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Importance of Pavement Smoothness

A Agency Perspective:

1. LO0Qa AYLERNIFYd G2 GKS dza s
2. Smoother roads last longer.

3. Smoother roads stay smoother longer.

4, Smoother roads are safer.

5.  Smoother roads save money.
C

1

2

A

ontractor Perspective:
Reflects the quality of your work.
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IRl Requirements
Argentina (2017):

% of Requirements (m/km)

hectometres

New Const. New Const. New Const. PPP

5% Bonus 5% Penalty Projects
50 <15 <1.0 <l1l.7 <1.8
80 <1.8 <1.3 <2.0 <2.0
100 <2.0 <15 <2.2 <2.2

Typical U.S.:
I <1.10 m/km (70 in/mile) for posted speeds2kph (45 mph)
I <1.42 m/km (90 in/mile) for posted speeds < 72 kph (45 mph)
I Maintenance triggers vary widely
I Incentives and disincentives vary widely
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Minnesota Ride Quality Requirements

A Use Inertial Profiler anBroValsoftware to compute mean
roughness index (MRI)

A Exclusions:
I Posted speed limit < 45 mph (72 kph)
I Ramps and loops

i Acceleration/deceleration lanes and projects < 1000 ft (300m) long
I Intersections constructed under traffic

A Pay adjustments (inferred requirement = 65 in/mile [1.02 m/km]

<45 in/mile [<0.71 m/km] $890 USD/0.1 mile [$553 USD/0.1km]
45¢ 85 in/mile [0.71¢ 1.34 m/km] 2892.544.5*MRI /0.1 mile
[1799.41.756*MRI] /0.1 km
>85 in/mile [>1.34 m/km] Correct to 65.0 in/mile [1.02 m/km]

Sections 2399 in MNnDOT 2018 Construction Specificgtion
http://www.dot.state.mn.us/pre-letting/spec/2018/2018specbook-final.pdf
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Minnesota Ride Quality History

Mean Smoothness (m/km)

PCC-A

2015 2016 2017 2018
Contractor A 0.98 0.73
Contractor B 0.95
Contractor C 0.91 0.97 0.76
Contractor D 0.95 0.95 0.86
Contractor E 0.87
Contractor F 1.00 0.73
Contractor G 0.74 0.69 0.63 0.72
Contractor H 0.75 0.91 0.80 0.72
All Contractors 0.80 0.91 0.83 0.76
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Minnesota Ride Quality Reqguirements
¢ Pay Adjustments for Corrective Work

0 Smoothness Before Paving — Smoothness After Paving
0L — %

Smoothness Before Paving

Percent Improvement (%l) | Pay Adjustment, USD/0.1 mil

>70.0 $180
0.0¢ 70.0 -180 + 5.143 (%)
<0.0 Correct to %P 0.0

Section 2399 in MnDOT 2018 Construction Specification
http://www.dot.state.mn.us/pre-letting/spec/2018/2018specbook-final.pdf
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General Concepts for Constructing
Smooth, Long_asting Pavements
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Critical Factors

A A good paving mixture

A A good grade &racklinefor paving

A Stringlinemanagement

A Continuous supply of material to paver
A Consistent paving material workability

A We
A Pro

| maintained paving equipment

ner operation of paving equipment

A Controlled density of paving material
A A skilled and dedicated crew
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AWorkability
ADurability
AStrength

(Workability and durability
are as important as strength)
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Aggregate Gradation

A CONTROLS workability!!
I Aggregate shape and texture are important, too!
A Wellgraded combined aggregate gradation will:

I Reduce water demand
I Lower drying shrinkage

I Increase workability < # a O
y o by =<
I Improve strength (-
{ _/,E,"/"\‘ ;jf\v,;}.\ )
\Nell Graded Pogﬁ;' Graded Gap Graded
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—_— ot d o Coarsness Factor: w47 Wiorkability Facton 355
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Cement

A¢CKS a3fdzS¢ GKFEG K2f R&a O:
A More cementcanmean more strength, but:

Need more air entraining admixture for desired air
Need more water, resulting in more drying shrinkage
Increased risk of segregation with more paste

More bleed water, increasing permeability

Earlier sawing required
Stiffer mixture

Less fatigue capacity
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CementitiousMaterials Content

A Use no moreementitiousmaterial than is
necessary to meet strength and workability
i Typical minimum is about 300 kg?ror slipform

Material

Maximum Dosage
(%, by weight)

Fly ash

25%

Slag cement

40%

Total of fly ash and slag cement

50%

A Supplementary Cementitious Materials
(SCMs) may retard strength gain
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How SCMs Work

Cement
+ +

Water CH + SCM + Water

(w/c = 0.365, RCP: @ 28 days)

g 7000 -
g 6000 -
g 5000 -
© 4000-
[a 4
3 3000

@ 2000

1000 - l
O T T T T

Class F Class C1 Class C2 GGBFS
All fly ash 25% replacement, GGBFS 35%

Source: National Concrete Pavement Technology Center
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Water-Cementitiousa | (IR@tfo

A Lower w/cm = higher strength, durability
I Slipformpaving: 0.45 max (0.49p)
I Fixedform paving/hand pours: 0.50 max (0.4/p)

80
Qo FOr W/ Cm beIOW 70k 28-day strength 110000
Moist cured cylinders
about 0.40, £ wof |
autogenous ERel :
hrinkage ma s |
shrinkag y F oo
be a concern. = ) :
© ol 2000
0 0

| | | | |
0.25 0.35 0.45 0.55 0.65 0.75 0.85
Water-cement ratio
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A Certification of batching
equipment

A Prequalification of contractor
A INSPECT, INSPECT, INSPEC

i
i Air Content

i Unit Weight

|
I Thickness

I Smoothness

i Dowel alignment
| Fleld operations

QA/QC

Flexural strength

Water/cementitiousratio
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Microwave Oven Testing of Water Content In
Freshly Mixed Concretei AASHTO T 318




Quality Starts from the Ground Up

A Roadbed
(subgrade and
subbase) design
and construction
are key to:

I Longterm
performance

I Smoothness (initi
and longterm)

aaaaaaaaaaaaaaaa
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What is Good Support?

AUniformity in Material and Grading (most
Important!)

AResistant to erosion

AEngineered to control roadbed soil
expansion/frost heave
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Place Base to Specified Tolerance

A Enhance pavement
performance

A Minimize loss of paving
material

A Minimize/eliminate
thickness penalties

A Enhance smoothness
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Stabilized Bases

A Soil-Cement (SC), Cement-Treated Base (CTB), Asphalt-
Treated Base (ATB), Lean Concrete Base (LCB)

A Potential for concrete pavement cracking with very stiff base
A Typical specified 7-day f @inoits for SC, CTB and LCB: 5.0 - 8.0 MPa
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Track Line

Extend base 1 m beyond
outside edge of pavement -
keep it clean!

i . g
o > SR e g e e ——— -..T’ 3
B AN SN O Y
(P '
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Placement Factors Impacting Dowel Alignment/Locatior

A Baskets
I Basket rigidity and design

A6 ANB aAl Saszx £S3 aKlLSa oav

Al éKELEKE! €0

I Handling
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Placement Factors Impacting Dowel Alignment/Locatior
A Baskets

I Basket anchoring pins, support layer, etc.

A Especially a concern for concrete overlays and new construction on
stabilized bases

A See FHWA Tech Brief: Dowel Basket Anchoring Methbtis/ 2016
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FHWA Tech Brief on Basket Anchoring

Recommended practices
for:

Anchor types (design,
length, etc.)

Anchor locations and
guantities

Construction practices to
minimize potential
basket damage and
movement

Basket braces and other
supplemental support
systems

Tech Brief

MAY 2016 FHWA-HIF-1

DOWEL BASKET ANCHORING METHODS

Best Practices for Jointed Concrete Pavements

(A

US.Department
of Transportation

Federal Highway
Administration

INTRODUCTION

Dowels are the most common form of load transfer in concrete pavements
They come in various sizes, shapes, and materials, but to perform optimally
over the course of the pavement life, they need to be oriented appropriately and
within tolerable location limits in the slab. Proper placement ensures optimal
load transfer with minimal added stress to the pavement. For this reason
attention to dowel placement during paving is important, and ensuring that
dowel placement accuracy is maintained through paving is a necessary quality
control activity.

Dowel basket fasteners, such as basket clips and stakes, are commonly used
to secure dowel baskets for the paving process. This tech brief summarizes the
purpose and recommendations for ensuring that dowels placed using baskets
maintain their position and elevation through the paving process. Additional
details can be found in the Guide fo Dowel Load Transfer Systems for Jointed
Concrete Roadway Pavements (Snyder 2011)

DOWEL ALIGNMENT AND PLACEMENT

The location and alignment of dowel bars is important to achieve intended
performance. This is true regardless of whether dowels are placed using a
mechanical dowel bar inserter (DBI) or placed before paving with baskets,
which is the subject of this tech brief.

Pavement specifications typically include placement tolerances. These
tolerances call for dowels to be placed reasonably close to parallel with

the pavement centerline and the pavement surface. This also resuits in the
dowels being parallel to each other. Specifications also require that dowels be
located within mid-depth of the slab. Dowels that are significantly misaligned or
mislocated (as illustrated in Figure 1) may not function as intended and, if well
out of tolerance, can cause detrimental pavement damage.

Plan View Plan View
|
’ 1|
z
] Horizontal S
§ Skew 5 Horizontal Translation
o
E Section View = Section View Plan View
a 4
v} Qa
= = I%
i
Vertical Vertical Longitudinal
Tilt Translation Translation

sfter Teyabe 1966 and FHINA.

k{glre 1. Five types of dowel bar misalignment and misfocation

Available at: www.fhwa.dot.gov
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Placement Factors Impacting Dowel Alignment/Locatior

A Dowel Bar Insertion (DBI)

I Dowel feed issues

I Equipment problems (e.qg.,
damaged insertion forks)
cause systematic problems

I Concrete mixture too stiff or
too soft/consolidation around
dowel bars

iFacCt 21 G)\yEIé vFv22
O{ AY] 1 AYIE R2Z2gX

I Automated saw cut location
marks
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SawcutNot Over Dowel Bar

Plan Eiew

Longitudinal
Translation
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4 \V4 l,l -~
Plan View 2 KFuQa U0KS
Load
Horizontal Horizontal Skew
Skew : :
Vertical Tilt Yes Yes Yes
Section View Horizontal Translation C C Yes
Longitudinal C C Yes
e Translation
Vertical Translation Yes C Yes
Vertical
Tilt

Plan View Plan View Section View
| -'.'...-:.-:.-.'.'-.::I;.'i-;:_-- | =

HEN i b
I I I I I Ii!-‘-‘-‘f:'.:::::::
=

Longitudinal Vertical
Translation Translation

Horizontal Translation
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Potential Dowel Misalignment Problem
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Measuring Dowel Alignment and Locatic
,_ Q_Ma netic Imaging Tomography
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Measuring Dowel Alignment and
Location¢ Other Techniques
A GroundPenetrating Radar (GPR)

A Ultrasonic tomography
I Utilizes sound waves

i Like GPR, can also detect oth  *
ISsues, such as delaminatior




Misalignment andMislocation:
How Much i1s Too Much???

AAAAAAAAAAAAAAAA
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A NCHRP 2009Report 637,
GDdA RSt AySa F2N
ry /2yonBas t+¢ NCGHRPE

|
I Laboratory tests

.

I Pavement performance modeling

I Design and construction guidelines

azalu wSOSyu «a&.

REPORT 637

Field tests and evals

3D FEM and theoretical analysis e Concrete Pavoments

and recommendations for dowel
alignment levels
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Field Evaluation

A 35,000 dowels | 2,300 joints | 60 projects | 17
states

A Typical range of misalignment/mislocation witib
significant effect on pavement performarce

I Horizontal skevor vertical tilt: < 13mm over 45cm
dowel _

I Longitudinal translation:
+50mm over 45cm 20%
dowel

§
I Vertical translation:

+13mmfor30cmor :
less In thickness o L] ﬂ_HT
0% A |_| ﬂ 0 @ = [

0.0to 0.25t0 0.5to 0.75t0 1.0to 1.25t0 1.5to L75to 2.0to 2.25to 2.5to 2.75t0 3.0to
0.25in. 0.5in. 0.75in. 1.00dn. 1.25in. 1.5in. 1.75in. 2.0in. 2.25in. 2.5in. 2.75in. 3.0in. 6.5in

LongT.l n,
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Dowel
extens10n

Laboratory Testing

Dowel mserter

Tapped end of
the dowel

A 64 singledowel tests

A Two-part test:
I Pullout to simulate joint opening
I Shear test to simulate loading on damaged system

A Results:
i Dowel lubrication significantly affects pullout force

I Dowel rotation as extreme as 50mm per 45cm dowel does not affect
shear capacity

I Reduction in concrete cover from 90mm to 30mm causes severe
reduction in ultimate shear capacity

I Reduction in dowel embedment length to 75mm and less significantly
reduces shear capacity

I Combinations of misalignment amaislocationhave a compounding
effect on shear performance

AAAAAAAAAAAAAAAA
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Effect of Embedment Length

12000
10000 = =0 in. embedment
!’ .'l'“": """ 6 in. embedment
2000 K _."' “ "-‘ =24 in. embedment
7 v
F i “ \: sse¢ 3 in. embedment
. 4 T
ﬁ : — 2 in. embedment
S 6000 .
5 4 H
£ F :
w 2
4000 - L
* - L ]
0] - [ ]
" * L]
3 ‘ .
A ®
2000 - i . . \

0 0.02 0.04 0.06 0.08 0.1 0.12

Relative Displacement. in.

Initial slope = shear stiffness
Max shear force = shear capacity
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Dowels Do Not
Need to be at MidDepth

Dowel requires only
adeqguate cover (concrete
shear capacity) and to
avoid conflict with saw
cut
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Recommendations for Standardized Dowel
Load Transfer Systems for Jointed Concrete
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Two thresholds to consider for each
positioning measure:

0 TH1 TH2 Positioning Error

| | L
-

TH1 = Alignment or location threshold representing upper limit of good construction practices
TH2 = Alignment or location threshold representing lower limit for risk of damage or performance issues

Develop TH1 (Acceptance) values based on what is reasonably achieved with good
practices.

Develolp TH2 (Rejection) values based on what causes distress or other performance
ISsues.

ORGANIZA AUSPICIA
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ACPA Guide Spec Acceptance Limits

AYp s 0
410 0 C DPE Alte C C 0 0
slerance
0.75 In. Decrease upper limit b
Composite Misalignment O in. [19mm]/18 in. | (rot. accuracyg 0.25 in
[450mm] [6mm])
Increase lower limit an
Side Sh!f'[ (Longitudinal 2 in. E50mm] 2 in. [50mm] decrease upper limit b
Translation) (long. trans. accuraoy
0.5in [12mm])
Horizontal Translation N/A* N/A* N/A*

Depth (Distance from Pavemer
Surface to Dowel Centroid)

Nominal Slab
Thickness/2

- Y% in [13mm]

Nominal Slab
Thickness/2

+ %% in [13mm]

AAAAAAAA

Increase lower limit an
decrease upper limit b
(depth accuracy
0.25in [6mm])

just weighting

| \feoufactors, naf,3S-dimat:




ACPA Guide Spec Rejection Limits

Composite Misalignment

> 2 in. [50mm]

Decrease by (rot. accuragy0.25
In [6Bmm])

Side Shift (Longitudinal
Translation)

|Side Shift| > (E8)/2 in
(L = nominal dowel
length)

Decrease by (long. trans.
accuracyc 0.5 in [12mm)])

Horizontal Translation

N/A*

N/A*

Depth (Distance from
Pavement Surface to Dowel
Centroid)

< Saw Cut Depth
+ %4 in [6mm] + dowel
diameter/2 or > Slab
Thicknesg (2 inches
[50mm] +dowel
diameter/2)**

Decrease upper limit by (depth
accuracyg 0.25in [6mm])

Joint Score

Effective Panel Length > &0

[20 m]

Adjust weighting factors, not JS
limit.
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Stringlines

w Can be wire, cable, woven nylon, polyethylene rope, o
another similar material

A Stringlines control:
0o UKS aauSSNJ
paving machine
o the elevation of the

pavement surface s e
o the pavement thickness ‘SF%gas | g
e Alignment..
ANV Sehsing:
B . - Wand

| Elevation
Sensing
Wand™

VIALIDAD
NACIONAL @ BANCO MUNDIAL
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StringlineManagement

A Clean and tight splices

A Use rigid stakes watch for
staking errors

A Maximum stake spacing of 8m
o0 No perceptible sagging

0 Adjust stake spacing to fit
conditions

0 See Staking Interval Calculator at
apps.acpa.org for recommendations
on curves

& _; “~_‘-'.‘_.‘_.: : . 7 _ - ;
O | P : A/
| OHGAN'Z -
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StringlineManagement
| ©§

A Continually check line tension %

Attt OS 4gAYyOKSa =

A Stringlines on both sides of
paving?

A Cantilever or trusses needed to
reach stringline? |

.........

AAAAAAAAAAAAAAAA
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Stringless control of fulividth highway paving.
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2 K| G Stringlestx | GA y 3

A An alternative to
conventional stringline

_ paving.

A Uses electronic guidance
systems instead of pins,
sensors, and stringline to
control elevation and
steering of the paving
machine(s). 5

A{2YSuAYSa Ol -
LI OA Yy 3 DE

AAAAAAAAAAAAAAAA
46 | TITLE ICPI\ mch'gﬁﬂ @ BANCO MUNDIAL




Four Basic Steps

1 ¢ Create survey control network.

2 ¢ Collect field survey data of existing surface.

3 ¢ Design roadway/create 3D model; convert data for machine
Inputs.

4 ¢ Transfer simplified model to the paving machine, set up
Instruments, tie into control points, and pave!

STEP 1 STEP 2 STEP 3 STEP 4

aaaaaaaaaaaaaaaa
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Machine Control Improvements

itfl OSa Sy3aAysS
directly into machine(s).
I Controls elevation, slope, anc

e ™Ay, N ¥ steer of machines with truer
R By /__. I Reduces or eliminates chords
T e i B A . created by stringline

hubs/pins.
The control points that I Reduces wave patterns
link the 3D model to the Introduced by improperly
real world are the key to tensioned stringline sensors.

paving accuracy.

AAAAAAAAAAAAAAAA
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Quality and Process Control Benefits

A More precise (digital)
machine control,
tighter tolerances.

A Better and more
consistent ride quality.

A Better control over
material quantities
and costs.

A Lower yield loss.

Control of horizontal and vertical
curves Is significantly more accurate
to the planc arcs are paved rather
than a series of chords!

AAAAAAAAAAAAAAAA
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Concrete Placement

A Deposit concrete as close t¢
paver as possible

A Avoid stop & go operation

A Maintain uniform speed &
head al

A No front end loaders or Y
backhoes to distribute e
concrete

50| TITLE



Concrete Placement Issues

A Do not add water to 1l
front of paver Lo =
I Reduced strength
I Reduced durability

A Proper vibration effort
I Control consolidation across paving width

I Provide just enough fines at surface for a tight
finish

AAAAAAAAAAAAAAAA
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Consolidation

A The internal vibrators on the paver fluidize
the concrete for extrusion

A Adequate consolidation
I Required around dowels and tie bars
I Throughout the slab

‘3.‘ T nony

PR
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Vibrator Frequency Monitoring

8700 | 8100 | 7600 | 8850 | 8450 | 8500 | 8300 | 8360 | 7550 | 8900 | 7900 | 8250 | 8360 | 84080 | 7950 | 8350
12000 12000
9000 <9000
6000: <6000
3000 3000
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Two-LIift Construction

A Placement of concrete in two lift:
(wet-on-wet) no more than 60
minutes apart.

A An increasingly common practice
In the U.S.

A Standard practice in some
European countries since 1980s &

A Primary benefit: ability to use L RS
marginal and recycled aggregate A &
in lower lif hgas

A Side benefit: Improved ride
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I IRl values as low as 0.5 m/km hafss" .
been reported IR

A3, ' ) . )
o : - A o ’ 8 .?'\,“‘\»: 1 _.~v_f‘ G S ‘\ "4
g A BN Uy LI T8 .v‘K’-‘.wi‘ sl :
W o AR RN Y L B LN R PR e n
8 Seeinly . - A AR out] NP, % WA
AAAAAAAAAAAAAAAA
. VIALIDAD
56 | TITLE NACIONAL @Eﬁ'ﬁ'ﬁo MUNDIAL

i




Use of Reallime Smoothness (RTS)
Measurements to Improve
AsBuilt Pavement Quality
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ReatTime Smoothness Measurement

What it Is:

A An integrated system
of profile data
collection sensors
and processing
software that
provides real-time
profile feedback to
the contractor.

What it is not:
A A replacement for conventional profiling for acceptance

A A replacement for better practices to construct smoother
pavements

AAAAAAAAAAAAAAAA
5 8 | TITLE |C|'\ xr&‘gﬁf‘_ @ BANCO MUNDIAL




Ames Engineering Redlime Profiler

A Laserbased
system

A Monitors profile
directly behind
paver

A Displays profile
and IRl in real time

A ldentifies areas of
localized
roughness and
must-grind
locations
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