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LITERATURE REVIEW

Engineering Properties of RAP, RCA and LSSB

Gradation Characteristics

o Gradation of RAP & RCA (cosentinoana kasjian 2001
— Original aggregate type
— Milling operations
— Crushing methods

e MnDOT (LRRB 2016)
— RAP —asclass 7
— RCA -asclass 5

e Angularity —- RCA > RAP
o Large-size aggregates wame et 200

— Image analysis
— Low angularity — single crushing

A5 2 BN e . N Gl e
P Ol L PN B T N g
Fine- to coarse-grained aggregates (from left to right)

(http://engineeringfeed.com/8-factors-affect-workability-fresh-concrete)
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LITERATURE REVIEW

Engineering Properties of RAP, RCA and LSSB

Compaction Characteristics
 RAP = lower y4.x & lower OMC

— Asphalt & low fines content (cuthrieet al. 2007, Locander 2009) i Blena 0

TS Class 5 (W)
— Hydrophobicity (Rahardjo et al. 2010) “ i?gﬁg%

« RCA = lower y4,., & higher OMC . . .5 (
— Cementation (chenand Brown 2012: Hussain and Dash 2010)
— Hyd rophi | icity (Rahardjo et al. 2010)

“be— RCA (NJ)
—4— RAP (CO)
—4— RAP (MN)
- - -RPM (MI)
—B— RAP (CA)
—&— RAP (TX)
—— RAP (OH)
- %~ -RPM (NJ)
—¥— RAP (NJ)
—4— RAP (WI)

20 -

19 -

Dry Unit Weight, (kN/m?)

18

17

2 4 6 8 10 12 14 16 18
Water Content (%)

Compaction characteristics of recycled and virgin
aggregates (Edil et al. 2012)
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LITERATURE REVIEW

Engineering Properties of RAP, RCA and LSSB
Compaction Characteristics

o (Gyratory compactor =» better simulate IN-SItU (inetat. 2007

2400
4 Sand Cone_4 in.
® Sand Cone _6 in.
2300
t% Gyratory
£ 2200 N Paqax) = 2112 ka/m3
2 OMC= 6.6%
2
a 2100 /\ Proctor
f = Pd(Max) = 1984 kg/m3
a 2000 OMC = 8.5%
L =
Difference between Proctor and gyratory
1900 . ! compaction methods (Kim et al. 2007)
0 5 10 15
MC (%)
(0] o o o
o Temperature T from 21°C (70°F) to 49°C (120°F) wontemayor 1908
— Binding quality T

— About 3.5% increase in Yqmy
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LITERATURE REVIEW

Engineering Properties of RAP, RCA and LSSB

Hydraulic Properties

e Surface characteristics (Edil et al. 2012; Rahardjo et al. 2010)
— RAP - hydrophobic
— RCA - hydrophilic
o Contact angle T, water repellency T ety etat 200;dierar. 2012)
— RAP>90°
— RCA~DO0°

The water repellency of RAP (left) and RCA (right) (Edil et al. 2012)
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LITERATURE REVIEW

Engineering Properties of RAP, RCA and LSSB

Hydraulic Properties
ksat 9 RAP > RCA (Nokkaew et al. 2012)

— RAP-3.8x10°1t03.7x10%m/s ° " RAP'RCA
— RCA~18x10>m/s l |
: . i —
 Unsaturated hydraulic conductivity = !
— Hysteresis Sl ! ]
— Wetting - Drying £ !
:l;' | 0
| .
=

K., Of RAP and RCA materials (Nokkaew et al. 2012)
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LITERATURE REVIEW

Engineering Properties of RAP, RCA and LSSB

Hydraulic Properties

o Water content — drying > Wetting (iseta. 2013
Alr-entry pressure (Wa) eedundand ranardjo 1053)

 Difficulty of wetting curve

o Contact angle — matric suction
— + suction due to > 90° (RAP)
— -suction due to ~ 0 ° (RCA)

« Contact angles — Wa

— Angle |, Wa1

Suction, y (log scale)

Air-entry
Pressure (~1/a9)

Air-expulsion
Pressure (~1/a"%)

Soil water characteristic curve and
hysteresis (Likos et al. 2013)

Scanning

Curve » .
Initial Drying Curve

(IDC)

/ Main Drying Curve
(MDC)

_____ ANNE

— — - <
l | Main Wetting Curve
| (MWC)
|
N
l Entrapped
| Air
|
6"~63 CRPTK

Volumetric Water Content, 0
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LITERATURE REVIEW

Engineering Properties of RAP, RCA and LSSB

Strength Properties

« CBR =» RAP < virgin aggregates enmertana aner 2005; cuttricetl. 2007)

» Asphalt content — bonding {, interlocking oo et 2010 Tanactar. 1009)
o Lack of fInes (syedeta. 100

350
¢ Taha et al. [24] OCosentino et al. [10]
300 A Bennert and Maher [5] A1 ABennert and Maher [5] A2
250 | + Guthria et al. [14]_R1 O Guthrie et al. [14]_R2
x Cosentino et al. [9]
g 200 4 = = Average
g 4
o 150
100 <
50 g
O T T T T T
0 20 40 60 80 100 120 CBR values of the blends with different
RAP content (%) RAP contents (Thakur and Han 2015)
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LITERATURE REVIEW

Engineering Properties of RAP, RCA and LSSB

Strength Properties
e Compaction at higher temperature
(Montemayor 1998)
— Max dry density T
— Limerock Bearing Ratio — LBR T : ST x DalTy emperaires
(LBR = 1.25*CBR) T
o Amblent tem perature (Cosentino and Kalajian 2001) 20
— Temperature T, LBR | ?
/
AN /
S N AN/
. // AV
e

Sep-99 Nov-99 Jan-00 Mar-00 May-00 Jul-00 Sep-00 Nov-00
Time

Changes in LBR of RAP with temperature (Cosentino and Kalajian 2001)
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LITERATURE REVIEW

Engineering Properties of RAP, RCA and LSSB

Strength Properties

® T@St mEthOd fOr RCA (Jayakody et al. 2012)
— Unsoaked — Lower CBR
— Soaked — Higher CBR

o Cementatlon Of UnhydratEd Cement (Garach et al. 2015; Bestgen et al. 2016a)

CBR (%)

140

120
100 — RCA
80 ——— MRA
60 1/ __o—mmmmEsT e, NA
40
The effect of soaking period on the CBR of
20 RCA (Garach et al. 2015)
*NA — natural aggregates
0 *MRA — mixed recycled aggregates
0 50 100 150 200  Days
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LITERATURE REVIEW

Environmental Properties of RAP
« Oxidation of asphalt =» age hardening oers et 1996
pH Characteristics

e Batch IeaChing tests =» 8.59 to 9.58 (Shedivy et al. 2012)
9 abOUt 967 (Kang et al. 2011)
= 8t0 10.5 (Edil et al. 2012)

 Field leaching tests =» about 8 ircta. 2012

14 | ; - MNROAD field leaching tests
' pH of Batch leaching tests 12 L
bl (ASTM D 3987) i
L 10L
10 [ i
3 E8-
8 i
6L
6 i ]
I 4l ] pH of RAPs from batch leaching tests
4 i e o | and field leaching tests (Edil et al.
) —+—Class V 2012)
3 0 1 2 3 4 5 6
AB OH NJ CA  WI PVF
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LITERATURE REVIEW

Environmental Properties of RAP
Heavy Metal Leaching Characteristics

 Tire residuals, corrosion of steel crash barriers, or brake
pad/d ISC rESId uaIS (Muschack 1990; Hewitt and Rashed 1990)

o Main heavy metals ope et 2015 edieral 2012
— Arsenic (As)
— Aluminum (Al)
— Cadmium (Cd)
— Chromium (Cr)
— Lead (Pb)
— Silver (Ag)
— Antimony (Sb)
— Selenium (Se)
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LITERATURE REVIEW

Environmental Properties of RAP

Heavy Metal Leaching Characteristics

e No environmental issue

o < the EPA drinking water standards e ea. 202; cosentinoet a. 2008; shecivy et al. 2012

o Liquid type T
— Distilled-deionized water (DDW) PA St B
10000 Limerock: -DDW2
— Synthetic acid rain (SAR) N N o
o Tlme'dependent (Cosentino et al. 2003) % 100 -
s Detection Linut
— Time T, concentration | s 1079 . /
© <
g T e ‘-'----.---- 1 g
e o
S o1 -
001 m T 5B B l 0
Column leaching test results of cadmium
(Cd) with different test fluids (Cosentino et 0 60 120 180 240 300 360

al. 2003) Time (mins)
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LITERATURE REVIEW

Environmental Properties of RAP

Poly-Aromatic Hydrocarbons (PAHSs) Leaching Characteristics
* Incomplete burning of organic compounds

 Tire residuals, exhaust gasses, gasoline or diesel fuels uasetat, 1000

Baek et al., 1991; Sadler et al., 1999; Brandt et al., 2001; Kriech et al., 2002)

e Important PAHS
— Acenaphthylene
— Benzo(a)anthracene
— Benzo(ghi)perylene

e No environmental 1ISSUE (oppe et al. 2015 shedivy et al. 2012)
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LITERATURE REVIEW

Environmental Properties of RCA

e Major environmental concerns
— Alkalinity
— Heavy metal leaching

= Cement paste (Van Dam et al. 2011; Engelsen et al. 2010)
= QOther cement additives such as fly ash (cetin et al. 2012)

* Deicing applications =» chloride ceazom

— Corrosion of steel pipes ‘ ined
_ Durability Coarse-grained RCA

o Alkali-silica reactions wanametar. 201
— No high concern
— Porous structure

lowa State University University of Wisconsin-Madison



LITERATURE REVIEW

Environmental Properties of RCA
pH Characteristics
o Alkalinity

— CaO and Ca?* in cement paste (cetinetal. 2019
® |nﬂuenCe On heavy metal IeaChIng (Engelsen et al. 2012; Bestgen et al. 2016a)
o pH ~ 105 - 13 (Steffes 1999; Chen et al. 2013; Abbaspour et al. 2016)

o Carbonation — exposure to atmOoSPNEre (ararantsetal. 2004; Gervais et a. 2008
— Calcium carbonate (calcite — CaCO,)
— pHI
— Heavy metal leaching |
— Stockpiled > freshly crushed (astaspour et al. 2016)

lowa State University University of Wisconsin-Madison



LITERATURE REVIEW

Environmental Properties of RCA
pH Characteristics

Calcite Equivalent (mg/g)

50 +
L —&— Mean Value
—— Max. & Min. recorded values
I ===+[inear (Mean Value)
0 ||||||||| B e e B e Y Iu
12/2/2013 3/4/2014 6/4/2014 9/4/2014 12/5/2014
Date

Change in carbonation over time (Abbaspour et al. 2016)
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12.5

12 |

11

10.5
——ESD
—~—WSD
‘IO 1 1 1
0 7 14 21

Reaction Time (days)

Change in pH of different RCAs over time (Bestgen et al. 2016b)
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LITERATURE REVIEW

Environmental Properties of RCA
Heavy Metal Leaching

e Main heavy metals (Engelsen et al. 2009; Engelsen et al. 2010; Edil et al. 2012; Bestgen et al. 2016b; Abbaspour et al. 2016).
— Aluminum (Al)
— Silicon (Si)
— Calcium (Ca)
— Magnesium (Mg)
— Chromium (Cr)
— Copper (Cu)
— lIron (Fe)
— Zinc (Zn)
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LITERATURE REVIEW

Environmental Properties of RCA
Heavy Metal Leaching

« Laboratory — more controlled than field
« Cement properties — sources

« Higher potential than RAP

103: T T T T | T T T T | T T T T | T D CA
- MCL E CO
M
b MN
a Tx
S 107 -
& - — M
‘é’ L -
§ I - I
'E‘ || — ||
m —
2 1
8 10
] 1 Concentrations of different metals and
|| >< 17 maximum contaminant levels (MCLs)
- ’T 11 for EPA drinking water standards
10° yi (Edil et al. 2012)

N 1 1 N 1 1 n 1 1 1 N n 1
As Cr Pb Se
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LITERATURE REVIEW

Environmental Properties of RCA
Heavy Metal Leaching

» Other factors affecting leaching esgen et 2016a; Asbespour etal. 2016)
— Aging

— LJ/S ratio

— Gradation

Total metal content =» not significant esgen eta. 20160)
Aging T, metal concentration  @egeneta. 20160

L/S ratio T, metal concentration  @egenetar. 20160

Fines content T, metal concentration T - | eiietar 2012 chenet al. 2013 Bestgen et at. 20160)
— T because of increased interaction
— | because of carbonation

lowa State University University of Wisconsin-Madison



LITERATURE REVIEW

Environmental Properties of RCA
Heavy Metal Leaching
o Aging T, metal concentration { (esgenetal 20160

250

M
o
o

—
n
o

Ca Concentrations (mg/L)

lowa State University

50

7
Curing Time (days)

0.1
[] R1

= 0.08} B R
>
E
2 006
i
®
=
G 0.04f
=
Q
Q
G 0.02|

0

7 28

Curing Time (days)

Change in concentrations of Ca and Cr with curing time (Bestgen et al. 2016a)
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LITERATURE REVIEW

Environmental Properties of RCA
Heavy Metal Leaching
e L/Sratio T, metal concentration | eesgencta 20160

120

100

80

60

40

Ca Concentrations (mg/L)

lowa State University

20

5 10 15
Liquid-to-Solid Ratio

20

Cr Concentrations (mg/L)

0.12

0.08 |
0.06 |
0.04 |

0.02 |

0.1 [

5 10 15
Liquid-to-Solid Ratio

20

Effects of liquid-to-solid ratio on concentrations of Ca and Cr in leachates of different RCAs (Bestgen et al. 2016a)
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LITERATURE REVIEW

Environmental Properties of RCA
Heavy Metal Leaching
e Fines content T, metal concentration T (eaietar. 2012, sestgen et 20160)

1 ——— ————T T — 1E T T T T T
i ] o R1
2 R1
O R2 O R2
3 5© 3
=)} 0o [s))
E 01} O { E o1} o o o :
@ : ] e oo ]
k<] 0 1 & ]
o o o | ® o f ]
I= H CH ] I= A o
g @ O 3 ) q
& 001F o o 6 001F = ]
o Tt ] © c 5
o | & ]
0.001 T, e L 0.001 L L i
0.01 0.1 1 10 0.01 0.1 1 10
Particle Size (mm) Particle Size (mm)

Effect of particle size on the concentrations of metals in leachates of different RCAs (Bestgen et al. 2016a)

e Fines content T, metal concentration 4 creneta 2013
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LITERATURE REVIEW

Environmental Properties of RCA
Heavy Metal Leaching

® TU fa. fO rmatl O n (Ceylan et al. 2013; Abbaspour et al. 2016)
— Precipitation of heavy metals

e Drainage quality I enanz00mswnieta. 2008)
o Coarse-grained material (> N0 4. SIeVe) (cuaandoltimore 2002)

o Washing RCA prior to application sy aasmuinsmazose

lowa State University University of Wisconsin-Madison



LITERATURE REVIEW

Geosynthetic Applications

® Pa.vements (Erickson and Drescher 2001; Zornberg 2017)
— Geotextiles — woven & nonwoven
— Geogrids — biaxial & multiaxial

e Main functions omberg 212
— Separation
— Filtration
— Reinforcement

« Base/subbase or subbase/subgrade ombergz07

| Geotextiles! (left) and geogrids? (right)
https://study.com/academy/lesson/what-is-
| geotextile-fabric-definition-types.html

| 2https://commons.wikimedia.org/wiki/File:

lowa State University University of Wisconsin-Madison



LITERATURE REVIEW

Geosynthetic Applications

Separation

 Movement of granular base layers into soft subgrade
e Contamination of subgrade =» structural support |

Asphait layer

Intruded coarse-
grained aggregates

Subgrade ———+

Separation function of geosynthetics (Zornberg 2017)

lowa State University University of Wisconsin-Madison



LITERATURE REVIEW

Geosynthetic Applications
Filtration

 Movement of subgrade soils into base layer
— Upward movement of water

* Fines content of base layers T (zomberg 2017

— Shear strength | Geosynthetic\ Drainage stones
— Permeability AR AL R LT RLT I, o

7
)/
A

_ ] . LRI
Frost-susceptibility 1 s 1

W

I(:iil'tcrat/i/on fun(I:_t(;onhof geostyl/nth(_ati(_:sh ) R A R

ps:/www.slideshare.net/samirsinhparmar/lec- oW

2-functions-and-selection-of-geosynthetics) wa? er t l
direction

lowa State University University of Wisconsin-Madison



LITERATURE REVIEW

Geosynthetic Applications
Reinforcement

° GeosynthetiCS (Holtz et al. 1998: Perkins et al. 2005: Zornberg 2012)
— Bearing capacity T
— Lateral resistance
— Permanent deformation {
— Load distribution T

o Ba.se Ia.yer tthkﬂESS ~L (Perkins et al. 2005)

Load

Load distribution mechanisms of
(a) unreinforced pavement, and
i .- (b)reinforced pavement

~ (Zornberg 2012)

lowa State University University of Wisconsin-Madison



LITERATURE REVIEW

Selected Practices of State DOTs
California DOT

e Crushed AC & PCC for base & subbase

— Caltrans Standard Specifications 2015
» Before 2006 = up to 50% of recycled materials
e After 2006 = up to 100%

 Section 25 - Subbase
_ Class 1’ Class 2’ or Class 3 DEPARTUENT OF TRANSPORTATION

— Quality control — sand equivalent!, R-value? 2015
e Section 26 — Base S e

— Class 2 or Class 3

— Quality control — sand equivalent!, R-value?

To observe the relative presence of sand vs clay. Higher value indicates less clay.
2To measure the response of compacted specimen to a vertical loading.

lowa State University University of Wisconsin-Madison



LITERATURE REVIEW

Selected Practices of State DOTs
lHlinois DOT
Crushed PCC for base & subbase

RAP for subbase only
— IDOT Standard Specifications for Road and Bridge Construction 2016

Section 1004

— RCA-CAG60r CA10 Standard Specifications
— Quality control Construction
o LA abrasion (class D) < 45% Adopted Apil 1, 2016
» Deleterious materials (class C) — Shale, clay lumps, soft fragments
 Section 303
— RAP — subbase (< 40%)
— CS01 (< 8in), CS02 (< 6 in), RRO1 (< 3 in) () mos opsmentr oo

lowa State University University of Wisconsin-Madison



LITERATURE REVIEW

Selected Practices of State DOTs
Minnesota DOT

« RAP & RCA for base
— MnDOT Standard Specifications for Construction 2018

e Section 3138
— Same as natural aggregates
— RAP < 25% (by volume) =» natural aggregate
— RAP > 25% (by volume) = recycled blend

 Different gradation specifications for different
blends
« Blending at the crushing site (no stockpiles)

(McGarrah 2007)

lowa State University University of Wisconsin-Madison



LITERATURE REVIEW

Selected Practices of State DOTs
Minnesota DOT
o Aggregate Resources Task Force (ARTF)

* To increase the efficiency

— Selecting & using virgin aggregate sources
Aggregate Mapping Program

— Minnesota Department of Natural Resources (DNR)

Aggregate Resources

* Mapping tool fask Foree

— Practical to locate high-quality aggregate sources I

— Easy access to the aggregate deposits
e 61 counties

lowa State University University of Wisconsin-Madison



LITERATURE REVIEW

Selected Practices of State DOTs
Minnesota DOT

Figure 1 - Minnesota DNR
Aggregate Resource Mapping Program

Status Map as of January 2018

Completed and Tn Progress

SHERBURNE 1957

WRIGHT 1990

ISANTI A EE]

CLAY 1987
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NICOLLET 2000

CISAGO 24 L

g | BENTDN 002

- Completed & | nonGe 2009
3 1 = |LESUEUER 200
Counties ; RENVILLE 2003

. - | rmasear 2004

Mapped by Minnesota S | mErkERs v

Geological Survey, MILLE LACS® 2008
b ' &
2000 Excluded from e
BE94 RESERVATION®
OLMSTED 2010
W Oth_er Completed R TR Al
Z Projects STEARNS 2011

FANABEC 2012
| AITEIN 2014

61 Counties Need Aggregate Data

HESS

£ 2 [KANDIYOHI st
In Progress Z | REDWOOGD 2y L8t
%
El Requested through
County Board Resolution | Requested by Comnty Board Resolution
SIBLEY LYON
Needed BECRER DOUGLAS
* SWIFT cass
YELLOW MEDICINE HUBEARD
"""" An L BELTRAMI WADENA
ST LOUTS TODD
k - . CHIPPEWA
Map Upddared Tunuary, 2018 ; ]','\xpn.u-x_l Fiscal Yoar o L“k.u_up'chic u]‘ - :
Minnesues Department of Naturl Resources, Division of Lids and Miswrals, Director Jews Richards Fimiledd 1 part v full by Minerals Cesirdinaging Commatos
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LITERATURE REVIEW

Selected Practices of State DOTs
Missouri DOT

* Reclaimed asphalt & concrete for base
— MoDOT Standard Specifications for Highway Construction 2018

o Type 1, Type 5, or Type 7 (Base)

e Section 1007

— Deleterious materials < 15%
— PI (passing No. 40 sieve) < 6

o Section 303 (Rock base)

— Stones containing < 10% (by weight) sand & shale

— Max particle size — layer thickness
e Max 12 in. for 18-in rock base
e Max 9 in. for 12-in rock base

lowa State University University of Wisconsin-Madison



LITERATURE REVIEW

Selected Practices of State DOTs
Wisconsin DOT

* Reclaimed asphalt & crushed concrete for base

— WisDOT Standard Specifications for Highway and Structure
Construction 2018

Reclaimed asphalt =»only for well-graded (dense) 1 Y4-inch agg.
Crushed concrete =» dense %-inch, 1 1/4-inch, and 3-inch agg.

e No deleterious materials STATE OF WISCONSIN
- .\‘{\SCONS%'
* Section 301 g
— > 75% of reclaimed asphaltic pavement %»opmﬁ

STANDARD SPECIFICATIONS
R

— > 90% crushed concrete with < 10% asphaltic pavement

FOl
HIGHWAY AND STRUCTURE
CONSTRUCTION

2018 Edition
Effective with December 2017 letting

lowa State University University of Wisconsin-Madison



LITERATURE REVIEW

Selected Practices of State DOTs
Wisconsin DOT

e Section 305 - base

— Reclaimed asphalt — visual inspection
— Crushed concrete - gradation specification

o Section 312 — subgrade correction (subbase)
— Crushed stone & crushed concrete
— No deleterious materials
— Gradation specification (max 5 in)
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LITERATURE REVIEW

Selected Practices of State DOTs
Michigan DOT

e Crushed concrete for base
— MDOT Standard Specifications for Construction 2012

e Section 902
— Gradation (21AA, 21A, 22A, 23A)

— Quality (% of crushed material, LA abrasion < 50%) 2012
— < 5% of brick, wood, plaster
: STANDARD
— Steel pieces SPECIFICATIONS
: FOR
« Environmental concerns o CONSTRUCTION
— Interlayer between base & subgrade (min 12 in) i EsaTA WGORPORATED
— Geotextile liner or geomembrane *MDOT

lowa State University University of Wisconsin-Madison



LITERATURE REVIEW

Recommendations

Characteristics of asphalt binder under various temperature
Long-term moisture susceptibility of RCA
The effect of temperature on compaction characteristics of RAP

Engineering properties of RAP materials compacted at different
temperatures.

A maximum time to complete compaction for RCA
Effects of angularity and elongation of materials
Water retention curve characteristics of materials
Heavy metal leaching mitigation mechanisms
In-depth cost analysis

lowa State University University of Wisconsin-Madison



TECH TRANSFER

Draft Outline

Introduction — reasons
General uses of the materials

Properties of base and subbase layers with the materials

State Specifications
Sustainability
Design guidelines
Recommendations

Questions ?

Scope of the report ?

CPuar
4

MAP Brief March 2016

Concrete Pavement Recycling and the Use
of Recycled Concrete Aggregate in Concrete
Paving Mixtures

http://www.cproadmap.org/publicat
ions/MAPbriefMarch2016.pdf

Single or separate reports for recycled materials and LSSB?

University of Wisconsin-Madison

lowa State University




TO-DO LIST

Laboratory study

* lowa State University
— Soil classification
— Image analysis
— Proctor & gyratory compaction
— Asphalt & cement content determination
— Contact angle measurement

* University of Wisconsin-Madison
— Soil classification
— Soil-water characteristic curve
— Permeability
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DCP DATA ANALYSIS

*Colored graphs
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DCP DATA ANALYSIS
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