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Assessment of Suitability of Some 
Industrial By-Products for Use in 
Pavement Bases in the United Kingdom 

A. R. DAWSON, R. C. ELLIOTT, G. M. ROWE, AND J. WILLIAMS 

The increasing demand for materials and the increasing quantity of 
waste generated has created opportunities for the use of alternative 
materials in road construction. Industrial by-products for use in pave
ment bases are assessed. The objectives of the research were to (a) 
review industrial by-products for possible use in bound pavement bases 
in the U.K., (b) evaluate the structural properties and workability of 
selected materials identified in this review by laboratory and pilot scale 
pavement testing, and ( c) relate material performance to that of standard 
materials used in pavement bases. The work used not only conventional 
roadbase binders, such as cement and bitumen, but also self-cementing 
materials and mixtures incorporating alternative hydraulic binders, such 
as blast-furnace slag/lime and pulverized fuel ash/lime. The perfor
mance of all these mixtures is described. 

The United Kingdom is well supplied with rock suitable for quar
rying to produce high-quality aggregate for pavement construction. 
However, extraction is becoming increasingly difficult because of 
environmental and societal constraints. Thus it is inevitable that 
pavement engineers should turn to other sources for aggregate sup
plies. Among the most attractive sources are those secondary aggre
gates generated as by-products of various industries. The use of 
such aggregates may 

• A void the problems of obtaining conventional aggregates, 
• Result in economic gains to the industry generating the by

products, and 
• Result in environmental gains to industry and society. 

Against these positive benefits, the pavement engineer must set the 
uncertainties of behavior of the replacement aggregate. Often, 
there is little or no experience with the use of replacement aggre
gate, and it has observably different forms, which would appear 
likely to influence performance. Thus, extrapolation from conven
tional aggregate to by-product aggregate behavior appears im
prudent. 

To address these issues, after a desk review a research study of 
eight different by-products and recycled aggregates for use in 
pavement roadbases was performed by SWK Pavement Engineer
ing for the U.K. Department of Transport. The University of Not-
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tingham acted as principal subcontractor with many of the labora
tory tests performed in its Civil Engineering Department labora
tories. 

OBJECTIVES 

The objectives of the research were as follows: 

• To review industrial by-products for possible use in bound 
roadbases in the U.K., taking into account the benefits, limitations, 
practical problems, likely performance, economics, environmental 
considerations, and existing specifications; 

• To evaluate the structural properties and workability of 
selected materials, as identified previously in the description of the 
review objective, by laboratory and pilot scale pavement testing, 
and 

• To relate material performance to that of standard materials 
used in pavement bases. 

REVIEW OF CANDIDATE BY-PRODUCT AND 
RECYCLED AGGREGATES 

A study conducted for the U.K. Department of Environment (J) 
identified the amount and geographical availability of a wide range 
of potential by-product, waste, and recycled aggregates. Omitting 
those arising or stockpiled in insignificant volumes or for which 
chemical uncertainties were identified (e.g., cement kiln dust, 
municipal solid waste incinerator ash), the following materials were 
considered in more detail. 

China Clay Waste 

Clay for high-quality pottery and paper glazing is extracted from 
partially decomposed granite in southwest England using high
pressure water jets. A micaceous gravelly sand residue and a less
decomposed granite are the principal waste materials. The former 
is candidate aggregate material as the washing process has cleaned 
it and imposed a fairly consistent grading (although finer than con
ventional aggregates). The coarser rock is a mixed material com
prising large boulders, decayed rock, clay pockets, and so forth, 
and was not considered further in view of the likely processing cost 
and high wastage needed to produce a useful and consistent ag
gregate. 
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Slags 

Steel and blast-furnace slags from the steel-making industry are 
available in several locations across the U.K. Blast-furnace slag is 
readily sold (as a cement modifier for example) whereas steel slag 
is less easily processed and less highly used. For these reasons, 
blast-furnace slag was identified as a potential binder (a relatively 
high-value, low-volume use) and steel slag as a potential aggregate. 

Coal and Oil Shale Waste 

Large volumes of rock incidentally excavated as part of the coal 
mining process are found in many parts of the U .K. In addition, in 
the Lothian region of Scotland, large stockpiles of shale from 
which oil was abstracted are available. The material is typically a 
weak rock, which when unburnt has a high carbonaceous content. 
Some of the coal waste, known as minestone, and all the oil shale 
waste have been burnt. This reduces the carbonaceous content and 
alters the shale to a less clayey and stronger form. However, the 
unburnt form is more widespread and is the only type currently 
arising. Thus this type of minestone was identified as a candidate · 
aggregate. 

Slate Waste 

In the past, slate was the principal roofing material used in the U.K. 
Some 90 percent of rock quarried to produce roofing slates is 
wasted, so huge stockpiles of broken slatey rock exist, which can be 
crushed to produce a conventional, if very flaky, aggregate. Such 
material is available in several locations on the western side of the 
U.K. and was an obvious material to include in this project. 

Power Station Ash 

Coal-fired power stations are common in the U.K. and generate 
coarse (furnace bottom) and fine (pulverized fuel) ash. The former 
is available in much lower quantities than the pulverized fuel ash 
(pfa) (sometimes known as fly ash) and is largely consumed by the 
construction industry as the principal ingredient of light-weight 
building blocks. For these reasons, orily pfa was selected as a poten
tial material for study. 

Demolition and Construction Waste 

Crushed concrete and brick masonry provide an aggregate that is 
readily available in urban areas. At present, much is used as low
quality fill, but the material appears to have potential as an aggre
gate in engineered layers of the pavement. It is known (2) that unhy
drated portland cement is liberated when concrete is crushed, giving 
fresh samples of crushed concrete the ability to self-cement and 
hence gain strength with time to generate a very high-quality pave
ment layer. A proportion of crushed bricks might dilute this effect 
but would permit greater volumes to be available. Thus, pure 
crushed concrete and a 50:50 mix of crushed concrete and crushed 
brick were selected for further study. 

To use these materials in roadbases of pavements making the pri
mary road network, prudence and limited past experience suggested 
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that all materials (except the potentially self-cementing demolition 
waste aggregate) should be used with portland cement, lime, slag, 
ash, asphalt cement, or bitumen emulsion cement. 

MIX DESIGN 

Selection of Combinations 

Nine mixes were proposed for detailed study with conventional 
pavement roadbase material types. The basic components of the five 
hydraulically bound mixes (Mixes A through E) were selected on 
the basis of experience of similar mixes in the U.K., France, and the 
Netherlands. Four asphaltic mixes were chosen (Mixes F through I) 
using conventional asphalt cement, except for Mix I. This mix 
included crushed brick as part of the aggregate and used a cold-mix 
emulsion as the binder to overcome anticipated problems of bitu
men adhesion. Mix I was a potential poor performer and by thus 
covering a range of performances, it was hoped to make subsequent 
interpretation of laboratory and pilot scale test results easier. 

For control purposes three conventional mixes were also selected 
(Mixes J through L). One made up a conventional aggregate bound 
with portland cement, _one a conventional aggregate asphalt con
crete, and one a conventional unbound aggregate. Each mix and its 
basis of selection is listed in Table 1. 

Mix Proportioning 

For Mixes A through I, the aggregate gradings were selected on the 
basis of those used in the reference roadbase mixes being "mir
rored" by the new materials (see the last column of Table 1). Where 
the available material had a very different grading.from this refer
ence material, the as-supplied grading was used to minimize pro
cessing and thus make the potential material more economic in rou
tine use. 

The ratio of the components used in Mixes. A through E was 
determined using tests appropriate for the particular mixture 
selected. Thus for the portland cement-bound· materials, cube com
pressive strength and density testing was important. For more 
lightly bound materials, stiffness assessment and maximum shear 
strength were determined in the triaxial test. Initially mix propor-

. tions were selected on the basis of similarity to reference roadbase 
mixes. Proportions were then varied to optimize density, compres
sive cube strength (Mixes A, B, C, D), triaxial compressive strength 
(Mixes C, D, E), and California bearing ratio (CBR) strength 
(Mixes C, E). Mix J was designed according to the relevant stan
dard specification for lean-mix portland cement bound material (3). 
For Mixes Band J, the target cube crushing strength was 10N/mm2 

at 7 days and for Mix A, 4N/mm2
• For Mixes C, D, and E, slower 

development of strength was anticipated, and hence the assessment 
of the mix-strength relationship was made on the basis of 28- and 
60-day strength evaluations. A 28-day triaxial maximum deviator 
stress of 1500 kPa was required. 

For the bituminous mixes (Mixes F through I), the Nottingham 
asphalt tester (NAT) was used to measure mechanical properties, 
particularly indirect tensile stiffness modulus (ITSM) and deforma
tion resistance in the repeated load axial test (RLAT) (4). The pro
portions of materials in Mix F were optimized volumetrically and 
by determining the highest stiffness value in the ITSM while 
increasing the asphalt cement content from 3 to 6 percent in 0.5 per-
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TABLE 1 Mixes Selected for Detailed Evaluation 

Mixture Aggregate Binder Notes 
Reference 

Bound with Portland Cement or other Hydi:aulic Binder 

A pfa Portland Cement Similar to a material supplied historically in 
the UK 

B Slate Portland Cement Similar to a lean mix Portland concrete used 
in the UK but with non-standard aggregate 

c Limestone Granulated Similar to Grave Laitier successfully used in 
Blastfumace Slag/ France 

Lime 

D Crushed None (Self- Successful experience in the Netherlands 
Portland cementing) with this material 
Cement 

Concrete 

E Selected pf a/Lime Similar to a material successfully used in 
Minestone France 

Bound with Asphalt Cement 

F "China Clay" Bitumen (Penetration Sand asphalt type material 
Sand Grade) 

G Slate Bitumen (Penetration Asphalt concrete material with very flaky 
Grade) aggregate and mixture design based upon 

volumetric parameters 

H Steel Slag Bitumen (Penetration Assessment of slags with relatively high 
Grade) "free lime". Asphalt concrete design based 

upon volumetric parameters 

I Demolition Bitumen Emulsion Aggregate to be a 50/50 mix of brick and 
·waste concrete waste. 

Control Mixes 

J Sand + Gravel · Portland Cement Conventional Lean Mix Portland Concrete 

K ·Limestone Bitumen (Penetration Conventional Asphalt Concrete 
Grade) 

L Limestone None 

cent increments. Three percent lime was added to the as-supplied 
china clay sand to aid asphalt cement adhesion. 

The slate-based asphalt concrete (Mix G) was proportioned 
using ·ITSM and RLAT assessments on a conventionally graded 
(3) mix with 2.5 to 7 .5 percent (again, in 0.5 percent increments) 
of 50 pen asphalt cement. The chosen mix shared the highest 
ITSM stiffness, good RLA T resistance to permanent deforma
tion, and optimum volumetric composition. Additional tests in 
which nonstandard gradings were tried only indicated that the 
best performance was available from the standard grading even 
though the aggregate was more flaky than normal. However, this 
testing indicated that partial filler replacement by lime was bene
ficial. 

The slag-based mix (Mix H) was used as supplied, having dis
carded the particles larger than 20 mm, and the asphalt cement com
position optimized as before. Two pilot scale trials were conducted 

Conventional Unbound Mix 

with this material, the second with the binder content increased by 
0.5 percent because of the premature failure of the first trial by 
cracking in the longitudinal wheelpath. 

The demolition waste and bitumen emulsion mix (Mix I) was 
treated in a different manner. First, the aggregate was divided into 
seven fractions, and the (relatively high) water absorbency was 
determined for each. This showed that prewetting to 7 percent mois
ture content was required to obtain adhesion of the emulsion. The 
graded fractions were recombined to obtain a standard (3) asphalt 
concrete aggregate grading, and sufficient emulsion was added to 
provide 4.7 percent residual binder (the amount indicated by con~ 
ventional mix experience for this grading). Attempts were made to 
replace part of the natural filler with lime and to modify the grad
ing, but no improvement in ITSM stiffness was detected. Testing 
for this mix was performed at 28 days for the emulsion to "break" 
and excess water to be lost. 
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Mix K, the reference (3) asphalt concrete, was produced with a 
standard 20-mm grading of a limestone aggregate and 4.7 percent 
of 50 pen asphaltic cement. Thus the grading of Mixes G, H, I, and 
K was essentially the same with marginally higher binder content 
for the slate. 

PILOT SCALE TRIALS 

After the mixes were selected and their performance optimized, 
each was assessed in detail by constructing a pilot. scale trial. The 
purpose of the trial pavement sections was to 

• Demonstrate likely problems encountered in mixing and lay
ing the selected mixtures, 

• Demonstrate likely relative performance and performance 
mechanisms of the different sections incorporating the different 
mixtures-particularly at extreme loading periods, 

• Judge any significant change from early to longer age behav
ior, and 

• Assess the relevance, or otherwise, of simple laboratory tests 
to predicting response to wheel tracking. 

For these reasons it was important to attempt to construct pave
ments that would show signs of distress toward the end of traf
ficking. 

Pavement Test Facility 

Some mixes were placed as quadrants in the University of Notting
ham pavement test facility (PTF) (Figure 1) (5). The PTF can apply 
wheel loading of up to 15 kN at about 8 km/hr (6 mph) in a canal
ized track or over a wheelpath with simulated random vehicle wan
der. For this study, canalized loading of 100,000 passes was applied 
on the left and right halves of the PTF, thereby testing two quad-
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rants at a time. To facilitate a comparison of the behavior of mate
rials placed in the left and right halves, "platoons" of wheel passes 
were applied alternately to left and right halves so that a similar 
loading pattern was applied relative to the respective dates of con
struction. This was thought to be important for those materials that 
experience a slow gain of strength with time. The mixes placed in 
the PTF were as follows: 

Phase 1: left, portland cement concrete lean mix control (Mix J), 
slate and portland cement (Mix B); right pfa and portland cement 
(Mix A), demolition waste and bitumen emulsion (Mix I). 

Phase 2: left, limestone, slag, and lime (Mix C); unbound con
trol (Mix L); right, minestone, pfa, and lime (Mix E), crushed con
crete (Mix D). 

The selected materials were installed on top of a uniform granular 
subbase layer of varying thickness, which was compacted over 
a 1.1-m thick silty clay subgrade, thereby representing pave
ments constructed to roadbase level. Instruments were buried in 
the top of the subgrade to measure dynamic vertical stress (pres
sure cells) and placed in the bottom of the roadbase to measure 
elastic horizontal strain (inductive strain coils). The objective of 
the testing was to compare the performance of each by-product 
mixture by 

• Visually assessing its resistance to cracking (fatigue) and 
deformation, 

• Detecting any crack initiation (changes in strain readings), and 
• Measuring load spreading characteristics (magnitude of sub

grade stress). 

Companion cubes, beams, and cylinders were manufactured during 
the laying of the roadbase mixes, so that strength tests could be syn
chronized with the curing of each Phase I material. At intervals dur
ing the testing program, the falling weight deflectometer (FWD) 
was used to measure deflection under known loading from which an 
estimate of stiffness was obtained (6). 

servo valve 
wire rope 

.__...........__~ oil flow 

reaction beam 

I 

FIGURE 1 Pavement testing facility. 

pneumatic tire 
S60mm dia . . 

7.3m pavc:meot 
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By this means, all the hydraulically bound materials, the unbound 
base, and the cold mix bituminous emulsion bound material (which 
would exhibit low early strength) were tested at pilot scale under 
actual rotating tire loading, at realistic contact stresses, although at 
a somewhat reduced scale. 

Slab Test Facility 

The hot-mix asphalt materials that have early strength and for which 
time-dependent property changes were not expected were subjected 
to simulative wheel loading by the University of Nottingham slab 
test facility (STF). The STF is a small-scale wheel-loading appara
tus in which trial slabs can be placed and subjected to simulated 
vehicle loading under controlled conditions. The loading system is 
servo hydraulic controlled. 

Bidirectional tracking was used, with no traversing (lateral wan
der). The loading wheel was fitted with a pneumatic tire, which 
could be inflated to give a maximum contact pressure of around 650 
kPa. Pavement temperature was maintained at a constant 20°C. 

This device provides a realistic tire loading and contact stress but 
simplifies the pavement by using a 1 X 0.5 X 50 mm slab of 
asphaltic material supported on a rubber mat. The rubber simulates 
the support normally offered by the pavement subbase and sub
grade. As the asphalt slab flexes, tensile strains are generated in the 
lower half, which are monitored by strain gauges fixed to the under
side of the slab. Furthermore, surface rutting and fatigue cracking 
are induced. These can also be monitored and the materials' per
formance thereby assessed. Testing ceases when longitudinal sur
face cracking commences in the wheelpath. 

Design of Trial Pavement Thicknesses 

The design of the pilot scale trials involved performing analytical 
calculations to predict the tensile stresses and strains at the base of 
the bound roadbase layers. The PTF pavements were analyzed 
using an elastic analysis and relevant material properties for the 
hydraulically and bituminous bound materials. Critical input para
meters to the analysis were as follows, with the total pavement 
structure (subbase and bound roadbase) assumed to be 300-mm 
thick: 

Parameter Value Unit 

Wheel load 10 kN 
Contact area 0.016 m2 
Speed 6 km/hr 
E soil 40 MP a 
E subbase 100 MP a 
E roadbase 2,000-30,000 MP a 
Poisson ratio soil 0.45 
Poisson ratio subbase 0.4 
Poisson ratio roadbase 0.2, 0.3 

The determined pavement thicknesses are shown in the following 
table: 

Mixture Roadbase Sub base Estimated Life 
Reference Thickness (mm) Thickness (mm) (No. of Load repetitions) 

B, J 75 210 104 
A 130 155 104 

C,D,E,L 185 100 104-105 
I 110 175 104 
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For the asphaltic mixtures (Mixes F, G, and H), a constant 
slab thickness of 50 mm was used in the STF, with the load 
level adjusted to produce a tensile strain level that would give an esti
mated life between 1()4 and 105 load repetitions. A slab thickness of 
50 mm was also used for the control asphalt concrete (Mix K). 

Construction 

For the PTF, the subgrade was assessed as having a mean CBR of 
4 percent. This was leveled, and the pressure cells installed in 
"pockets" and covered by a small amount of fines taken from the 
aggregate. Next, the sub-base, comprising a crushed diorite aggre
gate passing the 37.5-mm sieve, was placed as a 100-mm thick 
layer and compacted using a pedestrian vibrating roller with 20 
passes. Additional aggregate, to bring the thickness to that of the 
design, was then placed, screeded to the correct thickness, and 
compacted as before. The strain coils were then placed on this pre
pared surface. 

Above this foundation, Mixes A through E, I, J, and-L were placed 
and compacted, generally in two lifts of roughly equal thickness. The 
exact mixing and placing procedures varied a little with the material, 
but, in general, a 200-kg capacity concrete mixer was used to batch 
the mix, which was then gently tipped into position and raked and 
screeded to its proper final level. The same pedestrian roller was used 
as before, but the initial two passes were applied without vibratio~. 
This was then followed by 12 passes with vibration and, for the 
upper lift, completed by 2 passes without vibration to generate a 
smooth surface. Notable departures from this general approach were 

• Mixes B and J (slate and conventional portland cement lean 
mix concretes)-laid in only one lift, and 

• Mix L (conventional unbound aggregate)-no premixing. 

Performance 

As the mixes described were placed in the PTF or STF, companion 
specimens were cast for the portland cement and hydraulic bound 
materials. For the bituminous materials, cores were cut from com
panion roller compacted slabs (which used the same compaction 
procedure as for the STF slabs). Additional cores were removed 
from untrafficked parts of the PTF and STF after completion of the 
trial. loading. The recorded properties of the hydraulic, portland 
cement-bound and unbound materials' companion samples are 
summarized in Table 2. Those for the asphaltic materials are given 
in Table 3. The response of the pilot scale pavements to trafficking 
is summarized in Tables 4 and 5, with typical surface deformation 
and subgrade stress relationships shown in Figures 2 and 3. 

Table 5 gives relevant data for the asphaltic materials, all except 
Mix I, being relevant to the slab test facility testing. In addition to 
the results illustrated in the figures and tables, FWD measurements 
were also taken on the PTF pavements. 

DISCUSSION OF RESULTS 

The reduced scale of the pilot scale trials and the large number of 
mixtures investigated inevitably means that the results must be 
interpreted somewhat subjectively, relying on comparison, where 
possible, instead of using numerical values as definitive absolutes. 
Nevertheless the results yield some interesting observations, allow-
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TABLE 2 PTF Companion Specimens-Hydraulic Mixtures 

Mixture 
Reference 

A 

B 

c 

D 

E 

J 

L 

Note: 1. 
2. 
3. 
4. 
5. 

Cube Cube Compressive Triaxial Maximum Flexural E,,timated Test Age 
Density4 Strength (N/mm1) Deviator Stress1 Streogth5 Stiffness' (Days) 
(kg/m3) (N/mm1} (N/mm1) (MPa) 

1750 12.5 - 7 
1720 17.0 0.9 27 
1730 22.0 - 60 

2590 24.5 6 
2570 32.5 5.0 27 
2560 33.0 60 

- 2.6 715 2 
2430 5.5 4.4 980 28 
2430 7.0 59 

- 2.0 420 1 
2110 2.0 2.81 780 28 
2090 2.5 - - -.. 

- - 1.1 280 1 
2200 4.5 3.5 1110 28 
2170 6.0 - - 58 

2450 9.5 - 7 
2450 12.5 1.9 28 
2440 14.0 - 60 

2410 2.4 485 2 
2410 - 2.9 725 28 

28 day Triaxial data from Mixture D are actually from 14 day test (membrane leaked spoiling both 28 day tests). 
Triaxial Maximum Deviator Stress and Estimated Stiffness recorded at 200kPa confining pressure. 
Stiffness estimated during modified triaxial loading procedure. 
The. cube data are averages of two specimens. 
The beam data are averages of three specimens. 
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ing a gqod assessment as to the suitability or otherwise of the mix
tures studied. 

ilar response of the two mixtures is evident from the data in Tables 
2 and 4, which show that wheelpath rutting is barely different and 
load spreading of the slate material is as efficient at reducing 
subgrade stresses, but its strength is better. The strain coil read
ings were subject to interference and have to be interpreted 
with caution. However, the strain levels in B and J appear to be 
similar and significantly lower than in other materials, indicating 
good load spreading. The back calculated stiffnesses from 
FWD testing showed that, although the conventional Mix J was 

Mix B: Portland Cement Lean Concrete with Slate 
Aggregate 

Mix B is the lean mix portland cement concrete containing slate 
aggregates in place of conventional crushed rock (Mix J). The sim-

TABLE 3 Companion Specimens-Asphaltic Materials 

MixtureR Density (Mg/m3) Calculated ITSM Stiffness (MPa) 
ef. Air Voids 

Bulk Maximum (%) 0°C 10°c 20°c 

F 1.92 2.47 221 4970 2130 890 

G 2.47 2.62 5.8 18250 7370 2660 

H 2.91 3.03 4.0 22260 11520 4530 

I 1.71 2.38 281 2510 1630 1040 

K 2.45 2.48 3.2 21330 12460 5210 

RLAT Test Age 
Permanent (Days) 
E,.., (%),at 

40°C 

3.0 90 

1.8 n/a 

1.0 n/a 

>7.2 180 

1.0 q/a 

Note: 1. Calculated air voids based on measured maximum density according to ASTEM 02041. This procedure may not 
be valid for highly absorptive aggregates. 

2. ITSM = Indirect Tensile Stiffness Modulus: RLA T = Repeated Load Axial test, both determined in Nottingham 
Asphalt Tester (NAT) 
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TABLE 4 Comparison of Phase I and II PTF Studies 

Mixture Number of Wheel Track Material Loss Subgrade Roadbase Estimated 
Ref. Wheel Passes Deformation from Stress Transient Longitudinal 

(mm) Wheeltrack (kPa) Strain 

A 100,000 4.5 

B 100,000 1.5 

I 100,000 15.3 

J 100,000 0.2 

c 100,000 5.0 

D 100,000 11.0 

E 100,000 2.0 

L 100,000 8.7 

stiffer after initial construction, stiffness loss was greater than that 
for B. 

Mix C: Conventional Limestone Aggregate with Slag 
and Lime 

The good performance of the lime and blast-furnace slag treated 
conventional aggregate (Mix C) is evident. This nonconventional 
binder gained initial strength slowly (Table 2), and perhaps as a con
sequence the material appeared susceptible to rutting in early life 
(Figure 2). However, subsequent rutting was insignificant, and after 
initial curing load spreading was excellent and subgrade stresses 
very small (Figure 3). In line with these findings, tensile strains at 
the bottom of the roadbase layer were small and the backcalculated 
FWD stiffnesses high. 

Mix E: Minestone, Lime and pfa 

Similar behavior was shown by Mix E, the minestone treated with 
lime and pfa. Although not quite as good in strength (Table 2) as 

TABLE 5 Comparison of STF Performance 

./ 

.I 

x 

./ 

x 

./ 

./ 

x 

(µt) 

48 80 

27 < 100 

89 700 

30 < 100 

16 450 

72 650 

81 550 

53 350 

Mix C, giving higher tensile strain readings and not spreading 
stresses as well (Figure 3), Mix E showed better resistance to rut
ting (Figure 2). Slow improvement over the first weeks is evident 
(Figure 3). 

Against this good pilot scale performance, the variability and low 
particle strength of the minestone must be set. Durability of the 
aggregates before treatment is known to be poor and may cause long
term problems in real roads exposed to the exigencies of weather. 

Mix G: Slate Aggregate Asphalt Concrete 

The slate aggregate asphaltic concrete (Mix G) is another good per
former. The data in Table 3 show its high stiffness and low suscep
tibility to permanent deformation. The fatigue data from the Slab 
Test Facility tests also show its relatively long fatigue life (Table 5). 

Mix A: pfa and Portland Cement 

Mixes A, D, F, and I did not perform as well. Load spreading was 
not as good (Tables 4 and 5) for Mixes A, D, and I. Although Mix 

Mixture Total Number of Wheel Passes when Distress Observations 
Ref. Wheel Passes Distress First 

Observed 

F 730,000 400,000 Longitudinal & Transverse Cracking 

G 1,200,000 None 

H 153,500 43,000 Longitudinal & Transverse Cracking 

1Hl 420,000 186,000 Longitudinal & Transverse Cracking 

K 1, 192,000 855,000 Transverse Cracking 

Note: 1. Mix Hl was repeat of Mix Hat higher asphalt cement content (4.8% instead of 4.3% ). 
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FIGURE 2 Phase II PTF wheelpath surface deformation. 

A (ash and cement) showed reasonable cube strength and stiffness 
values (Table 2), Mix D (recrushed portland cement concrete with
out additional binder) had low strengths, although it was able to 
resist rutting (Figure 2) comparably to Mix A (Table 4). However, 
the beam densities and flexural strength results from Mix A (Table 
2) may be more representative of the installed material, which had 
a relatively low in situ density and exhibited some cracking. There 
was also practical difficulty in bonding the two lifts of the material 
during placement in the PTF. These problems may help to explain 
the poor load spreading, yet low apparent tensile strain readings and 
the low backcalculated stiffnesses from FWD testing. 

Mix I: Demolition Waste and Bitumen Emulsion 

The emulsion treated demolition waste (Mix I), however, was a 
uniformly poor performer. It rutted considerably, and this did 

not stabilize with trafficking and time. It showed poor load 
spreading, and the companion specimen permanent deformation 
result was also large (Tables 3 and 4). In fact, this material was the 
only one to demonstrate true rutting; the other mixes lost material 
in the wheel path by erosion as a consequence of the decision not to 
use a surfacing layer. The self-cementing abilities of the Mix I do 
not appear to be significant. This is in apparent conflict to the work 
carried out in the Netherlands (2) and may warrant further study. 
The strain readings in Mix I were also much higher than that in 
other materials. This reflects the apparent differences in load 
spreading as indicated by the pressure cell readings, as discussed 
previously. A low stiffness reading was also deduced from 
FWD back-calculation. The high water absorption (approximately 
8 percent)-compared with conventional aggregates (generally 
<2 percent)-and the consequent need for substantial wetting 
before applying the emulsion may mean the maximum per
formance cannot be expected for many months when full 
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drying has been achieved. This is likely to hinder the material's 
practical use. 

Mix D: Recrushed Portland Cement Concrete 

The pure crushed concrete (Mix D) performed somewhat better than 
the emulsion-treated concrete and brick mix, but not as well as 
experience suggested (2). Strain levels at the base of the roadbase 
were high as the subgrade stresses (Figure 3). FWD-deduced stiff
nesses were also low. Thus the anticipated self-cementing does not 
appear to be taking place even though the material was placed 
within 48 hr of plant crushing. It is possible that rehydration had 
already taken place during this period. If so, this would emphasize 
the need to maintain a very dry aggregate until use and minimize the 
time delay between crushing and reuse. 

Mix F: China Clay Sand Asphalt Concrete 

Mix F (china clay sand and asphalt cement) did not perform as well 
as expected. It gave a low ITSM stiffness (Table 3), although per
manent deformation behavior was good. There appear to be three 
possible explanations for its mo.derate performance. 

• With no coarse aggregate particles, the mechanical contribu
tion of the stone skeleton may be less significant than in conven
tional materials. 

• Mix proportioning may require further optimization. 
• The high micaceous component of the aggregate may promote 

delamination under loading. 

Further work is currently under way with this mixture to address the 
first two explanations 

Mix H: Steel Slag Asphalt Concrete 

The steel slag asphalt concrete (Mix H) did not perform as well as 
expected. This mixture is a permitted option in the current U.K. 
specification (3), although it is rarely used in roadbases. Despite its 
high stiffness and resistance to permanent deformation (Table 3), 
Mix H performed poorly in the STF, exhibiting early distress (lon-

TABLE 6 Subjective Ranking of Mixtures Tested 

Parameter 

A B c 
Deformation 2 3 2 

Stiffness/Strength 2 3 3 

Buildability 1 2 3 

Durability 2 3 3 

I TOTALS I 7 I 11 I 11 I 
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gitudinal and transverse cracking) even when the binder content 
was increased by 0.5 percent (Table 5). It is possible that the highly 
vesicular nature of the aggregate requires more binder than was 
used in this study to give adequate fatigue performance. 

CONCLUSIONS 

On the basis of the initial study of the available materials and the 
laboratory and the pilot scale testing, a subjective ranking of the 
material combinations tested has been made (Table 6). This rank
ing takes into account not only the mechanical performance but also 
the ease with which it is believed that good quality roadbase con
struction may be laid down (buildability). 

It will be seen that the portland and asphalt cement bound slate 
materials (Mixes B and G) both score high, having performed com
parably or better than their conventional mix partners (Mixes J and 
K). Mix C, which is similar to the French Grave Laitier using lime 
and blast-furnace slag as a binder with a conventional aggregate, is 
also a good performer. A good aggregate structure is required to 
ensure early life but, thereafter, as good or better performance than 
lean mix portland cement concrete may be obtained. This suggests 
that this binder combination with other aggregate (e.g., slate) might 
be a good combination. 

The other materials did not perform as well. In some cases, this 
appears to be because of inherent problems with the material or the 
construction process. In several cases, additional time to allow 
strength and stiffness to develop (e.g., Mixes D and I containing 
demolition products) may be beneficial, although perhaps impossi
ble in the context of modern practice. Refinement of the mix design 
process and a blending of different materials may also help improve 
mix performance, although there may be cost penalties in doing so. 

The project has demonstrated that it is possible to use industrial 
by-products successfully, either as the aggregate component, the 
binder component, or, in certain cases, as both components of the 
bound roadbase layer. From a design point of view, some of the 
mixtures examined were found to be equivalent to conventional 
U.K. roadbases, whereas others did not easily fit into the U.K. 
design scenario and may require a different approach to design to 
realize their fulf effectiveness. 

On the basis of the buildability and performance information, 
sufficient data have been obtained to draft specifications for mix 

Mixture Ref. 

D E F G H I 

2 3 3 3 3 1 

1 2 1 3 2 1 

2 3 3' 2 2 2 

1 2 2 3 1 1 

6 I 10 I 9 I 11 I 8 I 5 I 
Note: Individual Code : 3 = Good, 2 = Moderate, 1 = Poor 

Total Code : 12 = Excellent. ....... 3 = Very Poor 
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production and construction practice for these secondary aggregate 
materials. This work will be the subject of a future paper. 
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