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Summary

Background
Curling/Warping
– Lab Data
– Field Data
– What can you do about it?

Are all curing compounds the same???
(If there is time!)



Background

Concrete pavements are sensitive to 
volumetric changes
These changes can impact the ride quality, 
support by the foundation, and stresses



What is Curling/Warping?

It is when the edges of a concrete pavement 
(or slab) deflect compared to the middle
Instead of worrying about which is which let’s 
agree that both are bad and should be 
avoided

positive curvature        negative curvature



Why do pavements curl/warp?

Curling/Warping occur when there is a 
differential volume change between the top 
and bottom of the slab
These occur when there is a differential in 
either temperature or moisture
This phenomenon is all about gradients…
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Volume change from temperature

Aggregate accounts for about 60 to 75% of the 
concrete volume
– Coefficient of Thermal Expansion (CTE) of 

aggregates dominates CTE of concrete 
• Pure limestone ~ 3 x 10-6 in/in/°F
• Quartzite ~ 6.5 x 10-6 in/in/°F

Cement volume
– Cement paste CTE ~ 10.5 x 10-6 in/in/°F

The CTE of concrete is dependent on the 
mixture

Presenter
Presentation Notes
An aggregate’s coefficient of thermal expansion is a measure of how much it changes in volume for a given temperature.  Aggregate types has the greatest influence on thermal expansion and contraction of concrete.  



Volume change from temperature

This is only a problem if there is significant 
temperature gradient from the top and 
bottom of a pavement

Presenter
Presentation Notes
An aggregate’s coefficient of thermal expansion is a measure of how much it changes in volume for a given temperature.  Aggregate types has the greatest influence on thermal expansion and contraction of concrete.  
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Volumetric Changes Due to 
Drying Shrinkage

Loss of water over time due primarily to 
evaporation from exposed surface
– Overall volume contracts
– Greater paste content results in greater drying 

shrinkage
– Air humidity is important

Strains are primarily influenced by 
characteristics of capillary pores



Water

Unhydrated
Cement

Capillary
Pores

HCP

W/C = 0.40 W/C = 0.75 W/C = 0.25
From Peter Taylor

Presenter
Presentation Notes
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Capillary Pores

Contribute to permeability and strength loss
Vary in size from 0.01 μm to 5 μm 
Menisci pull against void walls at air/water 
interface

From Peter Taylor



Capillary Pores, Drying Rate, and 
Magnitude of Shrinkage

100% rH



Capillary Pores, Drying Rate, and 
Magnitude of Shrinkage

75% rH



Capillary Pores, Drying Rate, and 
Magnitude of Shrinkage

50% rH



Reversible and Irreversible Shrinkage

From Mindess, Young, and Darwin 2003



Effects of Wetting and Alternate 
Wetting and Drying

From Kosmatka and Wilson 2011



What does this mean?

As concrete dries there is some of that volume 
change that you will never recover
Rain can reduce moisture gradients but they 
don’t stop curling/warping  
Since the pavement dries out faster on the 
surface this causes the edges of the pavement 
to deflect upwards



Concrete Lab Testing

We made a concrete specimen that mimicked a 
strip from a concrete pavement
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Concrete Lab Testing

We made a concrete specimen that mimicked a 
strip from a concrete pavement
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Concrete Beam

20% fly ash
564 lbs total cementitious
0.42 w/cm
Specimens were stored at 73oF and 40% RH
The specimen is coated on all edges but the 
finished surface
Specimen is flipped on the side after casting.
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Field Data

We made more beams and stored them outside 
in Stillwater, OK.



 

15 days
75 days
135 days



Observations

The field concrete beams did not show large 
gradients in RH or strain
Because these gradients are small, we would 
expect very little curling/warping from drying
Why did this happen???



63%



Observations

The average RH in Stillwater, OK is 63% and it 
rains!!!
All our previous lab tests were at 40% RH and 
no rain!!
Because of the higher RH the surface doesn’t 
dry as rapidly
The rain will also help reduce the gradients
We went back to the lab and tested the small 
beams at 40% and 70% RH
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Observations

Observations

When your external RH is around 65% and 
above there is not a large moisture gradient in 
the lab or field concrete and curling/warping 
from drying is not as significant
Lower RH (~40% RH) gives the potential for 
larger moisture gradients and cause 
curling/warping to become a problem



Curling/warping from drying 
potentially significant

Curling/warping from drying 
not as significant



Is there any evidence of this in the field???



How Has Slab Curvature Been Studied 
in the Field?

Documented by Chang et al. (2010) in FHWA 
Tech Brief (FHWA-HIF-1-010)
Applied to LTPP SPS-2 Site in Arizona by 
Karamihas and Senn (2012) (FHWA-HRT-12-068)
Basis for new FHWA LTPP Data Analysis Program 
that is just getting started
– Contractor is NCE
– Looking at SPS-2 and GPS-3 sites



Evaluation of Arizona 
SPS-2 Section 0215

Property 0213 0215

Lane Width (ft) 14 12

PCC Thickness (in) 8 11

DGAB Thickness (in) 6 6

PCC Flexural Strength 
(psi)

550

Max. Agg. Size ¾-inch

Total Cement (20% FA) 500 lbs

w/cm 0.47



Evaluation of Arizona 
SPS-2 Section 0215

Jointed Concrete Pavement
Lane width: 12 ft
PCC thickness: 11 inches
DGAB Thickness: 6 inches
PCC MOR: 550 psi
Maximum aggregate size: 0.75 inch
Total Cementitious (20% FA): 500 lbs
w/cm: 0.47
Average RH = 40%



IRI Progression for Section 040215



Slab Curvature (Section 040215)



IRI Progression (Section 040215)



Observations

IRI steadily increased from first measurement 
until 10 years with no observed distress
Increase in IRI clearly linked to development of 
upward slab curvature
– Effect of curvature roughly 50 in/mile
– Approximately 20% due to temperature effects
– Remaining due to moisture induced warping

Diurnal impacts, although less significant, still 
very important
– Ramifications for acceptance and as a performance 

indicator



Discussion

The Arizona pavement data and presented lab 
data seem to agree.
The IRI of the pavement will be at the lowest 
point right after casting.
As the pavement dries then the IRI will 
increase because of the edge deflection of the 
slabs



Discussion

The deflections will reach a maximum and 
then stop
The length it takes to reach this maximum will 
depend on the volume of paste, w/cm of the 
concrete, and how well it was cured  
If you grind the slabs before they stop 
deflecting then you might have to grind again  



What Can We Do About This?

Reduced paste content
– less shrinkage, less deflection

Reduce joint spacing
Diamond grind
Shrinkage reducing admixtures
– Adds 20% to the cost of concrete
– Doesn’t work well with air entrainment
– Doesn’t work as well in higher RH



What Can We Do About This?

Internal curing
– It may delay the shrinkage but likely won’t stop it 

from happening.  Long term experiments are 
needed

By using high quality curing then you can 
delay when it occurs  
In low RH environments don’t use extended 
wet cure on pavements! (Talk to Tyler)



Conclusions

Gradients in temperature and moisture are 
important parameters for edge deflection in 
concrete pavements
Drying shrinkage is an important driving force 
for edge deflections of concrete pavements in 
lab and field testing
Environments with lower average RH seem to 
cause larger gradients and in turn larger edge 
deflections



Conclusions

These deflections seem to increase until a 
point and then stop.
The temperature gradients seem to only 
account for ~20% of the edge deflection in 
these low average RH environments



Questions?

Thomas Van Dam
tvandam@ncenet.com
775-527-0690

Tyler Ley
www.tylerley.com





Are all curing compounds the same???

They don’t cost the same so you wouldn’t expect them 
to perform the same!
But how much better is one then the other?
Why does it matter…



Paste beams

A simple test was used where long and thin paste 
beams were made with 0.42 w/cm.  
Curing compound was placed on the beams after 
casting
After demolding the beams were coated with wax on 
all sides but the surface and then placed in a drying 
chamber at 40% RH and 73F





finished 
surface

Wax 
coated 
surface



maximum 
deflection





Curing Compounds

Three different curing compounds were investigated:

– Poly-Alpha-methyl-styrene (PAMS)       3x
– Resin-Based                                               2x
– Wax-Based                                                  x

Cost
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Observations

If you compare moisture loss from PAMS to other at 
the recommended dosage

moisture   cost diff
loss 

Resin/PAMS 1.4 33%
Double layer wax/PAMS 2            66%*
Single layer wax/PAMS 3            66%

* Double layer may cost more for extra application



Observations

Double layers performed better than a single 
layer of curing compound
As the coverage rate was increased all of the 
curing compounds showed an improvement in 
performance up to a point
PAMS showed the best performance of all curing 
compounds



Summary

There are benefits from using the higher quality 
curing compounds.
“An ounce of prevention is worth a pound of 
cure”



Questions?

Thomas Van Dam
tvandam@ncenet.com
775-527-0690

Tyler Ley
www.tylerley.com



Thermal
– 140 to 350 millionths (40°F)
– Starts with cooling

Drying
– 400 to 800 millionths
– Starts with drying, continues for a long time

Thermal or Drying Shrinkage?


	Slide Number 1
	Acknowledgements
	Summary
	Background
	What is Curling/Warping?
	Why do pavements curl/warp?
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Volume change from temperature
	Volume change from temperature
	Slide Number 19
	Volumetric Changes Due to �Drying Shrinkage
	Slide Number 21
	Capillary Pores
	Capillary Pores, Drying Rate, and Magnitude of Shrinkage
	Capillary Pores, Drying Rate, and Magnitude of Shrinkage
	Capillary Pores, Drying Rate, and Magnitude of Shrinkage
	Reversible and Irreversible Shrinkage
	Effects of Wetting and Alternate Wetting and Drying
	What does this mean?
	Concrete Lab Testing
	Concrete Lab Testing
	Slide Number 31
	Concrete Lab Testing
	Concrete Beam
	Slide Number 34
	Slide Number 35
	Slide Number 36
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Slide Number 40
	Slide Number 41
	Slide Number 42
	Slide Number 43
	Slide Number 44
	Field Data
	Slide Number 46
	Observations
	Slide Number 48
	Observations
	Slide Number 50
	Slide Number 51
	Slide Number 52
	Slide Number 53
	Observations
	Slide Number 55
	Slide Number 56
	How Has Slab Curvature Been Studied in the Field?
	Evaluation of Arizona �SPS-2 Section 0215
	Evaluation of Arizona �SPS-2 Section 0215
	IRI Progression for Section 040215
	Slab Curvature (Section 040215)
	IRI Progression (Section 040215)
	Observations
	Discussion
	Discussion
	What Can We Do About This?
	What Can We Do About This?
	Conclusions
	Conclusions
	Slide Number 70
	Slide Number 71
	Are all curing compounds the same???
	Paste beams
	Slide Number 74
	Slide Number 75
	Slide Number 76
	Slide Number 77
	Curing Compounds
	Slide Number 79
	Slide Number 80
	Slide Number 81
	Slide Number 82
	Slide Number 83
	Observations
	Observations
	Summary
	Slide Number 87
	Thermal or Drying Shrinkage?


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


