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The use of recent developments in efficient and more productive 
earth-moving equipment on public works projects is restricted 
because of project design, specifications, and other regulatory 
measures. Removal or modification of these restrictions would 
result inlower unit price bidding on public works projects, thus 

-passing substantial savings on to the public. Large off-highway 
trucks, unless matched with appropriate size shovels, do not in 
themselves create significant savings. Large front-end loaders 
now make it possible to fully utilize some of the high-capacity 
trucks with economies that approach the costs of industrial 
mining operations. These economies are in the range of 20 to 
30 percent less cost than those presently being experienced on 
some public works projects. The application of more produc
tive compacting equipment, in some cases, is ruled out by re
strictions of the specifications. End result specifications only 
would encourage contractors to bind competitively on a perfor
mance basis for compaction work. More economical large
diameter blast-hole drilling and blasting equipment appears to 
have broader application in road-building if a more liberal 
"subject to the approval of the engineer" policy can be obtained. 
Public agencies concerned with the cost of projects they design 
and recommend for constructionhave the responsibility to rec
ognize the economic advantages of more efficient machinery and 
make accommodation for them. 

•IN THE LAST FEW YEARS there have been many interesting developments in the 
field of earth-moving equipment. Many of these developments have found ready applica
tion by contractors working in public works projects. Others, for several reasons, have 
not been used. All have the same common denominator-to perform the work more ef
ficiently and at lower costs. 

Competitive bidding among responsible contractors within the construction industry 
should reflect the economies that can accompany these developments. The public, there
fore, must ultimately benefit from the joint efforts of contractors to improve their com
petitive positions in the performance of public works projects. 

The purpose of this paper is to illustrate typical examples of the economies that may 
be gained through the use of some of the more recent developments and to direct atten
tion to those conditions of project design, specifications, local statute, and other regu
latory measures that may restrict the application of more efficient machines to public 
works projects. 

TRUCKS AND LOADING EQUIPMENT 

Industrial open -pit mining operations have been the principal stimulus in the devel
opment of large trucks and shovels. Their operations do not require the mobility es
sential to the highway construction industry in moving equipment between projects. 
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TABLE 1 TABLE 2 

TYPICAL SHOVEL PRODUCTION, ESTIMATED TYPICAL LOADER PRODUCTION, ESTIMATED 

Model 
Item Model 

Item KW-Dart 600 
71-B 88-B 280-B 

3'/2 
Rating, tons 22.5 

Rating, cu yd 5 13 Hoist speed, ft/min 137 
Holst speed, ft/min 93 85 210 First gear, mph 3.6 
Swing speed, rpm 3.3 3.1 3.0 Second gear, mph 7.0 
Bench height, ft 30 29 46 Bench height, ft 24 
Average hoist, ft 20 20 30 Average hoist, ft 16 
Swing arc, deg 60 60 60 

Cycle time, min 
Cycle time, min Hoist 0. 12 

Holst 0.21 0.23 0.14 Reverse 45 ft at 3.0 mph 0.17 
Swing 0.05 0.05 0.06 Forward 45 ft at 3.0 mph 0.17 
Spot 0.03 0.03 0.03 Dump 0.05 
Dump 0.04 0.04 0.04 Tilt 0.04 
Swing 0.05 0.05 0.06 Reverse 45 ft at 5.0 mph 0.10 
Steady 0.01 0.01 0.01 Forward 45 ft at 5.0 mph 0.10 

Swing cycle 0.39 0.41 0.34 Total cycle 0.75 
Move allowance 0.10 0.10 0.10 

Bucket rating, cu yd 13.5 Total cycle 0.49 0.51 0.44 
Fill factor, percent 75 

Bucket rating, cu yd 31/4 5 13 Loose capacity, cu yd 10.1 
Fill factor, percent 80 80 80 Bank capacity, cu y,d 6.8 
Loose capacity, cu yd 2.8 4.0 10.4 Production per min, cu yd 9.07 
Bank capacity, cu yd 1.9 2.7 7.0 Production per 50 min hr, cu yd 454 
Production per min, cu yd 3.88 5.29 15.91 
Production per 50 min hr, cu yd 194 265 796 

Mining also, except for safety, is not hampered by regulatory statutes, and the contin
uous nature of the work ensures a write-off of the large investments involved with larger 
equipment. Thus, to reduce costs in mining, the size of the machinery and its cost is 
virtually unlimited. Industrial operations benefit from a reduction in unit costs in some
what direct proportion to the size of each succeeding generation of equipment. 

In highway work, the need to reduce costs, without sacrificing quality of workmanship, 
is very important to the public if road-building dollars are to do the same work tomor
row as they do today. The kinds of costs that the mining-type "super" truck and shovel 
produce and could bring to highway construction would go a long way toward combating 
the rising costs of road-building. 

TABLE 3 

TYPICAL FLEET REQUIREMENT (10 MIN HAUL, DUMP AND 
RETURN CYCLE) , ESTIMATED 

Item 

Rating, tons 
Heaped capacity, cu yd 
Loose material, lb/ cu yd 
Bank material, lb/ cu yd 
Loose measure load, cu yd 
Bank measure load, cu yd 

31/,-cu yd sbo\'cl 
1.9 cu yd/swing, swings 
0.39 mio/sw!ng, min 
No. trucks 

5-cu yd s hovel 
2.7 cu yd/swing, swings 
0.41 m!o/sw!ng, min 
No. trucks 

13-cu yd shovel 
7 .0 cu yd/swing, swings 
0.34 min/swing, min 
No. trucks 

13½-cu yd loade r 
6.8 cu yd/swing, swings 
0.75 m.in/swlng, min 
No. trucks 

R-35 

35 
27 
2,680 
4,000 
26.1 
17 .5 

10 
3.9 

(3.6)4 

7 
2.9 

(4.4)5 

R-50 

50 
38 
2,680 
4,000 
37.3 
25.0 

10 
4.1 

(3.4)4 

4 
1.4 

(8 .1)9 

4 
3.0 

(4.3)5 

R-100 

100 
74 
2,680 
4,000 
74.6 
50.0 

19 
7.8 

(2.3)3 

8 
2.7 

(4.7)5 

8 
6.0 

(2.7)3 
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TABLE 4 

TOTAL FLEET REQUIBEMENTS TO PRODUCE 
800± CUBIC YARDS PER HOUR, ESTIMATED 

Item Loading R-35 Loading R-50 Loading R-100 Production 
Units Trucks Units Trucks Units Trucks (cu yd/ hr) 

31/,-cu yd shovels 4 
Trucks 16 776 

5-cu yd shovels 3 3 
Trucks 15 12 795 

13-cu yd shovels 
Trucks 9 5 796 

131/4-cu yd loaders 2 2 
Trucks 10 6 908 

TABLE 5 

EQUIPMENT DATA AND ESTIMATED HOURLY OWNERSHIP AND OPERATING COSTS 

Item Trucks Shovels Loader Dozer 

Model 
Gross hp 
Weight, tons 
Factory cost, dollars 
Freight at $60/ton 

Investment 

Useful life, hours 
(1) Useful life, years 
(2) Depreciation 
(3) Interest, taxes, and insurance 

Hourly ownership 

Tires 
(4) Repair labor 
(7) Repair parts 
(6) Fuel 
Lubrication 

Hourly operating cost 

Total hourly cost 

Notes: (1) At 2,500 hours/year 
(2) Straight-line depreciation 
(3) Interest at 8 percent 

Taxes at 3 percent 
Insurance at 3 percent 
Storage at 1 percent 

R-35 
380 
28.0 
64,425 
1,680 

66,105 

15,000 
6 
4.41 
2.31 

6.72 

2.61 
2.29 
1.86 
1.60 
0,56 

8.92 

15.64 

R-50 R-100 
600 1,000 
39.5 68.5 
93,500 202,600 
2,370 4,110 

95,870 206,710 

15,000 15,000 
6 6 
6.39 13.78 
3.35 7.23 

9.74 21.01 

4.14 6.02 
2.80 3.65 
2.27 2.96 
2.52 4;20 
0.88 1.47 

12,61 18.30 

22 .35 39.31 

Total 15 percent of average yearly investment/2,500 hours/year 
(4) At 8.22/hour 
(5) Electrical energy at 1.5 cents/kwh and duty factor of 25 percent 
(6) Diesel fuel at 14 cents/U. S, gal 
(7) BLS 1947-1949partsindex=2.11 

71-B 88-B 
260 325 
100.3 131.5 
140,160 165,085 
6,018 7,890 

146,178 172,975 

20,000 20,000 
8 8 
7.31 8.65 
4.93 5.83 

12.24 14.48 

- -
6.37 7.53 
4.98 5.88 
1.20 1.50 
0.48 0.60 

13.03 15.51 

25.27 29.99 

TABLE 6 

HOURLY LABOR RATES (1968), ESTIMATED 

Item Percent Item 

Insurance 8.43 Single 8 -hr shift 
Compensation 6.88 Foreman 
Liability 1.55 Shovel operator 

Oller 
Payroll tax 8.80 Truck driver 

F.I.C.A. 4.40 Tractor operator 
S. U.I. 3.70 Loader operator 
F.U.T.A. 0.70 Heavy duty mechanic 

8Average rate for 6-day work week. 

280-B 600 834 D-8 
1,314 700 430 308 
392.5 71.5 30.8 29.6 
686,660 185,590 78,335 59,200 
23,550 4,290 1,848 1,776 

710,210 189,880 80,183 60,976 

20,000 10,000 10,000 10,000 
8 4 4 4 
35.51 18.99 8.02 6.10 
23.95 7.12 3.01 2.29 

59.46 26.11 11.03 8.39 

- 6.87 3.36 -
15.31 6.99 4.51 5.21 
11.6i 6.94 4.20 5.20 
3.88 5) 3.23 1.99 1.42 
0.42 0.97 0.60 0.50 

31.30 25.00 14.66 12.33 

90.76 51.11 25.69 20.72 

Percent 

8.23 
7.81 
7.33 
7.13 
7.69 
7.81 
8.22a 
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DETAIL OF ESTIMATED DIRECT COST 

Equipment Costs 
Labor Costs 

Operation Depreciation Total 
No, Type Qty, Unit Rate Amount No. Type 

Rate Amount Rate Amount 

31/4-Cu Yd Shovels and 35-Ton Trucks 

2 Foremen 8.23 16.46 2 Pickups 1.00 2.00 0.50 1.00 
4 Shovel operators 7.81 31.24 4 31,{i-cu yd shovels 13.03 52.12 12.24 48.96 
4 Oilers 7.33 29.32 

16 Truck drivers 7.13 114.08 16 35-ton trucks 8.92 142. 72 6.72 107.52 
2 Dozer operators 7.69 15.38 2 Dozers 14,66 29.32 11.03 22.06 

28 Employees 28 Small tools 0.10 2.80 

Total 206 ,48 228.96 179.54 614.98 
776 Cu yd/hr (0.792) 

5-Cu Yd Shovels and 35-Ton Trucks 

2 Foremen 8.23 16.46 2 Pickups 1.00 2.00 0.50 1.00 
3 Shovel operators 7 .81 23.43 3 5-cu yd shovels 15.5 1 46.53 14.48 43.44 
3 Oilers 7.33 21.99 

15 Truck drivers 7,13 106.95 15 35-ton trucks 8.92 133.80 6,72 100.80 
2 Dozer operators 7.69 15,38 2 Dozers 14.66 29.32 11.03 22.06 

25 Employees 25 Small tools 0.10 2.50 

Total 184.21 214.15 167 .JO 565.66 
795 Cu yd/hr (0.712) 

5-Cu Yd Shovels and 50-Ton Trucks 

2 Foremen 8.23 16.46 2 Pickups 1.00 2.00 0.50 1.00 
3 Shovel operators 7.81 23.43 3 5-cu yd shovels 15.51 46.53 14.48 43.44 
3 Oilers 7.33 21.99 

12 Truck drivers 7.13 85.56 12 50-ton trucks 12.61 151.32 9.74 116.88 
2 Dozer operators 7.69 15.38 2 Dozers 14.66 29.32 11.03 22.06 

22 Employees 22 Small tools 0.10 2.20 

Total 162.82 231.37 183.38 577 .57 
795 Cu yd/ hr (0.727) 

5-Cu Yd Shovels and 100-Ton Trucks 

2 Foremen 8.23 16,46 2 Pickups 1,00 2.00 0,50 1.00 
3 Shovel operators 7.81 23.43 3 5-cu yd shovels 15.51 46.53 14.48 43.44 
3 Oilers 7.33 21.99 
9 Truck drivers 7.13 64,17 9 100- ton trucks 18.30 164.70 21.01 189.09 
2 Dozer operators 7.69 15.38 2 Dozers 14.66 29.32 11.03 22.06 

19 Employees 19 Small tools 0.10 1,90 

Total 141.43 244.45 255.59 641.47 
795 Cu yd/hr (0 .807) 

13-Cu Yd Shovel and 50-Ton Trucks 

1 Foreman 8.23 8.23 Pickup 1.00 1.00 0.50 0.50 
1 Shovel operator 7.81 7.81 13-cu yd shovel 31.30 31.30 59.46 59.48 
1 Oiler 7.33 7.33 
9 Truck drivers 7. 13 64.17 9 50-ton trucks 12.6 1 113.49 9.74 87.66 
1 Dozer operator 7.69 7.69 1 Dozer 14.66 14.66 11.03 11.03 

13 Employees 13 Small tools 0.10 1.30 

Total 95.23 161,75 158.65 415.63 
796 Cu yd / hr (0.522) 

13-Cu Yd Shovel and 100-Ton Trucks 

I Foreman 8.23 8.23 Pickup 1,00 I.OD 0.50 0.50 
I Shovel operator 7.81 7.81 13- cu yd shovel 31.30 31.30 59.46 59.48 
I Oiler 7.33 7.33 
5 Truck drivers 7.13 35.65 6 100- ton trucks 18.30 91.50 21.01 105.05 
I Dozer operator 7.69 7.69 l Dozer 14.66 14.66 11.03 11.03 
0 Employees g Small tools 0.10 0.90 

Total 66.71 139.36 176.04 382.11 
796 Cu yd/hr (0.460) 

131/2-Cu Yd Loaders and 50-Ton Trucks 

1 Foreman 8.23 8.23 1 Pickup 1.00 1.00 0.50 0.50 
2 Loader operators 7.81 15.62 2 13%-cu yd loaders 25.00 50,00 26.11 52 .22 

10 Truck drivers 7. 13 71,30 10 50-ton trucks 12.61 126.10 9.74 97.40 
2 Dozer operators 7.69 15.38 2 Dozers 12.33 24,66 8.39 16.78 

15 Employees 15 Small tools 0. 10 1.50 

Total 110.53 203.26 166.90 480.69 
908 Cu yd/ hr (0.529) 

131/2-Cu Yd Loaders and 100-Ton Trucks 

I Foreman 8.23 8.23 Pickup 1.00 1.00 0.50 0.50 
2 Loader operators 7,81 15.62 2 13L/2-cu yd loade rs 25.00 50.00 26.11 52,22 
6 Truck drivers 7.13 42.78 6 100-ton trucks 18.30 109.80 21.01 126.06 
2 Dozer operators 7.69 15,38 2 Dozers 12.33 24.66 8,39 16,78 

11 Employees 11 Small tools 0.10 1.10 

Total 82. 01 186.56 195,56 464. 13 
908 Cu yd/hr (0.511) 



ESTIMATED COST DETAILS OF MOBILIZATION 

Weight (tons) Labor Eqpt. Oper. Depreciation Total With Sub-
Description Each 

Man-Hours/ Total total 35 Percent 
Unit Total Rate Amount Rate Amount Rate Amount Demob, Unit Man-Hours 

31/2-cu yd 
shovel 4 100.3 401 2.0 802 7.50 6,015 1.15 922 0.67 537 

R-35 truck 16 28.0 448 1. 5 672 7.50 5,040 1.15 773 0.67 450 
Dozer 2 30.8 62 2. 5 155 7.50 I, 163 1.15 178 0.67 104 

Total 911 12,218 1,873 1,091 15,182 20,496 

5-cu yd 
shovel 3 131.5 395 2.0 790 7.50 5,925 l.15 908 0.67 529 

R-35 truck 15 28.0 420 1.5 630 7.50 4,725 1,15 724 0.67 422 
Dozer 2 30.8 62 2.5 155 7.50 1,163 1, 15 178 0.67 104 

Tot.al 877 11,813 1,810 1,055 14,678 19,815 

5-cu yd 
shovel 3 131.5 395 2.0 790 7.50 5,925 1.15 908 0.67 529 

R.!50 truck 12 39.5 474 1, 5 711 7, 50 5,333 1.15 818 0.67 476 
Dozer 2 30.8 62 2, 5 155 7.50 1,163 1.15 178 0.67 104 

Tot.al 931 12,421 1,904 1,109 15,434 20,836 

5-cu yd 
shovel .3 131.5 395 2,0 790 7.50 5,925 1.15 908 0.67 529 

R-100 truck 9 68.5 617 1. 5 926 7.50 6,945 1.15 1,065 0.67 620 
Dozer 2 30.8 62 2. 5 155 7.50 I, 163 1.15 178 0.67 104 

Total 1,074 14,033 2,151 1,253 17,437 23,540 

13-cu yd 
shovel 292.5 393 2.0 786 7.50 5,895 1.15 904 0.67 527 

R-50 truck 39.5 356 1.5 534 7.50 4, 005 1.15 614 0.67 358 
Dozer 30.8 31 2. 5 78 7.50 585 1.15 90 0.67 52 

Tot.al 780 10,485 1,608 937 13,030 17,591 

13-cu yd 
shovel I 392.5 393 2,0 786 7.50 5,895 1.15 904 0.67 527 

R-100 truck 5 68.5 343 1, 5 515 7.50 3,863 1.15 592 0.67 345 
Dozer I 30.8 31 2, 5 78 7.50 585 1.15 90 0.67 52 

Total 767 10, 343 1,586 924 12,853 17,352 

13'/4-cu yd 
loader 71.5 143 2.5 388 7.50 2,685 1.15 412 0,67 240 

R-50 truck 10 39.5 395 1.5 593 7.50 4,448 1.15 682 0.67 397 
Dozer 2 29.6 59 2.5 148 7.50 1,110 1.15 170 0.67 99 

Tot.al 597 8,243 1,264 736 10,243 13,828 

13'/4-cu yd 
loader 71.5 143 2.5 358 7.50 2,685 1, 15 412 0.67 240 

R-100 truck 68.5 411 1.5 617 7.50 4,628 1, 15 710 0.67 413 
Dozer 29.6 59 2.5 148 7. 50 I, 110 1, 15 170 0.67 99 

Total 613 8,423 1,292 752 10,467 14,130 

TABLE 9 

CAPITAL INVESTMENT AND MOBILIZATION, ESTIMATED 

No. Item Amount, $ Total, $ No. Item Amount, $ Total, $ 

3 L/4-Cu Yd Shovels and R-35 Trucks 13-Cu Yd Shovel and R-50 Trucks 

2 Pl~lo.ips 2,500 5,000 I Pickup 2,500 2,500 
4 31,h- cu yd shovels 146,178 584,712 I 13-cu yd shovel 710,210 710,210 

16 R-35 trucks 66,105 1,057,680 9 R-50 trucks 95,870 862,830 
2 Dozers BO, 183 160,366 J Dozer 80,183 80,183 

Mobilization 20,496 Mobilization 17,591 

Total 1,828,254 Total 1,673,314 

5-Cu Yd Shovels and R-35 Trucks 13-Cu Yd Shovel and R-100 Trucks 

,2 Pickups 2,500 5,000 I Pickup 2,500 2,500 
3 5-cu yd shovels 172,975 518,925 I 13-cu yd shovel 710,210 710,210 

15 R-35 trucks 66,105 991,575 5 R-100 trucks 206,710 1,033,550 
2 Dozers 80,183 160,366 l Dozer BO, 183 80,183 

Mobilization 19,815 Mobilization 17,352 

Total 1,695,681 Total 1,843,795 

5-Cu Yd Shovels and R-50 Trucks 131,{i-Cu Yd Loaders and R-50 Trucks 

2 Pickups 2,500 5,000 I Pickup 2,500 2, 500 
3 5-cu yd shovels 172,975 518,925 2 Loaders 189,880 379 760 

12 R-50 trucks 95,870 I, 150,440 10 R-50 trucks 95,870 958 ,700 
2 Dozers 80,183 160,366 2 Dozers 60,976 121 ,952 

Mobilization 20,836 Mobilization 13, 828 

Total 1,855,567 Total 1,476,740 

5-Cu Yd Shovels and R-100 Trucks 131/4-Cu Yd Loaders and R-100 Trucks 

2 Pickups 2,500 5,000 I Pickup 2,500 2,500 
3 5-cu yd shovels 172,975 518,925 2 Loaders 189,880 379,760 
0 R-100 trucks 206,710 1,860,390 0 R-100 trucks 206,710 1,240,260 
2 Dozers BO, 183 160,366 2 Dozers 60,976 121,952 

Mobilization 23,540 Mobilization 14,130 

Total 2,568,221 Total I, 758,602 

Note: Foremen-maximum or 2 loading operations supervised by 1 foreman , 

Dozers-maximum of 2 shovel loading operations maintained by 1 rubber-tired clean-up dozer, and 1 trapping dozer provided for each front end 
loader operation 
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TABLE 10 

ESTIMATED COST SUMMARY 

Investment Unit Cost of Equipment Per Cu Yd, $ 
Fleet Combination and 

Mobilization, $ Labor Operation Depreciation Total 

1. 31/4-cu yd shovels and 
3 5- ton trucks 1,828,254 0.266 0.295 0.231 0.792 

2. 5-cu yd shovels and 
35-ton trucks 1,695,681 0.232 0.270 0.210 0.712 

3. 5-cu yd shovels and 
50-ton trucks 1,855,567 0.205 0.291 0.231 0.727 

4. 5-cu yd shovels and 
100-ton trucks 2,568,221 0.178 0.307 0.322 0.807 

5. 13-cu_ yd shovel and 
50-ton trucks 1,673,314 0.120 0.203 0.199 0.522 

6. 13-cu yd shovel and 
100-ton trucks 1,843,795 0.084 0.175 0.221 0.480 

7. 131/4-cu yd loaders and 
50-ton trucks 1,476,740 0.121 0.224 0.184 0.529 

8. 13'/4-cu yd loaders and 
100-ton trucks 1,758,602 0.090 0.206 0.215 0.511 

Although some contractors have tried super trucks in highway construction, their use 
with an appropriate size shovel has not been considered practical. The size of highway 
projects in terms of quantity of material to be moved and the relatively short time al
lowed for the job simply could not support the expense of equipping the project with a 
loading shovel similar to that used in mining, whose size was commensurate with large 
truck capacity. A further complication was the necessity of electrical energy being 
available to power the shovel in all locations, some of which were quite remote from 
regular service. Therefore, except for a few cases, the use of large trucks on highway 
work has been in the size class of 50 tons or less matched with shovels of 5-cu yd bucket 
capacity or less. 

To illustrate the economy of various combinations of trucks and loading equipment, 
an estimate (Tables 1 through 10) has been developed. It considers 3 shovel sizes, 1 
front end loader size, 3 truck sizes, and the necessary support equipment normally em
ployed with each fleet combination. Each combination has been applied to the same job 
condition: to excavate and load well shot rock at the rate of approximately 800 cu yd/hr. 
For purposes of this comparison, truck cycle time away from the shovel is considered 
to be the same. The functions of hauling, dumping, returning, and spotting are assumed 
to be 10 min per truck, regardless of truck size. This is a reasonable assumption be
cause the performance of off-highway rear dumps in terms of gross and net weight per 
effective horsepower is about the same for each vehicle. 

TRUCK-SHOVEL MISMATCH 

The use of large trucks in conjunction with shovels of smaller than optimum size re
sults in a mismatch of equipment. Data given in Table 10 illustrate this point. When 
the largest shovel used on highway projects is matched with trucks varying in size from 
35- to 100-ton capacity (lines 2, 3, and 4 of Table 10), the mismatch in using the larger 
trucks increases the estimated costs by as much as 15 percent. The apparent optimum 
size of vehicle for the 5-cu yd shovel under the conditions of the comparison estimate 
is the 35-ton truck. Therefore, the use of the larger trucks on highway jobs, unless 
matched with an appropriate size of shovel, do not necessarily, in themselves, contribute 
to lower costs. 

If large shovels in the 13-yd class were used in highway work, data given in lines 5 
and 6 of Table 10 again illustrate the importance of properly matching truck size with 
shovel size. In this case, however, the mismatch of undersized trucks increases the 
estimated cost by about 9 percent. The apparent optimum size of vehicle for the 13-cu 
yd shovel under the conditions of the comparison estimate is the 100-ton .truck. 
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LOADING EQUIPMENT 

The controlling item in considering the economies that large shovel and truck com -
binations can bring to highway construction is the practicality of equipping the job with 
high-capacity loading equipment. As mentioned previously, numerous factors have 
made it impractical to utilize the large 13-yd shovels in highway construction, thus the 
economics inherent with the use of larger trucks have not been realized in highway con
struction work. 

Referring to Table 10, it is obvious that in general the larger the shovel is, the lower 
the cost. This is very nearly true even when considering a very serious mismatch con
dition with the 5-yd shovel and 100-ton truck. The use of the 13-yd shovel with its most 
appropriate truck size, the 100-ton vehicle, produces significant reductions in direct 
cost; 33 percent lower than the best cost combination for the 5-yd shovel and 40 percent 
lower than the combination s hown for the 31/2-cu yd shovel. 

The advent of the large fr ont-end loader has made it possible to bring to highway 
projects the same economies that would accompany the use of large 131/2-cu yd class 
shovels and 100-ton trucks . Data given i n Table 10, line 8, indicate one example of 
lower costs for the loader-truck combination than with the shovel-truck fleet. 

The 131/2-cu yd front-end loader and 100-ton truck move material at 28 percent lower 
cost than the bes t combination for the 5-yd shovel and at 36 percent lower cost than the 
31/2-yd shovel combination. These figur es are based only on direct costs. If direct 
costs are conservatively assumed to represent two-thirds of total job costs, then the 
loader and truck combination would move material at 18 percent less cost than the best 
combination for the 5-yd shovel. 

Admittedly, the estimates used here cannot represent average conditions; however, 
they are an indication that substantial economies may be realized through the use of 
large front-end loaders and large trucks on highway projects. 

RESTRICTIONS 

Load, width, and length restrictions on existing roads are one of the principal de
terrents to the ready application of large loaders and trucks to highway construction. 
In some cases, the contractor must expend considerable money and time in dismantling 
these machines so they may be shipped over highways and, in some cases, by rail. These 
costs tend to mitigate the advantage of larger equipment, but are expenses reflected in 
the contractor's bid for the work. 

If the respective agencies of county and state road and highway departments were to 
give full consideration to the one-time loading nature of moving machinery of this type, 
perhaps all or at least most of the excessive costs connected with dismantling and haul
ing could be eliminated. This consideration should also apply to the one-time loading 
on temporary shoring required for some smaller structures. 

Specifications written to include realistic mobilization advances would attract bidders 
who have the technical know-how to utilize large machinery but are reluctant to under
take the high cost of its mobilization and financing on their own. 

Because of the high gross weights involved, some road agencies have prohibited haul
road crossings by present size construction machinery. This has occurred in some in
stances where the contractor has agreed to warrant the complete maintenance and re
placement of the road section concerned. With such warranty, a realistic appraisal of 
the benefits should allow grade crossings, regardless of the vehicle size. Ideally, this 
matter should be solved prior to the issuance of bid documents so that it can be spelled 
out in the specifications under the appropriate section. 

The noise hazard of construction machinery is receiving increased attention not only 
from the point of view of potential hearing impairment due to noise among the construc
tion personnel, but also from noise as a public nuisance, particularly during night hours. 
Both areas of interest are important, the latter one, however, may become the more 
frequent and more difficult problem to control. Higher unit investment costs in the 
somewhat specialized large machinery encourage contractors to work long hours or 
around-the-clock to earn depreciation or write-off at a faster rate. 
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The owner-agency has the responsibility to define standard rules for noise control 
fur each condition described above. Contractors will then be able to work within the 
established guidelines without interference. 

COMPACTORS 

A discussion of recent developments in compaction equipment leads into a study of 
compaction itself, a subject so complex that no single development can be expected to 
produce the desired results under all of the great variety of conditions that can be en
countered. The numerous disputes and misunderstandings that surround the problems 
of compaction suggest that designers of public projects do not really know what they 
want. 

Some specifications not only spell out minimum density requirements but also define 
what equipment shall be used to achieve it. Thus, all bidders are placed in the same 
category: in effect, pricing compaction as an equipment rental item. The public, as a 
result, cannot benefit from true competitive bidding for compaction in which contractors 
exercise their full inventive resources to use and to further develop more efficient and 
more economical compaction equipment. The governing principle that clearly defines 
the desired results, leaving the means and the methods of achievement to the discretion 
of the contractor, should be the only requirement of a specification. 

DRILLING AND BLASTING 

The continuing effort to improve grade and alignment in highway design is reflected 
in ever-increasing excavation quantities for any given section of road. The resulting 
cuts are often large and, where they occur in rock material, should provide more op
portunities to use open -pit mining type of drilling and blasting equipment and methods. 

As illustrated previously, in considering mining type of shovel and truck equipment 
for roadwork, substantial savings of approximately the same magnitude can be realized 
in this phase of construction costs. Again, this is an economy that ultimately is passed 
on to the public. 

Specifications generally require contractors to follow blasting procedures "subject 
to the approval of the engineer." The wholesale application of large blast hole drilling 
equipment and its companion mechanized hole loading machinery is obviously out of the 
question. Back-slope stability, benching, and other detailed excavations cannot be 
achieved by this type of equipment. However, a combination of the present small diam
eter equipment and large blast hole machines should be given full consideration by the 
reviewing engineer. 

CONCLUSION 

The contracting industry encourages the development and use of more efficient and 
productive construction machinery. Public agencies have the responsibility to recognize 
the economic advantages that these developments can bring to public works projects and, 
consistent with the desired end results, make accommodation for them. 
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Discussion 
JAMES DOUGLAS, Stanford University-Mr. Lee deserves our applause and gratitude 
for focusing our attention on the economic advantages provided by the new equipment 
shaped by modern technology. It is my purpose to augment the information he has al
ready provided by commenting on new analytical processes available to the construction 
manager to enhance his ability to solve equipment problems. 

At Stanford University we have spent a good many years researching new techniques 
related to equipment operations and equipment economics. Technical reports published 
by the Stanford Construction Institute in this area are listed at the end of this discussion. 
Among them will be found the solution of production problems by queueing theory and 
computer simulation, and economic analysis of equipment life by the computer. These 
methods can be used to supply quicker and better answers than the conventional method 
of average cycle times used by Mr. Lee. Nor is it necessary to guess that the economic 
life of a shovel is 8 years. It can be figured more accurately by the method described 
in Technical Report 61 (4). 

Let me illustrate this- point by describing a method of adjusting the conventional pro
duction estimate to the simulation estimate, the latter being a better estimate of the 
true production. Several years ago we studied the output of a shovel-truck system in 
real life and compared the results to our predictions by computer simulation (5). The 
results were amazingly close! It was decided that correlation was good enough that dif
ference curves could supply the information required to correct for the discrepancies in 
the solution by conventional methods. Here is how they were derived. 

In order to reconcile the conventional estimate with the simulation estimate, which is 
more nearly the correct one, it will be helpful first to examine a typical set of produc
tion curves where hourly production is plotted against the number of trucks. Figure 1 
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Figure 1. 

shows a curve plotted from data generated in 6 computer simulation runs. In this figure, 
symbols have the following meaning: 

P = system production in cu yd/hr, 
P con = system production computed by the conventional method, 
Psim = system production computed by simulation, 
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P 8 = production of t he shovel(= 111.4 cu yd/hr), 
Pt = production of 1 ti-uck (= 9.4 cu yd/ hr), 

Pt(M) = production of M t rucks in cu yd/hr, 
M = number of trucks in the system, and 

Mb = number of trucks to balance (= P 8 / Pt = 11.8) . 

Results of these runs are given in Table 11; these were plotted in Figure 1 and the sim
ulation curve smoothed. Smoothing was necessary because the simulation results are 
random and are accepted with 95 percent confidence as being within 5 percent of the true 
mean. 

It will be observed that when the number of trucks is less than the number required 
to balance, the truck output appears to limit the system output. When the number of 
trucks is greater than the balance number, the shovel output is the apparent limit. 

A great many systems were both simulated and estimated by the conventional method. 
Some 130 runs are tabulated in Technical Reports 29 (3) and 37 (5). The systems were 
normalized by dividing system production by shovel production (which is the limiting 
output) and plotting against the index, I. This index is obtained by dividing shovel pro
duction by truck production (and thus eliminating M as a factor). Figure 2 shows typical 
system production curves obtained by the conventional method of estimating and by sim
ulation. In Figure 2, symbols are the same as in Figure 1 with the following additions: 

P' = normalized production of the system, 
d = difference between P con and P sim, and 
I = index [ = P 8 / Pt (M) ). 

Several interesting facts are revealed 
by inspection of this figure. First, and 

TABLE 11 
most important, the production esti
mated by the conventional method is an 
upper bound to the estimate by the simu -
lation model. Second, P con increases 
from zero as the number of trucks in
creases (I = oo when M = 0). When the 
balance point (Mb) has been reached, then 
I = 1.0. Because cost minimization is 

CONVENTIONAL VERSUS SIMULATION ESTIMATES 
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usually achieved somewhere near the balance point, this will be the region of the curves 
of most interest. Upon reaching the balance point, there is a definite break in Peon• for 
now the shovel limits the production of the system. When I gets much beyond this point, 
adding one more truck to the system merely adds one more to the waiting line at the 
shovel. Third, and last, the curves meet at the 2 ends and have a maximum difference, 
d, at the balance point. 

Whether minimum costs are obtained above or below the balance point appears to be 
a matter of relative costs (shovel versus truck) and what costs are included (how much 
overhead is involved?). Very often the estimator figures that one should have more 
trucks than necessary so the shovel will never have to wait (trucks are cheaper than 
shovels). Simulation runs have demonstrated the fallacy of this thinking because the 
cost of an additional truck is greater than its marginal production as the balance point 
is approached and passed. This statement is emphasized by the results of many simu
lation runs. Examination of these results reveals that, in the range of interest, the 
marginal unit cost of production will always increase with the addition of trucks. The 
final result can only be determined when all costs are related to the best estimate of 
production. 

In studying the results of these 2 methods of estimating production, it is important to 
quantify the differences between them in order to move from one to the other. The man
ner of handling delays is the cause of major differences. It has been necessary and suf
ficient to classify delays in the simulation models as follows: 

1. Weather-a matter of weather and climatology to be treated separately; 
2. External-those delays caused by factors external to the equipment operation, such 

as repairs, breakdowns, moving equipment, and dressing the excavation area with the 
shovel; and 

3. Balancing-those delays caused by the interaction of the equipment, such as trucks 
waiting in line at the shovel and shovel waiting for a truck. 

Weather delays should be treated separately from the production estimate because 
they are highly variable and depend on the local climate at the time of the work. Ex
ternal delays are accounted for in the conventional estimate by use of an efficiency fac
tor; in simulation they are handled by delay probabilities and average external delay 
times. The real secret to the difference between the conventional and simulation esti
mates lies in the balancing delays. 

Balancing delays can be divided into two kinds: (a) those due to the inherent imbal
ance in the production capabilities of the 2 links of the system, and (b) those due to the 
interaction of the equipment. Both methods account for delays due to inherent imbal
ance. In the conventional method, system production is limited by the capability of the 
trucks below the balance point and by the shovel above the balance point. The simulation 
method also accounts for this imbalance in simulating the actual operation. Balancing 
delays due to cycle variability are not accounted for in the conventional estimate because 
average cycle times are used in the computation. In the simulation model, delays due 
to the interaction of the equipment are introduced and consequently decrease the produc
tion estimate below the conventional estimate. This explains the difference in the re
sults of the methods, shown in din Figure 2. 

It will be noted that interaction is absent only where the lines converge at the ends. 
At the balance point, dis a maximum. If shovel and trucks operated independently, 
output of the 2 links in the system would be equal. However, the inherent variability in 
cycle times causes waiting lines, bunching on the haul road, and other interactions. 
Data plotted thus far are convincing that the difference curve drawn by normalizing pro
duction and plotting it as an ordinate against the index, I, is sufficiently accurate for 
estimating production in the shovel-truck system. 

The D-factor can be used to convert the conventional estimate of production to the 
simulation estimate. Dimensionally, the factor is the difference in the 2 values ex
pressed in terms of the system production. Let D = difference factor. 

d = p con - P sim = D x P 

Psim = Peon - (D x P) 
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Figure 3 shows the D-factor plotted against I [ = Ps/Pt (M)]. The stability of this 
factor is dependent on the characteristics of the shovel-truck combination and may not 
hold for other material-handling systems. It appears safe to use with normal shovel
truck operations but must be used with caution when applied to other types of problems. 

The results of the 130 computer runs previously mentioned were plotted with many 
different combinations of system variables. The resulting values fell within 5 percent 
limits, and the predominant pattern of all plots was similar to Figure 3. In no case 
was unusual behavior noted. The maximum difference occurs at the balance point where 
I = 1.0. The difference approaches zero at the outer ends of the curve, as expected. 
Because the most important region of the curve is in the vicinity of the balance point, 
more runs were devoted to this zone. 

In inspecting the results of the computer runs of the simulation model, it is important 
to remember that they have a level of significance of 95 percent and a confidence inter
val of 5 percent of the estimate of the mean value. Some results are therefore apt to be 
somewhat higher or lower than the expected value. This is confirmation of the random
ness of the result computed hy the Rimulation model and; in f8_ct; the real-life situation 
as well. 

In order to demonstrate the application of this method and to show how the results will 
differ from the conventional method, consider the combination of a 13-cu yd shovel and 
50-ton dump trucks as described in Mr. Lee's paper. If the shovel (7 bank cu yd) loads 
a truck (25 bank cu yd) in 4 passes, the average bucket load will be 6.25 bank cu yd 

( = !5
) . Therefore, the ave1·age production of the shovel will be 

50 
Ps = Q.44 X 6.25 = 710 bank cu yd/ hr 

rather than 796 as given in Table 1 of Mr. Lee's paper. However,~:!~ or 22.7 percent 

of the total shovel cycle time will be spent in moving the shovel. This is a total of 11.35 
min out of each 50-min hour. The shovel cannot load trucks while moving, so the trucks 
will be able to load only 38.65 min out of the 50-min hour. The average production of 
1 truck will be 

38.65 
Pt(l) = TIT x 25 = 84.76 bank cu yd/hr 

The number of trucks to balance shovel production will then be 

PS 710 
Mb = Pt(l) = 1f5 = 8.35 trucks 



TABLE 12 

COST OPTIMIZATION FOR 4 PASSES OF SHOVEL 

M p Pt(M) D p Total Unit 
s Cost, $ Cost, $ 

5 710 424 1.67 0.000 424 287 .54 0.678 
6 710 509 1.39 0.015 501 316. 18 0.632 
7 710 593 1.20 0.048 565 344.82 0.610 
8 710 678 1.05 0.087 619 373.46 0.603 
9 710 763 0,93 0.081 652 402.10 0,617 

10 710 848 0.84 0.065 664 430. 74 0.649 
11 710 932 0.76 0.052 673 459.38 0.682 

This is reasonably close to Mr. Lee's 
figure of 8.1. It is now possible to re
compute the system production using D-
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TABLE 13 

COST OPTIMIZATION FOR 3 PASSES OF SHOVEL 

M p Pt(M) D p Total Unit 
s Cost, $ Cost, $ 

5 796 368 2.16 0.000 368 287 ,54 0.780 
6 796 442 1.80 0.000 442 316. 18 0,717 
7 796 516 1.54 0.004 514 344.82 0.671 
8 796 589 1.35 0.021 577 373.46 0.648 
9 796 663 1.20 0.048 631 402.10 0.637 

10 796 737 1.08 0.078 680 430. 74 0,633 
11 796 810 0.98 0.098 718 459.38 0,639 
12 796 884 0.90 0,077 735 488.02 0,664 
13 796 957 0.83 0.065 744 516.66 0.695 
14 796 1031 0.77 0,053 754 545.30 0.723 
15 796 1104 0.72 0.045 760 573.94 o. 755 

factors and to optimize the unit cost with Mr. Lee's cost assumptions. Table 12 gives 
the results of these computations. 

It is evident from inspection of this table that the optimum number of trucks is 8, 
system production is approximately 619 bank cu yd/hr, and unit cost will be about $0.60 
per bank cu yd. As a matter of interest it was decided to investigate cost and produc
tion if the shovel made 3 passes and loaded 21 bank cu yd in a truck instead of 4 passes 
for 25 yd. Table 13 gives the results of these computations. 

In this latter case, shovel production is maximized by carrying a full bucket (7 bank 
cu yd) but not completely filling with 3 passes (21 bank cu yd). The optimum number of 
trucks is increased to 10, production increases to 680 bank cu yd/hr (up from 619 ), 
whileunit cost is about $0.63 per bank cu yd (up $0.03). This is a good demonstration 
of Caterpillar's Load Growth Theory where the system production has been en
hanced by loading less into the carriers. Comparing the results for 10 trucks 
given in Tables 2 and 3, it is readily observable that unit cost is down ($0.633 
versus $0.649) and production is up (680 versus 664) if the shovel makes 3 passes 
instead of 4. Figure 4 shows the unit costs plotted for this situation. It is in
teresting to note that, if you started out with 10 trucks and 3 passes, and 2 trucks 
broke down, it would improve production to go to 4 passes with the shovel. 
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The manual method just demonstrated is tedious and time consuming, but little more 
so than the conventional methods of solution of these same problems. The best answer 
lies in solution by computer so that the construction manager has the time to consider 
many alternatives instead of a few. Technical Report 111 (6), recently published by the 
Stanford Construction Institute, is a compilation of several models, both queuing and 
simulation, for the solution of problems of varying degrees of complexity. Computer 
programs in this report are written in FORTRAN IVH for running on the IBM 360/67 com
puter. Some use previous Stanford Simulation Programs and some utilize IBM's Gen
eral Purpose Systems Simulator (GPSS). The chief advantages of computer analysis 
are, of course, speed and low cost. It seldom talces more than about 3 min of computa
tion time to run one of these programs (at $600 per hour for computation, that is only 
$30). In that time, the computer can easily perform computations requiring a year to 
perform manually. 

These solutions by Mr. Lee have amply demonstrated the disadvantage of improper 
matching of loader to carrier. Many simulation studies show that the carrier should 
generally be 6 to 8 times the capacity of the shovel. Carriers should be selected so 
that they are loaded by an integral number of full buckets. Manufacturers are responsi
ble for this balance in design and should malce sure that matching components are avail
able. Today's problem: What will you load with a 24-yd bucket? Computations on sys
tems of unmatched equipment such as the 13-yd shovel and the R-50 trucks reveal the 
fallacy in this kind of selection. The K-W Dart 600 loader is nicely matched to the K-W 
Dart 125-ton truck. Here a 15-yd bucket is matched to a 75-yd hauler, 5 full buckets to 
load. We need more of this kind of thinking! 

Probably the greatest disadvantage of conventional estimating by average cycle times 
is that it discounts the interaction of equipment and the large number of variables pres
ent in the real-life problem. The assumption of 0.1 min for moving the shovel plus the 
50-min efficiency hour has the effect of withdrawing a block of 36 percent of the total 
time. These losses cause waiting lines to form at the shovel, bunching on the haul road, 
and other internal delays in the system. They can all be considered for their separate 
effects by computer simulation. In cases where several "servers" (i.e., 2 or 3 loaders 
or shovels) are involved, the conventional method is incapable of providing accurate answers. 
The interaction between the various machines, especially where constraints are imposed 
about passing and double loading, renders the average time methods unsatisfactory. 

And so, we are grateful to Mr. Lee for introducing this subject and affording an op
portunity to examine some new ways to solve these problems. Generally it can be said 
that using the conventional method of average cycle times will tend to overestimate pro
duction and, hence, underestimate cost. 

In conclusion, I would like to emphasize that the methods I have mentioned are here 
and available now. Computers are commonplace, available everywhere. Many con
tractors and engineers own them. I know it is hard to accept new ideas until they have 
proven their worthiness. Somehow people must be persuaded to use these new tools for 
construction management. I hope I have stimulated you to move in this direction. 
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