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ABSTRACT 

Large haul trucks are used at surface mines in Canada thus requiring better haul roads. The mines 

use empirical design methods, which may not result in optimum road design. 

A road design method based on resilient modulus gives better results than the CBR based method. 

Numerical modeling done to anaIyze the effect of material modulus, layer thickness and tire 

interaction on main bulbs in a haul road, showed that putting the stiffest layer at the top results in 

Ieast vertical strain and the interaction tires on a rear axle of a truck results in a 20% to 80% 

increase in the vertical strain. 

CoaI mines located adjacent to coal-fired eIectricaI power plants produce fly ash as a waste by- 

product. Test of fly ash, kiln dust and aggregate mixes proved that fly ash significantly improves 

the strength and bearing capacity of agzregates thus enabling use of thinner layers for road 

construction. 
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1 INTRODUCTION 

Economics of scale and expansion of surface mining, especially oil sand and coal mining, in 

Canada has led to use of ultra large mining trucks with payload capacity of more than 300tonnes. 

Gross Vehicular Weight (GVW) of these trucks may reach 600tomes. The introduction of large 

haul trucks demands well-designed haul roads. Presently the design of haul roads in most mines 

in Canada is based on empirical rnethods and past experience. The design of a new road is based 

on past expenence that whether the past design was adequate or not. This practice n a y  be 

sufficient for smaller haul trucks, as the cost of these trucks is not very hi&. The ultra large haul 

trucks can cost up to six million dollars. So maximum and efficient utilization of these machines 

is desired to recover the cost. This is possible only with sturdy haul roads, which provide a 

smooth ride without any major failure of the road. A good haul road ensures low vehicle 

operating and maintenance cost. Moreover, a well-designed road has a lower maintenance cost 

than a road with inadequate cover thickness. 

A haul road design has two main aspects, structural and geometric designs. The structural 

design of haul roads is basically the determination of the thickness of various layers of a haul 

road for a particular combination of construction materials and load configuration. The 

geometrical design of haul road deals with physical dimensions such as width, cross-slope, ditch 

height and safety b e m  height. The objective of both designs is to provide a safe, efficient, 

smooth and vehicle friendly ride to the haul tnicks and other vehicle without excessive 

maintenance through its designed life. 

1.1 Research Objectives 

The objectives of this research were as follows: 

To review the current practices followed in surface mines in Canada for the design and 

construction of haul roads and to assess the impact of introduction of Iarger trucks (+200 

tonnes) on these practices- Secondly, to tabulate specifications of some of the larger trucks 

and their tires, which affect haul road design. 

To review 'CBR' and 'Resilient Modulus' based methods for haul road design, illustrate the 

methods, and discuss their merits and disadvantages. Based on the review and subsequent 

numerical rnodeling, to provide a recomrnended design procedure for mine haul roads. 



To use a numerical mode1 to understand strain bulbs generated in a haul road cross-section 

due to tire load(s) and to assess the adequacy of the designed cross-section using bearing 

capacity and strain mode1 analyses. Secondly, to study the effect of material modulus, Iayer 

thickness and interaction of tues on strain bulbs. 

To analyze potential benefits of fly ash as a cementing agent for haui road construction 

materials. 

1.2 Thesis Structure 

Chapter 2 presents the state of the art of haul road design as practiced by various mines in 

Canada. It primarily consists of a summary of the questionnaire responses fkom various mines 

about haul road design, construction, maintenance and operating conditions. The chapter also 

includes information about large haul trucks (+200to~es) and their tires, which was received 

from manufacturers and vendors. 

Chapter 3 discusses various haul road design procedures. Two of the most important methods 

for haul road design are CBR and resilient modulus based design methods. The two methods are 

discussed in detail with illustrations and analyses of their advantages and disadvantages. 

For designing any haul road, it is imperative to understand the stress and strain distribution in the 

haul road cross-section induced by the haul truck tires. Chapter 4 fmt  presents a theoretical 

analysis of stress with respect to the bearing capacity of the soil. The vertical strain distribution 

is then analyzed using phase2 software, which is a two-dimensional finite element program for 

calculating stresses and displacements. The objective of the modeling is to analyze vertical 

strain distributions for various combinations of layer rigidity, different thickness of haul road 

layers and effect of interaction of tires. 

Chapter 5 investigates potential use of fly ash as a cementing agent to improve properties such as 

bearing capacity and rigidity of haul road construction materials. The chapter presents findings 

of a literature review done to assess suitability of fly ash as a cementing agent for road 

construction materials. Finally the method and the results of a series of unconfined compression 

test done to measure compressive strength and Young's modulus of a variety mixes of fly ash 

with haul road construction matenals is presented. 

The fmal chapter summarizes the findings of the previous chapters and states the recommended 

design procedure for large haul trucks. 



2 STATE OF THE ART: HAUL TRUCKS AND ROADS FOR SURFACE MINES 

2.1 Introduction 

To zssess current haul road design and construction procedures, a questionnaire was sent to 37 

surface mines in the western Canada, out of which 13 replied. The questionnaire asked for 

information about: 

Equipment used - haul trucks, haul road construction and maintenance equipment. 

Method of haul road construction and maintenance - haul road geometry, construction 

materiah, symptoms of haul road deterioration and maintenance procedures. 

Procedure(s) for haul road design. 

Information was also gathered from haul truck manufacturers and suppliers about the 

specifications of present and future large haul trucks. This information included gross vehicle 

weight (GVW), turning radius, truck dimensions, etc. that were deemed to affect the haul road 

design and construction procedures. 

Another factor affecting the design of haul roads is the type of tire used on haul trucks. inflation 

pressure and size of the tire determines the size, shape and magnitude of the stress bulb in the 

layers of a haul road (especially in the upper layers). Tire specifications such as size, footpnnt 

area, shape of footprint and designed inflation pressure, were gathered from Michelin and other 

tire manufacturers. Currently, Michelin appears to be the sole producer of tires used on the 

Iargest haul tnicks, e-g., CAT 797. 

2.2 Sumrnary of Questionnaire Responses 

The questionnaire was sent out in December 1998 and responses were received as late as July 

1999. Out of the 13 responding mines, eight were coal mines, three were metal mines, one was 

an oil sand operation and one was a graphite mine. Some mines had very large yearly production 

(e-g., Syncrude mines 260 million metric tonnes (mt) of oil sands and waste per year) whereas 

others were relatively srnaller operations (e-g., Mount Polley handles only 14 million mt (ore and 

waste) per year). Most of the coal mines handled matenals in the order of 25 million mt per 



year. The average stripping ratio varied fiom 0.8:l (Syncrude oil sand operation) to 18.9:l 

(Bullmoose mine) but most of the coal mines had a stripping ratio less thm 10: 1. 

A similar survey was done by Wade (1989), in which 13 mines participated. In fact, six 

operations are comrnon between these two surveys, but they have grown significantly in size 

over the past decade. In this section, questionnaire responses are summarized and compared to 

those gathered by Wade (1 989). 

The details of questionnaire responses are provided in Appendix 8.1. 

2.2.1 Equipment Used 

Nearly al1 mines used graders, dozers, and dump trucks for haul road construction. Graders, 

dozers and water trucks were also used for haul road repair and maintenance work. Dump trucks 

played a dual role in haul road construction. Besides transporting construction rnaterials, they 

were used for compacting various Iayers during haul road construction. One mine used a sheep- 

foot compactor for clayey materials and a smooth vibratory drum roller for granular material. 

Water sprinkling trucks were used at al1 mines for dust suppression. Except for the compactors, 

Wade (1989) reported similar haul road construction and maintenance equipment. 

Different mines use a variety of haul trucks for ore and waste transportation. As expected, the 

oil sand operation being the largest handler of materials used the largest trucks. Their fleet 

included CAT 797 and Haulpak 930E (September 1999), the two Iargest haul trucks available as 

of 1999 (payload capacity - 300 mt). Most of the coal mines used trucks with payload capacities 

around 200 mt, while some of the smaller operatiofis used trucks with payload capacities less 

than 100 mt. Table 1 gives the truck models operating in these mines as of January 1999. 

2.2.2 Haul Road Length 

The 13 mines surveyed had a total of SOkm of in-pit road with an average life expectancy of 1 -4 

years and a total of 1 0 0 h  of ex-pit roads with an average life expectancy of 8 years. The haul 

road length varies widely from mine to mine. Temporary haul roads were 0.5h to l o b  long 

whereas length of permanent haul roads varied from 1.3km to 14km. Wade (1989) reports a total 

of 5 0 b  in-pit and 1 8 O h  of ex-pit roads for the 13 mines surveyed. But it c m  not be said that 

haul road lengths in surface mines has decreased in the past ten years because different mines 

were involved in the two surveys. 



Table 1 Rad trucks used at Canadian mines (as of January 1999)- 

Make Mode1 No. No. of Trucks GVW Payload 

(mt) (nit) 

CaterpiIlar CAT 769 C 4 5 8 32 

Caterpillar DJB 25 C 1 42 23 

Caterpillar CAT 777 B 6 161 80 

Caterpillar CAT 776 A 1 250 120 

Caterpillar CAT 776 D 4 250 150 

Caterpillar CAT 785 8 250 136 

Caterpillar CAT 789 11,43* 3 17.5 180, 172* 

Caterpillar CAT 793 34 415 218 

Dresser Haulpak 630 E 11 286 170 

Dresser HauIpak 830 E 53 399 23 1 

Haulpak 930 E 8 480 290 

Euclid R 170 12 - - 
Titan 33 15(B/C) 33 285 170 

Unit Rig MT 4400 5 392.3 23 6 

Unit Rig M 36 7 - - 

Wabco 120 8 204 1 09 

Wabco 170 27 268 154 

Wabco 630 E 3 - - 
* Different mines used the same models with different pay Ioads, number used and 

payloads are given in order. 

- Data not available. 

2.23 Haul Road Geometry 

Haul road geometry is comprised of many factors including maximum grade, cross dopes of 

road, ninning width, etc. The maximum haul road gradient was limited to 10% but generally 

gradients more than 8% were avoided. Maximum curve super-elevation was generally limited to 

4% and speed limits were imposed at tighter curves to reduce the required super-elevation. 

Maximum road cross slope varied widely fiom mine to mine (1.5% to 4%) depending upon the 

precipitation and nature of soi1 but a 2% cross dope was considered optimum for most mines. 

Ditch sizes varied widely depending on precipitation. Average ditch widths and depths were 3m 

and lm respectively. The height of safety bexms was generally calculated as 1/2 to 3/4 of the 

largest tire diameter in use and thus vaxied fiom 1.2m to 3.5m. 



The breaking distance limitation was not considered at some mines, but in others it was limited 

by statute (e-g., Section 4.36 Art. 4921 H,S,R code for mines in British Columbia). The 

geometry of run-away lanes is a fünction of final velocity, road grade, acceleration due to 

gravity, and rolling resistance, and thus varied fiom mine to mine, On average, run-away lanes 

had a length of lOOm with a gradient of 25%. 

Wade (1989) reported similar slopes or gradients for the road running surface. One notable 

change over the past ten years is that running width has increased from 25m average in 1989 to 

30m average in 1999 and height of safety bems has grown from an average of 1Sm in 1989 to 

2.5m in 1999. The increased dimensions can be attributed to increases in average size of hauI 

trucks used. 

Figure 1 Typical haul road cross-section. 
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Rock drains and culverts were the most popular provisions for water crossing, while one of the 

mines used 0.6 lm diameter pipes for this purpose. 

Most of the mines used no imported material for haul road construction, tfius rninimizing the 

haul road construction cost, however, geotextile was used by one of the mines while another 

mine constmcted a test pad of sulnir, tailing sand and lean oil sand. ~ o l l e r  compacted concrete 

was tested for the surface layer of one haul road. 

Comparison with the report by Wade (1959) shows that haul road construction materials have 

not changed over the last decade although the thickness of different layers have increased 

marginally with use of larger haul trucks. 

2.2.5 Symptoms and Causes of Haul Road Deterioration 

Potholes, rutting, and settlement were major symptoms observed by almost al1 the mines. Frost 

heave and wash-boarding were also experienced. The running surface of the road suffered 

mostly due to precipitation/runoff, heavy traffic volume, spring breakup and vehicle spillage. 

Main causes of detenoration to the base course were spring breakup, precipitatiodrunoff, heavy 

traffic volume and poor compaction- Poor compaction, high ground water level and precipitation 

were major causes of deterioration to other layers. Wade (1989) reports similar symptoms and 

causes for haul road deterioration. 

2.2.6 Haut Road Maintenance 

Grading, resurfacing and plowing-scarimg-sanding were practiced at most mines to improve 

the haul road trafficability. Some mines resorted to excavation and then backfilling up to sub- 

grade level for major haul road failures while others found raising the haul road grade a better 

solution. For dust suppression, most of the mines depended on water sprinkling while some 

mines sprayed calcium chloride or oil on the ninning surface. Wade (1989) confms  the use of 

similar haul road maintenance methods but for dust suppression also docriments the use of saline 

ground water, potash and chernical additives such as calcium lignosulfate, Bio-Cat 300-1. 

Different mines followed widely varying maintenance schedules depending upon needs and past 

experience. The frequency of haul road cleaninghegrading and repairing was mostly mine 

specific. Cleaning and regrading at some mines was done daily and major repair work was 

performed afier haul road failure. The frequency of measures taken for dust suppression, as 

expected, increased during summer and in some cases was as high as once per shift. Mines 



surveyed by Wade (1989) also removed snow from haul roads in winter to improve traction. 

Three mines surveyed by Wade (1989) and one mine surveyed in this study reported use of 

preventive maintenance for haul roads. 

2.2.7 Haul Road Design 

KaufÎnan and Ault (1977) did pioneering work on haul road design and construction for surface 

mines. The design procedure followed in this work was based on the CBR (California Bearing 

Ratio) analysis of the haul road construction material and the applied loads. Wade (1989), 

Wieren and Anderson (1990) and many other authors repeated the design procedure with 

modifications needed to suit changes in parameters such as weight of the haul trucks and nature 

of the construction materials. 

As tmck size increased, the CBR-based design procedure failed to deliver optimum design 

criteria for haul roads. The method was denounced by the authors such as Thomson and Visser 

(1997) on the basis that this method assumes uniform elastic modulus for different materials in 

different Iayers of haul roads. Moreover this method was originally designed for a paved road. 

Morgan et al. (1994) and Thompson and Visser (1997) proposed a design method based on 

eIastic deformation of each Iayer in a haul road taking into account different moduli of elasticity 

for different layers. They suggest a maximum strain limit for each layer between 1500 - 2000 

micro-strain. Carneron ber. comm. 1999) confirmed that design of haul roads based on this new 

method gave better results than the CBR-based designs. Still, the CBR method remains a 

popular design method in the industry because the method is simple and has been used for a long 

time to design haul roads as well as commercial roads. 

Design of haul roads, apart from geometry considerations, mainly deals with analysis of the 

bearing capacity and stiffeess of roadbed materials. Syncnide oil sands operation has reported a 

detailed procedure for haul road construction, and it may be inferred that they have adopted a 

rigorous design procedure, especially for the CAT 797 trucks (which they introduced in 1999). 

The current design procedure followed by Syncrude is based on strain analysis of haul road 

layers. In past they have also designed their haul roads based on CBR but for the larger trucks, 

strain-Iimit design gave better results (Cameron, 1999). No other mine has reported such a 

detailed haul road construction procedure. It may be possible that they do not face severe haul 

road bearîng capacity failure problems andlor the locally available construction materials are 

sufficient to withstand the loads from the trucks they use. But as larger trucks are introduced, 



the design of haul roads will gain significance. The survey done by Wade (1 989) does not report 

the design procedures followed by mines in the 1980's. 

2.3 Large Haul Trucks 

Haul trucks used in surface mines have grown significantly in t e m s  of size and capacity (Table 

2). In 1989, the largest trucks available had less than 200 rnt payload capacity, but by 1999 the 

payload capacity has risen to more than 300 mt. Considering the fact that increases in the size of 

haul trucks were virtually at a stand still during the early half of  this decade, (due to limitations 

of tire technology for larger trucks), this recent increase in haul truck size is signifiant. Larger 

haul trucks are being designed, produced, and accepted by the industry for one important reason: 

economy of scale. 

Table 2 Specifications of Iarger haul trucks (+200mt). 

Mode1 No. CAT 793 CAT 797 T 262 TI 272 T 282 M T  4400 MT 5500 830 E 930 E 
Make Caterpillar CaterpilIar Liebherr Liebherr Liebherr Unit Rig Unit Rig Komatsu Kornatsu 

Capaciv mt 232 326 218 270 308-327 236 308 2 18-255 272-290 
m3 129 220 119 164 173.6 139 18 1 147 184 

Operating 377 558 370 411 529 392 510 386 480 
Weight (mt) 
Tires 40.00R57 55f80R63 40.00R57 44/80R.S7 55/80R63 10.00-57' 55/80R63 40.00-57* 50190R57 

Pressure (kPa) 690 590** 690 690 590** 690 590** 690 690 

Loading Height 5.2 1 7.0 5.9 6.2 6.5 6.6 6.7 6.71 6.68 

E ~ P ~ Y  (4 
Width (m) 7.67 9.15 7.4 7.9 8.7 7 -4 9.05 7.32 8.43 
Length (m) 12-18 14.5 13.3 13.7 14.5 13.9 14.77 13.51 15.24 

S teering 30.2 31.9 28.5 32.6 32.7 30.4 - 28.4 - 
Diarneter (m) 
Axial Weights (mt) 
Ernpty Front 70 - 68.5 64 99 74.1 96.9 76.5 92.7 

Rear 7 8 - 83.5 74.4 102 82.2 104.9 77.8 97.6 

Loaded Front 124 122 127.3 188.3 130-8 170.1 128.0 160.1 

Rear 253 - 248 283.2 340.3 261.5 340.1 257.8 320.2 

Maximum 55 64 5 1 68 64 5 9 - 56.9 64.5 

Speed (lan/hr) 
* both radial and bias ply tire can be used. 
** Iow pressure, low profile tire. 
- data not avaiiable. 



AImost al1 of the large haul trucks in current use have tw-O axles (with four tires on the rear axle). 

The use of two axles provides better maneuverability and smaller steering radius. The Iimiting 

factor in the design of larger haul trucks is the design of tires to match the trucks. 

Haul trucks with gross weights of more than 500 mt (payload of more than 300 mt) have k e n  

recently introduced at some mines. Correspondingly, the load per tire has increased to more than 

85 mt. 

Apart from haul road construction materials, the geometry of haul roads also requires 

modifications to accommodate the new larger trucks. The haul road width depends upon the 

width the largest truck in use. The maximum truck width has gone up fkom 7m in 1989 to 91x1 in 

1999. Moreover, the turning radius of the trucks, on average, has increased by 10% over that of 

a generation earlier. For example CAT 793C has a turning radius of 15m but CAT 797 has a 

turning radius of 16m. The increase in turning radius becornes significant as the length of the 

truck increased fiom 12.9m for CAT 793C to 14.5m for CAT 797. So, a Iarger turning radius 

and width of road is required to accommodate these trucks. More importantly, the maximum 

speed of these trucks has increased in most cases by 8 to lOkm/h. For example, TI 252 and T 

262 trucks by Liebherr have a maximum speed of 5 llan/hr whereas next generation trucks fiom 

same Company, namely the TI 272 and T 282 have a maximum speed of 68 and 6 4 M  

respectively. This also impacts the haul road geometry in tenns of stopping distance. Other haul 

road dimensions would also have to increase to fit these larger, faster trucks. 

2.4 Haul Truck Tires 

Haul truck tires have grown with the size and capacity of trucks thus becoming a very costly 

piece of equipment (Table 2). A single tire can cost more than $33,000 (55/80R63 Michelin tire) 

@oyle, 1999). Given the constraints due to the tires on the size of haul trucks and the high cost 

of tires, it is important to understand the construction of tires. 

2.4.1 Tire Components and Composition 

Tires are made fiom rubber (both synthetic and natural), carbon black, sulfix, and other chemical 

agents. A comrnon ratio of rubber to other materials is 80:20. For large haul truck tires, 80% of 

the rubber cornes from natural sources. A higher proportion of natural rubber means a greater 

capacity to dissipate heat, but lower Wear resistance. A higher proportion of carbon black Ieads 

to greater Wear resistance of tires, but carbon tends to retain heat, thus the tire heats more easily. 

10 



As such, the selection of proper composition depends on the intended use for the tire. If the haul 

road has an abrasive surface, a tire with a greater percentage of carbon black would be desired- 

But, if the haul road is smooth and fiee of abrasive materials, a tire with higher percentage of 

natural rubber gives better s e ~ c e  in terms of tons per kilometer per hour (TKPH). 

2.4.2 Types of Tires 

There are two major types of tire: bias ply and radial. Bias pIy tires use nylon casing plies to 

fonn the carcass, and have several bead bundles. Radial tires generally use a steel carcass ply 

positioned radially about the tire (Appendix 8.2). The bead rnay typically be formed by only one 

bundle of wires. Compared to bias ply tires, radial tires have greater stability, better grip, more 

even ground pressure, and lower rolling resistance. Large haul trucks tend to use radial tires 

(Table 2). 

2.4.3 Tire Foot Print Area and Pressure 

Two important elements of tires that affect haul road design are foot print area and tire pressure. 

Tire pressure has gone up to 690kPa (100psi) from 55 i kPa (80psi) during last five years, 

although the new low profile truck tires (55/80 R63) have an inflation pressure of 586kPa 

(85psi). The increase in tire pressure has placed greater stresses on the road surface. The 

bearing capacity of materials used for the surface coarse should be greater than the tire pressure. 

So, any material having a bearing capacity less than roughly lMPa (equivalent to compressive 

strength of soft rock) cannot be used for the surface coarse. Due to the large tire foot print areas, 

the stress bulb below a tire can extend quite deep, resulting in the need for well designed sub- 

base and base layers with sufficient bearing capacities and stiffness. The shape of tire footprint 

can be approxirnated as either a circular or rounded rectangle. The conventional tire (e.g., 

40.00R57) can better be assumed to have circular f o o t p ~ t  but newer tues, such as 55/80 R63, 

which is a low profile, low pressure tire, has an elongated footprint. Thus the shape of the 

footprint can be approximated by a rounded rectangle. The pressure distribution beneath a tire is 

non-uniform, especially for bias ply tires. However, an assumption of uniform pressure 

distribution across the tire foot print area for the purpose of stress analysis in haul road Iayers 

gives reasonably satisfactory results. 

For the surface course the pressure bulbs caused by individual tires can be assumed to be non- 

intedering and stress analysis for the surface course can be done using a single tire. In contrast, 



at depths about 0.5m below the road surface, the stress bulbs fiom individual tires oc  rear axles 

begin to interact and the vertical stresses in the road layers also become a function of tire spacing 

on the truck (see Section.4.6). 

Table 3 Tire specifications (after Doyle, 1999). 

Tire Tmck Footprint Area Load Per Tue Pressure Free Radius 
Payload (m2) Tire kPa (psi) (mm) 

Standard Tire 40.00R57 218 mt 1.11 63 mt 689 (100) 1776 
Retrofi t Tire 44/80R57 218 mt 1-13 63 mt 586 (85) 1705 
Low Profile 55/80R63 327 mt 1-68 93 mt 586 (85) 1946 

2.5 Surnmary 

There has been a marked increase in the size of the trucks used over the last decade. Some 

mines use trucks of payload capacity as high as 360 mt. Consequentially, geometrical elements 

of haul roads, such as width, have been enlarged to accommodate larger trucks. But larger trucks 

also mean greater load on the road but little design work has been done by various niines (except 

Syncrude) to account for larger truck sizes. HauI road construction and maintenance procedures 

followed by various mines are based on past experience and trial and error methods. 

Developing tires suitable for large trucks was a real challenge. Michelin has developed a 'low 

pressure, low profile' tire that can satisfactorily cany hi& loads at higher speed while also 

imposing Iower stress to the haul road. 



3 DESIGN OF HAUL ROPlD CROSS-SECTION 

3.1 Introduction 

Ji this chapter, structural aspects of haul road design will be discussed. A haul road cross- 

section can be divided into four distinct Iayers, n;arneIy sub-grade, sub-base, base course and 

surface or wearing course (Figure 1). 

Su6-grade: Sub-grade refers to the in-situ soil b e d  afier vegetation is cleared and ground is 

Ieveled for road construction. If the roadbed swface Iacks the required beanng capacity, then it 

needs to be altered through suitable measures such as compaction, use of geotextile, or addition 

of binders. 

Szrb-base: Sub-base is the layer of a haul road between sub-grade and base course of the road. It 

usually consists of compacted granuiar matenal, eitrher cemented or untreated. Run of mine and 

course rocks are the general cornponents of this layer. Apart fiom providing structural strenah 

to the road, it serves many other purposes such as preventing intrusion of sub-grade soil into the 

base course and vice-versa, minimizing effect O@€ frost, accumulation of tvater in the road 

structure, and providing working platform for the cmnstruction equipment. 

Base Course: The layer of haul road directly beneath the surface course of the road is cafled the 

base course. If there is no sub-base, then the base course is directly laid over the sub-grade or 

roadbed. Usually high quality treated or untreated matenal with suitable particle size 

distribution is used for construction of this layer. Specifications for base course materials are 

generally considerably more stringent for strength, plasticity, and gradation than those for sub- 

grade. It is the main source of the structural strenah of the road. 

Su$ace Course: The uppennost Iayer of the haul road that cornes directly in contact with tires is 

known as the surface course. A haul road surface is generally constmcted with fine grave1 with 

closely controlled grading to avoid dust problems while maintaining proper binding 

characteristic of the material. Apart fiom providnng a smooth riding surface, it also distributes 

the load over a larger area thus reducing stresses experienced by the base course. 

Various methods exist for road design as surnmaxized in Figure 2. These methods are used to 

calculate the appropriate thickness of each layer in the road by considering material properties 

such as plasticity index, Califomia Bearing Rartio (CBR) or resilient modulus. The design 



method based on use of plasticity index has been limited mostly to the design of flexible 

pavement design for the commercial roads (Australian Asphalt Pavement Association, 1983). A 

popular method of road design uses the CBR of the construction materials as a design criterion. 

This method originated in 1928-29 for the design of commercial roads but found major 

application to construction of airfields after 1949. 

Recent resemch on design of haul roads has highlighted a shift towards the use of a resilient 

modulus based design method. In this case, the road layers are designed on the basis of the 

design stresses and each layer's resilient modulus. A critical strain limit is used to establish the 

required moduli (and hence material and compaction properties) of each layer. 

Pavement Design 

1 

. 
Design method based 

on the plasticity index 
of the construction 
matenal. Mostly 
applied to asphalt 

roads, not been used 
for design of mine 

haul roads. 

Design method 
based on the CBR 
of the construction 
material. Widely 

accepted and 
applied for haul 

road design. 

c 
Design rnethod based on 
the resilient modulus 

of the construction 
material. Recent 

application to haul road 
design. More reliable 
than the CBR based 

method. 

Figure 2 Types of pavement design. 

3.2 Haul Road Design Based on California Bearing Ratio 

One of the most widely used methods of computing required fil1 thickness for road construction 

is the Califorriia Bearing Ratio (CBR) method. This approach characterizes the bearing capacity 

of a given soil as a percentage of the bearing capacity of a standard-crushed rock, the ratio of 

capacities being refexred to as the CBR for the given soil. Empirical curves, known as CBR 



curves, relate the required fil1 thickness and applied wheel load to the CBR value. The fxst use 

of CBR (%) values to determine the cover thickness over the in-situ material was reported by 

California Division of Highways during 1928- 1929 (American Society of Civil En,oineers, 1950). 

The standard test to detennine the CBR was established during 1930s at the laboratory of the 

Materials Research Department of the CaIifornia Division of Highways, USA, and was reported 

by Porter (1938). Porter (1949) fiirther developed the procedure for airfield pavement design. 

Boyd & Foster (1949) addressed the dual wheel assembly problem through consideration of 

EquivaIent Single WheeI Load (ESWL). Traffic volume and its effect on the structural design of 

pavements was considered by Ahlvin et al. (1971) in which a repetition factor was determined 

according to the load repetitions and the total number of wheels used to determine the ESWL. 

Kaufman & Ault (1977) were among the first who recommended the use of the CBR rnethod for 

the design of haul roads in surface mines. 

The CBR value, expressed as a percentage, is a comparative measure of the resistance offered by 

a soil to the penetration of a standard size cylindrical plunger, forced into the soil at a specified 

rate to a designated depth, to the resistance required to force the plunger into a standard crushed 

Stone under the sarne conditions. The end area of the plunger is 1935mm2, the specified 

penetration rate is lmm per minute and the depth of penetration is 75mm. The test is conducted 

on the -20mm fraction of a soil, which is compacted by prescribed procedures into a 152rnm 

diarneter mould. A 2.27kg annular disk surcharge weight, which is intended to simulate the Ioad 

of the pavement on the soi], is placed on the soil surface and the plunger is forced into the soi1 

through the hole in the disk. The detailed procedure and apparatus used for conducting the test 

are described in the "Standard Test Method for Bearing Ratio of Laboratory-Compacted Soils", 

ASTM D 1883. The test may also be carried out on undisturbed soil samples taken in the field by 

the CBR mould, or on soaked or swelling samples. To minimize soil disturbance, the test can be 

conducted in the field on in-situ deposits by jacking the plunger into the ground, using for jack 

reaction the rear bumper or undercaniage of a truck, and measuring penetration by appropriately 

placed defonnation gauges. 

Design charts have been developed that relate pavement, base and sub-base thickness to vehicle 

wheel Ioad and CBR values. A typical CBR chart is shown in Figure 3. The curves in Figure 3 

depict cover thickness requirements for various wheel loads comesponding to wide CBR value of 

a construction material. The ranges of bearing ratios for the typical soils included at the bottom 

of the graph should be regarded as approximate and should be used for preliminary planning 

purposes only. For final design, CBR values obtained from testing the actual sub-grade and fil1 



materials designated for road construction should be used in the CBR charts for determining fil1 

thickness requirements. 

Figure 3 CBR curves (after Atkinson, 1992). 
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Wheel loads for any haul truck c m  readily be computed from the manufacturer's specifications. 

By dividing the loaded vehicle weight over each axle by the number of tires on that axle, the 

maximum load for any wheel of the vehicle can be established. In every case, the highest wheel 

a, 

: f P poorly graded 
L low to medium 
H high compressibility 



load should be used in the design computations. When a wheel is mounted on a tandem axle, the 

wheel load should be increased by 20% (Kaufman & Ault, 1977)- 

Table 4 gives the calculated fil1 thickness using the CBR chart for a wheel load of 8Omt (800kN). 

The required cover thickness for any material can be read from curves on Figure 3 correspondhg 

to the CBR value of the material. For example, a sub-base material having CBR of 25 will 

require a cover thickness of 0.6m for a 80mt wheel load (Komatsu 930 E). The layer thickness 

can be calculated by subtracting the cover thickness required by that layer frorn the cover 

thickness required by the immediate lower layer. 

Table 4 Haul road cross-section based on the CBR chart for a wheel load of 80 mt. 

Layer Typical Material CBR (%) Total Fi11 Cover Layer Thickness 

Surface Course Crushed Rock 95 - 0.30 

Base Course Pitrun Sand & Grave1 60 0.30 0.30 
Sub-Base Till, Mine Spoil 25 0.60 1.60 
Sub-Grade Firm Clay 4 2.20 - 

3.2.1 Modifications to CBR Design Method 

The method discussed above can be improved upon by using equivalent single wheel load 

(ESWL) uistead of single wheel load, as the road not only faces one wheel load but a 

combination of wheel Ioads thus increasing the stress level in various layers of the haul roads. 

ESWL is calculated under the following conditions: 

The ESWL should have same contact area as that of the otber wheel loads. 

The maximum deflection generated by ESWL should be equal to that generated by the group 

of wheels it represents. 

Foster & Ahlivin (1954) gave the following method for calculation of ESWL for various depths 

of a road cross-section: 

Deflection under a single wheel 0,) = r, P, Fs / E 

Where: r, = contact radius for single wheel (m) 

E = Young's modulus of the pavement ( m a )  



Ps = tire pressure for a single wheel ( m a )  

F, = deflection factor for a single wheel 

Deflection under a group of wheels Pd) = rd Pd Fd 1 E 

Where: rd = contact radius for a group of wheels (m) 

Pd = tire pressure for a group of wheeIs (MPa) 

Fd = deflection factor for a group of wheels 

Following the assumptions for calculation of ESWL and the above equations: 

D, = Dd and - rs - rd 

Tire loads (L, and Ld) are related to tire pressure and contact radius as follows: 

LS = n r.2 P, and Ld - - n rd pd 

The above equation gives the relationship between tire load and the deflection factor. The 

deflection factor for various depth and horizontal Iocations are given in Figure 4, which can be 

utilized to calculate ESWL at various pavement depth for a given set of wheel geometry. 

Yoder & Witczak (1975) reported four critical points for stress level under a truck as s h o w  in 

Figure 5. The ESWL is calculated at a range of pavement depths fiom which the required cover 

thickness can be calculated using the CBR c w e .  The specific wheel grouping of a haul truck is 

reduced to four wheels by means of an equivalent single wheel load representing dual assemblies 

or axles and the deflections under four characteristics points are recorded. These characteristic 

points are derived fiom consideration of the stresses generated in a uniform bomogenous 

pavement under the action of two sets of the two wheels, specificaIly the increase in stress (and 

thus de flection), where stress fields overlap. 

The CBR method of haul road design has been very popular and been used by many authors such 

as Kauhan & Ault (1977), Atkinson (1992) and Thompson (1996). The method is simple, well 

understood and gives fairly good design guidelines for most haul roads. But, the method has 

many inherent shortcomings, which will be discussed in Section 3.3. 



Figure 4 Deflection factor for E S W  determination (after Foster & Ahlvin, 1954). 
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Figure 5 Critical points for a fully laden truck (after Thompson, 1996). 



3.3 Haul Road Design Based on Resilient Modulus 

Morgan et al. (1994) and Thompson & Visser (1997) cnticized the CBR method of haul road 

design due to the following factors: 

The CBR method is based on the Boussinesq's semi-infinite single layer theory, which 

assumes a constant elastic modulus for different materials in the pavement. Various layers 

of a mine haul road consist of different materials each with its own specific elastic and other 

properties. 

The CBR method does not take into account the properties of the surface course material. 

The CBR method was originally designed for paved roads and surfaces for airfields. 

Therefore the method is less applicable for unpaved roads, especially haul roads which 

experience much different wheel geometry and constmctioo materiais. 

Morgan et al. (1994) and Thompson & Visser (1997) provide a haul road design method based 

on the strain caused in different layers of the haul road. Based on field observations, maximum 

verticai strain limits have been established to be 1500 - 2000micro-strains for typical haul roads. 

Moreover, the stress level in any layer of a haul road cross-section should not exceed the bearing 

capacity of the material used in that layer. 

For a given stress in a layer, the induced strain is a function of the modulus or the stiffness of the 

material. The stiffness of the material depends upon the grain shape, grain size distribution, 

compaction achieved and other parameters. The proponents of this design method (Morgan et 

al., 1994 and Thompson & Visser, 1997) suggest the use of resilient modulus for describing the 

material properties of the layer, Resilient modulus is the ratio of the amplitude of the repeated 

axial stress to the resultant recoverable axial strain. Hence, the nature of the test required to 

determine the resilient modulus is sirnilar to the cyclic Ioading experienced in a road (Figure 6) .  

AASHTO ( ~ 9 9 3 ~ )  T294 gives the laboratory test method to determine the resilient modulus of 

unbound soi1 by repetitive loading of a soil sample in a triaxial chamber. 

Thompson (1996) estimated the resilient modulus by the falling weight deflectometer test. 

Altematively, Young's modulus of elasticity for a material can be detemllried by an unconfmed 

compression test in laboratow. The resilient modulus can be assumed greater than Young's 

modulus. Figure 6 shows the method to obtain resilient modulus by repeated triaxial loading of a 

soil sample. As evident from the Figure 6, Young's modulus can be assumed a conservative 

estimate of the resilient modulus. The author determined Young's modulus by performing 



mconfined compression tests on compacted -19mm fraction of construction materials. The test 

is simple and very well understood and gives a fairly good estimate of the modulus, albeit on the 

conservative side as there is no confining pressure and stiffening of soi1 due to repeated loading. 

Mohammad et al. (1998) describes yet another method for calculation of resilient modulus using 

a cone penetration test with continuous measurement of tip resistance and sleeve friction. 

Strain 

Figure 6 Method to obtain resilient moduius (after Bowles, 1984). 

The strains in a Iayer are a fimction of applied stress (tire pressure/size) and the resilient 

modulus of the layer. 

The wheel load of the haul truck can be obtained as described in the CBR method. The stresses 

in Iayers below the surface course can be calculated using stress models or application of elastic 

theory. For example, the sirnplest assumption is that a tire creates a uniform circular load over 

an isotropic, homogeneous elastic half space. Although, the assumption of homogeneity of the 

haul road cross-section resuits in some enor in estimation of the stress level in various layers, the 

assumption simplifies the problem for preliminary examination (detailed modeling discussed in 

Chapter 4 considers layers with different moduli). The fore-mentioned assumptions combined 

with the theory of elasticity can be used to examine the stresses beneath a typical tire (Figure 7) 

with an inflation pressure, p. A typical haul truck tire has a foot print area uf about 1. 13m2 

giving an equivalent diameter, w of 1 -2m. 

Figure 7 shows that the stresses in the base iayer, which typically starts at 0.3 to 0.6m below the 

road surface will be about 0.65 to 0.9 times the tire pressure or about 0.3 to 0.65MPa. Similarly, 

a typical sub-base begins at a depth of roughly 1.5m. Therefore, the sub-base expenences about 

0.2 tirnes the tire pressure or about 0.1 to 0.2MPa. Based on a strength criterion, appropriate 



construction materials for the base and sub-base need to have bearing capacities that exceed the 

expected stresses as shown in Table 5. 

Figure Stress bulbs below a circular pressure distri~ution. 

Table 5 Minimum bearing capacity and Young's modulus of haul road construction 
materials. 

Thickness Bearing capacity Young's rnodulus 
(ml m'a)  W P ~ )  

Surface Course 0.3 to 0.6 0.7 to 0.9 
Base Course 1 .O 0.3 to 0.65 150 to 350 
Sub-base 1.5 0.1 to 0.2 100 to 150 

3.3.1 Critical Strain Limit 

The important cnterion for haul road design is a critical strain limit for each layer. A road can 

not adequately support haul trucks when vertical strain exceeds a critical strain limit as the road 

ceases to act as a bearn. Morgan et al. (1994) found that the critical strain limit was about 

1500rnicro-strain while Thompson and Visser (1997) noted that the limit was around 2000micro- 

strains. Possible reasons for difference in the critical strain limits suggested by the two authors 

could be different design life of the road and traffic density. The strain 1 s t  depends on the 

anticipated number of haul trucks usuig the road over its working life as given by Knapton 

(1988) through an empirical relation. Thus, the critical strain limit depends on the design life of 

the road and the traffic density. 



~ = 2 1 6 0 0 / ~ ~ ~  

Where: E = allowable strain limit (micro-strain) 

N = number of load repetitions, 

Using the above equation, criticaI strain Iimit for a haul road c m  be cdculated. An example of 

such calculation for a haul road at Bullmoose Mine with a yearly ore and waste production of 

3.15and 35.07 million metnc tons respectively. The haul trucks used had a payload capacity of 

180 metric tons. 

Various operating factors such as required design life (penod afier construction of the road 

before any major reconstruction is done) and total number of loaded trucks travelling over the 

road in the designed life, depends upon the operation and following assumptions were made: 

Design life of in-pit road and ex-pit roads are 3 and 12 months, respectively. 

An in-pit road c e e s  one-tenth of the total ore and waste tonnage handled by the mine in a 

year. 

An ex-pit road carries half of the yearly ore production by the mine. 

The hm1 roads are single lane each way. 

For in-pit road: 

Total load camed by the road in its life = (3.15 + 35.07) * 3 / (12 * 10) 

= 0.955 million metric tons 

:. Number of loaded trucks (N) = 0.955 * 1000000 / 180 = 5305 

:. Frorn the equation given above critical strain limit = 

E = 2 1600 / (5305)~.~* = 1957 = 1960 micro-strain 

For ex-pit road: 

Total load carried by the road in its life = 3.15 / 2 

= 1.575 million metric tons 

:. Number of loaded trucks (N) = 1.575 * 1000000 / 180 = 8750 

:. From the equation given above cntical strain Iimit = 

E = 2 1600 1 (8750)~-'~ = 1700 micro-strain 



The critical straui is based on the argument that a haul road acts as a beam if strain is below the 

limit, which is essential for it to support the load of the haul truck. 

The estimated stresses in each layer (noted above) can be used to estimate the minimum Young's 

modulus that will ensure strahs are less than the critical strain lirnit. For example, a lm thick 

base course subjected to vertical stresses of 0.3 to 0.65MPa requires a Young's modulus greater 

than 150 to 350MPa. 

The above method considers stress generated by only one tire, Le. assumes no interaction 

between stress bulbs generated by different tires of a truck. This limitation can be overcome by 

calculating stress numerically and superirnposing stress generated by adjacent tires of the rear 

axle of a truck on a vertical plane parallel to the rear axle of the truck. Stresses below tires can 

also be calcuiated using Table 35, which gives influence factors for a circular load at various 

depths and lateral positions. This method of calculating stress, illustrated by a hypothetical 

example in section 3.3.2, assumes haul road construction material as isotropic, hornogenous and 

elastic. 

3.3.2 Sample Calculation for the Method 

The following is a sample calculation for a hypothetical back axle of a loaded truck. 

Shape of tire footprint = circula- Pressure distribution over f o o t p ~ t  = uniforrn 

Width of truck = 9.0m Tire width (w) = 1.2m = Diameter of area of contact 

Gross vehicular weight = 500mt Distance between adjacent wheels = 1.8m 

No. of tires = 6 Load equally distributed over the six tires. 

:. Pressure (q) = load/ (no. of tires * footprint area) = (500*9.8 1/6) / (ir*(l.2/2)') -. 700kPa 

Using the above information and Table 35 (Appendix 8.3), stress level at various points in haul 

road cross-section can be calculated by adding stresses due to al1 four tires at a particular point. 

The resuIt of  the calculation is aven in Table 36. Required resilient modulus of the material can 

be calculated by using the critical strain limit znd the maximum stress value at the depth of the 

matenal. For example, choosing critical strain limit of 2000micro-strains, the resilient modulus 

of material 0.5m below the surface should more than 270MPa as the maximum stress at that 

depth is 532kPa. A furiher improvement to the design method descnbed above involves 

calculating stress levels at various depths taking into consideration al1 the tires of the trucks, 



instead of rear axle o d y  but this would make the analysis 3 dimensional instead of 2 dimensional 

as discussed above. Interaction between the front and rear axle stress bulbs can be neglected. 

The analyses in the next chapter show that compared to the tire pressure, the stress level below 

the center of the rear a l e  becomes significant only after depth of 6m, a depth at which the 

magnitude of the stress, itself becomes insignificant. 

3.4 Cornparison of the Two Methods 

As discussed in the previous sections, there are two different methods of haul road design. The 

first method is based on the CBR value of the construction materials, whereas the second method 

takes the resilient modulus and the unconfined compressive strengtii as the design criteria. 

The CBR method estirnates the bearing capacity of a construction material by measuring the 

resistance offered by it to a standard plunger whereas the second method relies on the 

rneasurement of the resifient modulus and the unconfined compressive strength (either in-situ or 

in the laboratory) of the construction material. 

The CBR method assumes that failure will occur when the cover thickness above a certain 

material is less than that required, according to a standard CBR chart. The failure criterion for 

the second method is based on the vertical strain in each layer of the haul road cross-section. It 

assumes that failure will occur when the strain at any point exceeds the cntical strain limit. The 

critical strain limit is detennined for a particular road depending on the number of loaded trucks 

expected to travel over it during the designed life of the road as discussed in section 3.3. The 

number of loads passing a particular section of a road depends on the designed Iife of the road as 

well as the traffic density. These factors, which are highly variable (e.g. designed Iife for a haul 

road can Vary from few months to tens of years), are not directly taken into account in CBR 

method. Also, the CBR method does not take into account the bearing capacity of the surface 

course, thus the selection of construction matenal for the surface course becomes arbitrary in 

this method. 

Moreover, failure by the CBR method is assumed to occur when the tire penetrates a haul road 

layer or an upper layer's material penetrates into the lower one, thus causing failure of the 

structure (as the method estimates the bearing capacity by measuring the resistance offered by a 

penetrating plunger) but failure can occur much before such a condition arises. The haul road 

cross-section acts as a layered bearn structure and under excessive strain this structure can cease 

to act as a beam thus loosing strength and failure becomes imminent. Consequently, it can be 
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expected that a design using CBR method would result in under-design in most cases. But in 

case of haul roads with very short designed life, CBR method can be over-conservative. 

Illustration of the Comparison 

A hypothetical but realistic case of haul road design will be solved in this section using both the 

methods and the results obtained will be analyzed. 

Problem: To determine the thickness of various layers of a haul road for a given set of 

construction materials for 80mt single wheel Ioad (Komatsu 930E). 

Assumptions: 

Assumed material properties used for various Iayers are given in Table 6 .  

Table 6 Properties of the materials constituting different Iayers. 

Layer CBR (%) Bearing capacity (kPa) Resilient Modulus (MPa) 
S ub-Grade 3 8 O 40 
Sub-Base 10 150 8 0 
Base Course 5 O 400 200 
Surface Course 1 O0 700 350 

Critical strain limit = 2000micro-strains 

Tire diarneter (w or 2a) = 1.2m 

Type of pressure distribution = circular and unifonn 

Construction materials are homogenous, isotropie and elastic. 

CBR Method: Using Figure 3 and the CBR values of the material given above the cover 

thickness for each type of matenal was determined. The thickness of any layer is equal to the 

difference of the cover thickness required for that Layer and that for the previous layer. Table 7 

shows the layer thickness obtained by the method. 

Table 7 Course thickness based on the CBR method. 

Layer CBR Cover Thickness (m) Thickness of Layer (m) 

Sub-Grade 3 2.70 - 
Sub- Base 1 O 1.20 1-50 

Base Course 50 0.45 0.75 
Surface Course 1 O0 - 0.45 



Method Based on the Resilient Modulus and Bearing Capacity: 

Foot print area of the tire = R (w/2l2 = n (1.2/2)' = 1.13 m2 

Stress exerted by the tire (q) = Ioadhrea = 8O*9.8 1/1-13 = 690kPa 

The stress can be estimated from Figure 7 using the tire width (w or 2a) and the surface pressure 

(4). 

The thickness of various layers should be such that the maximum stress level faced by any layer 

shouId be less than the bearing capacity of that layer and the strain induced should be l e s  than 

2000micro-strains. The detaileci calculation of thichess of various layers is given in Appendix 

8.3. The results are shown in Table 8. 

Table 8 Course thichess based on the resilient moduius method. 

Layer Bearing capacity (kPa) Resilient ModuIus Cover Thickness Thichess of Layer 
( m a )  (ml (ml 

Sub-Grade 80 4 0 2.04 
Sub- Base 1 50 80 1 -44 0.60 
Base Course 400 200 0.58 0.86 
Surface Course 700 350 - 0.58 

This is a preliminary calculation of cover thickness, only. The result should be checked with a 

stress-strain model, which considers variable resilient moduius of different layers. Tbe stress and 

strain induced in each layer should be below the accepted lirnits. 

Table 9 Thickness of haul road courses by the two methods. 
- - - p. - - - -- 

7 1 CBR Method ( Method based on the Resilient Modulus 1 
Layer 

Sub-Grade 
Sub-Base 

The cover thickness required for the sub-grade obtained by CBR method is more than that by the 

Base Course 
Surface Course 

method based on the resilient modulus (Table 9), but for other layers, the required cover 

thickness by CBR method is much less. So, the base course and sub base, if designed by the 

Depth of Cover (m) 

2.70 
1.20 
0.45 

- 

CBR method, may face excessive strain or structural failure. Thus CBR method has resulted in 

Layer Thickness (m) 
- 

1-50 

Depth of Cover (m) 
2.04 
1.44 

under-design although total cover thickness required by CBR method is greater than that 

Layer Tfickness (m) 
- 

O -60 
0.75 
0.45 

required by the other method. This under-design will be more pronounced for a haul road with a 

0.58 
- 

0 -86 
0 -58 



longer design Iife as the strain limit would be lower than 2000micro-strains, Say 1500micro- 

strains, thus increasing the cover thickness by the second method. 

3.5 Design of the Surface Course 

Surface course design is slightly different ftom that of the other Iayers due to the fact that apart 

from meeting the general requirements as for the other layers, the design should take care of 

operational requirements such as dust control, smoothness of ride etc. 

Generally the surface course is constructed using high quality gravel crushed to -19mm size. 

Thompson (1996) reports use of a 200mm thick layer of material having resilient rnodulus in the 

range of 150-200MPa compacted to 98% modified AASHTO for a l7Omt haul truck. For Iarger 

trucks, thicker layers with matenal having higher modulus of elasticity should be used as the 

surface course. 

The Arnerican Association of State Highway and Transportation Officiais (AASHTO): MI47 

(1 993") gives the following guidelines for surface course aggregates: 

Coarse aggregate retained on the 2.00mm (No. IO) sieve shall consist of hard, durable 

particles or fragments of stone, gravel or slag. Matenals that break up when alternately 

frozen and thawed or wetted and dried shall not be used. 

Coarse aggregate shall have a percentage of Wear, by the Los Angeles Abrasion test, 

AASHTO T96, of not more than 50. 

Fine aggregate passing the 2.00mm (No. 10) sieve shall consist of natural or crushed sand, 

and fine mineral particles passing the 0.07Sm.m (No. 200) sieve. 

The fraction passing the 0.075mm sieve shall not be greater than two-thirds of the fraction 

passing the 0.425m.m (No. 40) sieve. The fraction passing the 0.425mm sieve shall have a 

liquid lirnit not greater that 25 and a plasticity index not greater than 6. 

Al1 the matenals should be free fiom vegetable matter and lumps or balls of clay. The soil- 

aggregate material shall confim to the grading requirements (four different grading, grading 

C to grading F can be used) of Table 10. 



Table 10 Grading requirements for soil-aggregate materials for surface course (after 
AASHTO, 1993). 

There are many methods of road design out of which the CBR and resilient modulus methods are 

particularly applicable to the design of haul roads. Although the CBR method is a commody 

accepted and applied method of haul road design in surface mines, it has many inhented 

shortcornings, which may lead to under or over design. In case of mines that use ultra-large 

trucks (GVW > 400 mt), it becomes imperative to use a haul road design method based on the 

resilient modulus of the construction materials, which requires more complex analysis than the 

CBR method. 

Sieve Designation Mass Percent Passing 
Standard (mm) 

25-0 
9.5 

4-75 
2.00 

0 -425 
0.075 

Al ternate 
1 in. 

3/23 in. 

NO. 4 
NO. 10 
NO. 40 
NO. 200 

Grading F 
1 O0 
- 

70- 100 
55-100 
30-70 
8-25 

Grading E 
100 
- 

55-100 
40- 100 
20-50 
6-20 

Grading C 
100 

50-85 
35-65 
25-50 
15-30 
5-15 

Grading D 
100 

60- 1 O0 
50-85 
40-70 
2545 
5-20 



4 BEARING CAPACITY AND STRAIN IN A HAUL ROAD CROSS-SECTION 

4.1 Introduction 

For designing any haul road, it is imperative to understand the stress and strain distribution in the 

haul road cross-section induced by the haul truck tires- Theoretical analysis of stress with 

respect to the bearing capacity of the soi1 was done to show that the vertical strain, not the 

bearing capacity, is the limiting factor in most haul road designs. The vertical strain distribution 

was anaiyzed using phase2 software, which is a two-dimensional f ~ t e  element program for 

calculating stresses and dispiacements. The objective of the modeling is to analyze vertical 

strain distributions for various combinations material rigidity and different thickness of haul road 

Iayers. As discussed in section 3.3, the haul road cross-section is adequate if the stress at any 

point is Iess than the bearing capacity of the material and the vertical strain is less than the 

critical strain Iirnit (generally assumed to be between 1500 to 2000rnicro-strains), The adequacy 

of the haul road cross-section for the given wheel load(s) is examined using this stress and strain 

cnteria for various models discussed. 

Different cases Iisted in Figure 8 were analyzed. The load distribution on the road surface 

beneath a tire was assumed to be uniform over a circular area for al1 analyses. Bearing capacity 

analysis (case A of Figure 8) was done using a circular footing to represent a tire. phase2 was 

used for case B, C and D analyses. An axisymmetric mode1 was used to analyze the effect of 

different combinations of layer moduli (case B of Figure 8) on strain bulbs below a single tire. 

Various combinations of moduli were analyzed including uniform moduli (Bl), surface course 

stiffest (B2), base course stiffest @3), and sub-base stiffest (B4). The combination which gave 

the best result (least strain), namely case B2, was used to study the effect of layer thickness on 

the strain bulbs (case C). The thinnest layer, which satisfied the critical strain limit, namely case 

C3, was used to study the effect of interaction of vertical strain bulbs generated by a set of two 

and four tires along the back axle of a truck (Case Il). 
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Figure 8 Layout of the models discussed in the chapter. 
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The bearing capacity of a soi1 depends on its shear strength, which in turn depends on the soil's 

cohesion (c) and angle of friction (Q). Most of the bearing capacity theories are based on the 

plasticity theory. Prandtl developed the following expression for ultimate bearing capacity (q,~,) 

for footings by assuming failure conditions shown in the Figure 9 and undrained (Q = 0) 

conditions (Bowles, 1984). 

Figure 9 Bearing capacity failure under a surface footing or tire (after Bowles, 1984). 



Terzaghi (1943) modified the expression for circular footings as follows: 

where: D = footing depth (m) 

R = footing radius (m) 

y = unit weight of the soil (w/m3) 

Ni = bearing capacity factors ($ dependent) as shown in Figure 10 

The load exerted by a tire can be approximated by a circular footing. For a tire, the footing 

depth (D) is zero and footing radius is equal to half of the tire width. 

Apart fi-om footing (tire) geometry and unit weight of soil, the bearing capacity of a soil depends 

on the cohesion and the angle fiction of the soil. Figure I l  shows a plot of normalized bearing 

capacity versus angle of friction and cohesion. The ultimate bearing capacity was calculated 

using Terzaghi's equation, using R = 0.7m (for tire 55/80R63), y = 20lc~/rn' and reading Ni e o m  

Figure 10 for various values of $. The dashed line in Figure 10 is for undrained conditions but 

haul road construction materials are mostly granular so solid lines representing drained 

conditions were used for reading Ni values. The factor of safety was calculated by dividing the 

ultimate bearing capacity by the applied stress, which was assumed equal to the tire pressure 

(700kPa). Bowles (1984) recomrnends using 2.0 as  factor of safety for cohesionless soil and 3.0 

for cohesive soils for footings. The matenal used for road construction are mostly cohesionless 

(or low cohesion), especially for the surface course. Moreover, sorne local failure (rutting) is 

allowable for haul roads, wkich is not the case for footings. So, a factor of safety of 2.0 can be 

taken as safe. The surface course of a haul road is generally built with compacted gravel- The 

cohesion of compacted gravel can be assumed to be zero and the angle of friction ranges between 

35" and 50" depending on the degree compaction and gravel characteristics. For well-compacted 

good quality gravel, @ can be taken as 45", thus from Figure 11, the factor of safety is about 6. 

Thus, bearing capacity should not be a concern in most haul road designs. It is the vertical strain 

or  the settlement, which is the limiting factor. 



Figure 10 Bearing capacity factors for Terzaghi equations (after Bowles, 1984). 

p = tire pressure = 7OOkPa 
q,,, = ultimate bearing Cohesion (kPa) 

I 

Safe Region 
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Figure 11 Factor of safety (qui,lp) vs friction angle and cohesion. 



4.3 Finite Element Strain Analyses 

Finite element strain analyses were done using phase2, which is a two-dimensional finite elernent 

program for calculating stresses and displacements. phase2 c m  be used to solve a \vide range of 

mining and civil engineering problems (Rocscience, 2000). The program can be used for elastic 

analyses, but also supports plasticity. Although the software is primarily designed for 

underground problems, it can be used to solve two-dimensional near-surface problems including 

those involving traction (or surface loads) such as wheel loads. 

The axisymmetric option was selected as it allows a circular Ioad, whereas the plane strain 

option simulates a strip load (of infuùte length) A circular stress distribution on the road surface 

is better approximation of a tire than a strip load. 

The assumptions used to generate the models are: 

Type of model used - axisymmetric 

Size of half model = lSw(width) x 7w(depth) , where w is the width of tire footprint 

Type of material = isotropic and elastic 

Mesh type - graded 

Element type - 4-noded quadrilaterals 

Number of elements = 1600 

Number of nodes = 1700 

Poisson's ratio = 0.4 

Loading = lMPa stress over a circular area (diameter w) 

Since the applied stress is lMPa, the stresses or strains calculated by the model can be scaled by 

the actual stress exerted by the tire on the road (generally taken as the tire pressure). Given that 

7OOkPa is a common tire pressure for haul trucks, the model output (stress or strain) shown in 

subsequent figures has been obtained by multiplying the model output by 0.7. Mcreover, the 

model dimensions can also be scaled by the achial tire size. For example, the depth is shown in 

multiples of tire width (w). 

Figure 12 shows a typical axisymmetric model used to generate vertical strain plots in the 

subsequent sections. The axis of rotation is at x = O (x and y are horizontal and vertical axes, 



respectively). The wheel load is applied between the points (0,O) and (0,0.5). The boundary of 

the model (at y = O) represents the surface of the haul road and thus is a f?ee boundary. The 

vertical boundaries of the model (at x = O and x = 15) are restrained in x direction, thus the 

matenal at the boundary is allowed to move in vertical (y) direction only. The lower boundary 

of the mode1 (at y = -7) is restrained in y direction. The right and lower boundaries are chosen to 

be at a reasonable distance from the tire, so that the boundary conditions do not affect the 

stresses and strains beneath the tire. The top Iayer (between y = O and y = -0.5) represents the 

surface course. While the base course is between y = -0.5 and y = - 1.5, the sub-base is between y 

= -1.5 and y = -3.0. The layer below y = -3.0 represents the sub-grade or in-situ matenal. The 

thickness, thus the boundaries of different layers Vary for models in section 4.5, in order to 

analyze the effect of varying thicimess on strain bulbs. 

Distance from tire center (w)- 

Figure 12 Axisymmetric model for case B study. 



Figure 13 Meshing near the tire (zoomed view of Figure 12). 

A-? axisymmetnc model allows only one circular load (or tire) in a model. So, the effect of strain 

bulb interaction can not be studied directly in a phase2 model. However, the principle of elastic 

superposition allows superposition of elastic stresses or strains. Therefore, the axisymmetric 

model was used to generate the vertical strain distribution below a single circular tire load and 

the results were numencally superimposed, using Microsoft Excel, to simulate strains beneath 

two to four tires of the back axie of a loaded truck. The result thus obtained were be contoured 

using WINSURF. 

4.4 Effect of Layer Stiffness on Vertical Strain 

The axisymmeûical Phase2 model was generated to analyze vertical strain below a circular load 

for different combination of materials, including uniform stiffhess across the layers, stiff surface 

course, stiff base course and stiff sub-base. The thickness of various layers for the analyses was: 

Sudàce course = 0 . 5 ~  

Base course = 1 . 0 ~  

Sub-base = 1 . 5 ~  



Table 11 shows the Young's modulus assigned to various layers for the different cases studied in 

this section. The construction material should be well compacted achieve maximum Young's 

modulus. 

Table 11 Young's moduius (MPa) of various materiab for different cases. 

Figure 14 shows the effect of Iayer moduli on the strain bulbs below a tire. The shift in contours 

at the boundaty of different !ayers (more evident in cases B2 through B4) is due to the difference 

S tiff Sub-Base (B4) 
150 
350 
500 

in the layer moduli, In case B 1 the contours should have been smooth through the boundaries of 

S tiff Base (B3) 
350 
500 
150 

Layer 
Surface Course 

Base Course 

Sub-Base 

adjacent layers and the shifi in the contours is the artifact of the mode1 (due to meshing at the 

boundary). The stress Ievel in the haul road cross-section decreases with depth. Thus if the 

Uniform Material (B 1) 
50 
50 
50 

Young's modulus is same for al1 layers then the strciin wilI be highest at the top layer and 

S tiff Surface (B2) 
500 
350 
150 

decreases with the depth. Thus Case B1 gives extremely high vertical strain for surface course. 

Also, cases B2 and B3 result in very hi& strain in the surface course (more than 2000 micro- 

strain, which is unacceptable) because the stiffest material is not used for the surface course. 

Case B2 has material with highest Young's modulus as surface course and stiffness of each Iayer 

decreases with the depth. This moduli distribution results in the lowest vertical strain, which at 

al1 point is less than the critical strain 1 s t  (1500-2000micro-strains). Therefore, it can be 

concluded that a haul road should have the stiEest material at the top and the stiffness of various 

layers should decrease with depth. As shown in section 5.3.5, fly ash can be added to haul road 

construction materials to increase their stifmess. The greatest benefit cornes from having the 

stiffest layer near the road surface. This means placing fly ash stabilized materials in the base 

course, since the use of fiy ash in the running surface is not recommended. Case B2 will used to 

study the effect of Iayer thickness on the vertical strain bulbs. 
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Fügure 14 Vertical strain bulbs for different combinations of Young's moduli. 



4.5 Effect of Layer Thickness on Vertical Strain 

The axisymmetrical mode1 similar to that used in section 4.3 was used to study the effect of 

v;uying layer thickness on strain bulbs. The thickness of the layers is given in Table 12. 

Table 12 Thickness of layers for different cases (normalized to tire width). 

I I Case Number I 

1 Sub-Base 1 1.5 1 1 .O 1 1 .O 1 L .O 1 1.5 1 

Surface Course 
Base Course 

Case CI is the same as case B2 of Figure 14. Vertical ~train bulbs for cases C2 through CS are 

shown in Figure 15. As evident from the figure, the vertical strain in a layer increases as the 

cover thickness (total thickness of layers above) decreases. Thus, the base course in case C2 

( 0 . 3 ~  cover thickness) has the highest strain (1400 micro-strain), whereas the base course in case 

C3 ( 0 . 5 ~  cover thickness) has a maximum vertical strain of 1000micro-strain. The cost of road 

construction increases with increase in the cover thickness (because more construction material 

is used per kilometer of road). So, the case that has least cover thickness should be selected, 

provided that the maximum strain in any layer is below the critical strain Iimit (generally 

assumed to be between 1500-2000micro-strains) with some allowance for the fact that these 

strain bulbs are due to only one tire and interaction of the tires would increase the strain levels in 

each Iayer. So, case C3 can be safely selected for analyzing effect of tire interaction, as the 

vertical strain at any point is less than 1 200micro-strains. 

From the above discussion, it is evident that required thickness of various layers is primarily 

dependent on the load configuration and the material stifhess. For the tire pressures and 

matenal properties assumed in the section, 0.6m of surface course, 0.75m of base course and 

1.25m of surface course would be adequate, assuming a cntical strain limit of 15OOmicro-strain. 

.\ 

Cl 
0.5 
1 .O 
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0.3 
O .6 

C3 
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Numbers on contours are strains in micro-strains w = tire width 

Figure 15 Vertical strain bulbs for different layer thickness. 



4.6 Effect of Tire Interaction 

As stated earlier, the axisymmetric model of phase2 allows only one circular load (tire), but in 

reality, the strain bulbs generated by different tires along a truck d e  interact and the resultant 

vertical strain generated is greater than that by one tire. The effect of tire interaction was 

examined by superimposing the strain bulbs generated by one tire to represent multiple tires of a 

truck- The most critical case is the back axle of the truck, which has four tires, whereas the front 

one has o d y  two. Moreover there is little interaction between fiont and back tires of a truck, as 

the vertical strain generated is insignificant at a horizontal distance of 2 . 5 ~  fiorn the tire center 

and the distance between the centers of the fiont and rear ades is 5 . 3 ~  (Haulpak 930E), w being 

the width of the tire (== 1.2m). 

Case C3 (section 4.5) was used to generate strain bulbs for one tire. Data were queried at a grid 

of 0 . 0 5 ~  x 0 . 0 5 ~  for horizontal distance of 2 . 5 ~  and vertical distance of 0 . 7 ~ .  The data were 

xnirrored to generate full straia bulbs for one tire, as an axisymmetrical model generates only half 

of the space. Then the strain values at grid points were staggered by a horizontal distance of 

1 . 1 5 ~  and added to generate strain values at various grid points to represent vertical strain 

generated by two adjacent tires (Figure 16). The result obtained by the above procedure was 

staggered again by a horizontal distance of 4. lw to get vaIues of vertical strain at grid points 

representing strains generated by four tires along the back axle of a truck. 

1 RoadBed 1 

Figure 16 Schematic diagram for position of tires on back axle of a truck (Haulpak 930E). 

The data thus generated for the three cases (one tire, two tires and four tires) were plotted using 

WINSURF software, which is a grid-based contourhg program. Linear laigging was used as the 

gridding method. The data were then contoured using a 200micro-strains contour interval. The 

result thus obtained for each case is shown in Figure 17 through Figure 19. The approximate 

maximum vertical strains estimated fiom the figures for the various layers are summarized in 

Table 13. 



<--Distance from t i re  center (w) --> 

Figure 17 Vertical strain (in micro-strain) for one tire (load = 0.IMPa). 

Table 13 Maximum vertical strain for various layers. 

Layer One Tire Two Tires Four Tires 
Surface course 1400 1400 1400 
Base Course 900 1100 1100 
Sub-Base 700 900 900 
Sub-Grade 500 900 900 

Study of the figures and the table reveals that interaction between adjacent tires affects the 

vertical strain levels in the base course and below. The effect of tire interaction is not significant 

in surface course because the strain bulbs in that layer are not wide enough to interact. in the 

base course the maximum strain level increased from 900 to 1100micro-strain, when more than 

one tire was considered. The increases for sub-base and sub-grade were from 700 to 900micro- 

strains and from 500 to 900micro-strains respectively. The interaction between the pairs of tires 



at the opposite end of the rear axle of the tnick does not affect the maximum strain level in any 

course but the strain bulbs extends deeper in the sub-grade (400 and 6OOmicro-strain contours). 

Thus it can be concluded that interaction of strain bulbs generated by the tires along the back 

axle of a truck significantly increases the vertical strain level in the base course and below. 

c-- Distance frorn center of the iwo tires --> 

3.0 -2.5 -2.0 -1.5 

Surface Course E= 500MPa 

- - Base Course - E =  350MPa 

- - 
- 

Sub-Grade 

Figure 18 Vertical strain (in micro-strain) for two tires (load = 0.7MPa). 



c-- Distance from axle centre (w) --> 

-2.0 -1 .O 0.0 1 .O 2.0 

E = 350MPa 

E =  5OMPa 
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Cu 
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- 

Figure 19 Vertical strain (in micro-strain) for four tires (ioad = 0.7MPa). 

4.7 Surnrnary and Recomrnendations 

Although it is important that bearing capacity of the haul road construction material be greater 

than the stress generated by the load (tires), bearing capacity is seldom a limiting factor in most 

practical cases where crushed rock is used to construct the surface course. 

The most critical criterion for haul road design is the vertical strain. Apart fiom load geometry, 

vertical strain prirnarily depends on modulus of elasticity (strictly speaking modulus of rigidity, 

but modulus of elasticity gives a conservative estimate of modulus of rigidity as discussed in 

Section 3.3) and the thickness of various layers. 

Once available construction materials have been analyzed for their properties, there can be many 

combinations of the materials. Laying the stiffest material on top and next stiffest material 

below it and so on gives best result in terms of least vertical strain. 

Various possible layer thickness should be analyzed and the least thickness that gives vertical 

strain below the critical strain limit at al1 points, with some allowance for increase in strain due 

to tire interaction, should be chosen for road design. 



The interaction of strain bdbs produced by adjacent tires on the rear axle of a truck resulted in a 

20% to 80% increase in the maximum vertical strain in the base course and below (the effect 

increased with depth) but had near zero effect on the maximum vertical strain in the surface 

course. The interaction of stress bulbs genented by two pairs of tires at opposite ends of the rear 

axle of the truck has minimal effect on the maximum strain level at my depth but it deepens the 

resultant strain bulbs generated in the sub-grade. Strain buibs generated by the front and the rear 

tires of a truck have Iittle interaction. 

If the maximum vertical strain in any course in a road is much Iess than the critical strain Iirnit 

(1500 - 2000rnicro-strains), then the cover thickness above that course can be decreased or less 

stiff material can be used- A strain analysis should be performed on the final road cross-section 

to confirm that the vertical strain at al1 points is stilI less than the critical strain limit with the 

new course thickness ancilor less stiff construction material(s). 



5 FLY ASH STABILIZED HAUL ROAD CONSTRUCTION MATERIALS 

5.1 Introduction 

Alberta obtains more than 90% of its electrical power fiom coal burning power plants situated 

next to coal strip mines. Approximately 26Mt of coal (Coal Association of Canada 1999) are 

burned each year in Aiberta, generating about 2.4 million metric tonne (Mt) of fly ash and O.6Mt 

o f  bottom ash (Joshi 1999). Most of the ash is hauled from the power plants back into the 

mined-out areas for disposal in landfills- While efforts are underway to establish markets and 

other end uses for ash, the disposa1 of millions of metric tons (mt) of ash each year remains a 

problem. 

Heavy, Iarge capacity trucks are used to haul coal from the mine to the power plants. These 

trucks c m  achieve gross vehicle weights of 4000kN. The tire pressures used to support the 

weight of the truck and the coal are typically in the range of 6OOkPa to 690kPa. The haul roads 

must be constructed from materials with sufficient bearing capacity and stifhess to maintain 

road serviceability. Haul roads that are in poor condition can detrimentally influence rnining by 

(1) reducing productivity by increasing rolling resistance, (2) increasing costs due to more road 

and truck maintenance. 

The focus of this chapter is to evaluate whether the addition of fly ash to mine spoil or coal seam 

partings can improve the physical properties of these matenals and thus improve thek 

performance as construction materials for a haul road. The successful use of fly ash to stabifize 

soils elsewhere (Hobeda 1984) suggests that their use in haul roads should have multiple 

benefits, including diverting some ash fiom landfills to road construction and irnproving mining 

productivity. 

5.2 Literature Review on Properties of Fly Ash Stabilized Haul Road Construction 

Materials 

5.2.1 Fly Ash Properties 

Properties of fly ash depend on many factors. The type of coal bumed is the single most 

important factor influencing the type of fly ash generated. The type of collector used also affects 



the fly ash quality. The lime (Cao) content of fly ash dictates the cementing properties of fly 

ash as it is essential for a pozzolanic reaction to fom cementitious compounds with the soi1 

particles. 

Type of coal - Cementing capability of fly ash decreases with increase in the rank of coal from 

which ash is produced. So, fly ash produced fiom bituminous coals generally has lower 

cementing capabiliiy (due to insufficient fiee lime) than ash fiom sub-bituminous coal @iGioia 

et al. 1979). Fly ash from lignite shows good cementing properties without addition of fime, 

whereas fly ash from bituminous and sub-bituminous coals (types of coal present in Alberta) 

may require additional lime. 

Collection system - Torrey (1978) reports that fly ash collected by electrostatic precipitators 

(ESP) has 38% more Ca0 and 58% less carbon than ash collected by mechanical collectors. 

Moreover the former is finer than the latter. Thus, fly ash collected by ESP is more reactive and 

consequentially, more suitable as haul road construction material than fly ash collected by 

mechanical colIectors. 

5.2.2 Lime-Fly Ash-Aggregate Mïx (LFA) for Road Construction 

Lime-Fly ash-Aggregate mix (LFA) has been widely used for road construction. Torrey (1978) 

reports use of fly ash, lime, cernent, sand and aggregate mixes in ratios of 3O:g: 1 :57:40 to surface 

a road with h e a v  traffic. Torrey (1978) also reports use of LFA for base and sub-base layers of 

roads. Vaeg (1984) discusses successful use of LFA as a road construction material in Sweden. 

Fly ash and LFA have various desirable properties as a haul road construction material. 

Loir* cos? and high availability - Fly ash, a major component in a LFA mix is a low cost matenal 

that is abundant near prairie coal mines. In fact, it is a liability for the utility companies because 

they must incur costs for environmentally sound disposa1 of fly ash. Fly ash disposable costs 

offset part of the costs incurred in transporting fly ash from a power plant to a road construction 

site. Moreover, rail wagon or haul trucks transporting coal from a mine to a power plant can 

carry ash on their return trip. 

Cementing properties - Siliceous or alumino siliceous matenais, present in fly ash, when in 

finely divided form, react with alkali or aikaline earth products such as Cao, to produce 

cernentitious products, Ui presence of water. The alkali or alkaline eaah products, if not present 

in the fly ash, can be added. The cementing reaction, which is tirne dependent, increases 



strength and decreases cornpressibility, penneability and kost susceptibility. Thus suitability of 

fly ash or LFA for road construction improves with the age of curing, 

Low density - Compacted LFA has a low density (1800-2000kg/m3) and can be used as a low 

density fill. 

Compressive strength - LFA can have fairly high compressive strength compared to most soils 

used alone (Table 14 and Table 15)- The strength of the LFA depends on the amount of fly ash 

that is used. Thus, LFA may be used to build roads designed for large haul trucks. 

Table 14 Compressive strength of fly ash-lime-aggregate mixes (after Meyers et al. 1976). 

Curing period Compressive strength (MPa) 

7 Days 2.76 - 3.10 
28 Days 3.79 -4.13 
2 Years = 10 

Table 15 Compressive strength (MPa) of hydrated fly ash (after Meyers et al. 1976). 

Moisture content 
Curing penod 20% 40% 60% 

3 Days 9 -49 3.46 1.36 
7 Days 1 1.24 4.18 1.71 
14 Days 14.72 4.94 2.06 

Low conzpressibility - One desirable property of a haul road construction matenal is that it 

should not settle on repeated loading. The compressibility of fly ash is very low compared to 

other construction materials. The compression index and recompression index for fly ash varies 

from 0.10 to 0.25 and from 0.02 to 0.04, respectively (DiGioia et al. 1979). 

Environrnentally safe - Various studies done by the DiGioia et al. (1979) and the Kennedy et al. 

(1981) on the leaching properties of fly ash, demonstrate that there is linle danger of leaching 

toxins from fly ash fill into water bodies in particular and the environment on the whole. 

Biturninous coal has an average of 0.3% fiee lime and 0.5% soluble sulfate. Rohrman (1971) 

reports that fly ash leachate is alkaline (pH 6.2 to 11.5), whereas Theis and Marley (1976) 

reports acidic nature of fly ash leachate. An acidic leachate can be expected to have higher 

concentration of trace elements. Fortunately, Pluth et al. (198 l), after testing fly ash frorn five 

different Alberta coal mines, reports that the leachate of the fly ash is alkaline. Nevertheless, 



accurate prediction of Ieachate quality needs assessrnent of site-specific soi1 attenuation 

parameters. 

5.3 Unconfrned Strength and Modulus of Fly Ash-Soi1 Mixtures 

Unconfined compression tests were perfonned on various combinations of fly ash, kiln dust and 

road building aggregates at different ages of curing to measure compressive strength and 

modulus. 

Previous studies (DiGioia et al. 1979 and Hobeda 1984) have evaluated fly ash and fly ash mixed 

with cernent and aggregates for use in commercial roads. The fly ash used in these tests was 

usually refined and the test objectives were to prove applicability in commercial roads. The 

objective of the this testing program is to fmd suitable combinations of fly ash, cementing 

material and aggregates for use in mine haul roads. Thus unclassified (w~efined) fly ash was 

used and the aggregates selected for the tests were the typical road building materials used for 

mine haul roads. The choice of materials was such that the test results have direct application 

for mine haul roads in central Alberta. 

Carefûl mixing and proportioning of ingredients and water is a precondition to achieve desirable 

mix properties. Deviation of mix ratios from optimum may significantly degrade strength and 

other properties. 

5.3.1 Component Properties 

The first batch of fly ash, mine spoil and coal seam partings were obtained h m  the Sundance 

power plant and adjoining Highvale Mine on 201h of May 1999. Sundance delivered a second 

batch of fly ash on 20" of August 1999. The fim batch of kiln dust waç picked up from the 

Lafarge facility in Edmonton on 4U of June 1999 and Lafarge delivered a second batch on 2gL" of 

July 1999. 

T h e  unclassified fly ash from the Sundance power plant contains about 10% Ca0 (Ketcheson 

1999). The unclassified fly ash differs from the fly ash that is sold by Lafarge. The commercial 

fly ash is cleaned (via a cyclone) to remove ash particles and larger particles, creating a Class Ci 

fly ash. 



Cernent kiln dust was obtained fiom the Lafarge Exshaw plant near Canmore. This material is 

currently a waste byproduct fiom cernent production. The two batches of kiln dust differed in 

their ability to activate cementing capabilities of fly ash as discussed later. 

Partings between seam 3 and seam 4 of Highvale Mine was used as an aggregate. It is a dark 

gray siltstone. Its Iiquid and plastic limits were determined to be 51% and 33%, respectively. 

Particle size analysis was done on dried partings that passed through 1" (25.4m.m) sieve 

according to ASTM D422-63 (Figure 20). More than 90% of the particles passed through %" 

(19mm) sieve and more than 50% passed through 3/8" (9.5m.m) sieve. Less than 5% of the 

material had particle diameter less than 0.85rnm. 

Mine spoil is the material found between seam 1 and the topsoil. It is a ye!low to Iight brown 

silt. It is a non-plastic material so determination of Atterberg limits was not possible. Particle 

size analysis was done on the dried portion of the material that passed through a 1" (25.4mm) 

sieve according to ASTM D422-63 (Figure 20). More than 95% of the particles passed through 

a 34" (19mm) sieve and slightly less than 50% passed through a 4.25m.m sieve but approximately 

25% of the particles had diameter smaller than 0.85mm. The mine spoil had a specific gravity of 

2.62 (ASTM D854). 

1 10 
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Figure 20 Particle size distributions. 

5.3.2 Moisture-Density Relationships 

Optimum rnoisture content is required for maximum compaction, which is essential for proper 

strength generation in a LFA mix. Moreover, moisture present in the mixture is essential for the 

pozzolanic reaction, which creates cementing action. Water contents were determined by 



conducting moisture-density tests following ASTM D558. A senes of standard proctor 

compaction tests were perfonned and the measured moisture content was pIotîed against density. 

For subsequent strength testing, the water content corresponding to maximum density was 

chosen for the sample preparation. Figure 21 shows the moisturedensity relationship for LFA 

mixes with mine spoil. Al1 mixes (mine spoil or mine partings) had optlmüm rnoisture contents 

close to 14%. 

Water Content (%) 

Figure 21 Moisture-density relationship for LFA mixes with mine spoil. 

The optimum moisture contents for maximum compaction density of the coal seam parting and 

of the mine spoil were aIso measured and were found to be 0.5% to 1% lower than that for LFA. 

This may be attributed to presence of fly ash in LFA mixes. 

Haul road construction matenah are typically mixed at moisture contents slightly Iower than 

optimum because it is easier to place and spread drier matenai. 

5.3.3 Sample Preparation 

The relative proportions of the different ingredients used for the tests were based on a literature 

review, suggestions by Lafarge, and results from previous tests. Fly ash and kiln dust were dry 

and fuie grained, so no pretreatment was required. 

This study was not designed to determine the amount of kiln dust needed to fülly mobilize the 

cementing capacity of the fly ash. The goal was to focus on utilization of fly ash while 

rninimizing the use of potentially more expensive additives containing Ca0  (kiln dust or lime). 

The choice of percent kiln dust was somewhat arbitrary in these tests and further research is 



needed in order to determine the optimal amount of kiln dust needed to achieve the desired 

matenal properties, 

The parting material was air-dried for 5 days, then sieved and crushed. Material passing through 

a % l i  ( 1 9 m )  sieve was used for testing. The mine spoil was cohesive and moist. It was air 

dried for 15 days. Dned lumps were broken to bnng the grading below 34" (19mm). 

The materials were weighed according to the desired proportions (Table 16) and kept in separate 

containers. The ingredients were poured in a concrete mixer (adding water last) and mixed until 

a homogenous mixture was obtained (Figure 22). Approximate mixing times were around 20 to 

25 minutes. The mixer was stopped frequently to came sticking material behind blades and at 

the bottom the mixer. 

Figure 22 Concrete mixer and compacted samples. 

Table 16 Composition of specimens. 

Mix 

Fly Ash Only 
Fly Ash + Kiln Dust 
Fly Ash + Kiln Dust 
FA + KD + Parting 
FA + KD + Parting 
FA + KD + Parting 

Mix No. 
Ingredients (%) 

Fly* Ash &* Dust Seam* 
Parting 

- 
- 
- 

84 
8 O 
7 6 

Water 



Cylindrical forms of diameter 10 1 . 6 m  (4") and height 203.2mm (8") were cleaned and interior 

Mix 

FA + KD + Parting 
FA + KD +- Spoil 
FA + KD + Spoil 
FA + KD + Spoil 
FA + KD + SpoiI 

walls were oiled. Then the mixture was placed in the forms and compacted in three layers by 

rodding following the procedures given in ASTM D698. The densities achieved by this 

* dry percentage. 

Mix No. 

4 
1 
2 
3 
4 

compaction are summarized in the Table 17. 

Table 17 Density achieved during sarnple preparation. 

Ingredients (%) 

Fly Ash Only 
Fly Ash + Kiln Dust (mùc 1) 
Fly Ash + Kiln Dust (mix 2) 
Fly Ash + Kiln Dust + Parting (rnix 1) 
Fly Ash + Kiin Dust + Parting (mk 2) 
Fly Ash + Kiln Dust + Parting (mix 3) 
Fly Ash + K i h  Dust + Parting (mix 4) 
Fly Ash + Kiln Dust + Spoii (mix 1) 
Fly Ash + Kiln Dust + Spoil (mix 2) 
Fly Ash + Kiln Dust i- Spoil ( mix 3) 
Fly Ash + Kiln Dust + Spoil ( rnix 4) 

Density 
(kdm3 
1530 
1650 
1635 
1825 
1850 
1850 
1760 
1960 
1930 
1920 
1870 

Water 

14 
14 
14 
14 
14 

Fly* Ash 

25 
12.5 
16 
20 
25 

No. of 
Sarnples 

12 
9 
14 
12 
14 
14 
14 
14 
14 
14 
14 

The samples were kept in a moist room with 100% humidity and allowed to cure. The samples 

were taken out of the forms after 2 days using compressed air injected through a small hole in 

the bottom of the forms. The samples were then returned to the moist room until the day of 

testing. 

The samples were either capped with sulfür or the sample ends were dressed to make them flat 

(the choice was dictated by the strength of the sample; the weak samples could not be capped 

because the samples broke while being taken out of the capping mould). 

Kiln* Dust 

5 
3.5 
4 
4 
5 

Seam* 
Parting 
70 
- 
- 
- 
- 

Mine* 
Spoil 

- 
84 
80 
76 
70 



53.4 Test Procedure 

Uniaxial compression tests were performed following ASTM D5 102. The tests were initially 

planned to be taken after 3, 7, 14, and 28 (if required) days of curing. But the sampIe with 100% 

fly ash was found to be very weak so the 14day test was cancelled and a test afier 56 days of 

curing was done instead. The compression test were done with an automatic data acquisition 

system (data logger) except one set of tests (7-day test of fly ash and kiln dust (mix 1)) in which 

readings were observed manually. Compression rates ranging fiom 0.1 to 0 . 5 d r n i n  were used 

but changing compression rates within this range did not seem to have any effect on the results. 

Changes in compression rates were made to keep the total loading time below 15 minutes so as 

to minimize creep effects. 

Higher reading rates for data were used for higher compression rates to get a relatively consistent 

rate of reading with respect to strain. Data reading rates ranged between 2 and 15 readings per 

minute, with 10 readings per minute being the most common value. The lower limit on reading 

rate was guided by the fact that there should be enough data points to capture the complete 

nature of stress-strain cuve  and at the same time record the maximum stress. 

A series of tests were conducted to evaluate, in a general manner, the cementing action of the fly 

ash, Test specimens were made from fly ash with and without addition of kiln dust. The fly ash 

compacts well and c m  achieve minor strength simply by mechanical interlock between the 

compacted particles. 

Compressive strengths and Young's modulus obtained from the tests are s h o w  in Figure 23 and 

Figure 24 respectively. These figures show that the addition of kiln dust is needed in order to 

achieve significant strengths (>lMPa) fiom the fly ash. With kiln dust, the fly ash shows tirne- 

depend strength and stiffbess improvements. These results confmed expectations that fly ash 

alone fiom central Alberta coals does not possess sufficient Ca0 to be self-cementing. 
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Figure 23 Unconfined compressive strength of fly ash - kiln dust sarnples 
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Figure 24 Young's modulus of fly ash - kiIn dust samples. 

Because only a few tests were performed, it is not possible to state the optimal kiln dust/fly ash 

ratio that creates the best "binder" for soi1 improvement. For subsequent tests where the binder 

was mixed with the soils, the kiln dust/fly ash ratio was selected between 0.20:l and 0.28:l by 

dry weight . 

Figure 25 through Figure 28 show the compressive strengths and Young's modulus obtained 

fiom the tests involving mixtures of mine spoil or partings and binder (fly ash plus kiln dust). 

Most points shown on these figures are averages of three separate tests. 

Given the variability in the test results, it appears the specirnens made with crushed coal searn 

partings (siltstone) had properties that were similar to those made fiom the mine spoil (silt). 

The strengths achieved in the stabilized soils are less than those for the fly ash-kiln dust sarnples, 

but are sufficiently high after a period of curing to be useful for road constniction. While not a 



comprehensive suite of test data, the results show that strength and stiffhess increase over a 25- 

day penod and that mixes with high binder content perform best. Strengths in the order of 

0.6MPa are obtained after 7 days while 28-day strengths are about 0.8 to lMPa depending on the 

binder content. Unconfined compression tests conducted on cyhders of compacted siIt or 

crushed siItstone gave compressive strengths of about 0.2 MPa (Table 18). Therefore, the 

addition of the fly ash-kiln dust binder can significantly irnprove the strength (and stiffhess) of 

these materials. The Young's moduIus generally increased with longer curing period and higher 

percentage of binder. 

Table 18 Typical stabilized silt or siltstone properties. 

Age Unconfined Compressive Strength ( m a )  Young's Modulus (MPa) 

7 Day 0.4 to 0.6 150 to 250 
28 Day 0.8 to 1 1.50 to 350 
No binder 0.2 4 0  

-4 
Samples prepared 
wiîh second batch 

0.2 - of kiln dust t 
15 17 19 21 23 25 27 29 31 

Percentage of Binder 

Figure 25 Unconfined compressive strength of samples made with crushed coal seam 
parting. 
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Figure 26 Unconfined compressive strength of samples made with crushed mine spoil. 

The fly ash and the kiln dust were delivered in two batches. Both batches of fly ash seemed to 

have similar properties but the two batches of kiln dust appeared to differ. Samples with coal 

searn parting gave better results with the fust batch of kiln dust, whereas mine spoil gave better 

results with second batch of kiln dust. The compressive strength should increase with 

percentage of fly ash but Figure 25 shows a decrease in compressive strength for the highest 

percentage of binder. 

It should not be concluded that compressive strength peaks at 20% fly ash because the samples 

with parting (mix 4), spoil (mix 4) and kiln dust (mix 2), were prepared with the second batch of 

kiln dust. For specimens made with coal partings, mUr 4 had compressive strengths lower than 

that of mix 3, which is reverse to the general trend (Figure 25). This may be attributed to a 

different type of kiln dust used to prepare rnix 4 with parting. This rnay also be the reason for 

the lower strength of kiln dust-£iy ash samples with 20% fly ash. But this anomaly was not 

observed in samples with spoil. Detailed test results are provided in the Appendix 8.4. 



-second batch- 
of kiln dust 

15 17 19 21 23 25 27 29 31 

Percentage of Binder 

Figure 27 Young's modulus of samples made with crushed mine parting. 
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Figure 28 Young's modulus of samples made with crushed mine spoil. 

Unconfined compressive strength tests conducted on various mixtures of fly ash, kiln dust, mine 

spoil, and coal seam partings showed that the cernenting characteristics of unclassified £ly ash 

from central Alberta coals was low. However, the addition of cement kiln dut ,  which is high in 

Cao, enabled the fly ash to exhibit significant cementing action. 

Mixtures of fly ash, kiln dust, and mine spoil or coal seam partings had unconfmed compressive 

strengths of about 0.4 to 0.6MPa afier 7 days and 0.8 to lMPa after 28 days. The elastic moduli 

of these materials were 150 to 350MPa after 14 to 28 days. This compares favorably with 

compacted mine spoil or coal seam partings which have estimated unconfmed compressive 



strengths of less than 0.4MPa. Thus fly ash stabilized mine spoil or coal seam partings were 

found to have potential for use in constructing haul road base and sub-base layers since stresses 

induced in the base layer will be less than about 0.3 to 0.65MPa. Furthemore, the compacted 

fly ash stabilized soils had Young's moduli that were high enough to meet strain criteria for haui 

road construction. 

More work is needed to better define the amount of Ca0 needed to fully activate the cementhg 

characteristics of fly ash fiom Alberta's prairie coals. Pilternatives to kiln dust as a source for 

Ca0 can also be tested. Once a cheap, yet effective binder is developed, it has good potential for 

use as an additive in road construction near coal-fxed power plants in Alberta. 

One problem with binder use in road construction is that the strength and stifiess of the 

stabilized soils are time-dependent. Road construction procedures and the length of time that the 

road must wait before being pIaced into service are important considerations. However, where 

opportunities occur, construction of haul roads using fly ash is recommended. 



6 CONCLUSIONS AND RECOMMENDATIONS 

The research addressed a variety of inter-related topics about hauI road design and construction. 

This chapter sumarizes the results and findings al1 the chapters. It also recommends a method 

for haul road design and fiiture work. 

6.1 Summary of Results/Findings 

Due to the introduction cf larger haul tmcks over the last decade, geometrical elements of 

haul roads, such as width, have increased. Larger trucks also place greater load on the road 

but Iittle design work has been done by Canadian mines (except Syncrude) to take care of 

this factor. Haul road construction and maintenance procedures followed by various mines 

are based on past experience and trial and error methods. 

Developing tires suitable for large trucks is a challenge. Michelin has developed a 'low 

pressure, low profile' tire that can satisfactorily cany high loads at higher speed while also 

imposing lower stress to the haul road. 

There are many methods of road design, out of which the CBR and resilient rnodulus 

methods are particularly applicable to the design of haul roads. Although the CBR method is 

a commonly accepted and applied method of haul road design in surface mines, it has many 

inherited shortcomings, which may lead to under or over design. In case of mines that use 

ultra-large trucks (GVW > 400 mt), it becomes imperative to use a haul road design method 

based on the resilient modulus of the construction materials, which warrants more complex 

analysis than the CBR method. 

Bearing capacity is seldom a limiting factor in most practical cases where crushed rock is 

used for the surface or ninning course. The most critical criterion for haul road design is the 

vertical strain. Apart from load geometry, vertical strain primarily depends on modulus of 

elasticity and the thickness of various layers. Laying the stiffest material on top and next 

stiffest material below it, and so on, resdts in the lowest vertical strain. 

The interaction of strain bulbs produced by adjacent tires on the rear axle of a truck results 

in a 20% to 80% increase in the maximum vertical strain in the base course and below (the 

interaction effect increases with depth) but has near zero effect on the maximum vertical 

strain in the surface course. Interaction of stress bulbs generated by two pairs of tires at 

60 



opposite ends of the rear axle of the truck has minimal effect on the maximum strain level at 

any depth but it deepens the strain bulbs generated in the SUS-grade. Strain bulbs generated 

by the fiont and the rear tires of a tmck have IittIe interaction. 

6.  Unconfmed compressive strength tests conducted on various mixtures of fly ash, kiln dust, 

mine spoil, and coal seam partings showed that the cementing characteristics of unclassified 

fly ash from central Alberta coals was low. However, the addition of cernent kiln dust, 

which is hi& in Cao, enabled the fly ash to exhibit significant cementing action. Mixtures 

of fly ash, kiln dust, and mine spoil or coal seam partings had unconfmed compressive 

strengths of about 0.4 to 0.6MPa after 7 days and 0.8 to lMPa after 28 days. The elastic 

moduli of these materials were 150 to 3SOMPa afier 14 to 28 days. This compares favorably 

with compacted mine spoil or coal seam partings which have estirnated unconfmed 

compressive strengths of less than 0.4MPa elastic modulus of less than 5OMPa. Thus, the 

addition of binder increased the compressive strength by 100% and increased the elastic 

modulus by 500%. Therefore, fly ash stabilized mine spoil or coal seam partings were found 

to have potential for use in constructing haul road base and sub-base layers since stresses 

induced in the base Iayer will be less than about 0.3 to 0.65MPa. Furthemore, the 

compacted fly ash stabilized soils had Young's moduli that were high enough to meet the 

strain cnteria for haul road construction. 

6.2 Recommended Haul Road Design Method 

As discussed in Chapter 3, two methods of road design are applicable to haul roads of surface 

mines. The first method is based on the CBR of the material and the second one is based on the 

resilient modulus. The CBR method is very simple and is widely understood and followed. But 

recently some authors have argued against its use as discussed in the Section 3.3 and they report 

that the resilient modulus based method is better. This was further confirmed by the author's 

persona1 communication with practicing engineers. 

The resilient modulus method is explaineci in detail in Chapter 3. Major steps of the method are 

given in Figure 29. The method is based on the critena that the vertical strain at any point in 

haul road should be less than a critical strain limit. The cntical strain limit is dependent on the 

traffic density and design life of the haul road, which gives the number of load repetitions during 

the design life of the road. Generally, this limit falls between 1500 and 2000 micro-strain. 



Resilient modulus is the major input for modeling vertical strain. It can be detennined either by 

a resilient modulus test (AASHTO 1993~, T294) or by a falling weight deflectometer test. The 

Young's modulus gives a conservative estimate of the resilient moduIus. The resilient modulus 

of a matenal is highly sensitivity to compaction effort and water content during compaction. 

These factors m u t  be considered when detennining values for use in numerical models. 

Initially, the thickness of each layer should be estimated based on past experience or designs at 

mines with sirnilar conditions. For least vertical strain, the stiffest material should be put at the 

top and next stiffest underneath it and so on. For rnodeling strain other material properties such 

as Poisson's ratio is aIso required. The increase in strain due to interaction of tires should also 

be considered. If the strain any layer is more than the critical strain Iimit then the thickness 

and/or the stiffhess of the layer above that materiôl should be kcreased. On the other band, if 

the strain in any layer is much less than the critical strain limit then the thickness of the layer 

above that Iayer c m  be decreased. The amount by which the thickness should be increased or 

decreased depends on the difference between the vertical strain and the critical strain b i t .  

Initially, O. lm  is a good increment. In both cases the modeling should be repeated to ensure that 

the strain at al1 points is less than the critical strain 1 s t .  

The layer thickness detennined by this method depends on the resilient (Young's) modulus of 

the haul road construction material. A low modulus construction material may result in a very 

thick layer, which may be unacceptable for economic or operational reasons. Then it becomes 

essential to investigate the use improved compaction methods andor the addition of cementing 

agents such as fly ash to improve the rigidity of the construction material and consequentially to 

lower the fil1 height (volume) requirement. Strain modeling should be performed again to ensure 

that the vertical strain at al1 points is less than the critical strain limit. 



Start 1 CSL = 21 600 1 N~~~ 
-\- CSL in micro-~train 

N = number of load 
Resilient modulus can Critical strain Iim it repetitions 
be detemined by : (CSL) (CSL generally 
(i) AASHTO (1993~) assumed between 

T294 test 1 500 - 2000 micro- 
(ii) falling weight Resilient modulus~of strain) 
rieflectometer test construction materials 

for different Iayers 
Young's modulus is a I 
onsewative estimate 
f resilient modulus 

past experience 1 best guess 

Use finite element numerical 
lncrease thickness package to model strain bulbs Decrease thickness 
or stiffness of layer based on the resilient modulus of the layer above 

above that point 

I Yes 

I 
Use cementing agents 

such as fly ash to stiffen 
layer and determine Yes 

new resilient modulus. 

No 
Does road have 
reasonable layer 

Final road design 

End 

Figure 29 Major steps of the resilient modulus haul road design method. 



6.3 Future Work 

The laboratory work was lirnited to studying the effect of varying only the major component 

mixes. Moreover, the recommended method of design was not field-tested. T'hus, 

recommendations for future work are: 

Monitor deflection and nit depth on a test strip built with fly ash stabilized construction 

material to demonstrate that fly ash c m  used for haul road construction. 

The effect of other locally available binder materials such as sulfur or coke for stabilizing 

haul road construction materials should be studied in the laboratory. 

To justiQ use of binders, the cost of adding binders should compared with savings generated 

in terms of reduced travel time, reduced truck maintenance, reduced road maintenance and 

increased road life. The eRect of binders on reduced rolling resistance should also be 

measured either directly or as an increase in truck speed andor reduction in fuel 

consumption. 

A test stnp should be built following the recommended method and monitored to test the 

ments of the method. 
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8 APPENDICES 

8.1 Tables Sumrnarizing Questionnaire Responses 

TabIe 19 Mines to which questionnaire was sent 

Name and Address of Mine Response 

Manager,BaymagMines,C/oL0655SouthportRdSW,Street800,Calgary,~T2W NoResponse 
~ - 

4Y1 

Doug Bainstable, Manager, Bienfait mine, P.O. Box 399, Bienfait, SK SOC OMO 

Joe Agostino, Manager, Boundary Dam Mine, P.O. Box 908, Estevan, SK S3A 2A7 

R. James Lipkewich, G.P.S. Drilling Coordmator, Bulimoose Mine, P.O. Box 500, 
Tumbler Ridge, BC VOC 2W0 

Bob McCarthy, Cardinal River Coals Ltd., P.O. Bag 2570, Hinton, AB T7V IV5 

Doug Stokes, GM, Coal Mountain Mine, P .O. Box3000, Sparwood, BC VOB 2G0 

Chuck Williams, Manager, Cod Valley Mine, P.O. Bag 5000, Edson, AB T7E 1 W1 

George Warnock, Elkview Mine, R.R. #I ,  Hwy 3, Spanirood, BC VOB 2G0 

Biii Foster, GM, Fording River Operations, P.O. Box 100, EMord, BC VOB 1HO 

Joe Loring, Manager, Garson Mine, Copper Cliff, ON POM I N 0  

Brad Johnston, GM, Gennesee Coal Mine, P.O. Box 460, Warburg, AB TOC 2T0 

Pat Koski, GM, GreenhilIs Operations, P.O. Box 5000, EWord, BC VOB IHO 

Ray Reipas, GM, Gregg River Mine, Bag Service 5000, Hinton, AB T7V 1V6 

Mark Richards, Highland Valley Copper, P.O. Box 1500, Logan Lake, BC VOK 1 WO 

Vince Miller, GM, Highvale Mine, P.O. Box 30, Seba beach, AB TOE 2B0 

Kevin FoIey, lron Ore Company of Canada, P.O. Box 1000, Labrador City, NF A2V 
2L8 

Martizl Bergeron, Manager, JeBey Mine, P.O. Box 1500, Asbestos, QC J1T 3N2 

Ernie Marcotte, GM, Lac Des Iles Mine, P.O. Box 3386, Thunder Bay, ON P7B 5J9 

Louis Wentzel, GM, Les Mines Selbaie, P.O. Box 370, Joutel, QC JOY IN0 

Chris Senior Mines Engineer, Line Creek Mine, P.O. Box2003, Sparwood, BC VOB 2G0 

Serge A. Michaud, Manager, Mount Wright Mine, Fennont, QC GOG 1 JO 

Tom Strawson, C.E.T., Mine Technician, Obed Mine, P.O. Bag Service 4000, Huiton, 
AB T7V IV8 

Walter Klassen, Manager, Paintearth Mine, P.O. Box 730, Forestburg, AB TOB 1NO 

Doug Rolfe, Intermediate Engineer, Poplar River Mine, f .O. Box 599, Coronach, SK 
SOH OZ0 

Simon Houle, GM, Qit-Fer Et Titane Inc (Mine), C.P. 160, 95 1 de l'Escale, Harve Saint- 
Pierre,QC GOG IPO 

No Response 

No Response 

Responded 

Responded 

No Response 

No Response 

Responded 

No Response 

No Response 

No Response 

Responded 

No Response 

Responded 

No Response 

Responded 

No Response 

No Response 

No Response 

Responded 

No Response 

Responded 

No Response 

Responded 

No Response 



Sue Bonharn-Carter, Quintette Mine, P.O. Box 1500, Tumbler Ridge, BC VOC 2 WO Responded 

J. Agostino, Manager, Shand Mine, P.O. Box 908, Estevan, SK S4A 2A7 No Response 

Biu Dzus, Manager, Sheemess Mine, P.O. Box 2020, Haana, AB TOJ 1PO 

Harold Beebe, Smoky River Cod Limited, P.O. Box 2000, Grande Cache, AB TOE OYO 

N. Chouinard, Mine Supe~tendent,  Straûnh Graphite Inc., 585 chemin du Graphite, 
Lac-des-iles, QC JO W 1 JO 

Mario De Crescentis, Mine Manager, Suncor Energy, Oil Sands, P.O. Box 400 1, Fort 
McMurray, AB T9H 3E3 

Jack Jodrey, Mining, Syncmde Canada Ltd., P.O. Bag 4009, Fort McMurray, AB T9H 
3L1 

Neil Johnson, Manager, Wabush Mines (Scully Mine), P.O. Box 3000, Wabush, NF 
AOR IBO 

Al Brown, Manager, Whitewood Mine, P.O. Box 88, Wabamun, AB TOE 2K0 

EM Tough, Mount Polley Mines, P.O. Box 12, BC VOL 1NO 

Buan Robertson, General Manager, Kemess Salt Lake Mine, Royal Oak Mines, P.O. 
Box -35 19, Srnithies, BC VOJ 2N0 

C. PateI, Project Manager, Kemess South Project, c/o 550 1 Lakeview Drive, Kirkland, 
WA 98033 

No Response 

No Response 

Responded 

No Response 

Responded 

No Response 

No Response 

Responded 

No Response 

No Response 
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Table 22 Type of loading and haul road maintenance equipment 

Equipment Mines Using 

Haul Road Msintenance Esuiument 

Scraper 7 
Dozer 11 
Grader 13 
Water Truck 13 
Wheel Tractor 7 
Sand Truck 1 
Loadina Equivment 

CabIe Shovel 11 
Kydraulic Shovel: 

Front Shovel 4 

Backhoe 6 
Dragline 2 
Front End Loader 12 

Table 23 Haulage equipment 

Mode1 No. Make No. of Trucks GVW Payload 
(tonnes) (tonnes) 

CAT 769 C Caterpillar 4 32 

DJB 25 C Caterpillar 1 23  

CAT 777 B Caterpiliar 6 161 80 

CAT 776 A Caterpillar 1 250 120 

CAT 776 D Caterpillar 4 250 150 

CAT 785 Caterpillar 8 136 

CAT 789 Caterpih 11,43* 3 17.5 I80,172* 

CAT 793 Caterpïllar 34 415 2 18 

630 E Dresser Haulpak 11 286 170 

830 E Dresser Haulpak 53 399 23 1 

930 E Haulpak 8 480 290 

R 170 Euclid 12 

33 15(B/C) Titan 33 285 170 

MT 4400 Unit Rig 5 392.3 23 6 

M 36 Unit Rig 7 

120 Wabco 8 204 1 09 

170 Wabco 27 268 154 

630 E Wabco 3 

*different mines used the same models with different pay loads, number used and payloads are given in order 



Table 24 Haul road length and life 

Material Cumulative Length Average* Expected Road Life 
(km) Oie=) 

In-Pit 

Product Haul 17.3 1.6 

Waste Haul 12.8 1 . 1 

Common Haul - 20.6 

Total In-Pit = 50.7 

Ex-Pit 

Product Haul 74.8 

Waste Haul 13.2 7 

Cornmon Had  - 11.7 5 

Total Ex-Pit = 99.7 8 .O 

* average weighted for number of mines reporthg 

Table 25 Materials used for road construction (except surface coarse) 

Construction Material No. of Mines Using Percentage 

Run of Mine (waste) 8 6 7 

Glacial Till 

Sand 

Pit Run Grave1 

S hale 

Siltstone 

Cwhed  Stone 1 8 

Rut & Roll Fi11 1 8 

One of the mine did not reported this information. 









Table 28 Materials used for surface coarse 

Consrruction MateRals No. of Mines Using Percentage 

Crushed Run of Mine (waste) 10 77 

Crushed Pit Run Grave1 4 3 1 

Shale 1 8 

Plant Coarse Reject 1 8 

Crushed Sandstone 2 15 

Table 29 Symptoms of haul road deterioration 

Symp toms No. of Mines Expenencing Percentage 

Potholes 12 92 

Sofi Ground - Rutting 10 77 

Settlernent 9 69 

Was hboarding 8 61 

Slippery when Wet 7 54 

Frost Heave 5 38 

Loose Surface Coarse 3 23 

Water Drainage Problem 1 8 

Cod Seam Crossing, Back Break 1 8 

Rolling (large shear plane) 1 8 

Table 30 Causes of haul road deterioration 

Number of Mines Reporting (%) 



Table 31 Measures to improve trafficability 

Measures No. of Mines taking the Measure Percentage 

Grading 13 1 O0 

Resurfacing 12 92 

Road Realignment 9 69 

Plowing-Scarimg-Sanding 12 92 

Excavate / Bacidïii Sofi Spots up to: 

Sub Grade 3 23 

Sub Base 5 38 

Base Course 5 38 

Surface Course 9 69 

Raising Grade 1 O 77 

Ditch / Culvert Maintenance 1 8 

Table 32 Methods used for dust suppression 

Methods No. of Using Percentage 

Water Sprinkling 

Oi1 Sprïnkiing 

Calcium Chloride 

Table 33 Road maintenance frequency 

Mine Number 

1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3  

Clean 1 Ex-Pit NA AR C D D AR D D AS D BW C AR 
Regrade 

In-Pit NA AR C H C AR D D AS D BW C AR 

Repair Ex-Pit NA AR AR W BA NR AR A AS D NA A AR 

In-Pit NA AR AR BW AS NR D A AS D NA AS AR 

Dust Ex-Pit NA DS AR BA OS OS AR DS DW DS FW DS AR 
Suppression 

in-Pit NA DS AR C TS OS AR DS DW DS FW DS AR 

NA - Data not available AR - As required DS - Daily during summer C - Continuously 

D - Daily H - Hourly W - Weekly BW - BI-Weekly 

BA - BI-Annual OS - Once per Shift TS -Twice or Thrice per NR -Not 
S hift Required 

DW - Deperds upon weather FW - Four times a week in 
( every 2hr in summer) summer 



Table 34 Other haulage information 

Mine Truck Dispatch Automated Fleet Runaway Lanes Speed Lunits 
No. System Condition Monitoring 

1 Not Used Cat TPMS M M S  Every 30m elevation access - 15hph .  

Modqlar 

Modular 

Not Used 

Modular 

No t Used 

Not Used 

Not Used 

No t Used 

Modular 

Not Used 

No t Used 

Modular 

Used 

Not Used 

No t Used 

Modular 

No t Used 

No t Used 

Not Used 

Not Used 

VSM 

No t Used 

No t Used 

DDEC* 

Used 

Used 

Used 

Used on older long 
-Ps 

Not Used 

Used 

No t Used 

Used 

Used 

Not Used 

Not Used 

Used 

service area - 20kmph, In 
pit - 5Okmph 

Used 

50 kmph 

Variable 

35 kmph 

30 kmph (8 kmph downhill 
loaded) 

At m p s  speed limit 
controlled by truck electrics 

- 40kmph 

80 kmph 

30 kmph for heavy vehicIes 

30 kmph 

50 kmph 

at intersections and 
congested areas 

45 kmph 

Real tirne engine telemetry on three trucks. 



8.2 Structurai Components of Tires 

The components of a typical tire are descnbed in detail in the Tire Maintenance Manual, Good 

Year, 1998. 

Tread is the outexmost part of the tire, which is in contact wlth the ground, thus providing 

traction. It should have cut and Wear resistance required by the site and application needs. 

The strength of the carcass detennines the extent of inflation pressure that a tire can withstand. 

Breakers (Belts) are placed between the tread and the carcass. Their h c t i o n  is to distribute road 

shock to protect the carcass. They d so  control the tire diameter, and give it better impact and 

penetration resistance. 

The bead is bundles of hi& tensile steel wire, which anchors the tires to the rim. 

Side walls are the protective rubber covers of the carcass on the sides of a tire. 

Figure 30 Components of a radial tire 



8.3 Calculation of Layer Thickness Using Resilient Modulus 

Foot pruit area of the tire = rc ( ~ 1 2 ) ~  = K (1 .2/212 = 1.13 m2 

Stress exerted by the tire (q) = loadkirea = 80*9.8 1/1-13 = 690kPa 

The stress c m  be estimated from Table 35 using the tire width (w or 2a) and the surface pressure 

(4). 

The thickness of various layers should be such that the maximum stress level faced by any layer 

should be Iess than the compressive strength of that layer and the strain induced should be Zess 

than 200micro-strains. 

For sub-grade: 

Compressive strength of the matenal = 80kPa 

Resilient modulus of the material (E) = 40Mpa 

.:Stress it can bear = 40tstrain limit (2000*10") = 80kPa 

Maximum stress the sub-grade can bear (a) = 80kPa 

:. olp = 801690 = 0.12 = A + B 

where A and B are influence factors given in Table 35 

:. Frorn Table 35, cover thickness required = z = 3.4a = 204m 

For sub-base: 

Compressive strength of the material = 15OkPa 

Resilient modulus of the material (E) = 80Mpa 

:.Stress it can bear = 80*strain limit (2000* lo6) = 160kPa 

Maximum stress the sub-grade can bear (O) = 15OkPa 

.-. m'p = 1501690 = 0.22 = A + B 

where A and B are influence factors &en in Table 35 

:. From Table 3 5, cover thickness required = z =2.4a = 1.44rn 

For base course: 

Compressive strength of the matenal = 400kPa 

Resilient modulus of the material (E) = 200Mpa 

:.Stress it can bear = 200*strain limit (2000*10q = 400kPa 



Maximum stress the sub-grade can bear (0) = 400kPa 

.-. o/p = 400/690 = 0.58 = A -t- B 

where A and B are influence factors given in Table 35 

:. From Table 35, cover thickness required = z = 0.96a = 0.58m 

The rnaterial for the surface course has compressive strength higher than the maximum stress 

(690kPa) and the strain caused (690kPd350Mpa = 1970micro-strains) is less than the strain limit 

of 2000micro-strains. Thus the material can be used as the surface course. 

Thickness of various lavers for the rnethod: 

Sub-base = Cover thickness required for sub-grade - cover thickness required for sub-base 

= 0.60111 

Base course = Cover thickness required for sub-base - cover thickness required for base course 

= 0.86m 

Surface Course = Cover thickness required for base course = 0.58m 

Table 36 shows stress calculated below a set of four cùcular tires representing back axle of a 

truck using the influence factor given in Table 35. 
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Tire 1 

Horizontal 
distance 
from one 
end of n 

Tablc 36 Stress calculation bclow a rcar axlc of a haul truck 

Each tire is a circular load 
with diarneter 1.2 m and 
contact pressure of 700 kPa 

Tire 3 Tire 4 



8.4 Unconfmed Compressive Strength Test Results 

A series of compression tests were performed to measure Unconfmed Compressive Strengths and 

Young's Moduli of various combination of fly ash, kiln dust and aggregates (coal seam parting 

and mine spoil). Moisture density tests were also perfomed determine optimum moisture content 

for each combination of ingredients tested. Results these tests are given in this section- 

Table 37 Moisture density test result 

Dry Proportion of Ingredients ('3%) Moisture Content (%) 1 Density (kglm3) 
Fly Ash - 12.5 15 1783 
KiIn Dust - 3 -5 13 1823 
Parting - 84 11 1840 

1 O 1825 
Fly Ash - 16 11 1807 
Kiln Dust - 4 12 1824 
Parting - 80 13 1848 

Kiln Dust- 4 
Parting - 76 

- - I I 

Fly Ash - 25 13 1732 
Kiln Dust - 5 14 1782 
Parting - 70 15 173 8 

Fly Ash - 12.5 13 19 17 
Kiln Dust - 3.5 14 1962 
Spoil - 84 15 19 19 

FlyAsh- 16 13 1887 
KiIn Dust - 4 
Spoil - 80 

16 1879 

Fly Ash - 20 13 1881 
KiIn Dust - 4 14 1922 
Spoil - 76 15 1880 

Fly Ash - 25 13 1802 
Kiln Dust - 5 14 1864 
Spoil - 70 15 1819 

Fly Ash - 80 16 1626 
Kiln Dust - 20 17 163 8 



Table 38 Uniaxial compressive strength &Pa) 

Moi 
s tur 
e 

Number of  Curing Days 

Materials (proportion given in dry %) 

Fly Ash (100) 
Fly Ash (90) + Kiln Dust (10) 
Fly Ash (80) + Kiln Dust (80) 

[ Fly Ash (20) + Kiln Dust (4) + Parting (76) 1 13 1 472 1 576 1 978 1 920 1 

- 

Fly Ash (12.5) + Kiin Dust (3.5) + Parting (84) 
Fly Ash f 16) + Kiln Dust (4) + Parting (80) 

1 Flv Ash (25) + Kiln Dust (5) + Partine (70) 1 14 1 437 1 648 1 710 1 780 1 

(%) 

17 
18 
17 

[ Fly Ash (12.5) + Kiln Dust (3.5) + Spoil(84) 1 14 1 478 1 347 1 415  ( 588 1 

11 
13 

[ Fly Ash (20) + Kiln Dust (4) + Spoil(76) 1 14 1 455 1 570 1 700 ) 727 1 

3 
254 

2906 
1162 

[ Fly Ash (25) + Kiln Dust (5) + Spoil(70) 1 14 1 544 / 700 1 960 1 1100 1 

322 
376 

Table 39 Modulus of elasticity (MPa) 

7 
200 

3966 
3285 
378 
473 

14 
626* 
5289 
4635 

Moist 
ure 

(%) 

1 Fly Ash (90) + Kiln Dust (10) 1 1 8  1362 .1  ( - 1 457.6 1 - 
r 

28 
665** 

- 
- 

484  
499 

Number of C W g  Days 

Materials (proportion given in dry %) 1 
Fiy Ash (100) 1 17 

1 Fly Ash (80) + Kiln Dust (20) 1 17 1 410 1 615 1 630 1 - 

465 
600 

1 Fly Ash (12.5) + Kiln Dust (3.5) + Parting (84) 1 11 1 184 1 100 1 118 1 127 

3 
16.3 

1 Fly Ash (16) + Kiln Dust (4) + Parting (80) 1 1 3  1 1 6 0  ( 231 1 164 1 164 
1 FIy Ash (20) + Kiln Dust (4) + Parting (76) 1 13 1 9 6 1 106 1 200 1 233 

7 
2 1.9 

1 Fly Ash (25) + Kilo Dust (5) + Partïng (70) [ 14 1 245 ( 300 ( 307 356 

14 
275. 

1 Fly Ash (25) + Kiln Dust (5) + Spoil(70) 1 14 1 150 1 240 f 320 1 380 

2 8 
3 18" 

Fly Ash (12.5) + Kiln Dust (3.5) + Spoil(84) 
Fly Ash (1 6) + Kiln Dust (4) + Spoil(80) 
Fly Ash (20) + Kiln Dust (4) + Spoil(76) 

*30 day result 
**60 &y resuIt 

14 
14 
14 

135 
150 
220 

155 
225 
157 

200 
300 
250 

147 
307 
272 



8.4.1 Stress Vs Sîrain Curves 

Strain (%) 
- 
,- 3 Day - 7 Day - 30 Day - 60 Day i 

Figure 31 Stress vs Strain (fly ash only) 

Composition: Fly Ash - 100%. 

3 day and 7 day test were done with uncapped samples while the other two test were done 

with sulfur capped samples. This may be one of the significant reasons of difference between 

compressive strengths of samples at 7 day and 30 day. 

Compressive strength of sample at 3 day of curing is more than that at 7 day of curing. It may 

result at imperfection in sample preparation. This also indicates that fly ash by itself has little 

cementing property. 

3 day and 7 day test cunres are smoothed by averaging 7 stress values around the data point. 
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Figure 32 Stress vs Strain (fly ash and kiln dust, m k l )  

Composition: Fly Ash - 90% and Kiln Dust - 10%. 

These samples showed considerable strengths and failed abmptly unlike al1 other test 

performed which showed gradua1 decrease of strength after failure. So, very little post-failure 

characteristic could be recorded. 

Compressive strength increased steadily with time of curing whereas modulus of elasticity 

increased marginally. 
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Figure 33 Stress vs Strain (fly ash and kiln dust, mix2) 

Composition: Fly Ash - 80% and K i h  Dust - 20%. 

Samples cured for 3 days failed gradually but other sample failed abruptly as indicated sudden 

drop of the curve after maximum stress. 

Compressive Strength as well as modulus of elasticity increased steadily with period of 
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Figure 34 Stress vs Strain (fly ash with kiln dust and parting, mk 1) 

Composition: Fly Ash - 12.5%, Kih  Dust - 3.5% and Mine Parting - 84%. 

Compressive strength increased marginally with time of curing except for 28 days of curing 

which may be attributed to poor compaction during sample preparation or hurnan error in 

sample preparation. 

Modulus of elasticity remained nearly constant over the period of curing. 

The stress decreased gradually after failure. 

Al1 the curves are smoothened to overshadow noise of recording instrument. 
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Figure 35 Stress vs Strain (fly ash with kiln dust and parting, mix 2) 

Composition: Fly Ash - 16%, Kiln Dust - 4% and Mine Parting - 80%. 

As expected, compressive strength increased with the curing period and there is a slight 

modulus of elasticity over the period. 

Al1 the curves are smoothened to overshadow noise of recording instrument. 
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Figure 36 Stress vs Strain (fly ash with kiln dust and parting, mir 3) 

Composition: Fly Ash - 20%, Kiln Dust - 4% and Mine Parting - 76%. 

Significant increase in compressive strength with the period of curing cm be observed. This 

indicates effectiveness of binders in the mix. Moreover, modulus elasticity also shows 

increasing trend with the penod. 

14 days of curing gives nearly full strength, as there is only slight increase in strength from 14 

days to 30 days of curing. 

Al1 the curves are smoothened to overshadow noise of recordkg instrument. 
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Figure 37 Stress vs Strain (fly ash with kiln dust and parting, mir 4) 

Composition: Fly Ash - 25%, Kiln Dust 5 % and Mine Parting - 70%. 

Compressive strength increased steadily with period of cunng but increase in modulus of 

elasticity was marginal. 

Al1 the cuves are smoothened to overshadow noise of recording instrument. 
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Figure 38 Stress vs Strain (fly ash with kiln dust and mine spoil, mix 1) 

Composition: Fly Ash - 12.5%, Kiln Dust - 3.5% and Mine Spoil - 84%. 

No trends of compressive strength increase over days of curing c m  be observed, indicating 

that the binding materials (fly ash and kiln dust) are highly deficient in the mix thus have little 

effect on the strength of the sarnples. This also supported by overall low strength shown at al1 

ages. 

The difference in the characteristic at different ages of curing can be attributed to difference 

in compaction levels and individual difference in sarnples. 

A11 the curves the smoothened to overshadow noise of recording instrument. 



Figure 39 Stress vs Strain (fly ash with kiln dust and mine spoil, mix 2) 

Composition: Fly Ash - 16'36, Kiln Dust - 4% and Mine Spoil - 80%. 

Compressive strength increased steadily over the period of curing and overall compressive 

strength is higher than mix 1 of same components. Thus it can concluded that percentage of 

cementing material in this mix has some effect over the strength of samples. 

Modulus of Elasticity also increased marginally with the time of curing. 

Al1 the cuves are smoothened to overshadow noise of recording instrument. 
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Figure 40 Stress vs Strain (fly ash with kiln dust and mine spoil, mir 3) 

Composition: Fly Ash - 20%, Kiln Dust - 4?40 and Mine Spoil - 76%. 

Compressive strength increases significantly and consistently with period of curing showing 

that cementing components have significmt effect on the strength of the matenal. 

Modulus of elasticity also increases with period of curing and the sample fails at much lower 

strain afier curing for a longer period. 

All the curves are smoothened to overshadow noise of recording instrument. 
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Figure 41 Stress vs Strain (fly ash with kiln dust and mine spoil, mix 4) 

Composition: Fly Ash - 25%, Kiln Dust - 5% and Mine Spoil - 70%. 

Compressive strength increases significantly and consistently with period of curing showing 

that cernenting components have significant effect on the strength of the material. 

Modulus of elasticity also increases with period of curing and the sample fails at much lower 

strain after curing for a longer penod. 

Al1 the cuves are smoothened to overshadow noise of recording instrument. 




