAUSE 
OF WEATHER CONDITIONS ON CALIFORNIA PrRoseEcts, 1927-30. 

¥ States should and do cooperate with the contractors 
in the letting of contracts so as to permit construction 
of high- -type. surfacing during the most advantageous 
seasons of the year. ‘Periods of ereatest freedom from 
time loss due to weather conditions may be determined 
for sections of the country as shown by figure 6. This | 
chart shows the percentage of available time lost due | 
to weather on California projects and for all months 
except June and July. The data were collected in the | 
years 1927 to 1930 and the observations covered from 
300 to 1,000 available hours in each month. 
were collected for the months of June and July. 

and San Joaquin Valley points. 

weather for construction. 
for any section of the United States and the records of 
the United States Weather Bureau are particularly 
useful for such purpose. 

Weather losses occur almost invariably 
delays, and halt rather than retard operations. 

as major 
On the 

projects studied only 76 percent of the time available 
could be used as working time. Other losses which 
also detract from available time are found in both the 
major and minor classifications. Late starts in the 
morning and at noon and occasional early stops are 
not tolerated under competent supervision. A regular 
and consistent working day should be the rule. "The 
occasional practice of working extra hours to make big 
runs one day only to suffer a corresponding loss the 
following day is not recommended. Asphalt paving 
construction requires a high degree of consistency since 
costs for such items as hauling units and heating of 
materials continue through all short delays. 

The orderly delivery of purchased materials is at 
times beyond the control of management but frequently 
lapses in placing orders are observed and a loss from 
this cause is clearly avoidable. In one case, laxity in 
inspection of plant requirements led to failure of the 
fuel supply. In other cases failures of belt and bucket 
lines were not anticipated or failure to maintain a proper 
inventory of spare parts resulted in prolonging delays. 
In general, such delays have been classified as partly 
remediable. Their prevalence indicates that the plant 
management should definitely place responsibility 
among employees for keeping up stocks of materials, 
supplies and spare parts, and anticipating breakdowns 
of units. 

Preventable or partly remediable delays were re- 
corded on more than half of the projects studied. Un- 
common delays, principally accidental in character but 

47080—34——2 

No data | 
Ltas4 

believed that the chart is fairly accurate for most coast. 
The months between | 

April and November, inclusive, had relatively favorable | 
Such data can be developed | 

case. Minor delays appear in the countless repetitive 
operations where a single loss of time is of negligible 
moment but when reguls rly repeated they amount to 
a considerable portion “of the working time. They occur 
under full operating costs and are of greater importance 
than idling costs to the extent that hourly operating 
costs exceed hourly idling costs. Most minor delays 
are avoidable. ; 

Be 

Dust MATERIALS YARD, AND ARRANGEMENT OF BULKHEADS. 
COLLECTOR IN FOREGROUND. 

“BIN DELAYS’’ OUTSTANDING AS A CAUSE OF MINOR DELAYS 

The outstanding minor delay is ‘‘bin shortage” 
caused by inability to furnish aggregate to multiple 
bins in the proportions required in the mix. Failure to 
do this results in shortage in one bin or overflow in 
another. Bin shortage accounted for the loss of more 
than 613 hours on the 23 jobs and was found on every 
project. On recent jobs under good management 
definite steps were taken to reduce this loss with excel- 
lent results. 
When aggregates are fed to the elevator in proportions 

differing from those required in the mix a shortage is 
bound to follow in one bin or overflow in another. 
Where the different sizes of aggregate are combined 
when delivered or are combined in stock piles or bunkers 
at the plant there is always more or less trouble with bin 
supply. Complete separation of each required size in 
stock piles is a first essential to the necessary control. 
With the necessary sizes readily available the problem 
can be completely solved by proper functioning of feed 
controls. 

Figure 7 shows several different methods of feeding 
agoregates to elevators. At one plant the method of 
handling was as follows (method A, fig. 7): Four sizes 
of aggregate were required. The materials were stored 
at ground level against a bulkhead with 2 partitions 
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to provide 3 bunkers. Sand and the largest size of 

rock were combined in 1 of these bunkers according to 

the judgment of the crane operator while the other 2 

were filled with correctly separated sizes. Adjustable 

vertical gates in the bulkhead permitted materials to 

flow to a pit where they were picked up_by the “cold 

elevator.” The gates were adjusted from time to time 

as the need was indicated. Bin conditions were indi- 

cated by a system of rope “feelers”? and visual signals. 

The sand was mixed with coarse rock to overcome the 

resistance of sand to flow. The control of the two mixed 

sizes was not positive and the feeding of the small stone 
through vertical gates was not entirely satisfactory. 

Another plant was operated on the same general plan 
except the sand was stored in a separate bunker with a 

sand trap feeding a belt conveyor which deposited the 
sand in the elevator pit (method B, fig. 7). Here there 
was also difficulty with the vertical gates and a need for 
constant alertness in regulating the controls. 

Improved operation was observed at a third plant 
with four raised bunkers feeding a belt conveyor in 
front of the stone bunkers and beneath the sand bunker 
(method C, fig. 7). Sand was fed through a trap and 
stone through angular sloped feed gates. Rate of feed 
from bunkers could be observed while inspecting the 
condition of bins—a considerable advantage. Such an 
installation costs more than those previously described 
but the cost was more than offset by the saving in 
working time. 

A fourth method gives such positive control as prac- 
tically to eliminate bin delays (method D, fig. 7). It 
consists of four bunkers placed over an excavated and 
shored tunnel in which a belt conveyor is placed. Each 
bin has two gates in the bottom which are used alter- 
nately to induce breaking down of reposed material. 
The open gates drop the material to an automatic, 
power-driven plate feeder which can be set to deliver 
material in the exact quantity desired. On the job 
where this arrangement was used it practically elimi- 
nated bin delays and the savings thus effected were 
considerably more than the cost of the installation. In 
100 hours of operation bin delay amounted to less than 
one tenth of 1 percent. 

DELAYS FROM SHORTAGE OF HAULING EQUIPMENT OF 

CONSIDERABLE IMPORTANCE 

Next in importance to bin delay is the time loss aris- 
ing from a shortage of hauling equipment or faulty 
operation of hauling units. Some loss of this type 
occurred on every project and such losses accounted for 
657 hours on all projects or 5.2 percent of the total 
available time. Time losses arising from hauling are 
thought to be largely avoidable since they occur most 
extensively on poorly managed work. Referring to 
table 2 it will be noted that on 4 poorly managed jobs, 
hauling equipment delay varied from 16 percent to 24 
percent of operating time, whereas on 4 well managed 
projects, it was reduced to less than 2 percent and on 
one of these jobs to less than one tenth of 1 percent. 

Frequently, it is difficult to determine whether a delay 
is the result of shortage of hauling units or to road con- 
ditions. Timing of the hauling units should indicate 
the source of the trouble and the remedy to be applied. 
_ Delay resulting from hauling operations may have 
its origin in faulty plant arrangement, failure to provide 
sufficient storage of mixed batches, poor and indifferent 
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operators, poor equipment, bad roads, traffic interfer- 
ence, lack of correlation between plant and road capac- 
ity, or may be due to an insufficient number of hauling 
units. 

The routine operation of taking on the load at the 
plant should be smooth and systematic. Oiling of 
bodies should be done at necessary stops on the plant 
loop. Nearly all plants are equipped for storage of one 
or more truck loads of mixed material, but some con- 
tractors delay truck operation by requiring trucks to 
wait and receive batches as they are mixed. Trucks 
should pass over a loop at the plant and should not be 
required to back in turning or to reach the loading 
point. Scales for weighing should be on the most direct 
route from the plant to the job. Experienced mechan- 
ics should be at hand to promptly correct mechanical 
troubles with the hauling equipment. Roads should 
be regularly maintained and some conditions may 
require constant maintenance. The value of increased 
travel speed will more than pay maintenance costs. 
Equipment and personnel on the street or road should 

be sufficient to handle the production of the plant 
without delaying trucks in depositing loads. 

Often, failure to provide an adequate supply of 
hauling equipment is due to inability to determine needs 
rather than to inability to obtain an ample supply. 
To assist in rectifying this condition, contractors are 
frequently furnished hauling charts, graphically simpli- 
fying the determination of a proper supply. Figure 8 
is a Z-type nomograph designed particularly for use 

on asphaltic concrete work and based on the formula 
\ bls O38 A 560 Vel ied sim mustek: ia 
N =a 5 4 T) Thesymbols are defined below. 

Instructions for use are given on the chart and the 
steps in the progressive solution are numbered corres- 
pondingly. The application of this chart to a specific 
problem is shown by guide lines. To arrive at a solu- 
tion for a particular job it is necessary to know the 
length of haul, Z; the usual average round-trip speed 
of units on the road, S; the time constant which is the 
total time consumed in performing necessary opera- 
tions other than travel, 7’; the capacity of the hauling 
unit, W; and the plant capacity, 9. The number of 
trucks required for any length of haul up to 17 miles 
may be determined with this chart. 

The shorter the haul the larger is the relative impor- 
tance of the time constant. Large hauling units have 
a greater time constant but the frequency of occurrence 
is less. Figure 8 may also be used to determine the 
economical size of hauling unit. The number of trucks 
required may be determined for alternative sizes, using 
the operating constants for each size of truck. Know- 
ing the number of trucks required the total cost may 
be determined from the cost of ownership or rental of 
each size. On the projects studied, loads carried varied 
from 1.17 tons to 6.57 tons and the lowest unit cost 
was produced by the largest trucks. 

Hauling cost is sufficiently important to justify 
analysis before the job is begun. Careful advance 
planning is very likely to result in substantial savings. 

NUMBER OF HAULING UNITS REQUIRED ~N 

HAUL IN MILES - L 
INSTRUCTIONS FOR USE OF CHART 

| - PLACE STRAIGHT EDGE ON PROPER 
VALUES ON SCALES L AND §S TO 
OBTAIN POINT @ ON BASE LINE A. 

2- PLACE STRAIGHT E0GE ON POINT @ 
AND PROPER VALUE ON SCALE T TO 
OBTAIN POINT D ON BASE LINE B. 

3- PLACE STRAIGHT EDGE ON POINT b 
AND PROPER VALUE ON SCALE W 

TO OBTAIN POINT C ON BASE LINE C. 

4- PLACE STRAIGHT EOGE ON POINT C 
AND PROPER VALUE OF Q TO OBTAIN 
VALUE ON SCALE N EQUAL TO THE 
NUMBER OF HAULING UNITS REQUIRED. 

HAULING CHART 
FOR 

ASPHALTIG CONGRETE 
AND 

BITUMINOUS PAVING 

CONSTANT IN MINUTES - T 10560 L 
—.—— + nor, (ET | 60W 

S 
/ 

/ f 

SIZE OF HAULING UNIT IN TONS PER TRIP - W 

150 50 Q 100 

PLANT PRODUCTION IN TONS PER HOUR - Q 

Figure 8.—DIAGRAM FOR DETERMINING NUMBER OF HaAvLine UNITS. 
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The possible economy of an extra plant set-up for the 
purpose of reducing average haul distance should be 
investigated. It should be borne in mind that total 
hauling cost is the summation of daily costs while haul- 
ing at varying distances and that calculations based on 
the average haul distance are misleading. Occasionally 
it has been found uneconomical to furnish the hauling 
equipment necessary to maintain full plant production 
on extremely long hauls. However, it is believed that 
a careful comparison of the cost of an additional plant 
set-up with the additional hauling costs and losses in 
plant production will often indicate the desirability of 
moving the plant in such cases. 

MANY MINOR DELAYS CAN BE EITHER MINIMIZED OR PREVENTED 

Delays at the plant include those classed as ‘“‘me- 
chanical” or failure of machinery to function properly; 
“operative” or failure of labor to function properly; 

i 

A Typicat DryER ARRANGEMENT. 

“handling aggregate” (exclusive of bin delays); inter- 
ruption of operation to inspect or change the mix; and 
a variety of miscellaneous short delays of infrequent 
occurrence. Such minor delays accounted for a total 
of 4.34 percent of all working time, a matter of 550 
hours. 
Many mechanical failures could not reasonably have 

been anticipated. However, careful, periodic inspec- 
tions will accomplish a definite reduction in the 
frequency of breakdowns. The maintenance of care- 
fully inventoried stocks of repair parts such as chain 
links, belt laces, pipe line connections, cables, dipper or 
clamshell teeth and gear sprockets has proven to be 
low-premium insurance. 

Operative delays occur as the result of failure of a 
particular machine to keep up with the pace which can 
be set on the rest of the job and may be due to inade- 
quacy if the machine itself or to the manner in which 
it is operated. <A study of time records is convincing 
that the majority of such delays are the result of habits 
of operators which can be corrected. It is as easy for 
operators to form the habit of consistently maintaining 
output at the capacity of the machine as it is to fall 
into careless operation which is perhaps affected by 
another equally careless operator at another machine. 
Such operation is most often due to lack of thought 
rather than indifference. The high cost of operative 
delays makes it desirable to place skillful operators in 
key positions at wages commensurate with the responsi- 
bility of the position. 

Delays incident to handling materials may occur at 
any point along the line of progress through the plant. 
Adequate crane capacity is essential and must be 
accompanied by good operation or output will suffer. 
A poor machine with a good operator or a good operator 

and machine with a poor arrangement of facilities for 
unloading, stock piling and feeding to the dryer, may 
fix the limit of production considerably below that 
attainable in other parts of the plant. Reference is 
again made to figure 1 which shows a typical, orderly 
arrangement with the crane runway between spur track 
and stock piles and within easy reach of all sizes of 
ageregate. With proper arrangement of facilities, the 
ordinary %-yard crane is suitable for production up to 
1,200 tons in an 8-hour day of plant operation. 

MANY DRYERS FOUND TO PRODUCE UNSATISFACTORY RESULTS 

Delays at the dryer may result from the use of a 
dryer of inadequate capacity, or from the use of exces- 
sively moist material. Dryer capacity depends on a 
number of variables and calculations of capacity are 
based on an empirical formula. Table 8 shows the 
dimensions and characteristics of dryers at 11 of the 
plants studied. 

Examination of the data shows that the capacity of a 
dryer is, to a considerable extent, dependent upon the 
degree of agitation of the material. Agitation is 
affected by the details of the dryer design and par- 
ticularly by the baffling which controls the height of fall. 
Table 9 demonstrates this relationship. 

TasBLE 8.—Characteristics of typical dryers 

Empirical capacity in 
Revo- tons per hour under 

Diam 2 lutions} various conditions 
Job no. Length fetes Pitch per 

min- zm 
ute ver- 

Poor age Good 

Inches 
Feet Inches | per foot 

1S utc Beene eee eee 24.0 66 0. 88 9.7 70 90 110 
ha et LIS BEE en 20. 5 60 tos 10.3 60 70 90 
eee ae ee eee es 18.0 60 1.00 6.6 60 75 95 
O23 54 pe eee 24.0 72 . 76 Be) 70 90 110 
G2 Sze eee ase eee 24.0 54 1.00 9.5 65 85 100 
ig ssa 22.0 We aio 8.0 97 124 150 
10s ee ee eee ees 22.0 (iP . 85 Wav 83 108 135 
20 eee ee ee eee 23.0 60 1.00 HB! 70 90 110 
2 Se ae ae ee 20. 5 60 1,25 7.0 60 7 90 
22 Sues See ee 22.0 12 Ais 8.0 97 124 150 
23 oe eer eee ners 22.0 72 as 8.0 97 124 150 

Averavessee-—— 22.0 66 . 89 7.9 75 95 117 
Ei Vip iCal aaa ae 24. 0 72 765) 8.0 90 120 150 

TasuE 9.—Relation between height of fall of material in the dryer 
and output at 4 typical plants 

-\ ; : Time re- 
| Height of ° Tateria quired to 

fall of een in dryer at} produce a 
material | P any instant) ton of ma- 

terial 

Feet Tons Tons Seconds 
3.48 150 5. 21 24.0 
2, 82 118 6. 72 30. 5 
PRA HE 89 2.42 40.8 
1, 25 69 pea by 62.2 

Efficiency of dryer operation is to be judged not only 
by rate of output but also by the temperature of the 
materials as they leave the plant. Variations in the 
temperature of mixed materials affect every operation 
in laying the surface and frequently result in lack of 
smoothness and density. Samples of compacted pave- 
ment of the same mix have shown a percentage of voids 
ranging from 7 to more than 16. The excessive void 
content was attributed to low temperature during 
compaction. Figure 9 shows the average and extreme 
temperatures of batches leaving the plant on five jobs. 



April 1934 PUBLIC ROADS 4] 

360 - soso —————s 

sig j= — = ee res 
‘ HIGH = 

320 }——_+ —— 
| 

SPECIFIED 

7 AVERAGE 

LIMITS 
300 = 

ee ae = LS 

280 
TEMPERATURE 

260 ||| }— 4 

(@) 

PROJECT NO. 5 9 12 16 Ce. 5 9 

BASE AND LEVELING COURSE SURFACE COURSE 

Figure 9.—AVERAGE AND EXTREME TEMPERATURES OF LOADS | 
LEAVING PLANT ON Five PRoJEctTs. 

30 = 

25 

20 | 
— 

ra 
7535 . | 
= Se 

ul ’ WITHIN *Y 
SOS a am el a SPECIFIED! 

5 

a al ~ . ‘I 

fe) ; SS 
aa On Gs Cr Ow Ono iO OO) GOO (OO) (OS SO 
ooroaoanro-Avn mM + onrn~Ddno-nn st 
NUNNNNYNOMONYH YM) Navn udu yn nyo s | 

TEMPERATURE - DEGREES FAHRENHEIT 

BASE AND LEVELING COURSE SURFACE COURSE 

Figure 10.—Dainry AvERAGE TEMPERATURES OF Loaps LEAy- 
ING PLANT COMPARED ON A PERCENTAGE Basis. BASED ON 
OBSERVATIONS ON 7 PROJECTS. 
LEVELING CouRSE OBSERVED 172 Days 
FOR SURFACE COURSE OBSERVED 152 Days. 

AND MIXTURES 

Figure 10 shows percentage of batches of different tem- 
peratures as combined for seven projects. Temperature 
observations were made on both base and surface mixes 
at 7 plants on 324 days and in only 55.8 percent of the 
cases were the temperatures within the specified limits. 
Extreme ranges of temperature exceeded 100°. Failure 
to meet the specification for temperature on base and 
leveling course was most often due to low temperature 
but in the case of surface course it was most often due 
to excessive temperature. 

Hot materials are transported from the dryer to the 
screens by a bucket elevator. It is important that both 
the elevator and screens be housed and insulated to 
prevent a waste of heat and unsatisfactory results in 
laying the surface. 

SCREENS AND BINS SHOULD BE OF ADEQUATE CAPACITY 

In designing a plant for a given capacity it is readily 
possible to determine the amount of material to be 
handled by each size of screen. However, the output 
of a screen depends on a number of variables and 
designs are based on empiric formulas. The observa- 
tions which have been made indicate that a margin of 
production should be provided to care for uncertain- 
ties of operation. ‘Troubles arising from inadequate 
capacity cannot be overcome by overloading screens, 
increasing the speed of revolving screens beyond a cer- 
tain limit, or using an excessive pitch. Such measures 
invariably result in inaccurate screening and should be 
prohibited by inspectors. 

At several plants material coming from the dryer 
was dumped first on a fixed, sloping screen (scalping 

MixtTurRES FOR BASE AND | 

Eaith 

A Moprern PLanr with Housep ELEVATOR FoR Hot Mate- 

RIALS. A Larce Truck Is Loaping From THE STORAGE 

Box. 

screen) with openings which passed all acceptable sizes 
and which was arranged to by-pass all oversize material 
and thus avoid burdening the other screens. At some 
plants the material coming from the dryer or scalping 
screen was divided equally between two rotary screens 
of identical characteristics. Single screens varied from 
18 to 24 feet in length where 4 sizes of ager egate were 
required. The speed of screens varied from 6.3 to 10.3 
revolutions per minute and averaged approximately 8 
revolutions per minute. Diameters ranged from 5 to 6 
feet and the pitch from *% to 1% inches per foot. 

In general, a single screen 24 feet in length, 6 feet 
in diameter, with a pitch of % inch to the foot, and 
revolved 8 times per minute should produce 1,200 tons 
per 8-hour day. 

Screened material falls directly in storage bins and 
these should be large enough to offset irregularities in 
supply and demand. The bins should be equipped 
with openings for discharging material, should the sup- 
ply of a given size become excessive, and also for the 
removal of cold aggregate. The required bin capacity 
is closely linked with the accuracy with which the sizes 
of aggregate are fed to the cold-aggregate elevator. 
Mistakes in proportioning material in stockpiles soon 
become evident as trouble with bin supply. 
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FEW DELAYS RESULT FROM BATCHER OPERATION 

In all cases the operation of withdrawing materials 

from bins in the proper amount for a batch, as deter- 

mined by weight, was accomplished well within the 

time required for mixing the previous batch. On some 

jobs the clogging of filler dust in chutes leading from 

the bin occasioned delay. Well-designed plants now 

have screw conveyors for supplying filler if it is used 

STUDY OF PUG MILL OPERATION INDICATES NEED FOR 

IMPROVEMENTS 

Discharge of material from the weighing box to the 
pug mill was done in a single operation at nearly all 

plants. In a few cases this practice coupled with large 
batches and a poorly designed pug mill resulted in the 

segregation of aggregate in the mix. As a corrective 
measure it was required in such cases that half a batch 

be weighed and dumped at a time. This requirement 
added considerably to the charging time and mixing 
cycle. The average charging rate on all projects was 
263 pounds of material per second and the half-batch 
charging method lowered this rate to 127 pounds per 
second. On jobs using a large batch with a single 
charge the rate was 520 pounds per second. Such a 
charging rate allows ample time for the accurate 
weighing of sizes during almost a complete mixing 
cycle. A single charge is desirable to permit a short 
period of premixing of the entire dry batch before the 
asphalt is added. 

The mixer is the key unit in the plant set-up. Figure 
11 is a sketch of a typical twin-shaft pug mill mixer. 
The two shafts shown are of heavy steel and each 
mounts four groups of paddles set at 90° intervals. 
The faces of the paddles are set at 45° to the plane of 
rotation. The two shafts rotate at equal speeds so as 
to force the material inward. The paddles, when in a 
horizontal position, mesh as shown in the drawing. 

Some of the faults of mixers observed in the study 
are as follows: 

1. Dimension A (fig. 11) too large with respect to 
dimension C resulting in poor end-to-end distribution 
of material and confining mixing action primarily to 
planes of rotation. 

2. Facing of paddles arranged in a haphazard man- 
ner so as to set up uninterrupted paths of flow rather 
than intercepting paths of flow to cause intermingling. 

3. Dimensions D and E too small to permit rotation 
of paddles at speeds which have been found desirable 
for good mixing without forcing material over the sides 
of the box. 

4. Dimensions G and H of the discharge opening so 
small and the discharge rate so low that the paddles are 
adjusted to aid in discharge rather than set as a result of 
consideration of mixing requirements only. 

5. Speed of revolution too low to impart the neces- 
sary violence to the mixing action. 

6. Net volume of pug mill reduced too much by the 
volume of shafts, arms, and paddles. 

A satisfactory mixer is one which distributes each 
size of aggregate and the asphalt uniformly throughout 
the mix. A better distribution of asphalt might be 
accomplished by changes in the method of introducing 
the asphalt in the mix. Studies indicate that where the 
asphalt is introduced at a single point it should be ad- 
mitted gradually. The greater the dispersion of the 
flow the greater the speed of flow which can be per- 
mitted and still obtain uniform coating of aggregate. 

eneg. } 
Figure 11.—Tyricau Twin-SHarr Puemitt Mixer. 

Chutes with diverging channels have been used to 
spread the asphalt over a large area of aggregate. It is 
believed that improved results might be obtained by 
forcing the asphalt through pipes leading to a number 
of points in the mixing box. <A piston could be arranged 
to supply the pressure with the piston adjusted so as 
to measure the correct amount of asphalt for a batch. 

In general, the time required for asphalt distribution 
is greater than that required for aggregate distribution. 
It seems possible that practical methods of accelerating 
asphalt distribution can be developed and this should 
permit a reduced mixing cycle and increased produc- 
tion. 

Wide variations in mixing time were found on prac- 
tically all of the projects studied. Figure 12 shows the 
results of the timing of over 280,000 mixing cycles. 
The observations have been grouped at 5-second inter- 
vals and the number of observations in each group 
plotted as a percentage of the total number of observa- 
tions in the group. On a typical project in an Eastern 
State more than 70 percent of the batches were mixed 
either more or less than the specified time of 45 seconds. 
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The typical western project shows a somewhat closer 
adherence to the 45-second mixing time. 

The wide variation in the mixing time found on 
practically all projects indicates the need for a timing 
device to control the mixing period. There is also need 
for research to determine the efficiency of different 
arrangements of mixers and the mixing time required 
under any set of conditions. 

It has been definitely demonstrated that marked 
improvements in efficiency of mixing are possible. 
Representatives of the Bureau of Public Roads co- 
operated with an asphalt plant manufacturer and a con- 
tractor to develop a pug mill of improved design. The 
ordinary/design was altered by decreasing the length of 
mill and increasing the width and depth. The net 
volume was increased by reducing the size of paddle 
and shaft connections. These changes permitted a 
higher speed of paddle rotation. This machine made 
possible the lowest mixing cycle yet observed and a 
record breaking production with full adherence to 
specifications. A consistent charging time of 4 seconds 
was obtained (‘‘split”’ charging not necessary) as com- 
pared with an average of 9.9 seconds on other work. 

A large discharge opening was used through which a 
batch could be discharged in 3 or 4 seconds as compared 
with an average discharge time of 13 seconds. No 
change was made in actual mixing time. The mixing 
cycle was 51 seconds as compared with an average of 
61 seconds. 
A box for storage of mixed batches, commonly 

called the ‘‘gob box” is essential to allow for temporary 
differences in mixer production and hauling rate. If 
the size of batch is less than a truck load a storage box 
is the only means of avoiding a wait on every truck 
trip. In such cases delay is wholly unwarranted when 
so simple and inexpensive a remedy exists. 

FINISHING OPERATIONS ON SURFACE COURSE OFTEN LAG BEHIND 

PLANT PRODUCTION 

When mixed material is delivered on the road or 
street it may be handled by one of several methods. 
The spreading may be entirely by hand or almost en- 
tirely by machine methods. Spreader boxes for 
attachment to trucks have been devised which are very 
satisfactory in spreading full-width base and surface 
course and also the narrow strips on widened sections. 
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STEPS IN SPREADING AND ROLLING. 

INITIAL SPREADING WITH 
SPREADER BOXEs. 

FINAL SPREADING WITH 
FINISHING MACHINE. 

CoMPACTION WITH DIFFERENT 
Typres OF ROLLERS. 
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For upper courses the use of half-width spreader boxes 
of either the sled or roller type followed by a full width 
mechanical spreader is particularly recommended. 

Mechanical finishers have been used with results that 
are very satisfactory both in quantity of paving laid | 
and in smoothness of the surface. Such machines have 
enabled the handling of a larger plant production than 
could well be handled by hand methods. Finishing 
machines have been used on standard widths up to 30 
feet and have been adapted to narrow strips 9 and 10 
feet wide. 

It occasionally happens that production is limited by 
finishing operations rather than plant mixing, and in 
such cases the finisher is the key unit. For example, 
on three projects with large capacity plants, a thin 
surface course required only 1,399 tons per mile or 
0.265 ton per lineal foot of road. The plant could 
supply material for surface course at a rate requiring a 
finishing speed of 9.46 feet per minute. This speed of 
finishing could not be consistently maintained and few 
machines have been observed capable of such a rate. 
In laying the thicker base course requiring 1,809 tons 
per mile a speed of 7.32 feet per minute was required. 
The machines on this job and most of those timed on 
other jobs were capable of this speed. It would have 
been possible to adjust the quantities of material for 
the two courses so as to maintain full plant production 
with a consistent gross speed of finishing of 8.25 feet per 
minute. In determining the relative thickness of 
courses the relation between probable plant production 
and finishing speed should be considered as a factor 
affecting cost. 

Finishing speeds as high as 12.9 feet per minute 
during periods of efficient operation were observed, but 
in only one instance was the finisher capable of main- 
taining an average speed which matched the maximum 
production of a large-capacity plant while laying thin 
surfaces. Reductions in average speed result from 
insufficient traction and time losses. Tractive losses 
vary with the number of drive wheels, type and con- 
dition of forms or form rails and height of material for 
some distance ahead of the screed. Time losses result 
from derailments caused by spreading forms and narrow 
wheel flanges; faulty spreading of material ahead of 
the screed requiring backing to fill holes and delays in 
performing initial spreading. 

Tractive losses normally reduce the speed by 8 or 9 
percent, but losses of 30 percent have been observed 
under extreme conditions. Table 10 shows finishing 
machine speeds observed on several projects. 

Very satisfactory finishing machines have been built 
using a special power unit, special gears, and with four- 
wheel drive. Such machines have kept pace with a 
plant production of 187 tons per hour where there was 
a favorable relation between thickness of base and top 
course. No great difficulty should be encountered in 
spreading and finishing operations with a properly 
designed cross section and mix and properly mixed 
batches. 
STUDY INDICATES NEED FOR MORE EXACT DETERMINATION OF 

ROLLING REQUIREMENTS 

The purposes of rolling are to reduce the voids in the 
pavement and thereby increase the density and stability 
and also to produce surface smoothness necessary for 
riding comfort. In the western States the initial com- 
paction is generally done by longitudinal rolling with 
three-wheel (macadam type) rollers weighing from 10 

GENERAL VIEW OF A MopERN WELL-DESIGNED PLANT Ser-UP. 

TaBLE 10.—Speed of finishing machines on several projects 

Average | Reduction in average 

Average | speed with| Speed due to delays 
eee speed dur- | delays and and tractive losses 

s ; ing working} tractive 
time losses elim- 

inated Base Surface 

Feet per Feet per 
minute minute Percent Percent 

ita Wye EE dy Ad 2 A ee ee 8.70 10. 40 | is Fs fe) [ee ae a 
ee te See aes tome ee oe eee 5. 20 ec Ah See renee aa cies 34.6 
Loe eee eo age eee ee ee es oe 3. 04 ba (0U) Ree Sere aoa 54.7 
iNet SO a a EPS See ee 8. 00 9. 00 | ih eS ie ba 
eae oS ee Ae es Pee 7. 25 9.70 PAS il (ER ae ie 
Da eee ae IESE a (he? D5 0) sae See 37.2 
Pale es. 8 Se ee ee aS ee 5. 00 LS Oise ees ae cee 57.6 
PUNT: Lage sxkne Piet: Bedecaee ee 10. 32 12. 90 |------------ 20. 0 

BAS VET AO Greece eee es oe Ae 6. 84 9. 99 17.6 40.8 

1 4-wheel drive. 

to 14 tons and of the gas-engine type. This is followed 
by longitudinal, transverse, and diagonal rolling with 
tandem rollers weighing from 6 to 8 tons. Details of 
typical rollers are shown in table 11. 

As a basis of comparison of amount of rolling on base 
and surface courses on different projects a ‘‘rolling fac- 
tor’? has been derived. This is the product of wheel 
widths and distance traversed on a given section of 
pavement divided by the area of the section. Roughly, 
this factor represents the number of times each unit of 
area is traversed by a roller wheel. Table 12 shows the 
successive steps in rolling on two projects. 

On job A both the base and the surface course were 
given nearly twice the amount of rolling as on job B. 
Assuming a plant production which would require 4 
rollers with the rolling factor of job B, substitution of 
the rolling factor of job A would make 3 additional 
rollers necessary. These and other observations lead 
to the conclusion that either some surfaces are insuffi- 
ciently compacted or there is a waste doing more rolling 
than is necessary on other surfaces. There is need for a 
more exact determination of rolling requirements. 

TABLE 11.—Dimensions and weights of typical rollers 

y oA rane 4 Pounds per inch Wheel weight | Wheel width Pirotiealenicen 

Type Weight | is 

Front | Rear | Front | Rear | Front | Rear 
| | } 

Tons | Pounds | Pounds | Inches | Inches 
3-wheele- ace ae 12.1 6, 530 17, 620 | 40.8 40.5 160 | 430 

OS so nee oon 11.1 6, 280 15, 880 | 40, 2 43.2 | 156 367 

andemessos-=ee- 8.6 | 5, 140 12, 110 50. 4 | 50. 4 | 102 240 
Fee a AP oP 8.5 5, 170 11, 900 | 50. 4 50. 4 103 236 
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TapLE 12.—Comparison of amount of rolling on two projects 

; : Rollin 
Job Course Roller type | Weight Operation santon: 

Tons rt. 

1. 2 Re | Basen ace 5- 3-wheel- - --- Hiatt || Une V ES ote es sae So ce 5.2 
Tandem ---. 8.5|) kina) Seen a ee 5.8 

| Tota aye re ew a ame ea mettre 11.0 

| Surface..._| 3-wheel- ---- 12.5. |Snitial sae cae ase eee 12.4 
Dolz2 ted |) oncitt@inial see eee Bh) 

Tandem _-_- Sib | Didconal: =e aes eee 6.0 
3-wheel - _ --- Aili) oneitudinalessseeee-—-o- St 
Tandem_--. S65) IDLSNS Verseno ses ee = ae aneens 3.8 

Totalo.cc |e bau Seen eee ee | ae ene eee ee a 28.8 

Bae | Base_..---| 3-wheel---_-- | [25 0y | nitiaics= eee se N74 
Tandem __-_-_- 9.2 inal © 5a 2. eee 2. 80 

otal ico eee ee oe eee ge | Soe es te ee 6. 56 

| Surface____| 3-wheel- - --- 120: Initials: = 2e* eee. —aee == 7.39 
Tandem _-- Mi! abforoteatrecehineil_ ees oe: 4.12 

| D)obeeans 9.2 | Diagonal and transverse - - 4, 28 

| UE Dye > H eY eeas (  e eee e eee  a e ee ae 15. 73 

ROLLING DONE AFTER PAVEMENT HAS COOLED THOUGHT TO BE 

INEFFECTIVE 

Time studies reveal that the average roller operates 
but 70 percent of working time with nonproductive 
delays as follows: 

Percent 

Wiaitine forma teria] ays Soe eae eee a 
Operatoridlesscc Se ies Soe ee ee 6 
MRE Hie smtorat 1mUls) be tld Se Ne er ee BE Seay Ase es 11 
Méchainica] Ute ee one eee nee 6 
Miscéllancousi# 2222s a ee eee 1 

TOtaI Se See ae ee Ee ee 30 

Wide ranges in roller speed were observed. Speeds 
of 1.2 to 1.4 miles per hour or 110 to 125 feet per minute 
appear to be satisfactory and do not result in excessive 
shoving. In general, higher speeds are used on the 
base than on the surface course. Typical rates observed 
were 2,833 square yards per hour on surface and 3,080 
on base. The number of rollers required on a project 
might be estimated as follows: 

Base | Surface 

Plant production—lineal feet of road per hour_-_------------------- 439 567 
Surface laid per hour (20-foot width), square yards____-_---_-___-_- 975 1, 260 
Number on times rolled ec. 2s ae ee ee 4.39 11.13 
Area to be rolled per hour, isdquareryardsi se a5 sess eee eee 4, 280 14, 030 
Square yards per hour per roller exclusive of time losses___--------- 3, 080 2, 833 
Percentage of working time utilized_—L ee 51.7 88.3 
Square yards per hour per roller allowing for time losses__--.------ 1, 590 2, 500 
INTHIDSUOL TOUSTS TECUITOC. = eesea et ea ane eee ee ee eee 3 6 

Here again the difference in thickness of base and 
surface course leads to an increase in the equipment 
required to keep pace with maximum production. In 
this case the thicknesses might have been adjusted so 
that 4 rollers would have been adequate for the project 
instead of 6. 

Observations of volume reduction resulting from roll- 
ing were made on selected sections of project A (table 
12). Measurements of thickness before and after 
rolling are based on level readings taken at 1-foot 
intervals on transverse pavement sections. On given 
days observations were confined to a particular course 
and measurements taken on 15 or 20 transverse sections. 
The results are shown in table 13. Each figure in the 
table is the average of observations at over 200 points. 

These data show that the reduction of volume of the 
surface course was somewhat less than that of the base 
course, although the top course received twice as much 
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rolling as the base. The variation from the average 
was much greater for the surface course than for the 
base. The base and leveling courses were of identical 
mix and the average reductions in volume are identical. 
The surface was composed of a quite different mix and 
showed different characteristics under rolling. Varia- 
tions in the temperature of the material as delivered 
possibly affected the results. 

TABLE 13.—Reduction in thickness of base and surface courses due 
to rolling 

Loose |Compacted| Reduction 
Course thickness | thickness | in volume 

Base: Inches Inches Percent 
Pirst:Ga yes ee ee Sees Se eee 3.77 206 26.5 
OCOD Gi Ca Via eae ee 4. 96 3. 81 23. 2 
TP Hind Aa yao! Mee ee eee eee 3. 63 2. 62 27.8 

ALVOLAL Obs. satire ate irs te Pe ne ree 4,12 3.07 25.6 

Leveling: 
SES 0.8 Vee eee ee ee eee re eee 2. 55 1,75 28.6 
SOCOM: Cay Seen sene ee tete ae oe ees eee 2.42 1.85 23.6 
AM GLi Cals En gaess eee Se RE ON ee ee ee 2. 68 2. 02 24.6 

AN GLA G6 ise. cae eee eee rete ee ne meee ~, 2.62 1. 87 25.6 

Surface: 
BrSta( ays 4oe 3 eee ee eens Peer ee eee 2. 44 2.01 17.6 
Second. day sense. oe eee eee eee 2. 36 1.70 om 0 
AMibhge MOA ee te = Le dn rey ia 2 1. 78 1. 26 29.0 
OuUrth Gay anne ete eee eee eee | 2. 69 Dalz Dine 

AVOLal Os ke ee. ee oe a eee ere eo 2. 32 arith 23. 5 

These facts suggested the existence of inherent 
qualities in the mix affecting the uniformity of volume 
reduction and led to a series of investigations of the 
effect of rolling. Batches of various proportions were 
prepared, spread on the road surface, and subjected to 
various amounts of rolling with rollers of different 
weights. The general indication resulting from these 
tests is that the voids in the mixture are reduced to a 
minimum value early in the rolling process. On jobs 
using a light roller on sheet asphalt the point at which 
there appeared to be no further void reduction or in- 
crease in stability was reached after 8 to 12 rollings, 
depending upon the composition of the mix. 

In the rolling tests of asphaltic concrete mixtures, 
determinations of the density of samples cut from the 
rolled pavement were made and compared with the 
theoretical maximum density (no voids) as computed 
from the quantities and specific gravities of the con- 
stituent materials. These data were determined from 
analysis of samples. 

The results of the tests indicate that in general 
the weight of the roller and the number of rollings above 
an essential minimum has less effect on the density 
attained than does the gradation of the aggregate. 

It is believed that rolling to produce compaction 
should be done entirely in a longitudinal direction and 
that rolling to produce surface smoothness should 
follow immediately in transverse and longitudinal 
directions. The entire rolling should be completed 
before a considerable drop in temperature has taken 
place and curved or diagonal rolling should be avoided 
because of the detrimental effect on smoothness. The 
data shown in the table 14 are typical of the rate at 
which cooling may take place. The heaviest rollers 
were used in the first stages of rolling and those of lighter 
weight were used in the finishing operations which took 
place about 3 hours after spreading and with the mix- 
ture approaching normal temperature. There is con- 
siderable reason for believing that the last stages of 
rolling produced practically no effect on the pavement. 
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The spreading and rolling operations are conducted 
so as to produce smoothness and riding comfort. The 
test for smoothness is usually made with a 10-foot 
straightedge. However, with cars traveling 40 miles 
per hour or 59 feet per second a surface which meets the 
requirement as to smoothness within 10 feet may have 
variations over greater distances which will produce 
riding discomfort. The regularity of the surface left 
by the finishing machine is entirely dependent on the 
vertical alinement of the side forms and the firmness 
of their support. It is therefore important that the 
forms be set conforming to the proper vertical aline- 
ment and be supported so as not to deflect under the 
weight of the finishing machine. 

TaBLe 14.—FElapsed time in rolling operations and corresponding 
drop in temperature of pavement 

Temperature drop 

Operation ae 

From— Abia | 

DF He Minutes 
Spreading.-_-_--_-- Epes ape ose toe ee Ae oe oo 290 275 2 
LPT OWN os 2s SLR ace a Cael aeealh Sat wining Bee ee Bet 275 245 7 
GIES pte Lyn eee ee he hee ew ee 245 | 216 15 
BOCONGsLO I taene = anes ae ee eee ee 216 174 41 
EU DINAOL INO ae a see Ce oe See a Ae 174 170 43 
HLOUEG MITOTIC e ete eee ee ee ee Ee 170 161 58 
LING) SOLU UNO Sno ee) BR cee eae Brin oar) Spe ae Ree 161 158 63 
STS MRCO lis t= eee eee ene Se) bee AS 158 129 143 
BO VGH ULE OLITo 5 = see ee Soueie oe a gee tae ow 129 128 183 

COSTS OF LABOR, EQUIPMENT, AND MATERIALS DERIVED 

The preceding discussion has dealt with relative 
amounts of output under various conditions. It 
remains to discuss the actual unit costs under these 
conditions and to determine the actual savings which 
may be effected by practices which have been advocated. 

These costs will be developed under the three main 
heads of supervision and labor, equipment, and mate- 
rials. These items are common to all projects and a 
few miscellaneous items not common to the general run 
of projects have been omitted from consideration. 

The supervision and labor costs are segregated in 
table 15. The main headings of the table cover the 
following items: 

1. ‘Supervision and general”’ includes cost of super- 
intendents, foremen, and labor in connection with 
supply trucks and other automotive equipment with 
the exception of trucks hauling mixed material. 

2. “Handling material at plant’? includes cost of 
labor in connection with the siding, crane, storage 
facilities, dryer, and boiler. 

3. ‘Mixing and loading” includes cost of labor in 
connection with weighing, mixing, elevators, filler 
storage, and storage of mixed batches. 

4. “Hauling” includes cost of labor in connection 
with hauling mixed batches. 

5. “Placing and finishing” includes cost of labor in 
connection with those operations following delivery of 
mixed material on the road or street. 

Under each of these items there are shown the number 
of men ordinarily employed, the number of man-hours 
for the job, the average wage per hour, and the average 
cost of labor per ton of mixed material. 

The hours of labor and payments to labor include 
those arising during working time and also those 
resulting from the maintenance of a skeleton organiza- 
tion on full day periods when the plant is not operating. 

Table 16 is an analysis of equipment costs under the | 
same general heads as used for labor in table 15. The | 

qualification of these heads as applied to labor apply 
also to the equipment costs. The costs include such 
items as fuel, materials (other than for mix), storage, 
interest, insurance, taxes, repairs and depreciation. 
The item of depreciation includes that taking place 
during actual time of operation and also the deprecia- 
tion occurring during periods when not in operation. 
An estimate was made for each unit of equipment 
according to a method which was applied uniformly 
on all projects. 

The cost of materials at the various plants as shown 
in table 17 is not the true cost but a fictitious value 
based on the assumption that each plant paid $1.20 
per ton for crushed rock, $1 per ton for sand, $16 per 
ton for asphaltic cement and $6 per ton for filler, all 
delivered on the job. This procedure was adopted so 
that the costs would reflect the effect of variations in 
specifications and construction practices. The above 
prices are approximately the averages of the prices 
prevailing on the projects studied. Combined agegre- 
gates were delivered on many projects and in such 
cases the proportions to be classed as coarse aggregate 
and sand were determined and the assumed costs were 
applied to these proportions. The average cost of 
materials per ton of mix is $2.27 of which 33.1 percent 
is for crushed rock, 16.2 percent for sand, 41.5 percent 
for asphalt, and 9.2 percent for filler. 

The costs of labor, equipment, and materials involved 
in a ton of mixed material on each project are shown in 
table 18 which also shows these items on a percentage 
basis. The cost per ton of paving mixtures ranges from 
$2.71 to $6.16. The unweighted average cost for all 
projects is $3.80 per ton and the weighted average is 
$3.25 per ton, reflecting the lower costs obtained on the 
larger projects. Figure 13 shows graphically the average 
costs of each item involved in placing a ton of mixed 
material in the road surface and also the average cost 
per ton of material for base and surface course. 

AVOIDABLE DELAYS LARGE IN COST 

The costs of labor and equipment are almost equal 
and together they produce approximately 40 percent of 
the total cost. Elimination of time losses effects a 
direct saving in labor costs and also tends to reduce 
equipment costs but does not necessarily reduce the 
amount of equipment required. It should not be 
assumed that greater efficiency will adversely affect the 
employment of labor. There will be a decrease in the 
hours of labor per mile of road but the decreased costs 
will permit the construction of a greater total mileage 
and cause an increase in the production and transporta- 
tions of materials and machinery. 

Table 19 shows the amount and cost of avoidable 
delay for all projects combined by causes and includes 
both major and minor delays. Table 20 shows the 
amount and cost of such delays on each project. This 
dissipation of potential profit on all projects amounts 
to nearly 8 percent of the cost of the projects. On one 
project delays arising from a shortage of hauling equip- 
ment resulted in losses equal to the cost of two 5-ton 
trucks. In another case bin delays caused a loss of 
$6,000 when half of this amount would have provided 
facilities which would have completely eliminated this 
delay. Losses from insufficient dryer capacity have 
been found large enough to supply a battery of dryers. 
A contractor purchased a new asphalt pump to replace 
one causing delay and within a week the savings had 
offset the cost of the pump. These are typical examples 
of conditions found on many projects. 
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TaBLE 15.—Supervision and labor requirements and costs according to type of operation on each of 23 projects 

Supervision and general Handling materials at plant Mixing and loading 

| 
ver- | | Aver- | Aver- Aver- . | A-ver- Aver- A 

Project no. nae Total | Total | age | Man- ite age | Total | Total | age hited ae age | Total | Total | age fee cae 
| num-| man- | cost of | wage | hours |cost per) nium-| man- | cost of | wage | JOUFS |cost Per) num-| man- | cost of | wage rton| ton of ly | Sl eagiil egee |G LOMN MUOHVOES | emcee arias er |Perton) ton of | her of | hours | labor | per | Per ton Ne | ber of | hours | labor pe Gane || kes ae 1ours abor | per of mix | mix | he eee ofinix | mix 
men | nour 

| 
| 

— = | 
| 

7 23 | $3, 362 | $0.82 Ble eXeyerisy | 6 | 2,450 | $1,517 | $0.62 0.10 | $0.06 5 | 2,585 | $1,716 | $0. 66 0.10 $0. 07 
ne ee al ae 9 | rar ace aor we ; .16 | Onl by, OLOwe 2 702s ods al . 09 Gah 23,600) | 2-2; 124 | se5o Bn, . 08 
Ck oe Ene ee AS 8 | 2,962| 1,687| .57 53 . 30 6| 1,554 BIS esas . 28 . 09 | Saleh 206 544] 42 23 10 
Sl aE Me ee Cae 6| 2,752| 1,479 54 26 14 13 | 2 641 625 . 24 25 . 06 7 | 1,694 484 . 29 15 04 

RRS See ae ete 5 | 2,920] 2,774 £95 08 07 9 | 3,846 | 2,487 . 64 .10 . 07 4) 1,904] 1,214 - 64 05 03 
eT EC ARS ET 3 9| 5,231 | 2,603] .49 59 29 5| 1,351 2000 sei . 16 . 03 Bal Pa, 975 790 | .40 22 09 

A Sa Gee 6| 2,768] 1,355] .49 PO 0 Talanls822 439 | 24 .14 . 03 | 6 | 2,004 635 | .32 16 05 
f-- 3. ee oe 2 554 512 | .92 a2 all 5 965 406 | .42 #22 09 3 609 264] .43 14 06 
0) SP a eee 9| 2,838] 2,490 88 12 Salil 7 | 1,766 920 62 . 08 . 04 6| 1,824] 1,295 aril 08 06 
10. A ee ee 5 | 4,237 | 2,307] .54 . 69 By 5 | 1,788 AS Tale a . 29 . 08 Gal panose ael| aR) 39 12 
1]. oe ae ee 5 3, 915 ze 506 . 64 al ates} 9 5, 868 2; 386 .41 .32 13 5 3, 260 1, 402 . 43 18 07 Re eee 10| 4198! 3347] 275! 192] liz Sule) 5081 a1 408.) er May AU) Os 4] 1,444) 1,079] .75 08 ug 
Bie AVES 9] 1,848] 1,382 75 ste 58 8 816 369 45 . 34 15 5 510 292 57 OT sipped Fie oem rae 6| 1:733| 1.462] 184] 1.06 "89 12 876 350 40 abe 22 | 5 365 209) .57 22 13 Ragiss Dele g. RB 1, 523 897 54 25 13 8+ 1, 222 351 30 . 20 06 4 732 229 -31 12 04 
Ter. Ser eee 4| 3,087] 3,192] 1.038 ub: 73 6 | 2,250] 1,358 60 .09 05 4} 1,500) 1,031 | .69 06 04 
iy Spe ee Si eee 6| 1,965] 1,448] .73 2A 13 9 | 2,587] 1,315 | .52 Boi 16 5| 1,575 914] .58 .19 hl 
{9s eee eae 11 | 4,328°) $013) 1.16 siti nal 5 | 1,448] 1,190 B82 . 04 03 5 | 1,920] 1,586 _8E . 04 04 
1G, dies Ae Af || 289087 | 60188) a S77 .16 a1 9| 4,007] 2,260] .56 . 08 05 5 | 2,585} 1,770] .69 05 04 
res She Coren 6 | 3,346] 3,470] 1.04 19 . 20 5 | 1,485 | 1,007 . 68 . 09 06 5 | 1,485 | 1,007 - 68 08 06 
(aT ees 7| 4,568 | 4,048 . 89 ck .10 16 | 8,180] 4,488 55 e227 sai 5 | 2,650] 1,834 . 69 07 05 
1D SO aks nes OD 14] 3,967| 4,728] 1.19 ae 14 8 | 1,974] 1,596] .81 . 06 05 69 ly 6037 1)-250) ee78 05 04 
5 del ae ee Pe ee 14] 4,624] 5,255] 1.14 all a1 Sale ondd Suet 54 eos 05 04 Git ool) 02s eat 483 ens 04 03 

Total or average. - 8 | 81, 564 | 65, 925 81 oa) .14 8 | 58,511 | 30, 310 52 3 te 07 5 | 41.383 | 23, 867 . 58 09 05 

Hauling Placing and finishing Totals 

0) Ave Aver-! wan- | Labor | “Ve AVE | Nien} Labor | Aver-| yfan- | Labor 
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ity tees ae Bo pogo Cee eS 11 | 3,465] 2,079 . 60 43 . 26 14| 4,410} 2,630 . 60 54 . 32 45 | 13,952 | 8, 381 . 60 1.71 1. 03 
18.26 eee ne ee ee 8) le 072)|e 2708 . 88 . 08 07 22} 8,448 | 6,805 .81 OAL 17 51 | 19, 216 | 17, 297 . 90 48 43 
i eee eee a a ate Te 11} 5,643 | 4,232 ATs m2 . 09 19 | 9,137] 5,907 . 65 .19 wall? 55 | 29,389 | 20, 357 . 69 . 60 42 
Di), ae aes Ss ee Gul) Wav82) |e 1,886 75 10 07 13 | 3,861] 2,382 . 62 22 <3 35 | 11,959 | 9, 202 Ait . 68 52 
ieee ASSN aoe eT ee 7P\\ BRED || PER The 09 07 15 | 7,950] 5,750 a7) . 20 15 50 | 27,058 | 18, 903 .70 . 68 . 48 
SOU eG ee ene Sales 6n jl 200 . 80 . 06 05 19 | 4,052] 2,942 3 12 08 55 | 18, 732 | 12, 225 89 Al . 36 
SG tse ae aie tie or 8 | 2,536] 2,029 . 80 . 06 05 19 | 4,764] 3,441 u72 ald 08 55 | 15,944 | 13, 962 88 87 82 

Total or average_-- 8 | 64, 855 | 41, 186 . 63 14 09 18 |135, 876 | 76, 264 . 56 . 29 16 47 |382, 189 |237, 552 . 62 81 51 
i 

PRODUCTIVE ABILITY OF PLANT CONSPICUOUS IN AFFECTING COSTS 

Figure 14 shows graphically the effect of length of 
mixing cycle, size of batch, efficiency, and productive 
ability of plant on the hours of labor per ton of mixed 
material (left column of fig. 14) and also the effect of 
these factors on the cost of labor and materials per ton 
of mixed material (right column of fig. 14). In these 
graphs each plotted point represents the data obtained 
on a single project and a line has been drawn to repre- 
sent the trend as nearly as it can be estimated. The 
effect of length of cycle and efficiency on the amount of 
labor and cost of labor and equipment is not clearly 
marked since other factors affect the position of the 
plotted points. “Tons per batch” show a much 
clearer relationship and the effect of productive abilits 
on hours of labor and cost stands out significantly. 

The graph on the lower right of figure 14 shows the 
effect of productive ability on cost of labor and equip- 
ment combined. The same data with labor and equip- 
ment compared separately are shown in figure 15. 

CONSIDERATION SHOULD BE GIVEN TO COSTS OF MATERIALS IN 

DESIGNING MIXES 

Up to this point the discussion has dealt mainly with 
costs of labor and equipment which constituted 40.3 
percent of the total cost. Elimination of all avoidable 
delays would have reduced the cost of labor and equip- 
ment by 21.7 percent, making them 34.5 percent of the 
total cost. Such efficiency 1s within the reach of the 
average contractor who will then have 65.5 percent 
of the total cost involved in materials. Under highly 
efficient management they may be much higher since 
on the most efficient project studied labor and equip- 
ment costs were 46 percent below the average. It is 
evident that a discussion of economy in construction of 
mixed bituminous pavements must take into considera- 
tion the relative quantities and costs of the materials. 

Use of local materials sometimes offers the oppor- 
tunity to make savings in their cost and in their trans- 
portation. There has been some tendency toward 
adopting this practice where conditions are favorable. 
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TABLE 16.—Equipment costs on each of 23 projects 

l | 
Supervision and Handling material Mixing and Hauling Placing and Total all items 

general at plant loading finishing 

Project number = rs 
Cost per Cost per | Cost per Cost per Cost per Cost per 

Total ton of Total ton of Total ton of Total ton of Total ton of Total ton of 
mix mix mix mix mix mix 

| 

| 

1 SNe Sal SES BES see Pe ee ae $1, 570 $0.06 | $2, 475 $0.10 | $4,420 $0.17 | $5, 200 $0.20} $2,330 $0.09 | $15, 995 $0. 62 
ee 2 ee rece ee eas | 1, 600 . 05 2, 860 . 10 6, 000 | Apr ds 9, 370 me | 3, 661 Pe 23, 491 .81 
Tis Set, SN ae ah ee, eee See 218 . O4 1, 236 +22 1, 497 | 27 2, 234 . 40 1, 260 gee, 6, 445 1,15 
‘st Ss a alg ee cpr ee ee cee a Pye) | 20 . 00 1, 426 13 3, 829 . 36 4, 266 . 40 1, 282 a 10, 823 1.01 
Da ee eee ane ona Soo Seen 2, 445 . 06 2, 229 . 06 5, 202 .14| 10, 436 .27 3, 605 .09 | 23, 917 . 62 
6 Rt ee Se 756 . 09 159 . 02 2, 243 | . 26 3, 652 cL 997 me 7, 807 . 89 
| Se SESS SE Se SS ee eee eae 145 .O1 | 601 - 05 | 3, 297 . oo 2, 146 kh 1, 545 »12 7, 734 . 60 
ee ee ee et an eae aoe 200 . 04 §23 12 1, 231 | 228 1, O87 . 24 356 . 08 3, 397 Pi (3, 
eee SS Sy per at ee at 384 . 02 642 . 03 3, 370 | .14 4, 958 oak 1,700 . 08 11, 145 48 

U2. See eR ee eee eee ee OT . OL 1, 165 .19 2, 610 43 2, 921 47 2, 233 . 36 8, 986 1. 46 
Lees Se 2 et eS a a ee ee ee eee 595 . 03 359 . 02 3, 392 18 6, 777 Bes! 1, 638 .09 11, 761 . 63 
1h oy ph s BS Ale eta SG ee Saino per ane eel 535 . 03 1, 726 . 09 3,357 | .18 4, 031 . 2) 2, 456 eae: 12, 105 . 64 
eee ee ee ee Cee oe 292 Tae, 473 - 20 1, 185 | . 50 1, 868 Bye 831 00 4, 649 1.94 
'ibss as posse oes ee a a ee ee ee 157 .10 312 .19 1, 165 | eedi) 666 Al 632 39 2, 932 1.79 
ih eee So 8 See Ss yi Se ane ge es 24 . 00 728 -12 1, 194 my 2, 992 48 845 | .14 6, 783 . 93 
DE So ee a ee eee pea ee es 530 . 02 2, 036 . 08 5, 960 aoe 7, 145 . 28 5, 184 21 20, 855 | . 82 
(We ag ote ee Ae Be ae See ere 14 . 00 583 07 1, 294 | 16 Shade 47 1, 384 17 7, 050 . 87 
ree eer SA ee oe ae ee ee | 270 -OL 1,816 05 6, 773° | 4 5, 782 14 4, 971 12 18, 612 | 46 
She eS iS key eae Canin ele eae ec Ean 2, 732 . 06 3, O84 . 06 10, 845 | 22 11, 202 By 4, 935 .10 32, 798 | . 67 
Ce he eee ae 2 oe eee Ti aes 360 . 02 1, 996 <12 4, 367 | . 25 5, 478 on 8, 192 18 15, 393 . 88 
Here Er aes 2 RS ee eee 407 .O1 3, 906 . 10 7, 092 | .18 8, 274 yA | 5, 671 14 25, 350 . 64 
BAG ae SN Oe ee es 1, 017 . 03 1, 450 . 04 4, 669 | 14 4, 431 . 13 3, 140 . 09 14, 707 . 43 
hg eS Oe Oe ee ae, ee eee 1, 489 . 03 1, 698 . O4 5,471 13 5, 240 12 3, 501 . 08 17, 349 . 40 

Wielehtedmayernres ss 5- 2-5 2 oe eee one ene! OS ieee See ea | EO Lulesecnoeeere 219 eee oo | a OE Oe 1 2a|ee ees Se . 65 
lun eiehtedaveragcesecs we cee eee a Ee AS Ge BE ES S10" | ese Rt | Sep ae eee! Eye Bao eee 5: | ae eta . 85 

TaBLeE 17.—Quantities of materials used and cost computed on basis 
of an assumed uniform cost for each item on all projects 

Total 
Project Asphaltie : Allma- | Total | cost per 

no. Rock Sand cement Filler terials cost ton of 
mix 

Tons Tons Tons Tons Tons 
| ge: 5 SE Oe 16, 987 6, 779 1, 343 643 25, 752 $52, 510 $2. 04 
At ee 18, 394 8, 467 1, 280 690 28, 831 55, 160 1.91 
hee 1, 936 2, 818 470 375 5, 599 14, 911 2. 66 
ih = 1 ee Today 7, 798 957 573 10, 705 28, 201 2.63 
ee Seas 25, 673 9, 070 1, 810 1, 973 38, 526 80, 676 2.09 
eee 1, 166 6, 501 772 368 8, 807 22, 460 2. 55 
(2 Beer ae 1, 658 9, 399 1, 206 655 12, 918 34, 615 2. 68 
‘ahs ee apps 553 3, 138 438 331 4, 460 12, 795 2. 87 
1 ee 15, 527 5, 918 1, 063 578 23, 086 45, 027 1. 96 
(ios So eee 737 4, 534 548 325 6, 144 16, 137 2. 63 
a ae 3, 693 13, 914 1, 051 0 18, 658 35, 162 1. 88 
Ea Ar cae 12, 221 5, 058 920 641 18, 840 38, 289 2. 03 
‘(Sa 828 1, 204 | 201 160 2, 393 6, 374 2. 66 
UE = cea 567 824 | 137 110 1, 638 4, 356 2. 66 
Lone soee 932 4,497 §21 248 6, 198 15, 439 2.49 
1s; See ee 16, 632 6, 945 1, 159 790 25, 496 50, 008 1. 96 
iy a See 3, 145 38, 734 573 696 8, 148 20, 852 2. 56 
it Soe 26, 985 10, 111 2,016 991 40, 103 80, 695 2.01 
its "= ee 31, 705 13, 454 2, 441 1, 350 48, 950 98, 656 2. 02 
2 Vey As ieee 11, 152 4, 878 843 681 17, 754 35, 834 | 2. 04 
71 es 26, 804 9, 913 1, 969 999 39, 685 79, 576 2. 00 
ye Ree See lacar 22, 679 8, 574 1, 592 911 33, 756 66, 726 1, 98 
pee oe. 29, 145 11, 243 2, 138 1, 030 43, 556 86, 605 1.99 

On two recent projects in the Western States four sizes 
of aggregate were produced from local deposits with 
excellent results. In each case a semiportable aggre- 
gate plant of considerable size was installed and the 
output was sufficient to care for the maximum pro- 
duction of the mixing plant. 

The specification requirements as to composition of 
the mix produce considerable variation in the costs of 
material per ton of mix. Table 21 shows the compo- 
sition of the mix on five typical projects in different 
sections of the country and the corresponding costs of 
materials. For purposes of comparison the no. 10 
sieve is taken as the dividing line between sand and 
rock. All percentages are computed on the assumption 
that the dry weight of aggregate and filler constitute 
100 percent and the amount of asphalt is expressed as a 
percentage of this weight. 

TaBLE 18.—Cost per ton of mix for labor, equipment, and materials 
(on assumed basis) on each of 23 projects 

Cost per ton of mix Percent of total cost 

F Super- Super- | 
Project no. vision | Equip-| Mate- Total vision | Equip-| Mate- 

and ment rials and ment rials 
labor labor 

Percent|Percent|Percent 
ie Seek eae Spee ee Sa oS $0.62 | $0.62 | $2.04 | $3.28 18.9 18.9 62, 2 
DADE R ay eR te le Poe . 59 81 1.91 Boe 17.8 24.5 6%. 7 
Ree oi ee el a. eee 1.03 1.15 2. 66 4.84 PONE 23.8 | 54.9 
Le he 2 OF ede ee ine ne . 62 1.01 2. 63 4. 26 14.6 23.7 61.7 
he eins eee ee ae . 38 . 62 2.09 3. 09 12.3 20. 1 67.6 
(EN aos Se a Se es me . 89 2. 55 4.17 17.5 21.4 | 61.1 
hE es Sik Ne 44 . 60 2. 68 Sate 11.8 16. 2 | 72.0 
a Rr Se ee ee mits) Sts 2. 87 4, 28 15.2 17.8 67.0 
Oa ee ae ee ee ss 47 . 48 1.96 2.91 16.1 16.5 | 67.4 

iG BEF ee ee EO at She 1, 08 1. 46 2. 63 6. 17 20.9 28. 2 50. 9 
i ie eee ee AS . 63 1. 88 3. 24 22.5 19.5 58. 0 
OEE Ly ee aS ee Rae . 60 . 64 2. 03 3.27 18.4 19.6 62. 0 
Ghee Bees. 9 2 se ee 1. 55 1.94 2. 66 6.15 Qpa2 31.6 43, 2 
fd ee See Bee ee ley al 1.79 2. 66 6. 16 27.8 29.0 43. 2 
lise oe tee See ee 47 . 93 2. 49 3. 89 12.1 23.9 64.0 
Ue ae pee oS EN ea - 40 . 82 1.96 3.18 12.6 25.8 61.6 
eee Be ey ee AE 1.03 . 87 2, 56 4.46 23.1 19.5 57.4 
1S6 eas ee See oe - 43 . 46 2.01 2.90 14.8 15.9 69.3 
if: Uae RO 5B Bee. Be age SEEN 42 nave 2. 02 3.11 13.5 21.6 64.9 
20 ee ee em “Ey? . 88 2. 04 3.44 15.1 25.6 59.3 
yj panes Leh Sa hek Pa ee eS Oe .47 . 64 2. 00 3.11 15.1 20.6 64.3 
7) ogietes sae, <3 Be Aa . 36 . 43 1.98 2ht 13.0 15.6 71.6 
Do) ee Seta oe noe - 40 1.99 afl 11.8 14.8 73.4 

Unweighted average_- . 68 285 Dot 3. 80 17.9 22,4 59. 7 
Weighted average_____ 51 . 65 2. 09 Spee dil | ei ees | ge el ene 

TaBLE 19.—Cost of avoidable delays on all projects by causes 

. Cost of * Cost of | Avoidable : Avoidable ; \Cost of all 
Cause of delay major pyoidable minor avoidable! voidable 

delay SOUS leedelayie cecte delay 
delay delay 

Flours Flours | 
Hauling equipment operation _- 44.0 $1, 549 613.5 | $37, 208 $38, 757 
Bins empLry OF OVeruO wane = 22 fee [eee 638. 5 38, 725 | 38, 725 
Handling material at plant__--- 108. 6 3, 823 83.4 5, 058 | 8, 881 
Lack of material at plant___--_- 149.5 SDL Gs) ieee RE Sd es 2 ERS 5, 263 
Operative dinplaniee se. one ee eh ane a 146. 2 8, 866 | 8, 866 
Weoving at strectes ee ranean 80.3 ROT eae a Set 2, 827 
Miscellaneouss. 22 ose sen 73.9 2, 602 1.8 109 | 2,711 
Lack of subgrade_..-----.------ 75.2 CCV Ns Lee ace eee 2, 647 
Heating material at plant------ 47.7 GSO Ee ae ee a ee | 1, 680 
Late start, management-.------- 45.9 Te Ace (ee ate a a ee 1, 616 
Handling asphaltic cement and 

rial le te ee sad 45.3 2,747 | 2,747 
Finishing 44.4 2, 692 2, 692 

Mechanical at street_-_-------- 31.6 yg al ER ae ene ee ee 1, 113 
Mechanical at plant - ---------- pal 71; | Ae ele Pgs! tes © eee | 250 

FP otal Swe. tee 663. 8 23, 370 | 1,573.1 | 95, 405 118, 775 
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TaBLE 20.—Cost of avoidable delays by projects 

Cost of | Cost of 
labor and! Avoid-| Cost of | labor and| Avoid-| Cost of Cost of all 

: equip- able javoidable| equip- able {avoidable avoidable 
Project nO. | ment per| major | major |mentper| minor | minor Ale 

available | delay delay working | delay delay ay 
hour hour 

Hours Flours 
1 ae tae $53. 20 10.1 $537 $60. 80 120. 9 $7, 351 $7, 888 

Ppa eal apt 55. 60 6.5 361 67. 00 178.7 11, 973 12, 334 
renee Sa ene ee 28. 00 2:0 56 47.00 32.6 1, 5382 1, 588 
Mae AMO ESE Foe 2! 34. 80 Liv, 477 70. 00 47.5 3, 325 3, 802 
lps FOS AS Brent 66. 00 20. 6 1, 889 78. 00 53.8 4, 196 5, 585 
ee eee eh. 17.60 100. 5 1, 759 31. 60 63.4 2, 003 8, (62 
5 SN rs Saeor Ee 25. 60 48. 0 1, 229 36. 50 133.0 | 4, 854 6, 083 
Bae eee 22. 80 44.8 1, 021 26. 10 86.8 2, 265 3, 286 
1 a Re ee 68. 20 10. 7 730 69. 70 79. 0 5, 506 6, 236 

100. cee eee 16. 30 109. 2 1, 780 34. 90 64.8 2, 262 4, 042 
iy ee Ae 32. 50 41.3 1, 342 37.00 86. 6 3, 204 4, 546 
by ae Ee Pe 51.10 43.6 2, 228 58. 60 71.4 4,184 6, 412 
1a ee Sen 29. 10 1.5 44 81. 60 23.4 1, 909 1, 953 
di RE eas Se 17. 80 2.0 35 78. 10 12. 5 976 J, O11 
Ris es et Ae 25. 90 26.9 697 43. 80 61. 1 2, 676 3, 373 
: peices Bee 34. 50 49.3 1, 701 78. 70 93. 7 7, 374 9, 075 
is se eee 2 46. 70 (or 290 48. 00 58. 2 2, 794 38, O84 
PSs ee eee 90. 50 6.6 597 92. 10 §2,2 4, 808 5, 405 
it: ene ee SY oS 58. 30 59. 5 3, 469 96. 90 67.2 6, 512 9, 981 
DO So rn eee 35. 70 5.0 179 82. 20 26. 4 2, 170 2, 349 
ee ae 54. 20 43.0 2, 301 79. 10 112.0 8, 859 11, 190 
ae Fe See 86. 20 10.3 888 97. 40 38. 2 ah Pal 4, 609 
23!) oacseaee 92. 00 2.5 230 98. 00 9.7 951 1, 181 

Average. - 35. 20 28.9 1, 016 60. 65 68. 4 4,148 5. 164 

COMBINED COURSES ~ TOTAL COST 

BASE COURSES PER CENT SURFACE COURSES 
PER CENT PER CENT 

MATERIALS COST 

4 é 
S 

2) 

Figure 13.—DIstTrisuTION OF AVERAGE Costs. 

Considering the material passing the no. 10 sieve as 
mortar, table 21 shows that bases have been constructed 
with a mortar content as low as 23 percent with 5 per- 
cent asphalt and as high as 85 percent with 8 percent 
asphalt. The surface courses range from 33 percent 
mortar with 5.4 percent asphalt to 100 percent mortar 
with 10.5 percent asphalt. 

Sand-asphalt mixes have been used in regions where 
rock would have to be transported such distances as to 
make its use uneconomic. However, there are wide 
differences in percentages or rock used in base course 
in regions where rock is readily available. Excellent 
pavements have been constructed with a high percentage 
of coarse aggregate in the base and it appears that low 
percentages of coarse aggregate with the consequent 
increase in asphalt required are often uneconomic 
designs. 

TABLE 21.—Composition of mix and costs of materials, equipment, 
and labor on 6 typical projects 

Northern bituminous concrete | Western bituminous concrete 
base (4,100 tons) with sheet (225,000 tons in base and 
asphalt surface (3,500 tons) 140,127 tons in surface) 

sf g As. | Cost f As. | Cost 
Rock} Sand | Filler phalt pat Rock} Sand | Filler phalt per 

Composition of | Per- | Per- | Per- | Per- Per- | Per- | Per- | Per- 
base and cost of | cent | cent | cent | cent cent | cent | cent | cent 
materials eesss= UGeaenon| saan ee 5.0 |$1. 87 | 71.0 | 28.8 0. 2 4.9 | $1.85 

Composition of sur- 
face and cost of 
mMaberialssae-s= saa 80.1 | 19.9] 10.5 | 3.33 | 67.0 | 25.3] 7.8] 54] 2.26 

Composition of 
combined base 
and surface and 
cost of materials_| 45.1 | 49.3 | 9.2] 7.6 | 2.56 | 69.4 | 27.5] 3.1 eel 1.99 

Cost of— 
EQUI Crt Soest ee el Sere |e earner ae 00875 (Se eee eee ea|s es eas 0. 60: 
DORE Sse eee alc eee | ee TiO Big arene en ee eee 0.45 

Dotalsesawss. Esa soe sees eee | eee 4-AG Yc =e S-5| EERE Sl ae |e 3. 04 

Eastern bituminous concrete 
(8,400 tons in base and 9,200 
tons in surface) 

Southeastern sand-asphalt. 
(24,400 tons in base and 
20,300 tons in surface) 

j As. | Cost “4 As- | Cost 
Rock| Sand | Filler phalt Pt Rock} Sand | Filler phalt pet 

Composition of | Per- | Per- | Per- | Per- Per- | Per- | Per- | Per- 
base and cost of | cent | cent | cent | cent cent | cent | cent | cent 
materialse-s-— == PASO SAR) || sn 6.0 /$1.88 | 15.0 | 85.0 |------ 8.0 | $2.14 

Composition of sur- 
face and cost of 
materials. ...._-- Piles Oop WADSOY | see 6203) 1.88) 13. 6) |, 74. La 2. 3 125) 320: 

Composition of 
combined base 
and surface and 
cost of materials.| 21.0 | 79.0 |_----- 6.0 | 1.88 | 14.3 | 80.1] 5.6] 9.9| 263 

Cost of— 
HoGuipmenteess|=sse5 tlensas 4\eeasea| oes ON 03: i) bee e. 5 Seale 82 oe ere 0. 91 
Labor sees et. 3) 2 ee eae las: |e 0.73 | ee | ee es eee eee 0. 63 

‘Totalste 7023 | see ee se Pe eee 2 a Pee Se ee eae oe Se 4.17 

Ld 

Southwestern rock asphalt sheet mix for sur- 
face (8,800 tons) 

Rock | Sand | Filler | Asphalt | Cost Per 

Composition of surface and cost of ma- | Percent | Percent |Percent | Percent 
Uerial soo oe cane eens aoe ee ee oe 37.8 54.9 9, 2 $2. 86 

Composition of combined base and sur- 
face and cost of materials________-__- 37.8 54.9 7.3 9.2 2. 86 

Hoste of— 
Equipment... asaan ast ee ee | eek eee | eee ees | meer eel eee ee 1.46 
Tabor sk tee te SPS ee ee Lee Bo aes eS ee eee 1, 28 

Total st sayoct ae sas eee se ee eee er 5.40 

RELATION BETWEEN TIME OF MIXING AND UNIFORMITY OF 
MIX STUDIED 

In the studies at various plants attention was given 
to the relation between time of mixing and the uni- 
formity of the mixed material. A single test for uni- 
formity consisted of taking a sample from each end of 
the pug mill, analyzing the contents of each sample and 
comparing the results on a percentage basis. The 
weight of a sample was approximately 50 times the 
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Figure 14.—Errecr or Various Factors on Hours or Lasor AND Cost or LABOR AND EQUIPMENT. 

weight of the largest particle. Asphalt was extracted 
using commercial benzol as a solvent. Screen analyses 
were made in an improvised field laboratory. 
A series of tests consisted of taking a pair of samples 

at 10-second intervals through one minute of mixing 
and then at half-minute intervals up to 3 minutes of 

mixing. Conclusions are based solely on differences 
between samples taken at the same instant and no 
attempt was made to determine the composition of a 

batch as a whole. Twenty-five series of samples were 
taken, including different mixes and at five different 
plants. 
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Figure 15.—Errecr or PropuctivE ABILITY ON Cost or LABOR AND EQUIPMENT. 

TABLE,22.— Total percentage differences (see text) between 2 samples 
taken at*same instant for various mixing times and for each series 
of tests 

Sam- Seconds. of mixing 
ple 

series | 
a 10 30 | 40 | 50 | 60 

Course 
120 | 150 to So 

22.8 
25. 2 
24.8 
30.0 
21.8 
26. 6 
23. 4 
26. 4 
22, 2 
10. 2 
14, 2 

15. 2 
14.4 
34. 4 
18. 0 
33.6 
26. 2 
28. 4 
2250| eee 

SUtiace se 2 ee 

ou) oO fo2) 

PNNNWwWNNH 

He bo 

PODODOrWO 

DRE mR HH SHSBw ws to DP OR by OO BME Dp SRASeds AOnNonae 

— Dp iw) 

CEI) OBA gd a S| 

whose 
SP ORS So > 

FPODOONIOoORWNH 

& 3 ° oo H 

AwoewocdFf#Done et 

Average: 222.2 = eo esate, 33. 98)19. 45/22. 51 

27. 2 
25. 6 
24. 4 
18. 6 
28. 0 
30.0 
27.8 
16.0 
19.6 
30, 4 

37.8 
13. 6 

Levelling ase seer 12 

IBES62 363 eee ee 22 
23} 21.6 
24| 36,2 32.8 
25] 44.8} 1 27.8 

Average, base and leveling _|32. 97/28. 37/25. 69/25. 82|24. 19] 20. 86]19. 40)17. 77/19. 83}19. 83 

For each pair of samples the percentage of asphalt and 
of each size of aggregate were tabulated in adjacent 
columns. The differences between corresponding 
percentages were tabulated and then totaled for the 
pair of samples. These total percentage differences 
reflect the variation between the two samples. Such 
totals for each mixing time and for each series of tests 
are shown in table 22. The average results for all 
samples show improved mixing with increased mixing 
time. However, certain of the series show a rise and 
fall in uniformity such as to suggest the possibility of 
segregation due to overmixing. 

TABLE 23.—Variations in pairs of samples in the percentage of 
material of a given screen or sieve size, averaged for all series, and 
for each mixing time 

SURFACE COURSE 

Screen or sieve size 

Seconds of pecoee 
mixing 1% 3h 2 2 cemen 

inehesnieanien No. 3 | No. 10 | No. 40 | No. 80 | No. 200 

IO Ses act eee 6. 81 9. 55 5. 34 Dait 4.01 3. 32 2. 24 2. 25 
20) 528 Eee 4. 88 4,70 2. 47 1. 30 2, 17 1.97 1.96 1.75 
CUE ek ede, 6. 28 5. 53 4, 28 1.70 1, 46 1. 82 1. 44 1, 80 
40 Ce See 9. 33 4. 94 38. 40 1.61 2. 46 1. 55 1.98 1. 65 
00sec esate ese’ ERNE 4,74 4.43 2.15 1.41 1. 27 1. 56 1.59 
60S Bera Se 3. 24 5. 20 1. 34 1. 50 1, 44 1. 53 1. 23 1.10 
0 RRS s eau eoeae 6. 70 3. 43 3. 54 1. 67 1, 59 1.19 1, 34 80 
120 Seer 5. 16 3. 13 1. 87 1. 63 1. 20 . 88 1Ge 1.16 
150 Sts es 5. 20 6. 31 1.92 iby el . 64 . 87 1.52 - 86 
LSOe = See Se ees 6256 4.70 2. 38 1, 20 1. 04 . 59 1. 64 ey) 

LEVELING AND BASE 

AO re Sse ee 10. 74 7.90 6. 81 2.10 2. 27 2. 38 0.77 0. 90 
202 S52 Auer ese 6. 97 9. 41 4,79 2. 22 2. 28 2.05 - 65 -91 
30225 Se ee 8. 74 6. 36 5. 01 1. 23 2. 04 2. 02 .29 . 88 
406 Se eee 8. 46 6. 41 4. 80 1, 55 2, 41 1. 61 . 58 - 94 
O02 ealssccese= 7, 24 5. 07 4. 54 2.15 2, 27 2. 29 . 63 eters 
GOL cesar ase eee 5. 06 7. 30 4.81 .70 1, 34 1. 06 . 59 24 
bo 0 ase esac ee 5. 99 3. 67 5. 23 . 93 1. 67 1. 40 -51 61 
LG. | ee mee Soe 5. 53 4.14 4,74 . 91 1, 29 «19 .37 . 84 
16026 oa oseese se 5. 39 8.17 hall . 69 1.01 . 89 - 51 . 93 
ISO: Sess 2esee53 7. 57 4, 33 4.13 . 84 1. 23 . 94 7 7 

Variations in pairs of samples in the percentage of 
material of a given screen size or sieve size, averaged for 
all series, and for each mixing time are shown in table 23. 

The data of table 23 when cross totaled cumulatively 
(excluding asphalt) reflect the relative degree of uni- 
formity of various portions of the mix for the various 
mixing times. Such totals have been used in plotting 
figure 16 which also shows the uniformity of the distri- 
bution of asphalt. Improvement in uniformity takes 
place rapidly during the first 60 seconds and at a slower 
rate thereafter. 
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| 

ADVANTAGE OF ONE-COURSE PAVEMENT DISCUSSED 

In seeking to reduce the cost of asphaltic concrete 
pavements thought should be given to the design of a 
mix which will be satisfactory for one-course or mono- 
lithic construction. The preceding discussion has dem- 
onstrated the increased costs for proportioning, mixing, 
spreading, and rolling which may result when two un- 
equal courses of different mixes are constructed. The 
broad range in types of mixes which are being success- 
fully used indicates the possibility of designing satisfac- 
tory mixes for one-course pavements. The matter of 
compacting the necessary thickness in one course does 
not appear to be a serious obstacle. Table 1 shows the 
average total thickness of the pavements studied to be 
slightly over 5 inches. On five of the projects studied 
single courses in excess of 4 inches were satisfactorily 
compacted and on one project the depth approached 
5 inches. 
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