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DESIGNING PROJECTS

(Recycling RAP)
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STRUCTURAL ANALYSIS

Bound material Unbound  = bending

FATIGUE CRACKING

= stress distribution

PERMANENT DEFORMATION

NON-CONTINUOUSLY 
BOUND MATERIALS (BSMs)
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NON‐CONTINUOUSLY BOUND MATERIAL

CRACK “TIP”
STRESS CONCENTRATION

CONTINUOUSLY BOUND MATERIAL

CRACK PROPAGATION (Collings/ Jenkins CAPSA 2011 Paper)

Paris’ Law:
dc
dN

= A.Kn

Increase in crack length / load cycle

Stress intensity factor at crack tip

Similar to unbound granular materials 

(Fracture mechanics)

Localised bond breaks / localised shear

Localised bond re‐establishes

CRACK “TIP” 
CANNOT FORM

20mm

FAILURE CONDITION

Permanent 
deformation

Non-continuously 
bound materials

Unbound materials

PAVEMENT CONDITION AT FAILURE

Fatigue cracking

Bound materials

“Broken” Not “broken”

Pavement Composition
Distress Mechanism

PAVEMENT REHABILITATION DESIGN

Failure zone

Upper CTB failure 
(crushing)

Non‐uniformity

Variations in

• number of layers

• thickness of layers

• strength (UCS)

HMA 100mm – 120mm

CTB 230mm – 280mm

(UCS  0MPa – 2.8MPa)

GCS 160mm – 175mm

Natural limestone (CBR >30)

Natural limestone (CBR >15)

In‐situ subgrade (CBR >5)

Example
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SNREQ

Structural numbers "SN” (AASHTO design method)

Subgrade support

Traffic loading

SNACT

+

ESTIMATING THE RECYCLING DEPTH

Layer thickness x "structural coefficient" = SNLAYER 1

Layer thickness x "structural coefficient" = SNLAYER 3

Layer thickness x "structural coefficient" = SNLAYER 2

Layer thickness x "structural coefficient" = SNLAYER 4

Layer thickness x "structural coefficient" = SNLAYER 5

ESTIMATING THE RECYCLING DEPTH (EXAMPLE)

AASHTO 
design guide

SNREQ

Structural capacity required (106 ESALs)

CBR

HMA 40mm

GCS 165mm

Natural limestone 300mm

In-situ subgrade (CBR >5)

CTB - ???mm

Recycled BSM ???mm

t1, SCOEFF 1

t2, SCOEFF 2

t3, SCOEFF 3

t4, SCOEFF 4

t5, SCOEFF 5

CTB 300mm

Aged asphalt 90mm

10 1
100 2

SUGGESTED  STRUCTURAL  LAYER  COEFFICIENTS
FOR  BITUMEN  STABILISED  MATERIAL (BSM)

TG2 (2009) CLASSIFICATION

0.280.18
max
0.35

STRUCTURAL LAYER COEFFICIENT  (per inch) 

0.23

BSM3 BSM1

mm  dia briquettes100
ITSDRY (kPa) 125 225175

25 4030

Cohesion (kPa)

Angle of Friction ( )
50 250100

MATERIAL CBR VALUE BEFORE STABILISATION (at 100% compaction)

20 8040

ANTICIPATED APPLICATION RATE OF BITUMEN FOR STABILISATION
(% by mass)

BSM1
2.0 ‐ 2.5

BSM2
2.3 ‐ 3.0

BSM3
2.5 ‐ 4.0

Materials with CBR < 20% not 
recommended

BSM2

mm Triaxial specimens150

MATERIAL PROPERTIES AFTER STABILISATION

mm dia specimens150
ITSEQUIL (kPa) 95 175135

Wirtgen Cold Recycling Technology Manual

Pavement numbers “PN” (TG2 (2009) design method)

Subgrade support:  ELTS (G class / climate / cover)

PN

+

ESTIMATING THE RECYCLING DEPTH

Layer thickness x ELTS = PNLAYER 1

Layer thickness x ELTS = PNLAYER 3

Layer thickness x ELTS = PNLAYER 2

Layer thickness x ELTS = PNLAYER 4

No axle loads (12 x 10 6 ESALs)
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ESTIMATING THE RECYCLING DEPTH (EXAMPLE)

TG2 (2009)

ETLSsubgrade

HMA 40mm

GCS 165mm

Natural limestone 300mm

In-situ subgrade (CBR >5)

CTB - ???mm

Recycled BSM ???mm

CTB 300mm

Aged asphalt 90mm

t4, ELTS4

t1, ELTS1

t2, ELTS2

t3, ELTS3

PN4

PN1 

PN2

PN3

PN

HEAVY‐DUTY PAVEMENTS ?

MODELLING (Multi‐layer linear elastic theory)

HMA 40mm

GCS 165mm

Natural limestone 300mm

In-situ subgrade (CBR >5)

CTB - ???mm

Recycled BSM ???mm

CTB 300mm

Aged asphalt 90mm

∞

t S/B

MR SSG

MR S/G

MR BSM

MR S/B

t SSG

t BSM

t HMA MR HMA σ HMA

σ BSM

σ S/B

σ SSG

σ S/G

SUBGRADE

PAVEMENT LAYERS

HMA

Max MR

(Mpa)

Resilient modulus MR

Modular Ratio (MR2 / MR1)

MR2 / MR1

BSM

CTB

GCS

2000 – 5000

500 – 1200

200 – 400

300 – 500

3 – 5

1.7 – 2

2 – 4

2 – 4

Modular
ratio

Gravel 150 – 250 1.5 – 1.8
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Resilient Modulus for Coarse Granular 
Materials and BSMs

k2

1

k1

1

2

3

Cat 789C

4622

69265700

Gross operating 
weight:  318t

4622

69265700

33%

104t
67%

213t
53t 53t 53t 53t
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Runways / taxiways A380F – Body Gear
(167 tons at MTOW)

?
Sub-layers
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BSM STABILISATION DESIGN

Preliminary tests Gradings
Atterberg Limits
MDD/OMC

Sample Preparation Scalping / crushing

BSM STABILISATION DESIGN

Preliminary tests Gradings
Atterberg Limits

1.  Effect of active filler

2.  Optimum bitumen addition

3.  Shear properties

ITSDRY / ITSWET

ITSEQUIL / ITSSOAK

Cohesion / φ

MDD/OMC

Sample Preparation Scalping / crushing
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“Simple Triaxial”
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More information from 
monotonic test

Ebels

Classification Parameters and 
Certainty Factors: BSMs

• Treated Material (from Mix Design)
– Triaxial tests

• Cohesion (0.45)

• Friction Angle (0.4)

• Tangent Modulus (0.1)

• Retained Cohesion (MIST) (0.45)

– ITS dry, equil,wet (100 & 150 mm) (0.1, 0.15)

– UCS (0.1)

2011

“Ayrton Senna Highway”
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AYRTON SENNA HIGHWAY

8‐lane divided facility
Brazil’s most heavily trafficked highway

AADT > 250,000vpd (15% heavy)
(> 15,000 heavies / day in each direction)

Milling & Replacing 100mm HMA lasts < 3 months

Lane closure only between 21:00 – 05:00

SCARY STATISTICS

WHAT TO DO ?
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Deflections (FWD & Benkelman Beam)

Visual assessment

4 x Test pits

10 x Core extractions

10 x DCP probes (through core holes)

PAVEMENT INVESTIGATIONS
(500m TRIAL SECTION – SLOW LANE ONLY)

FWD

FWD – Deflection Bowls
BLI = D0 – D300

BLI = D300 – D600

BLI = D600 – D900

DEFLECTION INDICES
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RESULTS OF PAVEMENT INVESTIGATIONS

HMA ± 100mm

CEMENTED CRUSHED STONE (G2) ± 250mm

CRUSHED STONE (G2) ± 200mm

SELECTED COARSE GRAVEL (G6) ± 200mm

EMBANKMENT (RIVER LEVEE) (G7) Semi‐infinite

REHABILITATION OPTIONS ?? (8‐hour working window)

HMA ?350mm

BSM‐a   200mm

BSM‐b   130mm

20mmHMA
50mm

?

100mm

DESIGN ASPECTS

Superior BSM parent material (selected RA blend)

Drainage, drainage, drainage, drainage, drainage, drainage, drainage

Support (undercut / rockfill / outlet drain)
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DESIGN ASPECTS

Superior BSM parent material (selected RA blend)

Drainage, drainage, drainage, drainage, drainage, drainage, drainage

Support (undercut / rockfill / outlet drain)

Stability (density / moisture content)

Early trafficking (sacrificial layer of HMA)

HMA surfacing to be delayed (after curing)

8‐hour working window (short sections)

LABORATORY PROCEDURES

Sample preparation

Sieve analyses (gradings)

Sample blends with ‐5mm crusher dust

Bitumen stabilisation designs
Typical RAP

After crushing / screening

15% Blend with crusher dust
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STABILISATION DESIGNS
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Mechanistic Analyses

Mr (MPa) C (kPa) Φ (°) Stress ratio

1000 300 40 0.207 (80kN)
0.249 (100kN)

800 350 35 0.201 (80kN)
0.244 (100kN)

600 250 35 0.274 (80kN)
0.333 (100kN)

(Rubicon Toolbox)

> 100 million ESALsCritical stress ratio = 0.35

CONSTRUCTION SEQUENCE

1. 21:00  Close off slow lane and shoulder
2. Mill out HMA – haul RAP to stockpile
3. Mill out CTB – remove from site
4. Proof roll with 18t PTR

Undercut where necessary + install outlet
5. Import BSM‐foam (KMA treated RAP blend)

(RAP passed thru impact crusher & screen)
6. Spread 200mm & compact with 19t padfoot
7. Level / light spray / smooth drum roller
8. Import & pave 130mm BSM‐foam 

(Crushed RAP blended with 15% crusher dust)
9. Compact (12t tandem & PTR)
10. Apply 20mm HMA
11.Open to traffic by 05:00 / Pray

TRIAL SECTION CONSTRUCTION (500m Slow Lane)

All work done at night

1st night – 100m (nearly a disaster)

2nd night – 100m (much better)

3rd night – 300m (perfect, including undercut)

Monday  14th to Friday 18th November 2011
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100mm

Step 1.  Mill off asphalt layers

250mm

Step 2.  Mill and remove CTB layer
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GEOFABRIC 
MEMBRANE

ROCK 
BACKFILL

“HEAVING”

OUTLET 
DRAIN

Step 3.  Proof roll / undercut (where necessary)
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“WALKED OUT”

200mm BSM (RAP mix)

Step 4.  Import / pave / compact 200mm BSM layer
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130mm BSM (RAP / crushed stone blend)

Step 5.  Import / pave / compact 130mm BSM layer
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20mm HMA (gap‐graded / fine mix)
Temporary surfacing

Step 6.  Import / pave / compact 20mm HMA
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18th November 2011



1/3/2013

24

31ST January 2012
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CONTROL SECTION:  MILL & REPLACE 100mm

28th March 2012
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CONTROL SECTION:  MILL & REPLACE 100mm

SUMMARY

Early failures on Control Section “sold” the process

Concessionaire “delighted” with performance to date

Construction quality acknowledged as “the key”

20mm sacrificial HMA surfacing to remain in place
(The Trial Section has become a “Research Project”)

Monitoring commenced in February 2012
(Average Benkelman Beam deflections < 0.4mm)

Average:      0.45mm        0.34mm

Benkelman Beam Deflections
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10km Lane #4 currently being constructed

And now....

2103:  16km Lanes #3 and #4 planned


