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Importance of Pavement Smoothness 

ÅAgency Perspective: 

1. LǘΩǎ ƛƳǇƻǊǘŀƴǘ ǘƻ ǘƘŜ ǳǎŜǊ όǘŀȄǇŀȅŜǊύΦ 

2. Smoother roads last longer. 

3. Smoother roads stay smoother longer. 

4. Smoother roads are safer. 

5. Smoother roads save money. 

ÅContractor Perspective: 

1. Reflects the quality of your work. 

2. $$$ 
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IRI Requirements 
Argentina (2017): 

 

 

 

 

 

 

Typical U.S.: 
ï<1.10 m/km (70 in/mile) for posted speeds > 72kph  (45 mph) 

ï<1.42 m/km (90 in/mile) for posted speeds < 72 kph (45 mph) 

ïMaintenance triggers vary widely 

ïIncentives and disincentives vary widely 
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% of 
hectometres 

Requirements (m/km) 

New Const. New Const. 
5% Bonus 

New Const. 
5% Penalty 

PPP 
Projects 

50 <1.5 <1.0 <1.7 <1.8 

80 <1.8 <1.3 <2.0 <2.0 

100 <2.0 <1.5 <2.2 <2.2 
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Minnesota Ride Quality Requirements 
ÅUse Inertial Profiler and ProVal software to compute mean 

roughness index (MRI) 
ÅExclusions: 
ïPosted speed limit < 45 mph (72 kph) 
ïRamps and loops 
ïAcceleration/deceleration lanes and projects < 1000 ft (300m) long 
ï Intersections constructed under traffic 

ÅPay adjustments (inferred requirement = 65 in/mile [1.02 m/km]) 
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Sections 2399 in MnDOT 2018 Construction Specification ς  
http://www.dot.state.mn.us/pre-letting/spec/2018/2018-spec-book-final.pdf 

Smoothness Pay Adjustment 

<45 in/mile [<0.71 m/km] $890 USD/0.1 mile [$553 USD/0.1km] 

45 ς 85 in/mile [0.71 ς 1.34 m/km] 2892.5-44.5*MRI /0.1 mile 
[1799.4-1.756*MRI] /0.1 km 

>85 in/mile [>1.34 m/km] Correct to 65.0 in/mile [1.02 m/km] 
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Minnesota Ride Quality History 
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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

PCC-A
Mean Smoothness (m/km)
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Minnesota Ride Quality Requirements 
ς Pay Adjustments for Corrective Work 
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Section 2399 in MnDOT 2018 Construction Specification - 
http://www.dot.state.mn.us/pre-letting/spec/2018/2018-spec-book-final.pdf 

Percent Improvement (%I) Pay Adjustment, USD/0.1 mile  

>70.0 $180 

0.0 ς 70.0 -180 + 5.143 (%I) 

<0.0 Correct to %I > 0.0 
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General Concepts for Constructing 
Smooth, Long-Lasting Pavements 
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Critical Factors  

ÅA good paving mixture 

ÅA good grade & trackline for paving 

ÅStringline management 

ÅContinuous supply of material to paver 

ÅConsistent paving material workability 

ÅWell maintained paving equipment 

ÅProper operation of paving equipment 

ÅControlled density of paving material 

ÅA skilled and dedicated crew 
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Key Properties of Concrete 

ÅWorkability 

ÅDurability 

ÅStrength 

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

ÅCONTROLS workability!! 

ïAggregate shape and texture are important, too! 

ÅWell-graded combined aggregate gradation will: 

ïReduce water demand 

ïLower drying shrinkage 

ïIncrease workability 

ïImprove strength 
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Aggregate Bins 

16 to 32 mm  8 to 16 mm 4 to 8 mm  0 to 4 mm  
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Cement 
Å¢ƘŜ άƎƭǳŜέ ǘƘŀǘ ƘƻƭŘǎ ŎƻƴŎǊŜǘŜ ǘƻƎŜǘƘŜǊ 

ÅMore cement can mean more strength, but:  

ïNeed more air entraining admixture for desired air 

ïNeed more water, resulting in more drying shrinkage 

ïIncreased risk of segregation with more paste 

ïMore bleed water, increasing permeability 

ïEarlier sawing required 

ïStiffer mixture 

ïLess fatigue capacity 
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Cementitious Materials Content 

ÅUse no more cementitious material than is 
necessary to meet strength and workability 
ïTypical minimum is about 300 kg/m3 for slipform 

 
 
 
 
 
 
 

ÅSupplementary Cementitious Materials 
(SCMs) may retard strength gain 
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Cement  

Water  + SCM + Water  
+ 

C-S-H 
+ 

CH  = more C -S-H  
= 

How SCMs Work 

Source: National Concrete Pavement Technology Center 
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Water-Cementitious aŀǘΩƭ Ratio 
ÅLower w/cm = higher strength, durability 

ïSlipform paving: 0.45 max (0.40 typ) 

ïFixed-form paving/hand pours: 0.50 max (0.45 typ) 

For w/cm below    
about 0.40,    
autogenous          
shrinkage may    
be a concern. 
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ÅCertification of batching 
equipment 
ÅPre-qualification of contractor 
ÅINSPECT, INSPECT, INSPECT 
ïFlexural strength 
ïAir Content 
ïUnit Weight 
ïWater/cementitious ratio 
ïThickness 
ïSmoothness 
ïDowel alignment 
ïField operations 

QA/QC 

Photo credit: PCA 
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Microwave Oven Testing of Water Content in 
Freshly Mixed Concrete ï AASHTO T 318 
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Quality Starts from the Ground Up 

ÅRoadbed 
(subgrade and 
subbase) design 
and construction 
are key to:  

ïLong-term 
performance  

ïSmoothness (initial 
and long-term) 
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What is Good Support? 

ÅUniformity in Material and Grading (most 
important!) 

ÅResistant to erosion 

ÅEngineered to control roadbed soil 
expansion/frost heave 
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Place Base to Specified Tolerances 

ÅEnhance pavement 
performance 
ÅMinimize loss of paving 

material 
ÅMinimize/eliminate 

thickness penalties 
ÅEnhance smoothness 
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Stabilized Bases 
Å Soil-Cement (SC), Cement-Treated Base (CTB), Asphalt-

Treated Base (ATB), Lean Concrete Base (LCB) 

Å Potential for concrete pavement cracking with very stiff base 
Å Typical specified 7-day fôc limits 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! 

Paver sinkage !!  
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Placement Factors Impacting Dowel Alignment/Location 

ÅBaskets 

ïBasket rigidity and design 

ÅǿƛǊŜ ǎƛȊŜǎΣ ƭŜƎ ǎƘŀǇŜǎ όάWέ Ǿǎ 
ά!έκέ±έκέ¦έύ 

ïHandling 
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Placement Factors Impacting Dowel Alignment/Location 

ÅBaskets 

ïBasket anchoring ς pins, support layer, etc. 
ÅEspecially a concern for concrete overlays and new construction on 

stabilized bases 

ÅSee FHWA Tech Brief: Dowel Basket Anchoring Methods ς May 2016 
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FHWA Tech Brief on Basket Anchoring 
Recommended practices 
for: 

ÅAnchor types (design, 
length, etc.) 

ÅAnchor locations and 
quantities 

ÅConstruction practices to 
minimize potential 
basket damage and 
movement 

ÅBasket braces and other 
supplemental support 
systems 

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

ÅDowel Bar Insertion (DBI) 
ïDowel feed issues 

ïEquipment problems (e.g., 
damaged insertion forks) 
cause systematic problems 

ïConcrete mixture too stiff or 
too soft/consolidation around 
dowel bars 

ïάCƭƻŀǘƛƴƎέ ŘƻǿŜƭǎ όŜΦƎΦΣ CwtύΚ 
ά{ƛƴƪƛƴƎέ ŘƻǿŜƭǎΚ 

ïAutomated saw cut location 
marks 
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Sawcut Not Over Dowel Bar 
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²ƘŀǘΩǎ ǘƘŜ /ƻƴŎŜǊƴΚ 

Spalling Cracking 
Load 

Transfer 

Horizontal Skew Yes Yes Yes 

Vertical Tilt Yes Yes Yes 

Horizontal Translation ς ς Yes 

Longitudinal 
Translation 

ς ς Yes 

Vertical Translation Yes ς Yes 
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Potential Dowel Misalignment Problems 
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Measuring Dowel Alignment and Location 
ς Magnetic Imaging Tomography 
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Measuring Dowel Alignment and 
Location ς Other Techniques 

ÅGround-Penetrating Radar (GPR) 

ÅUltrasonic tomography 

ïUtilizes sound waves 

ïLike GPR, can also detect other    
 issues, such as delamination 
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Misalignment and Mislocation: 
How Much is Too Much??? 



34 | TITLE 

aƻǎǘ wŜŎŜƴǘ ά.ƛƎέ {ǘǳŘȅ 

ÅNCHRP 2009 ς Report 637, 
άDǳƛŘŜƭƛƴŜǎ ŦƻǊ 5ƻǿŜƭ !ƭƛƎƴƳŜƴǘ 
ƛƴ /ƻƴŎǊŜǘŜ tŀǾŜƳŜƴǘǎέ 
ïField tests and evals 

ïLaboratory tests 

ï3D FEM and theoretical analysis 

ïPavement performance modeling 

ïDesign and construction guidelines 
and recommendations for dowel 
alignment levels 
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Field Evaluation 
Å35,000 dowels | 2,300 joints | 60 projects | 17 

states  
ÅTypical range of misalignment/mislocation with no 

significant effect on pavement performance: 
ïHorizontal skew or vertical tilt: < 13mm over 45cm 

dowel 
ïLongitudinal translation:     

 ± 50mm over 45cm     
 dowel 
ïVertical translation:      

 ± 13mm for 30 cm or     
 less in thickness 
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Laboratory Testing 

Å64 single-dowel tests 
ÅTwo-part test: 
ïPull-out to simulate joint opening 
ïShear test to simulate loading on damaged system 

ÅResults: 
ïDowel lubrication significantly affects pullout force 
ïDowel rotation as extreme as 50mm per 45cm dowel does not affect 

shear capacity 
ïReduction in concrete cover from 90mm to 30mm causes severe 

reduction in ultimate shear capacity 
ïReduction in dowel embedment length to 75mm and less significantly 

reduces shear capacity 
ïCombinations of misalignment and mislocation have a compounding 

effect on shear performance 
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Effect of Embedment Length 

Initial slope = shear stiffness 
Max shear force = shear capacity 



38 | TITLE 

Dowels Do Not  
Need to be at Mid-Depth 

ÅDowel requires only 
adequate cover (concrete 
shear capacity) and to 
avoid conflict with saw 
cut 
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Two thresholds to consider for each 
positioning measure: 

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. 
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Criterion Lower Limit Upper Limit 
Limit Adjustments for 

Alternative Equip 
Tolerances 

Composite Misalignment 0 in. 
0.75 in. 

[19mm]/18 in. 
[450mm] 

Decrease upper limit by 
(rot. accuracy ς 0.25 in 

[6mm])  

Side Shift (Longitudinal 
Translation) 

-2 in. [-50mm] 2 in. [50mm] 

Increase lower limit and 
decrease upper limit by 
(long. trans. accuracy ς 

0.5 in [12mm]) 

Horizontal Translation N/A* N/A* N/A* 

Depth (Distance from Pavement 
Surface to Dowel Centroid) 

Nominal Slab 
Thickness/2 

 - ½ in [13mm] 

Nominal Slab 
Thickness/2 

 + ½ in [13mm] 

Increase lower limit and 
decrease upper limit by 

(depth accuracy ς 
0.25in [6mm]) 

Joint Score 0 15 
Adjust weighting 

factors, not JS limit. 

ACPA Guide Spec Acceptance Limits 
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Criterion Rejection Levels 
Limit Adjustments for  

Alternative Equip Tolerances 

Composite Misalignment > 2 in. [50mm] 
Decrease by (rot. accuracy ς 0.25 

in [6mm])  

Side Shift (Longitudinal 
Translation) 

 |Side Shift| > (L-8)/2 in  

(L = nominal dowel 
length) 

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

Horizontal Translation N/A* N/A* 

Depth (Distance from 
Pavement Surface to Dowel 
Centroid) 

< Saw Cut Depth                                                                                                              
+ ¼  in [6mm] + dowel 
diameter/2 or > Slab 
Thickness ς (2 inches 

[50mm] +dowel 
diameter/2)** 

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

Joint Score 
Effective Panel Length > 60 ft 

[20 m] 
Adjust weighting factors, not JS 

limit. 

ACPA Guide Spec Rejection Limits 
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Stringlines 

ÅStringlines control: 
o ǘƘŜ άǎǘŜŜǊƛƴƎέ ƻŦ ǘƘŜ 

paving machine 
o the elevation of the 

pavement surface 
o the pavement thickness 

Alignment 

Sensing 

Wand 

Elevation 

Sensing 

Wand 

Stringline 

ωCan be wire, cable, woven nylon, polyethylene rope, or 
another similar material 
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Stringline Management 

ÅClean and tight splices 

ÅUse rigid stakes ς watch for 
staking errors 

ÅMaximum stake spacing of 8m 

o No perceptible sagging 

o Adjust stake spacing to fit 
conditions 

o See Staking Interval Calculator  at 
apps.acpa.org for recommendations 
on curves 
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Stringline Management 

ÅContinually check line tension 

ÅtƭŀŎŜ ǿƛƴŎƘŜǎ ŀǘ Җ оллƳ  

ÅStringlines on both sides of 
paving? 

ÅCantilever or trusses needed to 
reach stringline?  
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Stringless control of full-width highway paving. 
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²Ƙŀǘ ƛǎ άStringless tŀǾƛƴƎέΚ 

ÁAn alternative to 
conventional stringline 
paving. 
ÁUses electronic guidance 

systems instead of pins, 
sensors, and stringline to 
control elevation and 
steering of the paving 
machine(s). 
Á{ƻƳŜǘƛƳŜǎ ŎŀƭƭŜŘάо5 
ǇŀǾƛƴƎΦέ 
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Four Basic Steps 
1 ς Create survey control network. 

2 ς Collect field survey data of existing surface. 

3 ς Design roadway/create 3D model; convert data for machine 
inputs. 

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

 

STEP 1 STEP 3 STEP 4 STEP 2 
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Machine Control Improvements 

ïtƭŀŎŜǎ ŜƴƎƛƴŜŜǊΩǎ ŘŜǎƛƎƴ 
directly into machine(s). 
ïControls elevation, slope, and 

steer of machines with truer 
input. 
ïReduces or eliminates chords 

created by stringline 
hubs/pins. 
ïReduces wave patterns 

introduced by improperly 
tensioned stringline sensors. 
 

The control points that 
link the 3D model to the 
real world are the key to 
paving accuracy. 

! 
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Quality and Process Control Benefits 

ÁMore precise (digital) 
machine control, 
tighter tolerances.  

ÁBetter and more 
consistent ride quality. 

ÁBetter control over 
material quantities 
and costs. 

ÁLower yield loss. 

 
Control of horizontal and vertical 

curves is significantly more accurate 
to the plan ς arcs are paved rather 

than a series of chords!  

 

! 
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Concrete Placement 

ÅDeposit concrete as close to 
paver as possible 

ÅAvoid stop & go operation 

ÅMaintain uniform speed & 
head 

ÅNo front end loaders or 
backhoes to distribute 
concrete 
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Concrete Placement Issues 

ÅDo not add water to                         concrete in 
front of paver 
ïReduced strength 

ïReduced durability 

 

ÅProper vibration effort 

ïControl consolidation across paving width 

ïProvide just enough fines at surface for a tight 
finish 
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Consolidation 
ÅThe internal vibrators on the paver fluidize 

the concrete for extrusion 

ÅAdequate consolidation  

ïRequired around dowels and tie bars  

ïThroughout the slab 
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Examples of 

Poor 

Consolidation 

Lower in-place strength, 
honeycombing 
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IMCP Manual 

ÅOver vibration can cause settlement, 

loss of air void system, less durable 

concrete 

Over-Consolidation 
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Vibrator Frequency Monitoring 
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Two-Lift Construction 
ÅPlacement of concrete in two lifts 

(wet-on-wet) no more than 60 
minutes apart. 
ÅAn increasingly common practice 

in the U.S. 
ÅStandard practice in some 

European countries since 1980s 
ÅPrimary benefit: ability to use 

marginal and recycled aggregates 
in lower lift 
ÅSide benefit: Improved ride 

quality 
ïIRI values as low as 0.5 m/km have 

been reported 
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Use of Real-Time Smoothness (RTS) 
Measurements to Improve  
As-Built Pavement Quality 
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Real-Time Smoothness Measurement 

What it is: 

ÅAn integrated system 

of profile data 

collection sensors 

and processing 

software that 

provides real-time 

profile feedback to 

the contractor. 

What it is not: 
ÅA replacement for conventional profiling for acceptance 
ÅA replacement for better practices to construct smoother 

pavements 
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Ames Engineering Real-Time Profiler  

ÅLaser-based 
system 

ÅMonitors profile 
directly behind 
paver 

ÅDisplays profile 
and IRI in real time 

Å Identifies areas of 
localized 
roughness and 
must-grind 
locations 


