NereP me‘ 372 %@mw /v,

1-30 | COPY NO.

Support Under Concrete Pavements

APPENDICES

Prepared for
National Cooperative Highway Research Program
Transportation Research Board
National Research Council

Michael 1. Darter
Kathleen T. Hall
Chen-Ming Kuo

Department of Civil Engineering
University of Illinois at Urbana-Champaign

December 1994



I N Il D E e NN EN DS E ..

Acknowledgment

This work was sponsored by the American Association of State Highway
and Transportation Officials, in cooperation with the Federal Highway
Administration, and was conducted in the National Cooperative Highway
Research Program which is administered by the Transportation Research
Board of the National Research Coundil.

Disclaimer

The opinions and conclusions expressed or implied in the report are those
of the research agency. They are not necessarily those of the
Transportation Research Board, the National Research Council, or the
Federal Highway A dministration, American Association of State Highway
and Transportation Officials, or of the individual states participating in the
National Cooperative Highway Research Program.



l E EEEE N> NDE®-

TABLE OF CONTENTS

Page

LIST OF FIGURES ...... ............................... I vii

LISTOF TABLES . ...ttt iiiiianiteannanaeatssoonanannsneanss XV
APPENDIX A DEVELOPMENT OF K VALUE CONCEPTS AND METHODS

DEVELOPMENT OF K VALUE CONCEPTS AND PROCEDURES ...... A-1

INTRODUCTION OF DENSE LIQUID SUPPORT MODEL ............ A-1

WESTERGAARD’S EQUATIONS FOR SLAB ON A DENSE LIQUID .... A-6

ARLINGTON ROADTESTS ......ciiiiiieteinennnaneenonnnsnn A-8
CORPS OF ENGINEERS FIELD STUDIES . . .. ... v vvvienecennnnnn A-25
EFFECT OF BASELAYERSON K .........ccittiiiiieanann A-31
ASTM PLATE BEARING TEST METHODS ............ccoteennnnn A-32
AASHO ROAD TEST ...t iit it iiieieneneteaanase s canansnn A-34
PORTLAND CEMENT ASSOCIATION ............cccceirenennn. A4
1972 AASHO INTERIM GUIDE .. ...t iiiriiinniinnonn. A-54
CORRELATION OF K TO SOIL TYPE AND MOISTURE ............. A-55
1986 AASHO GUIDE KTO VALUE METHODS ............co0uunn A-58
K VALUE BACKCALCULATION METHODS .............c00ttnnn A-85
BACKCALCULATION FIELD RESUL’fS ......................... A-95
REFERENCES FOR APPENDIX A ... ... ...t iiiiiiiiianennens A-114
iii



TABLE OF CONTENTS, CONTINUED

APPENDIX B METHODS FOR ESTIMATING K VALUE
INTRODUCTION .... ittt it ttiiiannsancsoensessasssonnanss
CORRELATION METHODS .......tiiieierennotieanroananns
DEFLECTION TESTING AND BACKCALCULATION METHODS .....
PLATETESTING METHODS ......... . .0ttt eiroinienrenaaaans
REFERENCES FOR APPENDIX B .........cccoiiiiiiiiiaaans
APPENDIX C LOSS OF SUPPORT CONCEPTS AND METHODS
LOSS OF SUPPORT OVER THE DESIGN LIFE ....................
LOSS OF SUPPORT FROM EROSION . ....... .ottt

LOSS OF SUPPORT FROM TEMPERATURE CURLING AND
MOISTURE WARPING . ... ..iiiiininnnansrasnoaenanannssos

METHODS OF ASSESSING LOSS OF SUPPORT IN THE FIELD .......
CONSIDERATION OF LOSS OF SUPPORT INDESIGN  .............

REFERENCES FOR APPENDIX C .......ciiiiiiierierenrtnennas

APPENDIX D THREE-DIMENSIONAL FINITE ELEMENT MODEL
DEVELOPMENT AND VALIDATION

OVERVIEWOF ABAQUS . ... .ttt e ranneenanns
FEASIBILITY STUDY OF ELEMENT TYPES ............ccouuaann.
MOTIVATION FOR 3-D MODEL DEVELOPMENT .................

DEVELOPMENT OF THE 3DPAVEMODEL ............c.ovvnnn..

iv

Page

¥ J

o B OB O OB B )



A y ( K

TABLE OF CONTENTS, CONTINUED

Page
VALIDATION OF 3DPAVE ... ... it ie it e D-49
REFERENCES FOR APPENDIXD ........... .ttt D-73

APPENDIX E IMPROVED CONSIDERATION OF SUPPORT

IN CURRENT AASHTO METHODOLOGY
EXISTING AASHTO DESIGN MODEL FOR CONCRETE PAVEMENTS .. E-2

DEFICIENCIES IN 1993 AASHTO PROCEDURE RELATED

TO PAVEMENT SUPPORT .. ... ..ottt it E-18
IMPROVED AASHTO METHODOLOGY RECOMMENDED .......... E-22
FIELD VERIFICATION OF NEW MODELS ...............0o0... .. E-57
SENSITIVITY OF PROPOSED AASHTO CONCRETE PAVEMENT

DESIGN MODEL .. ...iiittttiiinionneneaeassenasnanssosnons E-61
COMPARISON WITH AASHTO DESIGN PROCEDURE ............. E-61
NEWDESIGN TABLES ........iiriiiineiionerrrannonnnensens E-61
DESIGN OF JOINT LOAD TRANSFER TO CONTROL FAULTING .... E-66
DESIGN OFTHEBASECOURSE  .......covvivuunncennoneanenns E-75

DESIGN CHECK FOR CRITICAL JOINT LOAD POSITION STRESSES .. E-77
DESIGN OF DIFFERENT TYPES OF CONCRETE PAVEMENT ........ E-93
SUMMARY COMPARISON OF EXISTING AASHTO DESIGN PROCEDURE
AND PROPOSED REVISED PROCEDURE WITH IMPROVED

SUPPORT CONSIDERATIONS ..........ciciriiiiiiinnnnen. .. E-93

REFERENCES FOR APPENDIXE ........c0ttuniiiiinnnnenennns E-95



TABLE OF CONTENTS, CONTINUED

Page
APPENDIX F PROPOSED REVISION TO AASHTO GUIDE, PART II,
SECTION 3.2 RIGID PAVEMENT DESIGN AND
SECTION 3.3 RIGID PAVEMENT JOINT DESIGN
3.2 RIGID PAVEMENT DESIGN .. ... ...ttt F-1
3.3 RIGID PAVEMENT JOINT DESIGN .........cccvieiinnnennnn F-57
APPENDIX G RIGID PAVEMENT DESIGN EXAMPLE
(PROPOSED REVISION TO
AASHTO GUIDE APPENDIXI) ............cooiiinnnn G-1

APPENDIX H DEVELOPMENT OF EFFECTIVE ROADBED SOIL K VALUE
(PROPOSED REVISION TO
AASHTO GUIDE APPENDIXHH) . ........... .. ... H-1



LIST OF FIGURES

Figure

A-1l

A-2

A-3

A-4

A-5

A-6

A-7

A-8

A-9

A-10

A-11

A-12

A-13

A-14

A-15

A-16

A-17

A-18

A-19

Dense liquid and elastic solid extremes of elastic soil response . ........
Schematic illustration and calculation of k from deflected volume ......
Typical load-displacement data from Arlington plate tests ............
Effect of load size and deflection magnitudeonk ..................
Effect of seasonal variation and deformation level on k value ..........
Correlation of k value, CBR, and soil classification .................
Bureau of Public Roads and Unified soil classes versus k values .......

Seasonal variation in moisture content, dry density, CBR, and kg
AASHO Road Test Loop 1 flexible tangent data ...................

Seasonal variation in moisture content, dry density, CBR, and kg
AASHO Road Test Loop 1 rigid tangentdata .....................

Effect of moisture and density of kg and CBR, AASHO Road Test
mainloopdata ..........coiiiiiiiiiiiiii i

Plate load test apparatus used at AASHO Road Test ................
Schematic illustration of AASHO Road Test plate load test results ......
Correlation of Kg and kg, AASHO Road Testdata .................
Results of PCA plate tests on granular and cement-treated bases .......
Base k curves from 1973 PCA airport pavement design manual ........
Correlations between k, soil type, and other tests  ..................
PCA’s alternate procedure for effect of baseon ...................

k values for fine-grained AASHTO soil classes
and degrees of saturation .............. . il

k values for coarse-grained AASHTO soil classes
and degrees of saturation .............oiiiiiiiiiiiii e

vii



LIST OF FIGURES, CONTINUED

Figure Page
A-20 Comparison of field subgrade bearing values and laboratory

triaxial test results, from Palmer ............ ..o A-60
A-21 Elasﬁ.c layer simulation of plate load test,

from AASHTO Guide Appendix HH ............coovviiiiinnenen A-64
A-22 Comparison of AASHTO k value equation and backcalculated k

values for unprotected subgrades .............ciciiiiiiiiiiian A-66
A-23 Inputs to 1986 AASHTO Guide composite k analysis ................ A-68
A-24 Composite k nomograph (1986 AAHTO Guide, Figure 3.3) ........... A-70
A-25 Comparison of k values from 1986 AASHTO Guide Appendix LL and k

values backcalculated from concrete slab deflections ................ A-71
A-26 Example of subgrade and base effects on k value and slab response . ... . . A-74
A-27 Adjustment to k for rigid fouindation within 10 ft [3 m], from

1986 AASHTO Guide Guide ............c.cciuitiiinrenannnnenns A-77
A-28 Relative damage nomograph from 1986 AASHTO Guide ............. A-79
A-29 Loss of support nomograph from 1986 AASHTO Guide ............. A-81
A-30 Relaﬁc;nship of backcalculated k value to statick value .............. A-88
A-31 Backcalculated k value determination from dy and AREA ............ A-90
A-32 Concrete E determination from k value, AREA, and slab thickness ..... A-91
A-33 Effect of fill and bedrock on backcalculated k values at

Dulles International Airport ..............ccoieiiniinnnneennn. A-110
B-1 k value versus degree of saturation for fine-grained soils ............. B-5
B-2 Approximate relationship of k value range to CBR ................. B-14
B-3 Approximate relationship of k value to R-value .................vv. B-15
B-4 Approximate relationship of k value range to DCP penetration rate .. .. B-16

viii



D 5 6 I W E T s NEe s SmE.

LIST OF FIGURES, CONTINUED

Figure
B-5 Adjustment to k for fill and/or rigid layer ........... o0
B-6 Relationship of AREAto £ [2] . ... ..ciiininicerininnnnnens

B-7 Dynamic k value determination from dyand AREA. [2] .............
B-8 Concrete E determination from k value, AREA, and slab thickness. [2] ...
B-9 Nondimensional deflection coefficients versus §. [4] ................
B-10 Nondimensional deflection versus normalized radial distance .........
B-11 Iowa Road Rater method for determining springtime static k value. [6] ..

C-1 Tllustration of corner deflection due to a negative temperature
differential through the slab, computed using 3DPAVE ..............

C-2 Increase in tensile stress at top of slab from increased negative
temperature differential from top to bottom of slab .................

C-3 Development of upward curling within 48 hours after paving in
Munich, Germany. [37] ........cttiiiiiii i

C-4 Deflection profiles along a joint due to change in the temperature
differential. [5] . ... ov it e

C-5 Annual cydlic variations of slab deflections and its relation to rainfall
in Chile (note: these data taken when no temperature differential existed

through the slab). [8] ........cooiuiiinniiniir e,
D-1 Example of mesh generated by PATRAN ...........ooivvninnnnn.
D-2 Components of data deckin ABAQUS . ........ciiiinanennnnnnns
D-3 Mesh fineness and element type comparison .............ccoeeooenn
D-4 Major brick elements in ABAQUS ..............oviiiiiiiie
D-5 Finite element meshes used for interior loading incase 1 ............

D-6 Change of load size in interior loading of case 2 ...........ocoonnnn

Page

B-18
B-20
B-21
B-22
B-26
B-30

B-37



LIST OF FIGURES, CONTINUED

Figure Page
D-7 Westergaard, 2-D, and 3-D finite element interior stress results ........ D-22
D-8 Westergaard, 2-D, and 3-D finite element interior deflection

FESUMS oo oo vvveectosseeooosonssasssssosarsssssssnnsansnnns D-23
D-9 Change of load size in edge loading of case 2 . ............cccvvunnn D-25
D-10 Westergaard, 2-D, and 3-D finite element edge stress results .......... D-26
D-11 Westergaard, 2-D, and 3-D finite element edge deflection results ....... D-27
D-12 Steps in development of 3-Dmodel .......... ... .. oviininannn D-34
D-13 C3D27Relement .........c.iueuueeneannaronnastnannnenssnns D-36
D-14 Nonlinear temperature distribution with C3D27R element ............ D-36
D-15 INTER9 interface element .............c.utiinnnnnennnnanannns D-37
D-16 Model of slab resting on Winkler foundation ............... .00 D-39
D-17 Model of slab resting on elastic solid foundation ................... D-39
D-18 Friction model in ABAQUS . ... ... 0iiiiiininnnnaenan D-41
D-19 Implementation of friction in ABAQUS ... ittt i D-41
D-20 Dowelbarmodel .........c.ctimiiiiiiiiiiiiinnnnenennnes D-44
D-21 Dowel model comparison between ABAQUS and ILLI-SLAB  ......... D-46
D-22 3-D displaced shape of jointed slabs modelled by ABAQUS .......... D-47
D-23 Aggregate interlock model .......... ... . i D-48
D-24 3-D single slab model in ABAQUS ............ooiiiiniinennnnn D-50
D-25 Configuration of main loop test setup at AASHO Road Test .......... D-51
D-26 3DPAVE meshes for AASHO Road Test single a;xd tandem axles ...... D-53
D-27 Moving truck edge stress comparisons for AASHO Road Test ......... D-54

D TR B e



Il R S SN N S I N E e

LIST OF FIGURES, CONTINUED

Figure )

D-28 3DPAVE stress versus AASHO Road Test stress from measured strain .. D-56

D-29 Percent reduction in edge strain with increase in vehicle speed ........ D-58
D-30 Speed versus k value matching stress, AASHO Road Test ............ D-61
D-31 Crack progression in 3.5-in [89 mm] unreinforced slabs at

AASHO Road Test ... ..cvvvvrinnne e ennnnennneeannns D-62
D-32 Crack progression in 8-in [203 mm] unreinforced slabs at

AASHO Road Test . ... ...vvvruuemnnneennnoaeronnnessonasnns D-62
D-33 Load positions simulating traffic loading ............ .o D-63
D-34 3DPAVE stress contours for thin slab for different load positions ....... D-64
D-35 3DPAVE stress contours for thick slab for different load positions ... ... D-65
D-36 Configuration of slabs on cement-treated bases in PCA tests .......... D-68
D-37 Comparison of results for interior loading condition ................ D-69
D-38 Comparison of results for edge loading condition .................. D-69

D-39 Comparison of measured and computed edge stress due to curling,
Arlington Road Test . .......coivimrnnniininneiinnann, D-72

E-1  Original 1961 plot of "extension" to the
rigid pavement design equation. [1] .......... ..o E-8

E-2  Seasonal variation in elastic k value at the AASHO Road Test, Loop 1. [2] E-16

E-3 Midslab and joint loading positions .......... ... i E-25

E-4 Illustration of Equation E-22, total stress versus load-only stress. ....... E-28

E-5 Mean annual wind speed, mph. [18] ............ ... ..o E-35

E-6 Mean annual air temperature, °F. [18] ...........c.ccoiiniiinnnn E-36

E-7 Mean annual wind precipitation, in. [18] .................0onnnn E-37
xi



Figure

E-8

E-10

E-11

E-12

E-13

E-14

E-15

E-16a

E-16b

E-16¢

LIST OF FIGURES, CONTINUED
Page

Relationship of W to log S'./ o, for three terminal serviceability levels
for the proposed revised AASHTO extended
concrete pavement design model. ........ ... . .iiiiiiiiiann E-40

Relationship between terminal serviceability P2 and log W for proposed
revised AASHTO extended concrete pavement design model. ......... E-41

Relationship between log W and log S'./op .. ovvvvvevnennnnnn. E-44

Effect of slab thickness, base modulus, and friction coefficient on
ratio of stress computed with friction coefficient to stress computed
with full friction, for midslab loading and daytime temperature gradient. E-54

Predicted versus actual log W for test sections from the two-year
AASHO Road Test using the proposed revised concrete pavement model. E-59

Predicted versus actual log W for test sections from the 2-year
AASHO Road Test, the 14-year extended tests on I-80 and other data from
North America using the proposed revised concrete pavement desgin moddi-63

Effect of slab thickness, base modulus, and friction coefficient on
ratio of stress computed with friction coefficient to stress computed
with full friction, for joint loading and nighttime temperature gradient. .. E-78

Critical location of maximum tensile stresses for the midslab load
position and joint load position ..............ieiiiiiiiiet

Maximum tensile stress on top of slab for joint loading position versus
a negative temperature differential through the slab for specific design
conditions (aggregate base, soft subgrade) ............ .. .00 E-86

Maximum tensile stress on top of slab for joint loading position versus
a negative temperature differential through the slab for specific design
conditions (treated base, soft subgrade) ....................0nnn E-87

Maximum tensile stress on top of slab for joint loading position versus
a negative temperature differential through the slab for specific design
conditions (aggregate base, medium subgrade) .................... E-88

E-16d Maximum tensile stress on top of slab for joint loading position versus

a negative temperature differential through the slab for specific design
conditions (treated base, medium subgrade) ...................... E-89



LIST OF FIGURES, CONTINUED

Figure

E-16e Maximum tensile stress on top of slab for joint loading position versus
a negative temperature differential through the slab for specific design
conditions (aggregate base, stiff subgrade) ........... ...l

E-16f Maximum tensile stress on top of slab for joint loading position versus
a negative temperature differential through the slab for specific design
conditions (treated base, stiff subgrade) ............. .o oo

F-1 kvalues versus degree of saturation for cohesive soils ..............
F-2 Approximate relationship of k value range to CBR .................
F-3  Approximate relationship of k value range to R-value ...............
F-4 Approximate relationship of k value range to DCP penetration rate
F-5 Dynamic elastic k value determination from dy and AREA ...........
F-6  Adjustment to k for fill and/or rigid layer ................covvnnn
F-7 Midslab and joint loading positions defined ................cc00nn
F-8 Mean annual wind speed, mph .......... ..ot
F-9 Mean annual air temperature, °F . ......... ... oiiiiiiiiiian
F-10 Mean annual precipitation, in  .......... .o i
F-11a Maximum tensile stress at bottom of slab for midslab loading
osition versus a positive temperature differential through the
slab for specific design conditions (aggregate base, soft subgrade) ......
F-11b Maximum tensile stress at bottom of sl.ab for midslab loading
osition versus a positive temperature differential through the
slab for specific design conditions (treated base, soft subgrade) ........
F-11c Maximum tensile stress at bottom of slab for midslab loading

position versus a positive temperature differential through the
slab for specific design conditions (aggregate base, medium subgrade)

. F-43



LIST OF FIGURES, CONTINUED

Figure

F-11d Maximum tensile stress at bottom of slab for midslab loading
osition versus a positive temperature differential through the
slab for specific design conditions (treated base, medium subgrade)

F-1le Maximum tensile stress at bottom of slab for midslab loading
osition versus a positive temperature differential through the

slab for specific design conditions (aggregate base, stiff subgrade) ......

F-11f Maximum tensile stress at bottom of slab for midslab loading
position versus a positive temperature differential through the

slab for specific design conditions (treated base, stiff subgrade) ........

F-12 Friction adjustment factor for stress at bottom of slab

formidslab loading ..........ccviiiiiiiriiiiniiitaen

F-13a Maximum tensile stress at top of slab for joint loading position
versus a negative temperature differential through the slab for

specific design conditions (aggregate base, soft subgrade) ............

F-13b Maximum tensile stress at top of slab for joint loading position
versus a negative temperature differential through the slab for

specific design conditions (treated base, soft subgrade) ..............

F-13¢ Maximum tensile stress at top of slab for joint loading position
versus a negative temperature differential through the slab for

specific design conditions (aggregate base, medium subgrade) ........

F-13d Maximum tensile stress at top of slab for joint loading position
versus a negative temperature differential through the slab for

specific design conditions (treated base, medium subgrade) ..........

F-13e Maximum tensile stress at top of slab for joint loading position
versus a negative temperature differential through the slab for

specific design conditions (aggregate base, stiff subgrade) ............

F-13f Maximum tensile stress at top of slab for joint loading position
versus a negative temperature differential through the slab for

specific design conditions (treated base, stiff subgrade) ..............

F-14 Friction adjustment factor for stress at top of slab for joint loading

xdv



Table

A-1

A-3
A-4
A-5
A-6
A-7

A-8

A-9

A-10

A-11

A-12

LIST OF TABLES
Page
Subgrade k values and concrete elastic moduli backcalculated
from slab deflections at Arlington Road Test ...................... A-19
AASﬁO Road Test k values from spring trenching program .......... A-44
Sections in PCA tests of slabs with cement-treated bases ............. A-53
Backcalculation results for PCA testslabs  ............cocoeevvenen A-54

Comparison of composite k values from Appendix LL and nomograph .. A-72
AASHO Road Test Loop 1 rigid pavement backcalculation results ..... A-97
AASHO Road Test Loop 1 flexible pavement backcalculation results . . . A-100

Backcalculation results for concrete pavements and concrete

overlays at Willard Airport ............ .ot A-102
Backcalculated k values by soil class, from RPPR data .............. A-103
Effect of treated and untreated bases on k, for projects with

different bases at the same location, from RPPRdata ............... A-105
Backcalculated k values by soil class, from LTPP GPS3and4 ........ A-106
Mean backcalculated k values from 20 Chilean JPCP test

SECHOMS .+ vt v nnerssansenennsnsssasssssssnssssnaanssens A-113
Regression coefficients for d’ versus ¢ relationships ...............-. B-28
Design provisions proposed for combatting pumping in concrete

pavements by PIARC . ..........ooiiniiiiiiiiiinnriinennnen C-6
Characteristics of shell elements in ABAQUS ............ .o D-10
Comparison of maximum tensile stress, psi [1 psi = 6.89 KPa] ......... D-11
Comparison of maximum deflection, mils [1 mil=254um] .......... D-11
Deflections at center of load, mils [1 mil =254um] ................ D-17
Stresses at center of load, psi [1 psi =6.89kPa] .................... D-17



Table

D-6

D-7

D-8

D-9

D-10

D-11

LIST OF TABLES, CONTINUED

Maximum interior stress comparison, psi [1 psi =689 kPa] ...........
Maximum interior deflection comparison, mils [1 mil = 25.4 um] ......
Maximum edge stress comparison, psi [1 psi = 6.89 KPa] .............
Maximum edge deflection comparison, mils [1 mil = 254 pm] ........
Stress comparison between AASHO Road Test and 3DPAVE  .........

Measured and computed stress due to curling (without applied load)
Arlington Road Test .. ........coiiuieuniiniininrinnenannn

Summary of daytime positive effective temperature differentials over
year for several sites, based on equivalent fatigue damage ...........

Comparison of maximum tensile stresses for conventional lane width
(12 ft [3.66 m]), widened slab (2 ft [0.6 m]) and tied concrete
shoulder (deflection load transfer 74 percent) .....................

Summary of measured coefficients of friction between concrete slab and
base course from various references and typical ranges of base modulus
of elasticity .. ...vviiiiiii i e

Some results for the friction adjustment factor, F (ratio of o; computed
with friction coefficient to o, computed with full friction) ............

Predicted versus actual ESALs for seven groups of JPCP sections from
the extended AASHO Road Test (1958-1974) .............coiuvunnn

Predicted versus actual ESALs for pavement sections from the
RPPR database ..........ccovueuumnernnanaensnnasesesansnannns

Slab thickness required for given inputs for untreated aggregate base ...
Slab thickness required for given inputs for treated aggregate base .....

Mean joint faulting predictions for dowelled jointed plain concrete
pavement using Equation E-37 ........... ...

Mean joint faulting predictions for dowelled jointed reinforced concrete
pavement using Equation E-37 ............. ...




I TS TN Bn BN Bn B = RE m hE B b s

Table

E-11

E-12

E-13

E-14

E-15

F-1

LIST OF TABLES, CONTINUED

Page
Mean joint faulting predictions for undowelled jointed plain concrete
pavement using Equation E-42 .......... ... E-73
Recommended critical joint faulting levels for design  ............... E-74
Effect of base widening on critical stress in slab for midslab loading
position using 3BDPAVE . ...........coitiiiiiiieiiiiins E-79
Summary of nighttime negative effective temperature differentials over
year for several sites based on equivalent fatigue damage ............ E-83
Summary of comparison between existing and proposed revised '
design considerations ..............oiiiiiiiiiiiiii e E-94
Recommended k value ranges for A-1 and A-3soils ................. F-8
Recommended k value ranges for A-2soils ............ ... ... ... F-10
Determination of effective subgrade k value for a specific
project site and design features .......... ... 0ol F-19
Summary of measured coefficient of friction between concrete slab and
base course from various references and typical ranges of base modulus .
of elasticity .......... e ‘ma. F-26
Ag and A; constants for model D = A + Ay log W, for P2 = 2.5,
conventional 12-ftlane ............ ... . i i i F-31
Example slab thickness required for given inputs for untreated
aggregate base, conventional width traffic lane with no tied concrete
shoulders for Midwestern location ................ . oo, .. F-36
Slab thickness required for given inputs for treated aggregate base ..... F-37
Mean joint faulting predictions for dowelled jointed plain concrete
pavement using Equation F-17 ..............coiviiiinininnn F-64
Mean joint faulting predictions for dowelled jointed reinforced concrete
pavement using Equation F-17 .......... ... F-65



Table

F-10

F-11

LIST OF TABLES, CONTINUED -

Page
Mean joint faulting predictions for undowelled jointed plain concrete
pavement using Equation F-22 .........cooviiiiiiiiiii F-66
Recox;lmended critical joint faulting levels for design ............... F-67
Example calculation of effective k value ...........ccoocnneennnnn H-5
Effective k value calculation for second example ................... H-7
Effective subgrade k value for AASHO Road Testsite ............... H-8
Worksheet for computation of effective subgrade k value ............ H-8



APPENDIX A
DEVELOPMENT OF K VALUE CONCEPTS AND PROCEDURES

INTRODUCTION OF DENSE LIQUID SUPPORT MODEL

The c‘onceptual model of a plate supported by a "dense liquid" foundation is
attributed to Winkler [1] in 1867, although it may have been suggested earlier. Such
a foundation is assumed to deflect under an applied vertical force in direct
proportion to the force, without shear transmission to adjacent areas of the
foundation not under the loaded area. The constant of proportionality between
deflection and force is the k value. "A popular physical interpretation of this model,"
according to McCullough, "indicates that the foundation acts as a bed of springs
[with spring constant k] or as a dense liquid with a density equal to k times the
deflection of a given load." [2] The first application of this concept, to floating ice
sheets, was presented by Hertz in 1884. [3] Applications of the dense liquid concept
to slab support were subsequently proposed by Foppl [4] in 1907, and Koch [5] and
Schieicher [6] in 1925.

Dense Liquid and Elastic Solid Idealizations

The dense liquid model represents one end of the spectrum of elastic soil
response. At the other end of the spectrum is the elastic solid model, according to
which a load applied to the surface of a foundation is assumed to produce a
continuous and infinite deflection basin. The key features of these two models are

illustrated in Figure A-1 and summarized below.

A-1
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Dense Liquid Model

« The deflection under the plate equals plate pressure divided by k value.
« Deflection equals zero beyond the edge of the plate.

* Deflection is the same for rigid and flexible plates.

« For a given pressure and deflection, k is independent of plate size.

Elastic Solid Model

¢ Deflection depends on subgrade elastic modulus, plate size, and distance.
« The deflection basin is continuous and infinite.

» Rigid and flexible load plates produce different deflections.

The elastic response of real soils (i.e., unbound sands, silts, and clays) lies

somewhere between these two extremes. In a static plate load test on a real soil, the

following responses are likely to be observed:

Real Soil

+ Plate punches down somewhat, producing discontinuous deflection basin.
+ Some surface deflection occurs beyond edge of load plate.
+ Deflection equals zero at some finite distance.

« For a given pressure and deflection, k varies with plate size.

Choice of Soil Model for Concrete Pavement Analysis

The dense liquid model has traditionally been favored over the elastic solid
model in concrete pavement analysis. One reason for this is that the calculations for

slab deflection and stress are simpler using the dense liquid model than using the
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elastic solid model. In the modern era of high-speed computers this is a less
significant concern than it was in the past. Another reason the dense liquid model is
preferred for concrete pavement analysis is that, for slabs on natural soil subgrades or
granular bases, the dense liquid model more accurately predicts slab responses at
edges and corners.

For example, if a load were placed adjacent to a joint with no physical load
transfer (e.g., no dowels or aggregate interlock) on a pavement with an untreated
foundation, the loaded slab would deflect and the unloaded slab would not deflect.
This is the response the dense liquid model would predict. The elastic solid model],
on the other hand, would predict equal deflections on both sides of the joint, even
though the shear stress produced in the foundation may be substantially higher than
the shear strength of the foundation material. Because concrete slab responses at

edges and corners are considered critical for design purposes, the dense liquid model

is considered more appropriate.

Two-Parameter Elastic Models

Both of the models described above are idealizations of real soil behavior. The
dense liquid model is better suited for materials of relatively low shear strength (e.g.,
natural subgrade soils and granular bases), while the elastic solid model is better
suited for materials of high shear strength (e.g., treated bases). Several researchers
have proposed two-parameter models to characterize the range of soil response
between the dense liquid (k) and elastic solid (E) extremes. [7] Although two-
parameter soil models have some theoretical appeal, their usefulness in concrete

pavement design is limited by lack of guidance on selection of the needed model

parameters for various soils.
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Inelastic and Time-Dependent Behavior of Real Soils

In addition to elastic behavior, real soils exhibit irreversible (plastic) behavior
and time-dependent behavior. Plastic deformation is not generally considered a
significant concern in concrete pavement design due to the low stresses on the
subgrade, although repeated loading of free slab corners can conceivably result in
permanent deformation of subgrade or base materials. Erosion due to water
pumping beneath the slab may be far more significant to corner support.

A more significant concern in concrete pavement design is the effect of loading
rate on soil stresses and deformations, particularly for cohesive saturated soils. The
stiffness (e.g., k-value) of these soils may be substantially higher under rapid loading
(e.g., moving vehicles or impulse loads) than under slow loading, because under
rapid loading pore water pressures are not dissipated. [7] This is a practical concern
for concrete pavement design because the available performance models are based on
k-values determined from static load tests, while the actual loads applied by traffic
are usually dynamic, as are the loads applied by deflection testing devices used for
evaluation of in-service pavements and foundations.

Under slow loading, primary consolidation occurs gradually as pore water
pressures dissipate, until (in most cases) the deformation of the soil reaches some
stable value. [7] However, it is possible for soils to exhibit secondary (creep)
deformation, if the magnitude of load exceeds the creep strength of the soil. [7, 8]

In such a case the deformation may not reach a stable value, even in a load test
which is allowed to continue for several hours. The consolidation and creep
responses of soils to slow loading necessitate some standardization in soil load test
methods. For example, a typical load test procedure may specify that the test may be

stopped when the rate of change of deformation has slowed to some given value.
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WESTERGAARD’S EQUATIONS FOR SLAB ON A DENSE LIQUID

In 1925, Westergaard presented equations for deflection of a concrete slab on
a dense liquid foundation, for interior, edge, and corner loading conditions. [9]
Westergaard introduced the term "modulus of subgrade reaction” for the k value, and

also introduced the term "radius of relative stiffness,” ¢, to describe the stiffness of a

concrete slab relative to that of the subgrade:

EX (A-1)
12 (1 - b k

where ¢ = radius of relative stiffness (units of length)
E = elastic modulus of concrete slab (force/ lengthz)
h = concrete slab thickness (length)
u = concrete Poisson’s ratio

k = modulus of subgrade reaction (force/ length?)

Westergaard suggested that the subgrade k value could be backcalculated from

deflections of the slab surface rather than from load tests on the subgrade:

"By comparing the contour lines which have been obtained for the
deflected surface by tests and by theory, respectively, numerical values
of the elastic constants which are involved, especially a certain constant

which measures the stiffness of the subgrade, may be determined in any

given case." [10]

A-6

Sl BB BB b E B OO RO OEEm



"t is true that tests of bearing pressures on soils have indicated a
modulus, k which varies considerably depending on the area over
which the pressure is distributed. Yet, so long as the loads are limited
to a particular type, that of wheel loads on top of the pavement, it is
reasonable to assume that some constant value of the modulus, k,
determined empirically, will lead to a sufficiently accurate analysis of
the deflections and stresses ... The modulus, k, enters in the formulas
for the deflections of the pavements, and may be determined
empirically, accordingly, for a given type of subgrade, by comparing the
deflections found by tests of full-sized slabs with the deflections given

by the formulas." [9]

To support the statement that load tests on soils produced bearing capacity
estimates which depended on the load size, Westergaard cited the results of field
tests reported by Bijls in 1923 [11], Goldbeck in 1925 [12], and Goldbeck and
Bussard in 1925 [13].

Westergaard’s proposed approach to backcalculating k from pavement
measurements was to solve for the quantity k2 which his edge, corner, and interior
deflection equations had in common. The equation defining radius of relative
stiffness could be rearranged to solve for k from the solved quantity ke?, a slab

thickness h, and an assumed concrete modulus E.

Westergaard envisioned his equations as being useful for evaluating existing
pavements in order to gain insight for design of new pavements. Westergaard did
not, however, explicitly address determination of subgrade k values for use in new
design. Thus, he did not shed light on the problem of reconciling k values from plate

load tests with k values backcalculated from pavement deflections.
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Westergaard also pointed out several important aspects in which the behavior

of actual slabs and foundations might differ from that assumed in theory:

"In using the tables and diagrams it should be kept in mind that the
analysis is based on the assumptions which were stated at the beginning
of this discussion. By the nature of these assumptions certain influences
were left out of consideration, especially the following: (1) variations of
temperature, and other causes for tendency to change of volume; (2) the
gradual diminishing of the thickness from the edge toward the interior
[with respect to thickened-edge pavements]; (3) local soft or hard spots
in the subgrade; (4) horizontal components of the reactions of the
subgrade; and (5) the dynamic effect, expressed in terms of the inertia of

the pavement and subgrade." [9]

With these remarks, Westergaard identified some of the major concerns in
characterizing subgrade support which still persist, namely: slab curling and
warping, nonuniformity of support, friction at the slab/foundation interface, and
dynamic versus static loading, and encouraged further analysis of all of these
influences. Westergaard suggested that the dynamic loading response "may possibly

be expressed approximately in terms of an increased value of the modulus k." [9]

ARLINGTON ROAD TESTS

In the early 1930s, the Bureau of Public Roads conducted extensive field tests

at the Arlington Experiment Farm in Virginia to investigate several aspects of

A-8



concrete pavement behavior. These investigations were documented in a series of
reports by Teller and Sutherland. [14, 15, 16, 17, 18]

One of the stated objectives of these field tests was to study "the effects of
loads placed in various ways on pavement slabs on uniform thickness ... intended
primarily as‘ an experimental verification of the only rational theory of pavement slab
stresses thus far advanced, i.e., the Westergaard analysis." [14] Another objective was
to study "the effects of temperature conditions on the size, shape, and load-carrying
ability of pavement slabs ... to provide information, not heretofore available, on the
complex relations created by temperature and moisture variations, and the practical
significance of these relations with respect to the design of the pavement slab as a
load-carrying structure.” [14]

Among the many valuable findings of the Arlington tests are those concerning
(1) measurement of subgrade k values, (2) effects of seasonal moisture variation on k
values, (3) effects of slab curling on corner k values, and (4) effect of subgrade

"improvement" on k values. These findings are summarized below.

Measurement of Subgrade k Values

Because one of the major objectives of the Arlington Road Tests was to verify
Westergaard’s equations with experimental results, it was necessary for the Arlington
researchers to develop some way to determine the subgrade k value. Bearing tests of
soils had been conducted with rigid plates f&r many years prior to the Arlington
Road Test, but the Arlington researchers did not feel that such tests were applicable
to subgrade characterization for concrete pavement design, because of the conditions

under which the tests were run and the large deformations produced.



"To make practical use of the analysis one must be able to assign a
value to the modulus of the subgrade reaction for the particular soil
structure with which [one] is concerned. At the time the investigation
was undertaken no determinations of the value of such a soil coefficient
had ‘t;een made, so there was no background of experience in testing
that would indicate either the probable range of values of the coefficient
or a procedure by which values might be obtained. Therefore, it was
necessary to devise a test procedure that would indicate how the soil of
the subgrade beneath the test sections behaved when subjected to

pressure intensities and vertical deformations of the same order as occur

under pavement slabs in service." [18]

Teller and Sutherland acknowledged that ideal dense liquid behavior was not

likely to be observed in real soils:

"The ideal subgrade assumed by Westergaard is perfectly elastic, has
uniform properties at all points and its vertical deformation varies as a
linear function of the vertical pressure exerted on its surface. Such a
subgrade probably does not exist and the problem becomes one of how
nearly the soil under a given pavement approaches the ideal and what
stiffness coefficient [i.e., k value), if any, can reasonably be assigned to it
for the purpose of applying the method of analysis to a particular
problem." [18]
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Three alternatives were considered for measuring k values:

1. Load-displacement tests using "rigid circular plates of relatively small size,"
2. Load-displacement tests using "slightly flexible rectangular or circular plates of

relatively large dimensions," and

3.  "Load-deflection tests on full-size pavement slabs in which the load-deflection
data are obtained by measurement and used in the Westergaard deflection
formulas to proved a values for the soil stiffness coefficient or ‘modulus of

subgrade reaction.” " [18]

The Arlington researchers felt that testing with small rigid plates more
practical than testing with large flexible plates (because it required lighter loads and

fewer deflection measurements), but was not without limitations:

"The first [complication] is that the ability of a soil to sustain a given unit
pressure varies within limits with the area over which the pressure is
applied to the soil. This variation may be quite marked and this makes it
necessary to determine the effect of size of plate in order to avoid error
from using a bearing plate that is too small. The second complication is
that the supporting ability of the soil varies with its moisture state and it is
necessary, therefore, to take special precautions to insure that the soil on
which the bearing plate is placed is in the same physical state and

moisture condition as that which will obtain or does obtain under the

pavement to be considered.” [18]
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The first method (rigid plate testing) and third method (full-size slab testing)
were employed at Arlington to investigate necessary test procedures which would
produce compatible results from the two methods. The second method (large flexible
plate testing) was not employed at Arlington because "it has a certain theoretical
appeal but c;ffers considerable practical difficulty as a method of test." [18] Teller and
Sutherland explained that when this method is used, the shape of the deflected plate
must be measured precisely "in order to be able to estimate accurately the volumetric
displacement of the soil that is effected by the application of the test load on the
plate. The modulus of subgrade reaction is then computed by dividing the load (in
pounds) by the volume of displaced soil (in cubic inches)." [18] These remarks allude
to the fact that the subgrade k may be defined either as the ratio of applied pressure
to uniform deflection or as the ratio of applied force to deflected volume. The
volumetric definition of k, illustrated in Figure A-2, was later employed by the Corps
of Engineers for interpretation of deflection measurements of full-size slabs.

The subgrade soil at the Arlington Test site was a uniform brown silt loam
(AASHTO dlassification A-4). The subgrade in the area used for the plate bearing
tests was prepared in the same manner as the area in which the experimental
concrete slabs were cast. To maintain the moisture content in the tested subgrade at
the same level as the subgrade beneath the slabs, the larger sizes of plates were cast
in place of concrete, and concrete slabs 4 ft [1.2 m] square were cast on the subgrade
and moved temporarily as needed to conduct bearing tests with the smaller steel

plates. Four series of tests were conducted:

1. Circular plates of 8, 12, 16, 20, and 36 inches [203, 305, 406, 508, and 914 mmy]

diameter and a rectangular plate 48 inches [1219 mm] square were used with
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Figure A-2. Schematic illustration and calculation of k from deflected volume.
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loads sufficient to produce deflections in the range of 0.01 to 0.05 inch [0.254 to
1.27 mm], which was considered the range of concrete pavement slab
deflections under truck wheel loads. This series of tests was conducted in two
ways: with successively smaller plates at the same location, and with the
different plate sizes at different locations. The purpose of this series of tests
was to investigate the effect of plate size and to compare tests at one location
with tests at different locations.

Circular plates of 2, 4, 6, 8, 12, 16, 20, 26, 36, 54, and 84 inches [5], 102, 152,
203, 305, 406, 508, 660, 914, 1372, and 2137 mm] were used to test at different
locations, again producing deflections from 0.01 to 0.05 inch [0.254 to

1.27 mm]. The purpose of this series of tests was to explore further the effect

of plate size.

Circular plates of the same sizes as in the second series of tests were used to
produce deflections of about 0.25 inch [6.35 mm]. The purpose of this series of
tests was to compare with the results from tests at lower deflection levels.

One circular 54-inch [1372-mm)] plate was left in place at one location and used
in tests in June and in January. The purpose of this series of tests was to

study the effect of seasonal variation on the load-bearing ability of the soil.
Teller and Sutherland described the loading method used in the tests:

"For each size of bearing plate a series of 3 to 5 ascending load values was
selected, such that the series would give a good spread of displacement
values and the maximum would not produce a displacement greater than

the desired limit. With the smallest load value selected for a plate of a
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given size, the load was applied and removed several times. The number
of applications was not constant but was determined by the character of
the data, it being desired to reach a condition such that each succeeding
application of a given load would produce the same vertical displacement
of the- bearing plate. This might be termed a state of approximate elastic
equilibrium. The number of loadings required to develop this condition ...
usually varied from about 5 to 10. When a satisfactory load-displacement
relation had been determined for the lowest load value, the procedure was
repeated with the next higher load level and so on until the displacement

limit was reached." [18]

Figure A-3 is an example load-displacement plot for the repetitive loading
procedure described above. The k value was determined by dividing the plate
pressure at a given load level by the elastic deflection at equilibrium.

The load-deflection tests clearly showed the effects of plate size and

displacement magnitude on k, as shown in Figure A-4 and summarized below:

"It appears that when making tests to determine the value of the soil
stiffness coefficient k it is necessary to limit the deformation to a
magnitude within the range of pavement deflection and that it is of

great importance to use a bearing plate of adequate size." [18]

Teller and Sutherland concluded that plate bearing tests for k value should be
conducted with rigid plates of fairly large diameter (48 to 60 inches [1219 to

1524 mm]), and displacements not exceeding 0.2 to 0.3 inch [5.1 to 7.6 mm)].
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Teller and Sutherland also commented on the time-dependent nature of
subgrade deformation: when a given load was applied to a bearing plate,
displacement of the plate "may continue for a long time before a state of complete
equilibrium is reached," i.e., before deflection ceased. In the Arlington tests, the
deflections ;ecorded for a given load level were those measured after the load had
been maintained for five minutes, since it was not considered practical to wait until
deflection had completely stopped. The load was then removed and five more
minutes were allowed to elapse before another load was applied.

Deflection testing was also conducted on concrete slabs in the Arlington tests
to experimentally verify the stresses and deflections predicted by Westergaard’s
equations. This verification included the first "backcalculation” of subgrade k values
and slab E values from deflections measured on top of concrete slabs under interior,
edge, and corner loading conditions. Radius of relative stiffness values were
determined by matching slab deflection basin measurements to contours developed
by Westergaard [9] for deflection versus distance from load. This required preparing
two-dimensional diagrams of the deflection basins, and varying both the horizontal
and vertical scales until the measured deflection basins matched the theoretical basins
as closely as possible. The results of the backcalculation of k and E from interior,

edge, and corner deflections are shown in Table A-1 and summarized below:

"For a given slab thickness, values of the radius of relative stiffness, {, are
in good agreement for the three cases of loading [interior, edge, and
corner]. For conditions that are comparable there is rather good agreement
also between the values of the modulus of subgrade reaction, k, as

determined by pavement deflection, for the interior and edge loadings but
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Table A-1. Subgrade k values and concrete elastic moduli backcalculated
from slab deflections at Arlington Road Test. [18]

Late summer 6 195 4,140,000
Winter 7 238 5,750,000
Summer 7 222 4,670,000
Interior Winter 8 260 5,500,000
Late fall 8 203 5,490,000
Summer 9 220 4,210,000
MEAN: 223 4,960,000
Late summer 6 171 4,235,000
Winter 7 212 5,125,000
Winter 8 279 5,175,000
Fdge Late fall 9 243 5,220,000
MEAN: 226 4,939,000
Notes:

Plate bearing k values for 30-in [762 mm] plate, 0.05 in [1.27 mm] deflection: 166 psi/in
[44.8 kPa/mm)] in January to 233 psi/in [62.9 kPa/mm] in June.

Static concrete E from laboratory flexural tests on specimens cut from slabs: 4,500,000 psi
[31005 MPa] for specimens dried 12 months in normal laboratory environment to
6,000,000 psi [41340 MPa] for specimens immersed in water for 10 months at laboratory

temperature.

1 inch = 25.4 mm, 1 psi = 6.89 kPa, 1 psi/in = 0.27 kPa/mm
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the value for the corner is consistently lower. This is believed to be the
result of incomplete contact between the corner area and the subgrade and
is in accord with the evidence of the strain data... The general level of
values of k from the bearing plate tests is in reasonably good agreement
with-that determined from pavement deflections... The values of the
modulus of elasticity for the concrete, E, as determined from the slab
deflections are in the same general range as the values that were obtained

from the tests of the laboratory specimens.” [18]

Thus, the k values determined from repeated loads on a 30-in [762 mm)] plate
at a deflection at 0.05 in [1.27 mm)] appeared to give k values which agreed well with

those backcalculated from deflections induced by loads on top of concrete slabs.

Seasonal Variation in k Value

Using one plate size, the Arlington researchers also investigated the effect of
seasonal variation in moisture content on k values measured by plate bearing tests.
The results are illustrated in Figure A-5. The moisture content of the subgrade was
17 percent during the summer testing, and higher during the winter testing: 25
percent in the upper 6 inches [152 mm)] of the subgrade, and 19 percent at depths of
6 to 12 inches [152 to 305 mm]. [18] At each displacement magnitude, the lower

summer moisture content corresponded to a-40 to 50 percent increase in k value.

Effect of Displacement Level on K Value
Figure A-5 also illustrates the different k values obtained at different

displacement levels. In June, for example, k values from 315 to 233 psi/in [85.1 to

62.9 kPa/mm] were obtained for displacements from 0.01 to 0.05 in [0.25 to 1.27 mm)].
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Effect of Slab Curling and Corner Support on Corner k Values

Deflections were measured at slab corners when the corners were curled up,
flat, and curled down. The total vertical displacement of the corners was observed to
"vary considerably with the degree of support afforded the loaded corner, being
approximat;ely three times as great for the upward warped corner as for the same
corner brought into better contact with the subgrade by downward warping." Teller

and Sutherland concluded:

"It is believed that ... because the measured apparent deflections of the slab
corner contain displacements from causes other than flexure, such
measurements are not suitable for use in determining the value of the
several coefficients [, k, E, etc.] previously discussed. One possible
exception is the value of the radius of relative stiffness, ¢, which is
determined more by coincidence of curve shapes than by absolute
deflection magnitude. Because of this, values of ¢ determined from corner
loadings are in good agreement with values determined from interior and

edge loadings for all four slab thicknesses." [18]

Effect of Subgrade Improvement on k Value

Teller and Sutherland described some rather surprising results concerning
plate load tests on modified subgrade. In 1940, a concrete pavement was constructed
at the same location where slabs used in Teller and Sutherland’s original experiments
had been. However, prior to the new construction, "the character of the subgrade
had been altered by mixing sand with the original silty loam to a depth of several

inches and recompacting.” [18] Since plate load tests on the original subgrade had
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shown that plate diameters in excess of 30 inches [762 mm] were sufficient to yield
consistent k values, the modified subgrade was tested with a 36-inch [914 mm] plate.
The k value obtained was 400 psi/in [108 kPa/mm], whereas the k value of
the original subgrade had been about 280 psi/in [75.6 kPa/mm] for summer
conditions. ‘Testing on the modified subgrade with a larger (54-inch [1372 mm)]) plate
yielded a smaller increase in k value (315 psi/in [85.1 kPa/mm)]). After a concrete
slab was constructed on the modified subgrade, the k value backcalculated from slab
deflections was found to be 285 psi/in [76.9 kPa/mm], "considerably lower than that
indicated by the bearing tests with the 36-inch [914 mm] diameter rigid plate but
essentially the same as that found for the original unmodified subgrade under similar

summer conditions." [18] Teller and Sutherland offered the following explanation:

"It is indicated that in modifying the character of the upper layer of the
subgrade ... its load supporting ability within a given deformation limit
was considerably increased so long as the given unit load was applied
over a relatively small area. When the loaded area was relatively large, as
with the slab deflection test, on the other hand, the influence of the
strengthened upper layer on the load support offered by the subgrade as a
whole tended to disappear.” [18]

Effect of Loads and Temperature on Total Slab Stress
A summary of the findings of the Arlington experiments was written by Kelley

in 1939. [19] Kelley pointed out that the stresses produced in concrete slabs by the
combined effects of wheel loads and temperature variation could be much greater

than the stresses predicted by Westergaard’s equations for wheel loads only, and that
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for short slabs (e.g., less than 17 ft [5.2 m] for k = 100 psi/in [27 kPa/mm] and less
than 13 ft [4.0 m] for k = 300 psi/in [81 kPa/mm]), temperature curling stresses

actually increase with increasing k value:

"Variations in the value of the subgrade modulus have no significant effect on

the [temperature curling] stresses in long slabs. However, for short slabs

increases in the value of the subgrade modulus result in considerable increases

in the computed stresses... This effect of the subgrade modulus on temperature
stresses is the reverse of its effect on stresses due to wheel loads where low

values of the modulus give higher stresses than do high values." [19]

These observations are reasonable if one imagines that the stiffer the
foundation is, the less a curled slab can settle into the foundation, thus the greater
proportion of the slab area will be unsupported by the foundation, and thus the
higher the slab stresses will be. Nonetheless, the idea of total slab stress increasing
with k value is somewhat difficult to accept if one is accustomed to thinking of k
value only in terms of its effect on stresses due to traffic loads.

Kelley felt that a default k value of 100 psi/in [27 kPa/mm] was a somewhat
conservative value which still provided a tradeoff between load and curling stresses.
If the actual k value of a subgrade was higher than the assumed value, for example,
the stress equations would overestimate the load stress and underestimate the curling
stress. However, consideration of curling stresses has not been a part of concrete
pavement design practice in the fifty or more years after Kelley’s recommendations
were published, although curling stresses certainly have been significant to the

performance of concrete pavements.

A-24



I BN BN AN AF AN W 2 A I 2 B A A 9N N N N

CORPS OF ENGINEERS FIELD STUDIES

In 1941, the Corps of Engineers (as it is now called) conducted static and
dynamic load tests on concrete slabs constructed at Wright Field in Ohio. [20, 21,
22] One of the objectives of the Wright Field slab tests was to develop a standard

procedure for determining subgrade k values. The need for such a procedure was

summarized by Sale in 1977:

"Except to state that the subgrade modulus ‘... may be determined
empirically - for a given subgrade by comparing the deflections found by
tests of full-sized slabs with the deflections given by the formulas...”

Dr. Westergaard never suggested a test method for determining the k
value. This lack of definition has through the years caused Corps’

researchers and, we believe, many others considerable concern." [23]

The experiments the Corps conducted at Wright Field to develop a k value test

were described by Sale and Hutchinson in 1959 [22):

"The test slabs were instrumented with deflection and strain gages so that
the failure loads could readily be related to the Westergaard theory.
Through the entire range of increment loads leading to the development of
the first structural break in the pavement slabs, a check was maintained on
the volumetric displacement of the subgrade beneath the slab. From this
determination the modulus of subgrade reaction could be established. A
series of plate loading tests were made on each subgrade condition in

order to determine the size of plate which would yield a k value that most
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closely checked the value obtained from the volumetric subgrade
displacement under the test slabs. Circular plates ranging in diameter
from 12 to 72 inches [305 to 1829 mm] were used in this study and almost
without exception tests made with a 30-inch [762 mm] diameter plate gave

results that were in close agreement with the subgrade displacement

B B B = =

determination. As would be expected smaller plate sizes gave higher

values and larger plate sizes gave smaller values. Thus was born the basic

procedure for establishing a design k-value with a 30-inch [762 mm]
diameter plate bearing test that is still used in Corps of Engineers

pavement design with only minor modification." [22]

A detailed description of the development of the Corps’ standard plate bearing
test method was provided by Phillippe in a 1948 ASTM symposium on bearing
capacity of soils. [24] Phillippe reported that the plate load data and slab
deflection data analyzed by the Corps "indicate reasonable correlation between the k
values determined by the 30-in-diameter [762 mm] plate at 0.05 in [1.27 mm]
deflection and the static loading of full scale concrete pavement slabs." The Corps
subsequently modified its test procedure to (1) determine k at a pressure of 10 psi
[68.9 KPa] rather than a deflection of 0.05 in [1.27 mm], (2) use stacked plates to
minimize plate bending, and apply a correction for plate bending when necessary,
and (3) to assess "soaked" k values based on laboratory tests on saturated and
unsaturated subgrade samples. [25]

The Corps carried out additional field tests of concrete pavements at
Lockbourne, Maxwell, McDill, and other airfields. [24, 26, 27] The k value results

obtained in these later tests were consistent with those obtained at Wright Field:
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"Responding to the continual growth of military aircraft during the 1940’s
and 1950’s and the attendant increase in pavement thickness, the Corps has
repeatedly questioned and subjected to test the continued applicability of

the standard 30-in [762 mm] plate bearing test.

"Surely the geometry of a Model T Ford automobile on a 5- or é-in [127 or
152 mm] concrete slab in 1926 would bear little resemblance to a 360,000-1b
[1602 kN] C-5A 12-wheel loading gear on a 20-in [508 mm] concrete slab
today. Yet the Corps, in every major airfield pavement test program
carried out since 1941 has found the procedures for determining the
subgrade modulus developed in conjunction with the Wright Field Slab
Tests to be essentially representative of the values obtained by the load-

deflection tests of full-size slabs or the so-called volumetric k.

"The only exception to this pattern is the high k value obtained on
moderate base course thicknesses which generally must be adjusted

downward to match full-size slab performance." [23]

Correlation of K Value and CBR and Soil Classification

In 1942, Middlebrooks and Bertram [28] published a paper summarizing
many aspects of the Corps of Engineers’ subgrade studies, including perhaps the first
published correlation of k value to California Bearing Ratio (CBR) and to the Unified
and Public Roads (now AASHTO) soil classification groups. These correlations are

illustrated in Figure A-6, and summarized below.
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"You will note that the k values range from 100 [27 kPa/mm] for the fat clay
to approximately 800 [216 kPa/mm] for an excellent well-graded gravel. These
values are considered only approximate, although to date some very good
checks have been obtained. However, they are not considered close enough
for u-se in construction in this country, where there is sufficient time available

for a more accurate determination of the k values." [28]

An important detail of the Corps of Engineers’ k value test method on which
these correlations are based is the selection of 0.05 in [1.27 mm] as the deflection at
which k is defined. The Corps’ plate bearing test procedure does not involve
repeated loading and unloading, as was done at the Arlington Road Test, so it is
reasonable to ask whether the k value obtained from the Corps’ test procedure is an
"elastic" k, or whether it includes both elastic and plastic deformation. It is a
significant question because Figure A-6 formed the basis for correlation charts and
tables which, with some modifications, were later incorporated in the U. S. Army’s
technical manuals [29, 30] and the Portland Cement Association’s design manuals
for highway and airport concrete pavements [31, 32], and which have been
widely used ever since. An example of an early PCA table relating Bureau of Public
Roads and Unified soil classes to k values is shown in Figure A-7.

Phillippe [24] and Middlebrooks and Bertram [28] state that the deflection
value of 0.05 in [1.27 mm] was selected because many tests indicated that this
deflection corresponded to k values which agreed with the k values obtained from
deflection testing on full-size slabs. If one presumes that k values calculated from
slab deflections represent elastic response of the subgrade, then one may conclude

that the k value obtained from the Corps’ definition (at a deflection of 0.05 in
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[1.27 mm] is the equivalent of an elastic k, and thus that the correlations shown in

Figure A-6 are correlations of CBR and soil classification to an elastic k value.

EFFECT OF BASE LAYERS ON K

In th;: 1940s, numerous reports appeared in the literature concerning plate load
tests on subgrades and on base layers. One of many examples is the report by
Campen and Smith of plate load tests at several airports in Nebraska and
Towa. [33] The results were summarized in tables which showed increase in load-
bearing value of the subgrade per inch of superimposed thickness of base material.
Another example is the report by Hittle and Goetz on the effect of soil type, base
type, base thickness, and seasonal moisture variation on the load-carrying capacity of
various base-subgrade combinations. [34] McLeod presented similar results from
several years of testing at several Canadian airports, including plate load tests on
natural subgrades, granular bases, and bituminous surfaces. [35] These and other
studies of the time illustrate a developing trend to consider base layers as an effective
means of improving subgrade k values, and to consider this improvement as a
function of base thickness and base material.

The Corps of Engineers also apparently changed its position on the effect of
base layers on k value during this time. As Ahlvin describes in his report on the
historical development of the Corps’ pavement design procedures [36], airfield
pavements were constructed directly on natural subgrades throughout the 1940s, but
base materials came into use in the early 1950s to combat pumping. However, the
Corps also began to attribute an improved k value to the base. "Limited early
experience," Ahlvin states, "had been interpreted to indicate that subbase or base

under rigid pavement had no structural advantage," a conclusion which is consistent
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with Sale’s description of the results of the Wright Field Tests. In the 1950s,
however, the Corps modified its design practice to require plate bearing tests on top

of bases. This led eventually to development of curves for top-of-base k value:

"As the use of base courses continued, manual guidance directed use of the
plate-bearing test on top of the emplaced base for determination of the k-

value. This practice continued into the 1970s.

"However, late in the 1950s there was a need for guidance, for evaluation
purposes, in assessing the contribution of base courses to improve the
subgrade k-value without requiring plate tests. Accordingly curves were
developed ... which related k at the surface of the base to base thickness
and subgrade k. These have been included in engineer manual doctrine as

an alternate to direct plate testing." [36]

Ahlvin’s historical review does not mention any attempts by the Corps to
validate the base k value curves by deflection testing on top of concrete pavements.
Had this been attempted, the results obtained earlier at the Arlington and Wright
field tests might have been reaffirmed and the erroneous concept of top-of-base k

value might not have been perpetuated.

ASTM PLATE BEARING TEST METHODS

The first standard ASTM tests methods for plate bearing tests on soils were
published in 1952. Two tests, based largely on the Corps of Engineers procedure,
were published: D 1195, Repetitive Static Plate Load Test, and D 1196, Nonrepetitive
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Static Plate Load Test. These two tests have changed very little since they were
originally published. The steps in the repetitive testing procedure are described

briefly below for illustration. Details of the test procedures are given in Appendix B.

1. Set tl.le bearing plate level in a thin bed of a mixture of sand and plaster of
Paris, or plaster of Paris alone, or fine sand.

2. Center the bearing plate of the selected diameter under the jack assembly. Set
the remaining plates of smaller diameter concentric with and on top of the
bearing plate.

3. After the equipment has been arranged, seat the plate by the quick application
and release of a load sufficient to produce a deflection of not less than 0.01 in
[0.254 mm].

4. Apply a load sufficient to produce a deflection of about 0.04 in [1 mm)], start a
stopwatch, and maintain the load until the rate of change of deflection is no
more than 0.001 in [0.0254 mm] per minute for three successive minutes.

5. Release the load and observe the rebound deflection until the rate of recovery
is less than 0.001 in [0.0254] per minute for three successive minutes.

6. Apply and release the same load in this manner six times.

7. Increase the load to a level sufficient to produce a deflection of about 0.2 in [5
mm)], and proceed as before.

8. Increase the load to a level sufficient to produce a deflection of about 0.4 in [10
mm], and proceed as before.

9. Plot the corrected deflection at which the rate of change of deflection is exactly
0.001 in [0.0254 mm)] per minute versus the number of repetitions of the

corrected load.
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10. Similar graphs may be prepared in which corrected residual deflection and

rebound deflection are plotted versus the number of repetitions of each

corrected load.

Furﬂ.ler details on these plate bearing test methods are given in Appendix B.
Interestingly, neither test method gives any guidance on calculation of the subgrade k
value from the load and deflection data obtained. Calculation of k value is covered
in the Corps of Engineers test method, and in the AASHTO test methods T221 and

T222, which were not standardized until the 1960s.

AASHO ROAD TEST
This major field test was conducted by the Highway Research Board between

1958 and 1960, near Ottawa, Hlinois. The AASHO Road Test is documented in great

detail in a series of Highway Research Board reports and many related documents.

[37, 38, 39, 40, 41, 42, 43, 44]

Subbase and Embankment Material Properties Studied
Detailed investigations of base and subgrade properties and their variation

throughout the seasons were conducted at the road test. Plate load, CBR, moisture
content, and density tests were made on the subbase and the embankment.

Figures A-8 and A-9 illustrate the seaéonal trends observed in subgrade
moisture content, dry density, CBR, and plate load kg (described further below). The
data shown in Figure A-8 were collected from trenches cut in the flexible pavement
tangent of Loop 1, the untrafficked loop. Figure A-9 shows similar data collected
from the Loop 1 rigid tangent. Trends of increasing CBR and kg with decreasing

moisture content are noticeable, particularly for 1959.
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Figure A-10 illustrates the relationships of kg to dry density, moisture content,

and percent saturation, based on data from trenches cut in the main traffic loops.

Although no relationship between kg and dry density is evident, kg shows some

tendency to decrease with increasing moisture content. A clearer trend of decreasing

kg with increasing percent saturation (which represents a combination of dry density

and moisture content) is evident. The same is true for CBR versus percent saturation.

Plate Bearing Test Procedure

At the time of the Road Test, AASHO did not have standard test methods for

plate bearing tests, and the test procedure used did not conform to the ASTM or

Corps of Engineers standards. The procedure, which was similar to that used at the

Arlington Road Test, involved the following steps: [41]

1.

The test area was covered with fine silica sand and leveled by rotating the
plate. Sand was not used for testing on pavement surfaces when the
pavement surface was level.

The loading equipment, shown in Figure A-11, was set in place.

A seating pressure of 2 psi [13.8 kPa] was applied and released. Dial gages
were set to zero.

The first increment of pressure (5 psi [34.5 kPa] for the 30-inch [762 mm] load
plate) was applied and held 15 seconds, and the dial gage was read.

The load was released and the dial gége read at the end of 15 seconds.

The load was reapplied and released in the same manner three times.

Steps 4 through 6 were repeated for the second and third increments of load
(10 and 15 psi [68.9 and 103.3 kPa] for the 30-inch [762 mm] load plate).

Gross and elastic deflections were computed from the dial gage readings.
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1 b/ = 16.02 kg/m?, 1 psi/in = 0.27 kPa/mm
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Figure A-10. Effect of moisture and density on kg and CBR,
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Elastic K Value and Gross K Value

The following description of calculation of k values from the plate load test

data was given:

"Vall;es of kg were computed as follows: (a) Elastic k-value: kg = the unit
load divided by the elastic deformation at each application of the
incremental load. The reported kg was an average of all nine of these
computations; (b) Gross k-value, kg = the unit load divided by the
maximum gross deflection. The reported kg was an average of all three of

these computations.” [41]

A schematic illustration of the load-deflection results obtained from the plate

Joad tests is shown in Figure A-12. The following explanation was given for the kg

calculation:

"Because in rigid pavement design the modulus kg is more commonly

used than the elastic modulus kg, data obtained from the trench studies in
Loop 1 (in both flexible and rigid pavement sections) were used to develop

a correlation between kg and kg." [41]

As shown in Figure A-13, the average ratio of kg to kg was 1.77. The remark
quoted above is curious, because no confirmation has been found in the prior
literature that gross k values determined in the manner employed at the AASHO
Road Test were commonly used in design. On the contrary, the elastic k value was

recommended by the Bureau of Public Roads after the Arlington Road Tests, and the
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Figure A-12. Schematic illustration of AASHO Road Test plate load test results.
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1 psi/in = 0.27 kPa/mm
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Figure A-13. Correlation of kg and ks, AASHO Road Test data. [41]
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k values obtained from the Corps of Engineers test method can also be presumed to
represent the elastic k value. However, because the Corps of Engineers method for
determining k value is a nonrepetitive test, one might presume that the AASHO
Road Test researchers felt that the gross k was more representative of the k obtained
in a nonrep.etiﬁve test than the elastic k. This presumption is reinforced by the

recommendations for k given by the AASHO Committee on Design in 1962:

"The modulus of subgrade reaction is the gross kg determined in the Road
Test, which is the value commonly used in design. It may be determined
by test following the procedure specified in ASTM Designation: D 1196-57,
using a 30-in [762 mm] diameter plate. It has been common practice to

estimate the modulus of subgrade reaction.” [45]

In April and May of 1960, trenches were cut in several sections of pavement in
the main trafficked loops 3 through 6 to test the subbase and embankment. The
sections in which the trenches were cut had reached terminal serviceability. The kg
values obtained are shown in Table A-2.

A k value of 60 psi/in [16.2 kPa/mm] was used to represent AASHO Road
Test conditions in the development of the AASHO rigid pavement design
equation. [45] This value, as Table A-2 shows, is equivalent to the mean springtime
gross k value from tests on top of the subbase. It is almost as conservative a value as
could possibly have been picked to represent the Road Test conditions. The only
more conservative value would have been the springtime gross k value of 49 psi/in
[13.2 KPa/mm)] on top of the subgrade. Why the subbase kg was selected rather than

the subgrade kg is not documented.
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Table A-2. AASHO Road Test k values from spring trenching program. [39]

Subbase
Embankment 85 87 86 49 ||

Notes: kg values obtained by dividing kg values by 1.77
1 psi/in = 0.27 kPa/mm

In 1962, the Corps of Engineers conducted load tests on top of the existing
slabs at the AASHO Road Test site and backcalculated k values from the deflection
basins measured. [46] According to Hudson, the value of 60 psi/in [16.2 KPa/mm]
was in reasonably good agreement with k values from measurements made on full-
sized slabs. [47] According to Vesic and Saxena, the volumetric k values calculated
by the Corps ranged from 25 to 97 psi/in [6.75 to 26.2 kPa/mm]. [48]

PORTLAND CEMENT ASSOCIATION

In the 1960s, the Portland Cement Association (PCA) conducted a series of
laboratory experiments with full-sized concrete slabs. These experiments included
plate load tests on prepared subgrade soils, untreated gravel and crushed stone bases,
cement-treated subbases, and soil-cement pavements. [49, 50, 51] Example k
value results from tests on untreated granular bases and cement-treated bases are
shown in Figure A-14.

The plate tests on top of the granular bases yielded slightly higher k values

than the subgrade plate tests, but the plate tests on the cement-treated bases yielded

A-44

o BE Ul E =m B



[og] "saseq pajean-juawad pue seueid uo s3s9) age[d YOI Jo NS $1-v 2InSi

NI ‘SSINMIOIHL 3SvEeans
Gl 2! 6 =} ¢ 0

4 00¢

A-45

3u0IS 1) 90 m
suoiS 19 '9'g o
j3A0I9 ‘90 ¥
PADIY ‘9] v

%
1
@]
O
<
10d ‘% ‘SAINQOW NOI1oV3Y

SiS8L GS, S1D

09 SN HMM S19 eseq psejeell-luswia)

1009

wwr/edy £z°0 = up/1sd [ ‘ww gz = up |



considerably higher k values, which increased linearly with cement-treated base
thickness. Subsequent load tests on concrete slabs constructed on the cement-treated

bases showed a decrease in maximum edge and interior deflections with increasing

base thickness:

"Although it is known that small changes in k are not of consequence in
thickness design, the large increases achieved by the use of cement-treated
material over those normally attained on granular materials are significant,

and subsequent data from load tests on slabs demonstrate the degree to

which load-carrying ability is increased.” [50]

The PCA used these results to develop curves for top-of-base k values for
granular and cement-treated bases, which were incorporated into PCA’s concrete
pavement design procedures and published in 1966. The base k value curves which
appeared in PCA’s 1973 design manual for concrete airport pavements [52] are
shown in Figure A-15. The correlations between soil type, soil tests, and k values

presented in PCA’s design manual are shown in Figure A-16.
The PCA’s 1973 design manual also provided insight into the AASHO Road

Test kg and kg:

"The dense-liquid subgrade assumption results in computed stresses that
are somewhat higher than measured stresses. This is true when the kg
value is used -- gross k determined from a nonrepetitive plate-load test
such as ASTM D 1196. In the past, most designs have been based on the

kg value. The elastic k, value, determined from repetitive plate-load tests
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(1} For the basic idea, see O. J. Porter, **Foundations for Flexible Pavements,” Highway Resesrch Board Proccedings of the Twenty-second Annual Meeting,
1942, Vol. 22, pages 100-136.

(2} ““Characteristics of Soil Groups Pertaining to Roads and Airfields,” Appendix B, The Unified Soil Classification Systemt, U.S. Army Corps of Engineers,
Technical Memorandum 3-357, 1953.

{3) “Classification of Highway Subgrade Materials," Highway Reseerch Board Proceedings of the Twemty-fifth Annual Meeting, 1945, Vol. 25, pages 376-392.

(8) Airport Paving, U.S. Department of Commerce, Federal Aviation Agency, Mey 1948, pages 11-16. Estimated using values given in FAA Design Manual for
Airport Pavements.

[8) F. N, Hveem, "A New Approsch for Pavement Design,” Engincering News-Record, Vol. 141, No. 2, July 8, 1948, pages 134-139. R is factor used in
California Stabilome ter Method of Design,

(6] See T. A. Middiebrooks and G, E. Bertram, “Soil Tests for Design of Runway Pavements,” Highway Resescch Boerd Procecdings of the Twenty-sccond
Annual Mecting, 1942, Vol, 22, page 152. k is foctor used in Westergaard’s snalysis for design of concrete pavement.

(7) See item (6}, page 184,

Figure A-16. Correlations between k, soil type, and other tests. [52]
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such as ASTM D 1195, is a higher value, since most of theé inelastic
deformation is eliminated in the repetitive test. At the AASHO Road Test,,
a ratio of k, to 1<g of 1.77 was established for granular bases and clay
subgrades. Use of such a k, value would reduce theoretical stresses for
aircrajlft loads by approximately 10 percent... Although the more
conservative kg value is suggested for design purposes in this manual, it is
recognized that the accumulation of information on the relation of k, and

kg to design and performance of pavements will be valuable.” [52]

The 1973 PCA manual also sheds light on the shift in defining plate load k

values from those obtained at 0.05 in [1.27 mm] deflection to those obtained at 10 psi

[68.9 kPa] pressure:

"The displacement of the bearing plate used in determining k should
approximate the deflection of pavement slabs under expected wheel loads.
The load-deformation ratio at a displacement of 0.05 in [1.27 mm] is
generally used in determining k. However, the Corps of Engineers
determines k from the deformation obtained under a 10 psi [68.9 kPa]
load. When stabilized subbases are tested, the loading equipment may not
be heavy enough to obtain a deflection of 0.05 in [1.27 mm]. Even if it
were, the resulting pressure on the subbase may far exceed the pressures
exerted under the slab by aircraft loads and would thus not represent
service conditions. As a result, a maximum pressure of 10 psi [68.9 kPa] is

recommended for plate loading tests on stabilized subbases.” [52]
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Base Effect on Radius of Relative Stiffness

The most intriguing aspect of the PCA’s guidelines on effect of base layers on
slab behavior is the procedure offered in an appendix for determining an adjusted ¢
value when a stiff base is present. The radius of relative stiffness or ¢ for a slab on
grade was c;lefined in Equation A-1. Note that the slab modulus and slab thickness
are in the numerator and the subgrade k value is in the denominator. According to
the PCA manual’s recommendation to increase k when a base is present, the radius
of relative stiffness would decrease. The alternate procedure suggests that the

opposite result, an increase in ¢ may be more realistic:

"Conventional methods of computing pavement response to loads, either
by the dense-liquid subgrade assumption or the elastic-solid subgrade
assumption, assume that the subbase and subgrade reaction is evaluated
by a single modulus, k or E. By this assumption, the radius of relative
stiffness, ¢, is decreased when a subbase layer is used since the subbase
and subgrade support is greater than that for the subgrade alone. This
concept has satisfactorily given the approximate pavement response under

past conditions of load configuration and pavement thickness.

"When a subbase is used, especially a strong subbase, it is understood
intuitively that the load-spreading capability of the pavement is increased
— in effect, that the radius of relative stiffness is increased... As a result, an
adjustment in the design procedure has been developed and is

recommended for use in heavy-duty pavement design." [52]



The appendix suggests that the two approaches to defining ¢ (combining the
base with the k versus combining the base with the slab), although diametrically
opposed in concept, produce reasonably similar results for thinner pavements, weak
bases, and small load sizes. However, the latter approach was considered more
appropriate- for thicker pavements, stiffer bases, and larger load sizes (i.e., multiwheel
aircraft gear configurations). The adjusted ¢ is calculated from the concrete-to-base
stiffness ratio (E;/E,), the concrete-to-base thickness ratio (h;/hy), and the ¢
calculated for the concrete slab and subgrade k alone (from Equation A-1), using the
chart shown in Figure A-17. The chart was derived from elastic layer theory and

correlation to the PCA’s subgrade and plate load test data.

Backcalculation of K from PCA Test Data

The load tests run on concrete slabs in the PCA experiments showed decreases
in deflection with increasing thickness of cement-treated base, which was interpreted
as being the result of an increase in the k value. These experimental results would
then appear to be contrary to the statements quoted above concerning the effect of
the base on increasing ¢. However, the PCA studies did not report that any k values
were backcalculated from the slab deflections to determine whether the top-of-base k
values were confirmed.

This can be done using the deflection data reported in Reference 50, because
elastic moduli are also reported for the con&ete slabs and cement-treated bases.
Three interface conditions were studied: full bond (denoted by B) achieved with a
sand-cement grout, an SS-1 emulsion treatment (S), and no bond (N), attempted with
a sheet of 4-mil [0.1 mm] polyethylene. The ratios of maximum deflections for the B

versus the S and N cases indicate that the sections with unbonded (N) interfaces were
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actually not unbonded, but had high degrees of friction producing deflections not
much higher than the bonded interface. This explains the conclusion in Reference 50
that interface treatment was not a significant factor in load-bearing capacity.

The data for four test sections with bonded interfaces are provided in
Table A-3. -The k values were obtained from plate tests on the subgrade and cement-

treated base. The concrete and base elastic moduli were obtained from beam tests.

Table A-3. Sections in PCA tests of slabs with cement-treated bases. [50]

5B6 5 6 5.1 1.3 79 435
5B9 5 9 5.1 1.5 70 580
7B6 7 6 5.3 11 71 380
7B9 7 9 5.1 1.4 93 535

Note: 1in = 25.4 mm, 1 million psi = 6895 MPa, 1 psi/in = 0.27 kPa/mm

Using backcalculation equations developed by Crovetti [53] and other
equations developed in this study, presented later in this Appendix, k values were
backcalculated from the maximum interior deflections for the four sections. The load
radius a, was assumed to be 8 in [203 mm], based on diagrams of the test setup, and
the k values were adjusted for the effect of finite slab size. The load magnitude P
was 9000 lbs [40 kN]. The results are shown in Table A-4. The k values
backcalculated from the slab deflections are much more similar to those obtained

from plate tests on the subgrade than to those obtained from plate tests on the CTB.
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Table A-4. Backcalculation results for PCA test slabs.
Section | Ag in | & in Backcalculated k from plate test k from plate test
k, Ib/in® on subgrade, 1b/in® on CTB, Ib/in®
5B6 0.0085 195 89 79 435
5B9 0.0065 | 58.70 91 70 580
7B6 0.0045 | 41.24 185 71 380
7B9 0.0040 | 55.16 154 93 535

Note: 1in = 25.4 mm, 1 psi/in = 0.27 kPa/mm

This does not mean, however, that a cement-treated base has no effect on stresses in

the concrete slab. A cement-treated base may significantly reduce stress in the

concrete slab, especially if a high degree of friction exists between the slab and base.

1972 AASHO INTERIM GUIDE

In the evolution of the AASHTO rigid pavement design methodology

following the AASHO Road Test, a series of modifications was made to the process

of selecting a k value for design. The 1972 AASHTO Interim Guide recommended

the use of the subgrade gross k value in the main section of the manual. [54]

However, an alternate procedure to determine the design k value, termed a

composite k value on top of the subbase, was also given. According to this

procedure, the subbase stiffness and the modulus of subgrade reaction are used in a

nomograph, developed using elastic layer theory, to determine the composite k value

on top of the subbase. This seems to be a discrepancy, because the AASHO Road

Test's granular subbase k value (kg = 60 psi/in [16.2 kPa/mm]) was already

incorporated in the rigid pavement design equation. The 1972 Guide suggested that

an adjustment to the k value might be warranted to reflect loss of support:
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"The composite k value . . . is used in pavement thickness determinations.
Although there are no specific procedures for reducing support value to
account for losses due to pumping, erosion, consolidation, etc.,, a design

agency should consider such reduction based on its own experience." [54]

This too appears to be a discrepancy, because loss of support was already
incorporated into the AASHTO model: the rigid pavement design equation was
developed from the performance data for the AASHO Road Test's concrete pavement
sections with granular bases, and these pavements experienced substantial pumping

and loss of support beneath the slabs. [41]

CORRELATION OF K TO SOIL TYPE AND MOISTURE

The concrete pavement design procedure developed in the 1977 Zero-
Maintenance study [55, 56] recommended that a soil’s k value in various seasons
be determined from its AASHTO classification and the degree of saturation in the
upper 1 to 5 ft [0.3 to 1.5 m] of soil. Recommended k values for fine-grained soils at
various degrees of saturation are shown in Figure A-18. Recommended k values for
coarse-grained soils are shown in Figure A-19, except A-1 and A-3 soils, for which
values of 400 and 215 psi/in [108 and 58 kPa/mm] respectively were recommended.

A-2 materials are divided into "gravelly” and "sandy” soils, with more than 50
percent and less than 50 percent respectively retained on the No. 10 sieve. A k value
of 500 psi/in [135 kPa/mm] was recommended for periods when the subgrade was
frozen. The k values shown in Figures A-18 and A-19 were obtained using
correlations between resilient modulus, static elastic modulus, and degree of

saturation developed from an extensive field and laboratory study of Illinois

soils. [57]
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Figure A-18. k values for fine-grained AASHTO soil classes and degrees of saturation. [56]
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Figure A-19. k values for coarse-grained AASHTO soil classes and degrees of saturation. [56]
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1986 AASHTO GUIDE K VALUE METHODS

The 1986 version of the AASHTO Guide [58] contained five modifications to

the k value guidelines in the 1972 Interim Guide:

1. An e;]uaﬁon was provided for k value for an unprotected subgrade,
2. A new nomograph for composite (top-of-base) k was provided,
3. An adjustment for depth to a rigid foundation was introduced;
4. A seasonal adjustment procedure for k was provided; and
5

A loss-of-support adjustment was introduced.

K Value Equation for Unprotected Subgrade
A simple linear relationship between subgrade k value and the resilient

modulus (Mg) of the subgrade soil was presented in the 1986 AASHTO Guide:

Mg (A-2)
194

The development of this equation was documented in the Guide’s

_Appendix HH. [59]

Laboratory My versus In Situ E_
Equation A-6 is described in Appendix HH as a "theoretical relationship

between k-values from a plate bearing test and elastic modulus of the roadbed

soil.” [59] The 1986 Guide makes no distinction between the laboratory-measured
resilient modulus of a soil sample (My) and the in situ elastic modulus of a subgrade
soil mass (E,). In fact, the laboratory resilient modulus Mg, and the in situ elastic

modulus E are likely to be very different. One reason for this is that the vertical
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deviator stresses used to characterize My, in the laboratory test are higher (e.g., about
6 psi [41 kPa]) than the vertical deviator stresses typically experienced by an in situ
subgrade soil under a concrete pavement and granular base (e.g., 1 to 2 psi [7 to

14 kPa] beneath the load and even less away from the load).

The iaboratory resilient modulus probably differs from the field elastic
modulus for other reasons as well, as several studies have shown. For example, in
1947 Palmer compared subgrade elastic moduli values determined from field plate
bearing tests and from laboratory triaxial tests, using data from three airfields. [60]
The purpose of this comparison was to "indicate the degree of practicability of using
a value for the modulus as obtained by a laboratory triaxial shear test rather than a

value for the modulus as computed by a plate-load test on the subgrade." The

~subgrades at the three sites were predominantly silt (AASHTO dlassification A-4)

with some clay (A-7) at one site. Palmer’s data are shown in Figure A-20. The field
subgrade support values in pounds, on the left vertical axis, can be converted to field
E values in pounds per square inch [1 psi = 6.89 kPa] using Equation A-7,

substituting in a = 15 inches [381 mm] and A = 0.2 inch [5 mm]:

1 2
Zi=
g (1-#)P%  18pa _ P (A-3)

E = = -
A A 8

where A = deflection under rigid plate
p = plate pressure
a = load radius

E = modulus of elasticity of soil
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Note that this equation is for rigid plate loading; even though the tests were
conducted with steel plates, Palmer actually used the equation for flexible plate
loading, which would produce E values about 27 percent higher. Using
Equation A-7, an axis for field E was superimposed on the right vertical axis of
Figure A-lé. The slope of the curve is about 3.5 to 1. It is also worth noting also
that the plate loads applied to produce 0.2-in [5 mm] deflections correspond to plate
pressures of about 15 to 75 psi [103 to 517 kPa], certainly equal or greater to those
applied in the lab. Palmer gave the following interpretation of these results:

"One of two possible conclusions must follow: either [Equation A-7],
derivable from the theory of elasticity, cannot apply even to cohesive
soils, or the laboratory-determined E is not the proper value to use [in
Equation A-7]. The author believes that the latter conclusion is the
correct one for the reason that the field modulus E is almost invariably
higher than the laboratory E, and for very sandy soils the laboratory Eis
so low as to preclude the notion that the sandy soil can have any
considerable bearing value, which it nevertheless has, as plate-loading
tests prove... This all tends to point definitely to the advisability of
carrying the laboratory to the field and making tests on the subgrade in
place, rather than to take small samples to the laboratory... The latter
procedure could be used, however, if and when a good correlation
between laboratory data obtained with small samples and the in-place

field tests has been well established." [60]
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A discussion of Palmer’s results by Sprague, Bell, and Schwartz cited other
findings that elastic moduli from laboratory tests were not representative of in situ

elastic moduli [61]:

"It is ‘unfortunate that the term ‘undisturbed’ in relation to soil samples can
have only the meaning, ‘least disturbed.” Rutledge [62] has shown that

for cohesive soils, the degree of disturbance markedly affects the stress-
strain relationship and maximum compressive strength. He states that the
modulus of elasticity of a clay in nature will not be less than that obtained
from triaxial compression tests, but it may be greater by an amount which
cannot be predicted from the results of laboratory tests. Independent

observations by Peck [63] have corroborated these findings." [61]

Elastic Layer Simulation of Plate Load Test
The relationship suggested between k and resilient modulus in Appendix HH

of the 1986 AASHTO Guide is actually the following relationship between k and
elastic modulus E, derived using an elastic layer computer program:

¥ = _E (A-4)
194

In a real plate load test on a natural subgrade material, the shear stress at the
edge of a flexible load plate is equal to the applied pressure (e.g., 10 psi [69 kPa]).
The shear stress at the edge of a rigid load plate is considerably higher. If this shear
stress exceeds the shear strength of the soil, the plate will punch down into the soil
and relatively little deflection will occur outside the load plate. To the extent that

this happens, the real soil’s response approaches that of an ideal Winkler foundation,
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in which the "independent springs” making up the foundation respond individually
to load and do not transfer loads to adjacent springs. However, as Figure A-21
illustrates, an elastic layer program is not capable of reproducing the type of
discontinuous deflected shape of the subgrade surface which would really occur in
plate tests o-n most natural soils of relatively low shear strength.

Equation A-8 was developed by modeling a circular load with a radius of 15
inches [381 mm] and a pressure of 10 psi [69 kPa] on an elastic half-space, with
Poisson’s ratio u = 0.45 and E ranging from 1000 to 50,000 psi [6890 kPa to 344 MPa].
Because an elastic layer program cannot model rigid plate loading, k was not

computed as pressure divided by deflection:

k=F (A-5)
A

but rather as plate load P divided by deflected volume V:

¥ = P (A-6)

These two equations for k are equivalent only when the total deflected volume
V is equal to the plate deflection times the contact area. It is important to note that
in the derivation of Equation A-8, the k value corresponding to each input E value
was computed by dividing the plate load P by only the deflected volume V within
the radius of the load plate, as shown in Figure A-21. Modelling the soil as an elastic
solid produces a smooth continuous curve from the center of loading to an infinite
distance away. The deflected volume within the radius of the load plate as
calculated from this smooth deflection curve is only a portion of the total volume

deflected by the applied load.
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Backcalculated k for Slab on Elastic Solid

To demonstrate the general relationship between k and E beneath a concrete
slab with no base, k values were backcalculated for this study from deflections
calculated using an elastic layer program (BISAR) for a concrete slab resting on an
elastic foun;iaﬁon. A range of subgrade E values from 1,000 to 50,000 psi [6890 kPa
to 344 MPa] was used.

The concrete slab was modelled as 9 inches [229 mm] thick with an elastic
modulus of 5 million psi [34450 MPa] and a Poisson’s ratio of 0.15. The load was
modelled with a radius of 5.9 inches [150 mm] and a magnitude of 9000 pounds
[40 kN]. Although the load size and load level differ from those used in
Appendix HH, these differences do not significantly affect the results of the
backcalculation, because deflections of a concrete slab are very insensitive to load
radius, and according to elastic theory, k is independent of the load magnitude. The
slab/subgrade interface was modelled two ways, unbonded and bonded, but since
the subgrade Poisson’s ratio (0.45) was very close to 0.50, the results are nearly the
same. The k values were backcalculated from the calculated deflections at 0, 12, 24,
and 36 inches [0, 305, 610, and 914 mm] from the load center, according to the
procedure given in Part I of the 1993 AASHTO Guide [64], described later in this
Appendix. The results are compared with the 1986 AASHTO Guide’s equation in
Figure A-22. |

The Guide’s equation produces k valﬁes substantially higher than the
backcalculated k values. Indeed, even if the input elastic moduli were reduced by a
factor of 3 or 4 to approximate laboratory resilient moduli, the k values computed by

Equation A-8 would still exceed the backcalculated k values.
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This example should not be taken as representing a precise relationship

between subgrade E and k, for the following reasons:

1. In any type of test (on a subgrade, on a slab, etc.) the relationship between E
and k is a function of the load radius,
2. The relationship of E and k beneath a concrete slab is a function of the slab’s
ﬂﬁd&\ess and elastic modulus,
3. The relationship of E and k for equal deflections is not the same as the
relationship of E and k for equal bending stresses in a concrete slab, and
4. The deflection basins calculated by BISAR in this example would only be
representative of an infinite and linearly elastic subgrade and a horizontally
infinite concrete slab; real conditions of finite subgrade depth, nonlinear

subgrade response, and finite slab size would alter measured deflections.

The conclusion drawn from this analysis is that the AASHTO Guide’s equation
for k for an unprotected subgrade yields unrealistically high k values.

Composite K Nomograph for Base and Subgrade
The 1986 AASHTO Guide presented a nomograph for determining a composite

k as a function of subgrade resilient modulus and the thickness and elastic modulus
of a base layer. The development of this nomograph was documented in the Guide’s
Appendix LL. [59] Again, the subgrade resilient modulus was presumed equal to the
subgrade elastic modulus. The nomograph was developed in the same manner as
the equation for subgrade k: by simulating plate load tests with an elastic layer

computer program. The inputs used are shown in Figure A-23, from Appendix LL.
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1in = 254 mm, 1 psi = 6.89 kPa

10 psi

2AARRARRRED

Subbase

Modulus = E 3
Poisson's Ratio = 0.35

S NSNS SN NSNS AN SN

Subgrade
Moduluss Eg
Poisson's Ratio = 0.45 Y
ey
Levels of Variables for Subbase Analysis
Level .Number 1 2 3 4 5 6 7
D3(in.) 0 3 6 9 12 15 18

Log E3* 4.0 |4.35 {4.70 | 5.05 5.40 5.75 |6.10

E, (psi) 600 | 3600 | 6600 | 9600 | 12,600 | 15,600

* Equi-spaced Log10 E3 values were taken to cover a wide range of Ej

Figure A-23. Inputs to 1986 AASHTO Guide composite k analysis. [59]
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The base/subgrade interface was modelled as bonded. The plate load test was
simulated as a 10 psi [69 kPa], 30-inch-diameter [762 mm] load on the top of the base.

For each subgrade E, base E, and base thickness, a k value was calculated as
the plate pressure of 10 psi [59 kPa] divided by the maximum deflection under the
plate. Appc-end.ix LL does not explain why these k values were not calculated using
the volumetric approach to compensate for flexible plate loading, as was done to
compute the k values for an unprotected subgrade.

According to Appendix LL, the complete set of top-of-base k values computed
for base thicknesses from 0 to 18 inches [457 mm] was used to develop the composite
k nomograph, shown in Figure A-24, which appeared as Figure 3.3 in Part II of the
1986 AASHTO Guide. As an example, Appendix LL presents a table of k values
obtained for the ranges of base and subgrade moduli considered and a base thickness
of 6 inches [152 mm]. These k values are illustrated in the chart at the top of
Figure A-25. Although the composite k nomograph was supposedly developed from
these values and k values calculated similarly for other base thicknesses, the example
k values given in Appendix LL differ significantly from those obtained using the -
nomograph, as shown in Table A-5 for a subgrade E of 15,600 psi [107.5 MPa] and
base thickness of 6 inches [152 mm)].

Another anomaly of the AASHTO composite k nomograph is that, although it
yields very high k values for base layers, in some cases these k values are Jower than
the k values that would be assigned to the subgrade if the base were not present.

For example, according to Equation A-8, a subgrade with an E of 10 ksi [6.9 MPa] has
a k value of 10,000 / 19.4 = 515 psi/in [135 kPa/mm]. According to Appendix LL,
adding a 6-inch [152 mm)] base which also has an E of 10 ksi [6.9 MPa] produces a
composite k of only 390 psi/in [105], or 25 percent lower. The nomograph gives a

composite k of about 450 psi/in [121.5], or 13 percent lower.
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Example:
Dgg = 6 inches
Egg = 20,000 psi
Mg = 7,000 psi
Solution: k, = 400 pci
b 9 I T I T T LI
'fgg'ggg\ I I I I ]J | I \\'\: \,\, Composite Modulus of —
y Subbase Elastic [N Subgrade Reaction,
400,000 - 5 IhN
200,000 N NI Modulus, Egg (psi) NN
100,000 oW NN b (Assumes Semi-
;g-& :\\ i\‘Q‘\ \'\ \\\2" NN intinite Subgrade -
30:00’0 \\b\\.\_‘\x\\:‘ \\ \\\\x \‘ 3 Depth) .
18,000 | T~ R NI WAN [N KJ’%
o <] SNONAN /,
ERENNNNNN NN N\ %"‘ |
SSSSNNY MR RRRER R
1 N N ¥, N
= \\\\x& NN N "cbo \\\\u NN
NN NN AR NN
NR N\ NRORNYC NN
~ Q Ay \"\ N W
PR NI AN
N SN LN AN
NEANEA! NN
NEN N NR
— Subbase Thickness inches N
555:::::'::33.(!55) NN \
1000 }— 1® 18 14 12 10 8 6
""--._____ i
2000 — 1| =
sooo L [ |~ L ke
S000 [~ _-h\\r-..___ ‘\\\..., \\ );f,.
l(?g meth=tHERENRES ™ %’o
12000~ Tl ™ I~ D 2
16,000 1 T=S~T~| "~ TN s
20,000 N -
I~ I~ L NI N
ESSSESANANA
ENNENE
=k ) e IS SN
Roadbed NN\
=T Soll Resilient NN
—r Modulus, M, (psi) 3\1\
1 1 (] 1 1 ] 1 \
HEEREEN

1in = 25.4 mm, 1 psi = 6.89 kPa, 1 psi/in = 0.27 kPa/mm

Figure A-24. Composite k nomograph (1986 AASHTO Guide, Figure 3.3 [58]).
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k values for 6-inch base
from 1986 AASHTO Guide Appendix LL

k value, pci

1400

1200 . - S /

l 000 - e e e, I —

800 L —————————————— S —————

600 : e e — o
400 R
200 F— - _-___.._,__. R
0 . 1 | | 1 1 |
0 2 4 6 8 10 12 14 16

Subgrade elastic modulus, ksi
Base modulus, psi:

—— 1,258,925 —+ 562,341 —*— 251189 —&— 112,202
—— 50,119 —— 22,387 —&— 10,000

1 in = 25.4 mm, 1 psi = 6.89 kPa, 1 psi/in = 0.27 kPa/mm

Backecalculaled k value for 9-inch PCC Backcalculaled k value for 9-inch PCC
from 1993 AASHTO Guide Part III from 1993 AASHTO Guide Part III
PCC and base unbonded PCC and base bonded
k value, pci k value, pci

1400 1400
1200 b e e 1200 f— — e
PO IS 1000 o e
.oo e s e e e — — e e e a-ia e ‘oo | —— —— e ————— -— et M
‘oo e e e e e o e e e e e e 600 e e — —— e —— —— PP
‘oo — — — ‘oo - - — - e e ————— e S ——— e e Y

° : A . ‘ , o= L . A ' :

[} 2 4 6 8 10 12 14 16 [} 2 4 [} 8 10 12 14 16

Subgrade elaslic modulus, kst Subgrade elastic modulus, ksi

Figure A-25. Comparison of k values from 1986 AASHTO Guide Appendix LL
and k values backcalculated from concrete slab deflections.
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Consider another example: according to the k equation, a subgrade with an E
of 15.6 ksi [107.5 MPa] has a k value of 15,600 / 19.4 = 804 psi/in [217 kPa/mm]. As
Table A-5 shows, a 6-inch [152 mm] base with a modulus up to about 125 ksi
[861 MPa] would have a lower k value according to Appendix LL, and a 6-inch
[152 mm] b;se with a modulus up to about 40 ksi [276 MPa] would have a lower k

value according to the nomograph.

Table A-5. Comparison of composite k values from Appendix LL and nomograph.

112 771 975

251 865 1100
562 1003 1200
1258 1202 1400

1 ksi = 6.89 MPa, 1 pci = 0.27 kPa/mm

In this study, another elastic layer analysis was conducted to assess whether or
not the composite k nomograph yielded reasonable k values. Deflections were
calculated in BISAR for a 9-inch [229 mm] concrete slab (elastic modulus of 4 million
psi [27560 MPa]) resting on a 6-inch [152 mm] base, for each of combination of base
and subgrade modulus listed in Appendix LL. The base/subgrade interface was
modelled as bonded, as was done to develop the composite k nomograph, and the

slab/base interface was modelled two ways, bonded and unbonded. The load was
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modelled with a magnitude of 9000 pounds [40 kN] and a radius of 5.9 inches

[150 mm]. The calculated deflections were used to backcalculate k values using the
method described in Part III of the 1993 AASHTO Guide. The results are shown in
the two charts at the bottom of Figure A-25.

The t-elasﬁc layer simulation of the plate load test on the base produces
substantially higher k values than those backcalculated from deflections computed by
elastic layer theory for a concrete slab resting on the same base and subgrade. For
example, for a subgrade E of 15.6 ksi [107.5 MPa] and a 6-inch [152 mm] base, base E
values from 10 ksi [69 MPa] to 1.26 million psi [8680 MPa] produce k values ranging
from 556 to 1202 psi/in [150 to 324 kPa/mm)]. In contrast, the k value backcalculated
from BISAR-computed slab deflections, for the same subgrade and base, is about
140 psi/in [38 kPa/mm)], regardless of the base modulus.

Comparison of the two charts for backcalculated k at the bottom of
Figure A-25 shows that the backcalculated k values are not affected by the slab/base
interface bonding. However, when the slab and base are modelled as bonded, the
slab bending stresses are much lower and the apparent elastic modulus of the slab
(backcalculated as a function of the slab thickness alone) is much higher than when
the slab and base are modelled as unbonded.

An example which illustrates all of the inconsistencies pointed out above is
shown in Figure A-26. In the first case, a 9-inch [229 mm] slab (E = 4 million psi
[27560 MPa]) is modelled in BISAR on a 15.6 ksi [107.5 MPa] subgrade. The
AASHTO equation gives this subgrade a k value of 804 psi [217 kPa/mm]. The
backcalculated k value is only 138 psi/in [37]. The backcalculated concrete modulus
is 3.76 million psi [25925 MPa], and the calculated maximum tensile stress at the
bottom of the concrete slab is 138 psi [951 kPa] for a 9000-pound [40 kN] load.
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In the second case, a 6-inch [152 mm] base with an E of 50 ksi [344 MPa] is
modelled between the slab and subgrade. Both the slab/base and base/subgrade
interfaces are modelled as bonded. The AASHTO nomograph gives a composite k of
825 psi/in [223 kPa/mm), only slightly higher than the k of the subgrade alone. The
backcalcula';ed k, however, is about the same as before: 143 psi/in [985 kPa]. The
backcalculated concrete modulus is slightly higher, 3.98 million psi [27420 MPa], and
the slab stress under a 9000-pound [40 kN] load is slightly lower, 128 psi [882 kPa].

In the third case, the base is modelled with an E of 1.26 million psi
[8680 MPa]. The AASHTO nomograph gives this base a composite k of 1400 psi/in
[378 kPa/mm]. The backcalculated k is still about the same as before, 136 psi
[937 kPa]. However, the high modulus of the base and the full bond between the
slab and base result in an increase in the apparent elastic modulus of the slab
(backcalculated for a thickness of 9 inches [229 mm)]) to 7.28 million psi [50200 MPa],
and a decrease in the slab stress to 51 psi [351 kPa].

This example was conducted using the BISAR elastic layer program, and
should be considered primarily qualitative and only approximately quantitative. The
actual deflections, stresses, and backcalculated k and E values which would be
obtained for real concrete slabs of finite dimensions would be somewhat different.

Nevertheless, the results do serve to demonstrate the following conclusions:

1. The 1986 AASHTO Guide equation f(I'Jr k values (k = E / 19.4) for
unprotected subgrades produces unreasonably high values,

2. The 1986 AASHTO Guide’s nomograph for composite k values for
base/subgrade combinations yields values which are unreasonably high
and also inconsistent with the values given by the equation for

unprotected subgrades, and
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3. According to elastic layer theory, base layers of typical thicknesses for
highway design have no significant effect on calculated concrete slab
deflections (and thus on k values backcalculated from those deflections).
but relatively stiff bonded bases can significantly increase apparent slab

stiffnesses and significantly decrease slab bending stresses.

Adjustment for Depth to Rigid Foundation
The nomograph introduced in the 1986 AASHTO Guide for increasing the k

value when a rigid foundation is present at a depth of less than 10 feet [3 m] is
shown in Figure A-27. The basis for this nomograph is not documented in the 1986
Guide or its Volume 2 Appendices. It may have been developed using elastic layer
theory, in a manner similar to the unprotected subgrade k equation and composite k
nomograph.

The 1986 Guide does not provide any guidance on modification of the k value
when a substantial thickness of fill material is placed above the subgrade. The
composite k nomograph is not adequate for this purpose because the maximum base
thickness on the nomograph is 20 inches [508 mm]. A new nomograph, presented in
Appendix B, has been developed in this study to modify the subgrade k value for the
depth to a rigid layer and also for type and thickness of fill.

Seasonal Adjustment to K Value
The 1986 Guide’s procedure for seasonal adjustment to the k value is

documented in the Guide’s Appendix HH. An effective k value for use in design is
determined by: (1) assigning appropriate k values to the different seasons, (2) using

the rigid pavement design equation to determine the "relative damage" done in each
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season, (3) computing the average annual damage as the sum of the seasonal damage
amounts divided by the nﬁmber of seasons considered, (4) finding a single k value
which when used with the design equation will produce the same damage as the
total annual damage.

Acco;'ding to the 1986 Guide, the relative damage factor must be determined
as a function of the slab thickness because, of the variables in the rigid pavement
design equation which could not be isolated from k (namely thickness, concrete
modulus, and terminal serviceability), the equation was most sensitive to slab
thickness. The nomograph developed for this equation is shown in Figure A-28. Its
use requires selection of an initial trial slab thickness. In fact, many example cases
examined using this nomograph and wide ranges of thickness and other inputs
indicate that for a given set of seasonal k values, thickness has almost no effect.

Otherwise, this "relative damage" approach to determining a seasonally
weighted average annual k value, seems to be reasonable in concept. The 1986 Guide
does contain one significant discrepancy, however, in the application of this concept.
Although the Guide recommends that a seasonally adjusted k value be used for
design, the rigid pavement design equation was not derived using a seasonally
adjusted k value for the AASHO Road Test site, but rather using the same
springtime gross subbase k value of 60 psi/in [16 kPa/mm] which was used in the
1972 Guide. The flexible pavement design equation in the 1986 Guide was also
derived using the same subgrade resilient modulus value which had been used for
the AASHO Road Test soil (3000 psi [20.7 MPa]) in the past, rather than a seasonally
weighted average annual resilient modulus.

In this study, a proposed revision to the rigid pavement design equation was

developed for use in the AASHTO design procedure, as described in Appendix E.
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Figure A-28. Relative damage nomograph from 1986 AASHTO Guide. [58]
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Using the proposed revised design equation and the seasonal k value data reported
for the AASHO Road Test, the relative damage concept was applied to determine a
seasonally adjusted k value for the AASHO Road Test site. This seasonally adjusted
k value is the reference k value to which the new design equation is calibrated. It
should be r;oted that it would not be appropriate to substitute this seasonally

adjusted k value into the 1986 Guide’s equation, as it was developed from a different

damage model.

Loss of Support Adjustment to K Value
The nomograph introduced in the 1986 AASHTO Guide for reducing the k

value for potential loss of support due to base erodibility is shown in Figure A-29.
The development of the nomograph is described in the 1986 Guide’s Appendix LL,
although it is actually referenced to a 1979 manual for continuously reinforced
pavement design by McCullough and Elkins. [65]

The nomograph for the loss of support adjustment was developed using the
SLAB-49 discrete element program to compute slab responses to joint loading with no
voids and with voids of three different sizes modelled under the joint. As shown in
Figure A-29, various base types are assigned a range in the loss-of-support factor (LS)
based on their relative erodibility. The LS factors correspond to the void sizes
modelled, and thus presumably to the void sizes which those base types will develop
for any design life, cumulative traffic, or combination of other design variables such
as slab thickness or joint load transfer. The SLAB-49 program was used to determine
the lower full-support k value which would produce the same slab response to
loading as the input k value with a given void size. Thus, the effect of the LS factor

is to reduce the k value if the base is an erodible material or if no base is present.
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Although this loss-of-support adjustment factor may be well suited for the
CRCP design procedure for which it was developed, it is not at all compatible with
the AASHTO design procedure. As mentioned before, the AASHTO rigid pavement
performance model was developed from the performance data of the granular base
rigid paven;ent sections at the AASHO Road Test. These pavements experienced
substantial loss of support due to pumping. The degree of loss of support was
quantified by a "pumping index" of cubic inches of pumped material per inch of
pavement length. Many sections had a PI of over 100, equivalent to 2.6 cubic yards
[2 m?] of material pumped from beneath 100 ft [30.5 m] of pavement. The pumping
index was found to be inversely proportional to slab thickness and directly
proportional to axle load level. For some sections, voids extending more than 5 ft
[1.5 m] beneath the slab edge are shown in photographs in the Road Test report. [41]
The pavement sections without any granular base experienced worse pumping, but
the performance data from these sections were not used in the development of the
performance model. It is clear from the AASHO Road Test report that the basic
performance model for the Road Test site represents the performance of pavements

which experienced substantial loss of support

"ITnasmuch as the great majority of the sections which failed pumped
severely prior to failure, many of these sections would have survived
the two years of traffic had the subbase material been stabilized

effectively to resist erosion by water." [41]

As with the seasonal adjustment, the loss-of-support adjustment introduced in

the 1986 Guide is inconsistent with the k value of 60 psi/in [16 kPa/mm] embedded
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in the rigid pavement design equation. According to the loss of support nomograph,
the granular base at the AASHO Road Test site would be assigned an LS of 1.0 to 3.0,
which would reduce the k value to between 6 and 22 psi/in [1.6 and 6 kPa/mm]. A
more consistent approach for use with the 1986 design equation would have been to
recommend- an LS of 0 (no adjustment to k) for a granular base, a positive LS
(increase in k) to a stabilized base, and a negative LS (decrease in k) for fine-grained
material.

The loss of support procedure presented in the 1986 Guide is based on an
assumption that the effect of base type on performance can be accounted for by
modifying the design k value. This is necessary because the 1986 design equation
has no inputs for base properties such as thickness, stiffness, or erodibility. An
alternate approach, taken in this study, is to develop a performance equation which
explicitly considers the effects of base type (i.e., erodibility), stiffness, thickness, and
slab/base friction on predicted loss of serviceability due to cracking and also

predicted faulting. This approach is described in detail in Appendix E.

Summary of 1986 AASHTO Guide K Value Methods

The following conclusions are drawn concerning the k value methods

presented in the 1986 Guide:

1.  Equation for k value for an unprotected subgrade: The equation k=
Mg/19.4, where laboratory resilient modulus Mg, is assumed in the
Guide to be equal to the in-place elastic modulus E of the subgrade),
developed from elastic layer simulation of plate testing on an elastic

half-space, produces unrealistically high k values.
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Nomograph for composite (top-of-base) k: This nomograph, also
developed from elastic layer simulation of plate tests on base/subgrade

combinations, produces unrealistically high k values.

Adjustment to k for rigid foundation within 10 ft [3 m] depth: Itis
difficult to assess the adequacy of the nomograph for this adjustment
without documentation on its development. Analyses have been

conducted to replace this nomograph with one which would adjust k

not only for a rigid foundation but also for fill thicknesses greater than
1 £t [0.3 m].

Seasonal adjustment procedure for k: The AASHTO Guide provides a
reasonable method for determining a design k value which represents
the range of k values expected in various seasons, weighted with respect
to the relative damage done to the pavement in those seasons. The
relative damage is calculated using the AASHTO rigid pavement design
equation. The one inconsistency of the seasonal adjustment procedure is
that the design equation itself is not calibrated to a seasonal average k
for the AASHO Road Test site, but rather the springtime k value. Also,
if the rigid pavement design equation is replaced, the seasonal

adjustment procedure should be modified accordingly.

Loss of support adjustment to the k value: This nomograph,
developed using discrete element analysis of various sizes of voids

under a concrete pavement joint, produces dramatic reductions in k
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value for erodible bases. This loss of support adjustment is a major
discrepancy in the design procedure, as mentioned before, because the
performance prediction model is based on the AASHO Road Test

pavements which had granular bases and experience substantial loss of

support.

K VALUE BACKCALCULATION METHODS

Methods for backcalculation of elastic moduli for multilayered pavement
systems from measured deflections first appeared in the 1970s, starting with
Scrivner’s graphical solution for elastic moduli in a two-layer pavement system in
1973. [66] Most of the available backcalculation computer programs are based on
multilayer elastic theory, and thus cannot produce a backcalculated k value for the
subgrade. Procedures have also been developed over the last fifteen or more years
for backcalculating k values for concrete pavements. Three approaches are reviewed
in this section: solutions based on the AREA concept, other approaches to
backcalculating a radius of relative stiffness, and the Jowa Road Rater method which
correlates Road Rater deflection basin parameters directly to static k values.

All of the methods summarized here except the Iowa Road Rater method are
two-layer solutions: they solve for a subgrade k and an elastic modulus of the
concrete slab. If a base layer is present, its primary effect on the backcalculation
solution is an increase in the apparent modulus of the concrete slab; the effect of a
base on the backcalculated k value is usually insignificant. Additional comments on

the effect of base layers and other limitations of existing backcalculation procedures

are given later in this Appendix.
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AREA Concept for Backcalculation
The AREA concept was proposed by Hoffman and Thompson in 1981 for use

in backcalculating surface and subgrade elastic moduli for flexible pavements. [67]

The AREA, given by the equation below, is used to characterize the deflection basin:
d d d
AREA = 6+|1+2| 2 |+2| 2]+ 2 (A-7)
dy dy d

maximum deflection at center of loading plate

where d;
d.

i deflections at 12, 24, and 36 in [305, 610, 914 mm] from the center

AREA has units of length, rather than area, since each of the deflections is
normalized by d; in order to remove the effect of different load levels and to restrict
the range of values obtained. AREA and d; are thus independent parameters, from
which two layer moduli (surface and foundation) may be determined. Hoffman and
Thompson developed a nomograph for backcalculation of flexible pavement surface
and subgrade moduli from dj and AREA. The term "AREA" is generally taken to
mean AREA as defined by the above equation, i.e., for four sensors at 12-inch
[305 mm] spacing. Other AREA parameters may be defined for more spacings or

other sensors if desired.

Hoffman and Thompson also studied flexible pavement deflections under
static loading (measured by a Benkelman Beam), vibratory loading (measured by a
Road Rater), and impulse loading (measured by a Falling Weight Deflectometer).
Among their conclusions was one that deflections under static loading could be

anywhere from 2 to 10 times greater than deflections under dynamic loading. [67]
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ILLI-SLAB Solutions

The AREA concept was subsequently applied to backcalculation of PCC slab
elastic modulus values and subgrade k values for many airport and highway
projects. [68] The ILLI-SLAB finite element program was used to compute a matrix
of ma>dmux;1 deflections and AREA solutions by varying the k value and E for a
given slab thickness and slab size. A family of curves was then plotted against
AREA and d; axes. Individual midslab deflection basins (AREA and dy) measured
with a Falling Weight Deflectometer (FWD) could then be plotted on the matrix, and
the slab E and foundation k value interpolated. In 1985, Foxworthy adapted this
backcalculation scheme to a computerized solution. [69]

An attractive feature of the ILLI-SLAB-based AREA solutions was that the
effect of finite slab size was incorporated in the solution. However, the
backcalculated k values obtained from the FWD were typically about twice as high as
the static k values which would be expected for the same soils in standard plate
bearing tests. Foxworthy’s research included FWD deflection testing at several U.S.
Air Force bases, and comparison of the backcalculation results obtained with results
of plate load tests and laboratory tests of concrete samples. Foxworthy observed that
k values backcalculated from FWD deflections exceeded static k values from plate
load tests by a mean ratio of 2.7 (ranging from 1.6 to 4.4), as shown in Figure A-30.

ILLI-BACK Solution
Further investigation of the AREA concept by Barenberg and Petros [70] and

by Ioannides [71] produced a forward solution procedure to replace the iterative
and graphical procedures used previously. This solution is based on the fact that a

unique relationship exists between AREA, defined for a given load radius and sensor
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Figure A-30. Relationship of backcalculated k value to static k value. [69]
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arrangement, and the dense liquid radius of relative stiffness (9) of the pavement
system, in which the subgrade is characterized by a k value. Once the radius of
relative stiffness is known, the subgrade k value may be backcalculated from the
deflection measured at the load center or any other position using plate theory
deflection eéluaﬁons presented by Westergaard [72] and Losberg [73]. In 1989,
Ioannides, Barenberg, and Lary [74] demonstrated the application of this closed-
form approach using the computer program ILLIBACK.

This solution method was much faster than the graphical methods used before,
but it has some drawbacks. The solution for k is based on plate theory equations for
deflection of an infinite slab. The deflection of an actual highway pavement slab |
(12 ft [3.7 m] wide, perhaps only 15 ft [4.6 m] long) may be quite different than that
predicted from theory for infinite slabs. Also, as with the ILLI-SLAB solution, the k
values backcalculated from FWD data are higher than static k values. The
backcalculated concrete modulus will also be higher than the actual concrete modulus

if a base layer is present.

1993 AASHTO Guide
Equations for backcalculation of concrete elastic moduli and subgrade k values

for concrete and composite pavements were developed by Hall [75] and
incorporated in the overlay design procedures in the 1993 AASHTO Guide. [64] This
two-layer solution method is also based on &eﬂection of an infinite slab. The
procedure is described in detail in Appendix B.

The subgrade k value and concrete E value for a bare concrete pavement may
be obtained from Figures A-30 and A-31 respectively. These charts may also be used

to determine the subgrade k and concrete E for an existing AC-overlaid PCC
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pavements if the AREA and the k value are calculated with a maximum deflection d,,
which has been corrected for compression in the AC surface, as described in
Appendix B.

The k value backcalculated with the 1993 Guide equations from deflections
measured b.y an FWD or similar dynamic loading device are expected to be higher
than the k values which would be obtained from a static load test on the subgrade or
on the slab. The 1993 Guide recommended that these backcalculated k values be

divided by two to approximate static k values for use in design.

Iowa Road Rater Method
In the 1980s, the Jowa Department of Transportation developed a method for

determining springtime static k values from Road Rater deflection

measurements. [76] The method was developed over several years by comparing
springtime Road Rater deflection data from concrete pavements of various
thicknesses and types of subgrades with static plate load k value data for subgrades
of the same type. Details of the procedure are presented in Appendix B.

The k value obtained in this procedure is considered a static k value, i.e., what
would be obtained in a static plate load test on the subgrade, and is also considered

representative of springtime conditions only.

Other Advancements in k Backcalculation Methods

Recent research has produced several advances in the usefulness, efficiency,

and accuracy of k value backcalculation methods. Among these are the following:
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AREA backcalculation method for SHRP data: Backcalculation
equations similar to those presented in the 1993 AASHTO Guide have

been developed for the six-sensor arrangement used to test SHRP LTPP

experimental pavement sections. [77]

Equations for k and E for any sensor: For an ¢ determined from some
AREA definition or other method, the subgrade k and concrete E may

be calculated from any sensor deflection. [77]

Solution for ¢ for any sensor arrangement: Equations have also been
developed for calculating ¢ from any two deflections measured away
from the center of the load. This permits analysis of deflection data not

collected using one of the standard AREA-based sensor arrangements

(see Appendix B).

Solution for edge and corner k values: Equations have been developed
for backcalculating k at the edge or corner of a slab, using the measured
edge or corner deflection and either an assumed slab E or an ¢

backcalculated in the slab interior by the AREA method. [53]

Slab size effects: If L/¢, the ratio of ‘least slab dimension (length or
width in inches) to radius of relative stiffness, is less than about 8,
incorrect k and E values may be backcalculated unless a slab size
correction is applied. Equations have recently been developed to adjust

the measured d and calculated € to account for finite slab size. [53]
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* Adjustments for embankment height and depth to rigid layer: Although a
granular base layer, typically 4 to 6 inches [102 to 152 mm] thick, has no

significant effect on the k value, a substantial thickness (e.g., 1 or more ft
[0.3 m]) of fill may yield a higher k value than that which would be assigned
to the subgrade soil. In this study a nomograph was developed for adjusting

- B

the subgrade k when the pavement is built on fill material. This nomograph
also provides an adjustment to the k value if a rigid layer (e.g., bedrock or
very stiff clay) is located at a relatively shallow depth below the existing grade.

« Slab and base elastic moduli: The slab modulus backcalculated from these
two-layer methods may be significantly higher than the actual concrete elastic
modulus if a base is present. This is particularly true if the base is stabilized
and a high degree of friction exists between the slab and base. The
backcalculated slab modulus may be decomposed into moduli for the slab and
base, assuming the two layers act as plates. This is done using the parallel
axis theorem to solve for the two layer moduli which produce the same
bending stiffness as the backcalculated modulus of the composite section.
Procedures which have been developed for this purpose to date require an

assumed interface condition (full slip or full friction) and an assumed ratio of

the two layer moduli. [83]

Limitation of Plate Theory Backcalculation Methods
Most of the k value backcalculation methods developed to date (not including

the Iowa Road Rater method, which is a direct correlation of deflection to k value)

are based on plate theory, assuming pure bending of the concrete slab. A base layer,

if it is considered, is also considered to exhibit plate behavior. In future work on k
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value backcalculation methods for concrete pavements, three-dimensional finite
element analysis is recommended to model the behavior of the slab and base as
elastic layers on a k foundation. The effects on backcalculated k value of slab size,
joint load transfer, base thickness and stiffness, slab /base interface friction, and slab
deformatiox; due to temperature or moisture gradients could also be examined more

realistically using 3D finite element analysis.

BACKCALCULATION FIELD RESULTS
This section presents some backcalculation results from field testing which

provide insight into subgrade k values and the factors which influence them.

Backcalculated versus Static k: AASHO Road Test Loop 1
Loop 1 of the AASHO Road Test was not trafficked during the experiment

conducted between 1958 and 1960. It was used for strain measurements under
vibratory loading and for materials sampling. Unlike the trafficked loops, Loop 1
was not incorporated into I-80 when the AASHO Road Test was completed, and still
exists alongside I-80. The concrete pavement tangent of Loop 1 consists of two 12-ft-
wide lanes of 15-ft [4.6 m] unreinforced concrete and 40-ft [12.2 m] reinforced
concrete sections, with and without a 6-in [152 mm] granular base, and varying in
slab thickness from 2.5 to 12.5 inches [63.5 to 317.5 mm].

Loop 1 was tested with a Falling Weight Deflectometer in May 1992 by the
University of Illinois and the Tllinois Department of Transportation. Slabs were tested
at interior, outer edge, transverse joint, and corner locations. At every point tested, a
sequence of five load drops was applied, with target loads of 12, 12, 5, 8 and 12 kips
[53, 53, 22, 36, and 53 kN]. Many 2.5-in [63.5 mm] slabs were not tested because they

had one or more cracks, or because trenches had been cut in them for soil sampling.
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Effect of Temperature Gradient. Air, pavement surface, and pavement
middepth temperatures were measured at the beginning and end of outer lane testing
and again at the beginning and end of inner lane testing. The pavement surface
temperatures were 7 to 20 OF [4 to 11°C] higher than those measured in holes drilled
into the slabs, although likely variation in the depth of measurement makes it
difficult to quantify the temperature gradients accurately. To assess whether or not
the positive temperature gradients through the slabs affected the backcalculated k
values, a plot of load versus maximum deflection (at the load plate center) was made
for every interior basin, as recommended by Crovetti. [53] If the maximum deflection
plots on a straight line with respect to three or more load levels and the intercept of
this line is close to zero, it is safe to assume that the interior of the slab is in full
contact with the base or subgrade. All but a few of the nearly two hundred basins
measured passed this test, so it was concluded that temperature curling would not
influence the backcalculation results. This also suggests that the supporting base and
subgrade are sufficiently soft that the slab edges were able to settle in when the slabs
curled downward, so that the interiors of the slabs did not lose contact.

Joint Load Transfer. Deflections were measured across transverse joints at
several slabs in the inner lane. The load transfer, computed as the unloaded side
deflection as a percentage of the loaded side deflection, was about 75 to 90 percent.
This load transfer level is reasonable, considering that the joints are dowelled and the
Loop 1 was not subjected to truck traffic during or after the Road Test.

Backcalculation Results. The Loop 1 deflection data were analyzed in great
detail. Careful efforts were made to account for the effects of temperature, load

transfer, slab size, and concrete compressibility. The results are shown in Table A-6.
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Table A-6. AASHO Road Test Loop 1 rigid pavement backcalculation results.

5.0 111 742
9.5 142 5.44
12.5 192 6.26
Overall Mean: 148 6.37

Note: 1in = 25.4 mm, 1 psi/in = 0.27 kPa/mm, 1 million psi = 6890 MPa

Backcalculated k versus static k: The mean backcalculated k of 148 psi/in
[40 KPa/mm], when divided by 2, yields an estimated static k of 74 psi/in
[20 kPa/mm], which is within the range of 63 to 105 psi/in [17 to 28 kPa/mm]
obtained from plate load tests on the subgrade, and within the 25 to 92 psi/in [7 to
25 kPa/mm] range of volumetric k values backcalculated by the Corps of Engineers
from static load tests on top of the slabs. The mean backcalculated concrete E of 6.37
million psi [43890 MPa] is also very similar to the value of 6.25 million psi [43062
MPa] obtained from dynamic tests on beam samples.

Effect of Slab Thickness. Extensive efforts were made to account for finite
slab dimensions, using a matrix of finite element runs for each slab thickness. The
backcalculation results still show a slight trend of increasing k with increasing slab
thickness. Stress-dependent subgrade behavior was ruled out as the cause for this
phenomenon because for a given slab thickness, the backcalculated k values were

consistent over a wide range of load levels.



It is not common to notice whether or not thickness variation affects
backcalculated k values because most testing projects involve only one slab thickness
at a given location. The AASHO Road Test site offers a rather rare opportunity to
test a range of slab thicknesses of the same concrete, on the same subgrade.  If slab
thickness d;)es affect backcalculated k values, even after corrections are made for
temperature, load transfer, slab size, and concrete compressibility, one explanation is
that the real behavior of the soil departs to some extent from theory. If the subgrade
at the AASHO Road Test site were a true dense liquid, the backcalculated k value
should be constant for all slab thicknesses. If, at the other extreme, the subgrade
were a true elastic solid, elastic theory indicates (as Vesic and Saxena have shown)
that the backcalculated k value should decrease with increasing slab thickness. [48]

In fact just the opposite occurs.

A plausible explanation for the slab thickness effect observed in the AASHO
Road Test backcalculation results is that the subgrade is not quite a true dense liquid,
but possesses some low level of shear strength, albeit far less than is assumed if the
soil is considered an elastic solid. The thicker the tested slab is, the larger the mass
of soil within the radius of influence is, and the more net shear resistance to
deformation is mobilized. For the range of slab thicknesses at the AASHO Road Test,
which encompasses about the full range of typical concrete highway pavement
thicknesses in the United States, and for the relatively low shear strength subgrade
soil at the site, the slab thickness effect on k value does not appear to be very
significant. For soils of higher shear strength and for thicker (e.g., airport)

pavements, the slab thickness effect may be more significant.
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Resilient Modulus versus k: AASHO Road Test Loop 1

The flexible pavement sections in Loop 1 were also tested on the same day that
the rigid pavement sections were tested. The data and backcalculation results are
shown in Table A-7. The flexible sections were tested primarily to measure the
subgrade st.rength, rather than to backcalculate the pavement layer moduli, so the AC
mix temperature was not monitored. A load sequence of 12, 12, 5, 8, and 12 kips [53,
53, 22, 36, and 53 kN] was applied; measurements from the last three drops were
used for backcalculation. The results shown in Table A-7 were obtained from
analysis of the deflections measured at 36 inches [914 mm] from the center of the
load, using the procedure in the 1993 AASHTO Guide.

The overall mean backcalculated resilient modulus of about 11,600 psi
[80 MPa] exceeds by a factor of 3.85 the Mg value of 3,000 psi [20.7 MPa] which was
assigned to the AASHO Road Test soil in the derivation of the flexible pavement
design equation. The 3,000 psi value [20.7 MPa] is consistent with laboratory resilient
modulus tests (wet of optimum, 6 psi [41 kPa] deviator stress) on soil samples from
the site. The backcalculated moduli show a decreasing trend with increasing load
level, which suggests possible stress-dependent behavior. The backcalculated moduli
do not show any increasing trend with increasing pavement thickness, which
suggests that for all of the sections tested the 36-inch [914 mm] deflection
measurement distance was adequate for measuring the subgrade response
independent of any significant influence of the upper layers.

The mean backcalculated modulus of 11,600 psi [80 MPa], while high with
respect to the laboratory value of 3,000 psi [20.7 MPa], is still indicative of a weak
subgrade, which is consistent with the plate load k value and backcalculated k value

results.



Table A-7. AASHO Road Test Loop 1 flexible pavement backcalculation results.

288.68 3 6 16 7 216 5 31 9,060 9,217
10,328 8.04 8,564

5,016 2.09 16,000
285.08 5 0 0 7,464 3.46 14,382 14,718
10,288 498 13,772

5,064 2.53 13,344
sect 829 3 0 8 7,704 4.38 11,726 11,859
10,352 531 12,997

4,656 2.29 13,555
280.30 3 6 8 7,160 3.62 13,186 13,246
10,352 5.31 12,997

278.90 1 6 8 4,320 1.77 16,271 16,271

4,728 3.42 9,216 :
278.13 3 6 0 7,224 5.87 8,204 8,294
10,072 9.00 7,461

4,072 2.53 10,730
sect 869 3 0 8 6,408 4.26 10,028 10,460
9,288 5.83 10,620

Notes: 1 in = 25.4 mm, 1 pound = 4.45 kN, 1 mil = 25.4 um, 1 psi = 6.89 kPa

Mg, calculated from 1993 AASHTO Guide equation Mg = (0.24 P)/(d, 1),
where P = load (Ibs), d, = deflection (in), r = radial distance (in)

Overall mean backcalculated Mg = 11,561 psi [79.65 MPa]
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Backcalculated versus Static k: Willard Airport
The University of Dllinois’ Willard Airport in Savoy, Illinois has several

concrete pavements which have been monitored for many years by destructive and
nondestructive testing and condition surveys. The results of plate bearing tests
conducted c.m the silty clay subgrade yielded a mean k value of 73 psi/in

[20 kPa/mm]. The subgrade soil has a density of about 93 Ibs/ £t3 [1490 kg/m3] and
a CBR value of about 5.3. [78]

FWD testing was conducted on several pavements at Willard Airport in 1992.
The pavements included new and old concrete slabs on stabilized or granular bases,
two bonded concrete overlays, and an unbonded concrete overlay. The
backcalculation results for these pavements are summarized in Table A-8.

The mean backcalculated k value for the Willard Airport pavements was 234
psi/in [63 kPa/mm]. This value is about three times higher than the k value
obtained from the static plate load tests. The backcalculated k values are higher for
the pavements with greater total PCC thickness (original slab plus overlay). This is
probably due to the finite slab size effect, for which these backcalculation results
were not adjusted. A total PCC thickness of 15 inches [381 mm] or more for a
relatively small joint spacing L produces an L/@ ratio far less than the L/ ¢ of about 8
needed to approximate infinite slab behavior.

For the thinner pavements, the mean backcalculated k value is 148 psi/in
[40 kPa/mm], which when divided by 2 yields an estimated static k value of 74
psi/in [20 KPa/mm)], practically the same as the plate load k value.
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Table A-8. Backcalculation results for concrete pavements
and concrete overlays at Willard Airport.

New 15-in PCC 332 166 5.10
Apron 4-in OGATB
New 18-in PCC 194 97 3.95
Taxiway no base i
Southwest 7-in BOL
Taxiway 8-in PCC 252 126 4.90
8-in gran
Runway 8-in PCC
18-36 (very old) 142 71 6.90
8-in gran
Northwest 11-in BOL
Taxiway 8-in PCC 242 121 3.70
8-in gran
Gen Aviation 6-in UBOL
Ramp separation layer
9-in PCC 320 160 (see note)
(old, D-cracked)
8-in gran
Old 9-in PCC
Ramp (old, D~cracked) 154 77 < 1.00
8-in gran

1in = 254 mm, 1 psi/in = 0.27 kPa/mm, 1 million psi = 6890 MPa

OGATB = open-graded asphalt-treated base, BOL = bonded conrete overlay, UBOL = unbonded
concrete overlay, gran = granular base

Concrete E values for overlaid sections were backcalculated two ways, with overlay thickness only and
with total thickness, to assess bond. Values shown for Southwest Taxiway and Northwest Taxiway
are effective E of total thickness.

Northwest Taxiway was constructed as "partially bonded" (no surface preparation, no separation
layer). Backcalculation results indicates the layers are bonded.

General Aviation Ramp backcalculation using only 6-in [152 mmy] overlay thickness yields
unreasonably high value (about 13 million psi [89570 MPa]). Backcalculation using the total 15-in [381
mm)] thickness of overlay and original slab yields unreasonably low value (about 1 million psi [6890
MPa]). These results suggest a significant degree of friction between the two slabs, and possibly that
the old pavement’s sound concrete thickness is less than 9 inches.
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Subgrade and Base Type versus k: RPPR Field Studies
Field evaluations of 95 in-service JPCP and JRCP highway pavements located

throughout the United States were conducted for the FHWA's "Rigid Pavement
Performance and Rehabilitation" (RPPR) study. [79] Deflection testing was

conducted on these pavements using an FWD. The backcalculated k values are
summarized by subgrade soil dlassification in Table A-9. The values shown are

estimated static values obtained by dividing the backcalculated values by 2.

Table A-9. Backcalculated k values by soil class, from RPPR data. [79]

A-1b 0 — 5
A-2-4 22 64 374
A-2-5 0 - _
A-2-6 8 64 336
A-2-7 1 128 128
A-3 2 189 265
A-4 17 95 314
A-5 0 _ — -
A-6 22 78 311
A-7 1 170 170

1 psi/in = 0.27 kPa/ mm
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The ranges of estimated static k values for the various soil classes appear to be
very reasonable in most cases. A great many unknown factors can produce scatter in
these results, including such things as the season in which the pavement was tested,
the uniformity of the subgrade with depth, whether or not the pavement was in a cut
or fill sectio—n, and whether a rigid layer is present at a shallow depth. These
backcalculation results have also not been adjusted for slab size effects. Presumably
deflection testing was conducted at times of the day when the slabs were not curled.
Nonetheless, the results shown in Table A-9 demonstrate that backcalculated k values
can be used to estimate static k values which are of reasonable magnitude for the
subgrade type, even when the slab is constructed on a stiff base. About half of these
pavements were built on stabilized bases (asphalt-treated, cement-treated, and lean
concrete) and the other half were built on aggregate bases or no base at all.

In general, the sections with treated bases had a somewhat higher average k
value than the sections with aggregate base or no base (estimated mean static of 255
psi/in for treated bases, versus 186 psi/in for untreated bases and no base).
However, the results are mixed when examined for specific experimental projects
which have different base types on the same subgrade, as shown in Table A-10.

This magnitude of increase for the treated base sections is much less than
would be predicted by the conventional top-of-base k value charts, and much less
than the composite k values that would be predicted for treated bases by the 1986
Guide procedure. One possible explanation for the difference is slab size effect: the
L/ ¢ ratio for a slab with a bonded, stabilized base is lower than the L/¢ ratio for a
slab of the same dimensions on a granular base or no base at all. The lower the L/¢
ratio is below 8, the less applicable are the infinite slab theory backcalculation

methods, without adjustment.
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Table A-10. Effect of treated and untreated bases on k, for projects with different
bases at the same location, from RPPR data. [79].

..........

%‘L ‘ |
i : RS B

North Carolina 554 535 <10
Ohio 395 | 482 1.2
New York 577 560 <1.0
Michigan 304 468 1.5
Minnesota 200 270 1.3
Arizona 425 602 14

1 psi/in = 0.27 kPa/mm

These comparisons, and others in this appendix, are based on the rule of
thumb division of dynamic k values by a factor of two to estimate static k values. It
is extremely difficult to provide a more sophisticated method for converting dynamic
k values to static k values, due to the complexities of modelling dynamic soil
behavior and the sparsity of available data on side-by-side compﬁsom of dynamic
and static soil response. The division-by-two rule has been shown to produce
reasonable values in many cases. Nonetheless, it may be true, and future resea.rch
may discover, whether the relationship between backcalculated and static k values

varies in a predictable way as a function of soil properties, loading characteristics, or

other factors.

A-105



Subgrade Type versus k: LTPP Study
Some preliminary analyses of the deflection data collected from the GPS 3 and

GPS 4 sections in the LTPP study have been conducted to date. Subgrade k values
and concrete E values were backcalculated using the SHRP LTPP method described
in Appendix B. The subgrade k value results are presented by subgrade class in

Table A-11.

Table A-11. Backcalculated k values by soil class, from LTPP GPS 3 and 4.

A-1-a 5 108 181 142
A-1-b 5 92 334 208
A-2-4 16 48 535 188
A-2-5 0 — — —
A-2-6 2 101 370 235
A-2-7 4 68 239 133
A-3 13 60 271 135
A4 24 54 395 154
A-5 2 66 102 84
A-6 26 61 512 146
A-7-5 5 79 181 117
A-7-6 18 48 248 126

1 psi/in = 0.27 kPa/mm
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The k value results for the LTPP sections are similar in many respects to the
results for the RPPR sections shown in Table A-9. In both data sets, the range of k
values obtained for subgrades identified as A-1 material (about 100 to 300 psi/in [27
to 81 kPa/mm)]) is considerably lower than the A-1 k value range suggested by the
Corps of El;gineers and PCA charts (300 psi/in [81 kPa/mm] or more). Since it is
very rare for a natural subgrade to be an A-1 material, these low values may indicate
that the pavement and base are built on a layer of A-1 material above the natural
subgrade.

The LTPP results are also similar to the RPPR results in that the k values are
generally within the ranges suggested by the Corps of Engineers and PCA charts for
the respective subgrade classes, even though the data set includes pavements with a
variety of untreated and treated bases, from granular materials to lean concrete.
Although the base type does seem to have a significant effect on the backcalculated
concrete E value, the LTPP data do not indicate that base type significantly affects
backcalculated k values.

Plate Load k on High-Strength Base: Japan

A Japanese study of deflection and strain measurements on concrete airfield
pavements provides an interesting comparison of top-of-base plate load k values and
k values backcalculated from slab deflections. [80] Each section of concrete
pavement was constructed on a crushed stone layer either 4 or 8 inches [102 or
203 mm] thick, which was in turn placed on a 12-in [305 mm] layer of pit gravel.
Plate load tests were conducted on top of the base to determine k values.

After the concrete slabs were constructed, static load tests were conducted on

the slabs with a 12-in [305 mm] diameter plate. A 45-ton [400 kN] truck provided the
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reaction force for the load tests at the slab interiors, edges, and corners.
Westergaard's equations were used to backcalculate k values using the maximum
deflections and the concrete E determined from laboratory tests.

The k values measured on top of the base were consistently two to four or
more times the k values backcalculated from slab deflections, and this discrepancy
increased with increasing load level. These results confirm again that plate tests on

base layers yield misleadingly high k values, as slab deflection test results show.

Effect of Rigid Layer Beneath Subgrade: Dulles Airport
Dulles International Airport near Washington, D. C. provides an interesting

example of the effect of a shallow rigid layer on deflections and backcalculated k
values. [81] The site upon which the airport was built has shallow bedrock
(stratified red shale), varying in depth from 0 to 6 ft [1.8 m] throughout most of the
airport property. The overlying soils are red clayey silt and silty clay (FAA class E-7,
liquid limit 34, plasticity index 17, dry density 104 Ib/ft> [1666 kg/m?]). If the
bedrock layer were not present and this soil were present to a substantial depth, it
might be expected to have a static k value in the range of about 100 to 250 psi/in [27
to 67 kPa/mm)].

The concrete slabs are all 15 inches [381 mm] thick. The elastic modulus of the
concrete was estimated at 5.4 million psi [37200 MPa] from sonic modulus tests on
cores and from backcalculation of WES Vibrator and FWD deflection data. The
backcalculated k values for the 35 pavement sections tested ranged from 260 to
1000 psi/in [70 to 270 kPa/mm], and averaged 480 psi/in [130 kPa/mm]. These
correspond to an estimated static k value range of 130 to 500 psi/in [35 to 135

kPa/mm], and an estimated average static k value of 240 psi/in [65 kPa/mm]. There
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is, however, considerable variation in fill heights and depths to bedrock within a
section, and a corresponding variation in k values, as shown in Figure A-33.

The average static k value is within but near the high end of the range of
values predicted for the subgrade soil type, which means that about half of the
values are a.bove the range expected for the subgrade type. The highest values (500
psi/in [135 kPa/mm)]) are twice the expected upper limit (about 250 psi/in [67
kPa/mm]) for the subgrade type. The highest values were reported for areas with
bedrock at a very shallow depth (0 to 2 ft [0.6 m]).

These results suggest that bedrock or a similar stiff layer at a shallow depth
(i.e., within 10 ft [3 m] of the subgrade surface) may increase k values to as much as
twice the level which would otherwise be assigned to the subgrade soil based on its
classification, density, and other properties. This type of field information is valuable
because a shallow rigid layer is considered to be significant in producing an
effectively stiffer foundation, but the magnitude of the increase which should be
expected due to a rigid layer is extremely difficult to quantify. Simulating the effect
of a rigid layer in an elastic layer computer analysis can yield much greater changes
in k value (e.g., by a factor of five or more), which may be very erroneous.
Additional collection and analysis of field data on rigid layer depth and its effect on

subgrade k values is needed to more accurately quantify this effect.

Soft Subgrade K Value with Stabilized Base: Utah I-15 in Salt Lake City [84

This highway pavement consists of a 9-in [229 mm] undowelled JPCP over a
4-in [102 mm] cement-treated base, over a 12-in [305 mm] granular borrow layer
consisting of AASHTO A-1 and A-2 materials. Beneath the borrow layer is some
embankment material of varying thickness. Below the embankment are very soft lake
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bed clays with CBR values of 0 to 3 percent. During the construction of I-15, vertical
sand drains were installed in these soft soils to drain water as the soils consolidated
under the weight of the embankment. The embankment had to be constructed in 1-ft
[0.3 m] increments because of the large volume of water that was drained from the
underlying -soils during consolidation.

This pavement is over 25 years old and has shown excellent performance with
virtually no cracking and little faulting. The pavement was tested with an FWD, and
the k value was backcalculated using the 1993 AASHTO Guide procedure described
in Appendix B. The backcalculated k values ranged from 49 to 234 psi/in [13 to
63 kPa/mm], corresponding to a range of estimated static k values of 25 to 115 psi/in
[7 to 31 kPa/mm]. These are among the lowest k values observed anywhere, despite
the presence of the embankment, borrow layer, and cement-treated base. The k
values were ther in one end of the project where the embankments were over 10 ft
[3 m] high, and lower in the other end where the embankments were shallower.

It is also interesting to note that this pavement has shown no fatigue-related
cracking in over 25 years of heavy traffic for a relatively thin slab. A structural
analysis conducted assuming that the slab and base were not bonded indicated that
the pavement should have failed long ago from fatigue damage. A second analysis
conducted assuming that the cement-treated base was bonded to the slab indicated
that there should be very little structural fatigue damage, which is consistent with the

performance observed. [84]

Effect of K Value on Slab Cracking: Chile

A major research study has been underway in Chile for several years to

monitor the deterioration of undowelled JPCP. [85] Twenty of these pavements were
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instrumented and tested in a variety of ways. Results from this monitoring show a
"permanent upward curling of slabs in all pavement sections ... The curling is
demonstrated in the field by the perceptible rocking of the slabs under the early
morning traffic and by the systematic transverse cracking and corner breaks of some
rather new -pavements with no signs of pumping. Cracking seems to start from the
surface downward and from the edges inward." [85] The researchers have also
concluded that moisture gradients in the concrete slabs have produced slab stresses,

deformations, and increased deflections under load as significant as those caused by

temperature gradients. [86]

Deflection data from the slab centers and an estimate of the concrete modulus
of elasticity were obtained and the k value backcalculated using Westergaard’s center
deflection equation. The backcalculated k values ranged from 87 to 675 psi/in [23.5
to 182 kPa/mm] and seemed to vary considerably depending on the subgrade and to
a lesser extent on the base type. The base types include untreated aggregate base and
cement-treated base. Some of the bases were constructed on new alignments where
the subgrade was uniform, and some were constructed over old AC or PCC
pavement. Differences in slab thickness, joint spacing and traffic loadings between
the sections make it difficult to make direct comparisions. However, the results
shown in Table A-12 do indicate some interesting trends.

Pavements constructed over old deteriorated pavements had backcalculated k
values about two times the k value of pavements constructed on a new alignment
with a typical subgrade. This may be due to the low L/¢ of these pavements (small
slab size with respect to their total thickness and stiffness). Pavements constructed
over old pavements had about four times the percent slabs cracked that pavements

constucted on new alignments had. The old pavements may have provided a stiffer
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Table A-12. Mean backcalculated k values from 20 Chilean JPCP test sections.

Untreated Aggregate* k = 137 psi/in k = 287
n = 4 (no. sections) n=6
C = 11 % slabs cracked C=15
Cement-Treated k =232 k = 448
Aggregate n=1 n=9
C=0 C=31
Mean k value k =185 k = 368
Total no. sections n=>5 n=15
Mean cracking C=6% C=23

* Three sections included cement-stabilized material.
1 psi/in = 0.27 kPa/mm

foundation and contributed to increased stresses in the slabs when deformed by
temperature and moisture gradients, producing increased cracking. These results are
consistent with the 3D finite element analyses done in this study and proposed

revised AASHTO design procedure.
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APPENDIX B
METHODS FOR DETERMINING K VALUE

INTRODUCTION

Three categories of methods for determining a k value for use in concrete
pavement design are presented in this appendix. The first category is the correlation
methods category. Guidelines are presented for selecting an appropriate k value
based on other information available, including soil classification, resilient modulus,
moisture level, density, California Bearing Ratio (CBR), Hveem Stabilometer data
(R-value), or Dynamic Cone Penetrometer (DCP) data. These correlation methods are
anticipated to be used routinely for design.

The second category of methods for determining k value is the deflection
testing and backcalculation methods category. These methods are suitable for
determining k value for design of overlays of existing pavements, or for design of a
reconstructed pavements on existing alignments, or for design of similar pavements
in the same general location on the same type of subgrade. An agency may also use
backcalculation methods to develop correlations between nondestructive deflection
testing results and subgrade types and properties.

The third category of methods for determining k value is the plate testing
methods category. The standard ASTM, AASHTO, and Corps of Engineers
nonrepetitive and repetitive plate loading test methods are summarized, as well as
the German plate load test. The American standard test methods are the most direct
methods of determining the elastic k value of the soil under static loading, but
because these tests are costly and time-consuming, it is not anticipated that they will

be conducted routinely.
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CORRELATION METHODS

K Values and Correlations for Cohesive Soils (A-4 through A-7)

The characteristics of the various classes of cohesive soils are summarized

below:

A-4:

A-6:

Nonplastic or slightly plastic silts, may have some coarse material.
Comparable Unified classes: ML, OL |
Typical dry density range: 90 to 125 Ib/ft3 [14300 to 19900 N/ md)

Typical CBR range: 4 to 15 percent

: Poorly graded silts, usually micaceous or diatomaceous,

may be highly elastic.
Comparable Unified class: MH
Typical dry density range: 80 to 100 Ib/ft3 [12700 to 15900 N/m?]

Typical CBR range: 4 to 8 percent

Plastic clays, sometimes with moderate coarse fraction, usually exhibit
high volume change from wet to dry states.

Comparable Unified class: CL .

Typical dry density range: 100 to 125 Ib/ft® [15900 to 19900 N/ m?)

Typical CBR range: 5 to 15 percent
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A-7-5; Elastic clays, moderate plasticity index. May be highly elastic, may
undergo considerable volume changes.
Comparable Unified class: CL, OL
_Typical dry density range: 90 to 125 Ib/ft* [14300 to 19900 N/m”]
Typical CBR range: 4 to 15

A-7-6: Elastic clays, high plasticity index. May be highly elastic,
may undergo extremely high volume changes.
Comparable Unified class: CH, OH
Typical dry density range: 80 to 110 1b/ft> [12700 to 17500 N/m?]
Typical CBR range: 3 to 5

The bearing capacity of these cohesive soils is strongly influenced by their
degree of saturation (S,, percent), which is a function of water content (w, percent),

dry density (y, Ib/ £t3), and specific gravity (Gg):

S, = 4
' 62.4 1 (B-1)
v ) |G,

In an extensive field and laboratory study of Illinois soils, Thompson and

Robnett developed regression equations for each of the soil classes listed above to
predict the resilient modulus (at 6 psi deviator stress) of a soil as a linear function of
degree of saturation. [1] Under a concrete pavement, deviator stresses in the
subgrade due to traffic loads are likely to be much lower than 6 psi [41 kPa] (e.g.,
0.5 to 2 psi [3.4 to 13.8 kPa]). Thompson's research indicates that for these cohesive
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soil classes, the resilient modulus increases between about 1000 and 1500 psi [6890
and 10335 kPa] (average 1200 psi [8270 kPa]) for every 1 psi [6.9 kPa] of deviator
stress less than 6 psi [41 kPa], up to a maximum resilient modulus which occurs at a
stress level of about 2 psi [13.8 kPa]. To estimate the resilient moduli for these soils
at a s;:ress level likely to exist under a concrete pavement, resilient moduli at 6 psi [41

kPa] were predicted for a range of degrees of saturation, and the resulting values

were increased by 4800 psi [33 MPa] (4 times 1200 psi [8270 kPa]) to estimate resilient

moduli at 2 psi [13.8 kPa].

These modulus values, which ranged from about 5 to 27 ksi [34.5 to 186 MPa],
were used to model subgrades for a range of slab thicknesses in the elastic layer
program BISAR. The deflections predicted for a 9000-bf [40 kN] load were used to
backcalculate k values, using the procedure given in the 1993 AASHTO Guide. The
relationship of backcalculated k value to input E was very strong; although
theoretically the relationship of k to E for a given load size is dependent on slab
thickness, for a 6- to 12-in [152 to 305 mm] range of highway slab thicknesses, the
thickness effect is minor. Therefore, the predicted resilient moduli as a function of
degree of saturation were used to predict k values versus degree of saturation. The
results are shown in Figure B-1. Bear in mind when examining this figure that each
line represents the middle of a band of reasonable values for k. The height of those
bands is consistently about 40 psi/in [11 kPa/mm]. So, for example, an A-6 soil
might be expected to exhibit k values between about 180 and 260 psi/in [49 and
70 kPa/mm] at 50 percent saturation, and k values between about 45 and 115 [12 and
31 kPa/mm)] at 100 percent saturation.

The k values ranges indicated in Figure B-1 are in remarkably good agreement
for nearly all of the cohesive soil types with the k value ranges recommended for the

same soil classes by the Corps of Engineers and PCA (see Appendix A).
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Figure B-1. k values versus degree of saturation for cohesive soils.
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The one exception is A-4, for which Figure B-1 indicates a lower range of k
values than the range indicated by the COE and PCA correlations. This may be due
to the fact that two somewhat different types of materials can be classified as A-4:
predominantly silty materials (at least 75 percent passing the #200 sieve, possibly
organic), and also mixtures of silt, sand, and gravel (up to 64 percent retained on
#200 sieve). The former type may have a density between 90 and 105 Ib/ £3 [14300
and 16700 N/ m3], a CBR between 4 and 8, and a k value between 100 and 175 psi/in
[27 and 47 kPa/mm], according to old Bureau of Public Roads correlations (see
Appendix A, Figure A-7). The latter may have a density between 100 and 125 1b/ £t3
[15900 and 19900 N/ m3], a CBR between 5 and 15, and a k value between 150 and
300 psi/in [40.5 and 81 kPa/mmy]. It is possible that the available resilient modulus
regression equation for A-4 is more representative of the weaker subset of this class.
Therefore, if the material in question is A~4, but possesses the properties of the
stronger subset of materials in the A-4 class, a higher k value at any given degree of

saturation (for example, along the line labelled A-7-6 in Figure B-1) is appropriate.

K Values and Correlations for Cohesionless Soils (A-1 and A-3)

The characteristics of the various classes of cohesionless soils are summarized

below:

A-l-a: Predominantly stone fragments and gravel, with or without binder.
Comparable Unified classes: GW, GP
Typical dry density range:
125 to 140 Ib/ft3 [19900 to 22200 N/m3] if well graded,
120 to 130 Ib/ft3 [19100 to 20700 N/m?] if poorly graded
Typical CBR range: 60 to 80 if well graded, 35 to 60 if poorly graded
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A-1-b: Predominantly coarse sand with or without binder.
Comparable Unified class: SW
Typical dry density range: 110 to 130 Ib/£t3 [17500 to 20700 N/m?]
_ Typical CBR range: 20 to 40

A-3: Fine beach or desert sand without fines. Also alluvial mix of poorly
graded fine sand and small amounts of coarse sand and gravel.
Comparable Unified class: SP
Typical dry density range: 105 to 120 Ib/ft3 [16700 to 19100 N/m?]
Typical CBR range: 15 to 25

Cohesionless materials can be characterized by their shear modulus G, which
is fairly insensitive to moisture variation and is predominantly a function of their
void ratio and overall stress state. The elastic modulus E can be related to the shear

modulus G through the Poisson’s ratio 1 (about 0.35 for clean sands and gravels):

E =2G( +n) (B-2)
where
2
C = 1230 (2.97 - e) ( 05 ) (B-3)
1l+e

Equation B-3 is one of many available empirical equations which yield
reasonable values for the shear modulus (G, psi) of cohesionless sands and gravels as
a function of the void ratio (e) and all-around confining pressure (). The void ratio

can be calculated from the dry density, as shown below:

B-7



: v 1-V
_ voz.d volume _ Vo _ s (B)
solid volume vV, V
Y Y
7R [ I 4 (B-5)

At any given depth below the surface, the overburden pressure on an element
of soil is the sum of the pressure due to the pavement structure’s weight and the
pressure due to the weight of the soil above the soil element. Assuming about 1 psi
[7 kPa] of pressure on the subgrade due to the weight of a typical concrete highway
slab and base, and assuming a value of 0.6 for the coefficient of earth pressure at rest,
the all-around confining pressure (6,) can be calculated from the horizontal pressure

63 and the overburden pressure o, for a given density (y, Ib/ £t3) and depth (z, ft):

Y Z
si = 1psi + P 1 (B-6)
C1P P Y
G, +20C 220
op = — 3 - L - 07330, (B-8)
3 3

These equations were used to compute E values for soils with densities from
90 to 150 Ib/#t3 [14300 to 23800 N/m?] for two-foot [0.6 m] depth increments in the
subgrade. Research on cohesionless soils has also shown that these materials
approach a maximum shear modulus when the strain amplitude falls below about
0.001 percent shear strain. To determine at what depth in a subgrade a maximum E
might be reached for a cohesionless soils, a series of BISAR runs was conducted for a

series of E values corresponding to densities from 90 to 150 Ib/ft> [14300 to
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23800 N/m?], with E increasing as a function of depth. The BISAR output was
examined to determine the depth at which the shear strain fell below 0.001 percent,
when a 9000-1bf [40 kN] load was applied to a 9-in [229 mm] concrete slab on top of
the subgrade. This occurred at about 10.75 ft [3.3 m] for the 90 Ib/ft3 [14300 N/m?]
material, and at lesser depths for higher-density materials. It was therefore
concluded that for any of the densities modelled, the E could be presumed constant
beyond a depth of about 10 to 12 ft [3 to 3.7 m].

Having established the E values to represent various cohesionless soil
densities, a series of BISAR runs were conducted to calculate slab deflections, and k
values were backcalculated for the soils from these deflections. On the basis of the

results, the following k value ranges are suggested:

Soil Class K Range (psi/in) Dry Density Range (b/£t%)
A-1-a, well graded 300 - 450 125 - 140
A-1-a, poorly graded 300 - 400 120 - 130
A-1-b 200 - 400 110 - 130
A-3 150 - 300 105 - 120

[1 psi/in = 0.27 kPa/mm 1 Ib/ft3 = 159 N/m?]

These ranges agree well with the Corps of Engineers and PCA correlation
charts, although both the Corps and PCA allow a very high upper limit on A-1. The
Corps chart suggests a range of 225 to 700 psi/in [60 to 190 kPa/mm] for all A-1
materials, while the PCA chart suggests a range of 250 to 700 psi/in [67 to 190
kPa/mm]. For A-3 sands, the Corps chart suggests a range of 200 to 330 psi/in [54
to 89 kPa/mm] while PCA suggests a range of 200 to 700 [54. to 190 kPa/mm].
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K Values and Correlations for A-2 Soils

Soils in the A-2 class are all granular materials falling between A-1 and A-3.

Although they are difficult to characterize, some properties are described below:

A-2-4 and A-2-5: Gravel and coarse sand with fines content in excess of A-1
limits, and fine sand with fines content in excess of A-3
limits. The fraction passing the #40 sieve behaves like

nonplastic (A-4 and A-5) clays and silts.

Gravelly A-2-4 and A-2-5 (silty gravel or silty sandy gravel):
Comparable Unified class: GM
Typical dry density range: 130 to 145 Ib/ ft3
Typical CBR range: 40 to 80

Sandy A-2-4 and A-2-5 (silty sand or silty gravelly sand):
Comparable Unified class: SM
Typical dry density range: 120 to 135 Ib/ft3
Typical CBR range: 20 to 40

A-2-6 and A-2-7: Gravel and coarse sand with fines content in excess of A-1
limits, and fine sand with fines content in excess of A-3
limits. The fraction passing the #40 sieve behaves like

plastic (A-6 and A-7) clays and silts.
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Gravelly A-2-6 and A-2-7 (clayey gravel or clayey sandy gravel):
Comparable Unified class: GC
Typical dry density range: 120 to 140 Ib/ £3
Typical CBR range: 20 to 40

Sandy A-2-6 and A-2-7 (clayey sand or clayey gravelly sand):
Comparable Unified class: SC
Typical dry density range: 105 to 130 Ib/ 3
Typical CBR range: 10 to 20

It is evident from the above list that a wide variety of materials fall into the
A-2 class, and that the division into subcategories by the relative elasticity of the fines
(A-2-4 versus A-2-5 and A-2-6 versus A-2-7) is not as useful to selecting an
appropriate k value as division into gravelly and sandy subcategories would be.

Specific aspects of A-2 behavior can be difficult to predict. Some A-2 soils
exhibit stress-hardening behavior while others are stress-softening. How
much influence moisture variation has on the bearing capacities of various A-2 soils
is unknown. One might think intuitively that, because A-2 soils are in the middle
between coarse-grained (A-1 and A-3) and fine-grained (A-4 through A-7), their
typical k values might lie somewhere between the k ranges for coarse- and fine-
grained soils.

On the contrary, the k value range recommended by the PCA and Corps for
A-2-4 and A-2-5 soils is just as high as those for A-1 soils (300 to 700 psi/in). The
lower limit of the recommended k range for A-2-6 and A-2-7 is somewhat lower

(about 180 psi/in) than for the A-2-4 and A-2-5, but still much higher than the
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appropriate ranges for fine-grained soils. Comparison of the dry density and CBR
ranges for the A-2 soils and the other soil categories also indicates that the A-2
materials are, in terms of bearing capacity and shear modulus, much more likely to
behave like A-1 and A-3 soils than like A-4 through A-7 soils. Therefore, k ranges
were selected for the various A-2 soils by comparison with the k ranges, density
ranges and CBR ranges of other soil types. Wider k ranges in the A-2-6 and A-2-7
groups than in the A-2-4 and A-2-5 groups appear to be appropriate because the
former have wider ranges of density and CBR. The following k value ranges are

suggested for A-2 soils:

Soil Class K Range (psifin) Dry Density Range (!b[fts )
A-2-4 gravelly 300 - 500 130 - 145
A-2-5 gravelly 300 - 500 130 - 145
A-2-4 sandy 300 - 400 120 - 135
A-2-5 sandy 300 - 400 120 - 135
A-2-6 gravelly 200 - 450 120 - 140
A-2-7 gravelly 200 - 450 120 - 140
A-2-6 sandy 150 - 350 105 - 130
A-2-7 sandy 150 - 350 105 - 130

[1 psi/in = 0.27 kPa/mm 1 Ib/ft> = 159 N/m3]
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Correlation of K Value to Other Tests

The following correlations are also available for estimating k value from other

types of soil test data:

California Bearing Ratio: Figure B-2 illustrates the range of k values which
might be expected for a soil with a given California Bearing Ratio. This figure was
developed by comparing the typical CBR ranges to the typical k ranges for different

soil classes. It is intended as an approximate illustration of the trend of k with CBR.

R-Value: Figure B-3 illustrates the general relationship between k value and

R-value.

Dynamic Cone Penetrometer. Figure B-4 illustrates the range of k values
which might be expected for a soil with a given penetration rate (inches per blow)
measured with a Dynamic Cone Penetrometer. This is a rapid hand-held testing
device which can be used to quickly test dozens of locations along an alignment. The
DCP can also penetrate AC surfaces and surface treatments to test the foundation
below. Figure B-4 was developed using Figure B-3 and an available correlation

between CBR and DCP penetration rate.

Determination of Seasonally Adjusted K Value for Design
A k value should be selected for the subgrade soil for each of the four seasons

of the year. The guidelines provided in the previous section may be used to select a
k for each season, or the backcalculation methods or plate testing methods described

later in this appendix may be used.
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Approximate static elastic k value, psi/in
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Figure B-2. Approximate relationship of k value range to CBR.
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Among the factors which should be considered in selecting seasonal k values
are the seasonal movement of the water table, seasonal precipitation levels, winter
frost depths, number of freeze-thaw cycles, and the extent to which the subgrade will
be protected from frost by embankment material. A "frozen" k may not be
appropriate for the winter season, even in a cold climate, if the frost will not reach
and remain in a substantial thickness of the subgrade throughout the winter. If it is
anticipated that a substantial depth (e.g., a few feet) of the subgrade will be frozen, a
k value of 500 psi/in would be an appropriate "frozen" k.

The seasonal variation in degree of saturation is difficult to predict, but in
wetter climates, in locations where a water table is constantly present at a depth of
less than about 10 ft, it is reasonable to expect that fine-grained subgrades will
remain at least 70 and 90 percent saturated, and may be completely saturated for
substantial periods in the spring. County soil reports can provide data on the
position of the high water table (i.e., the typical depth to the water table at the time
of the year that it is at its highest). Unfortunately, county soil reports do not provide
data on the variation in depth to the water table throughout the year.

Once a k value for each season has been selected, a seasonally adjusted

effective k value is determined using the method given in Appendix E.

Adjustment to K Value for Embankment

A nomograph is provided in Figure B-5 for adjustment of the seasonally
adjusted effective subgrade k value if (a) a substantial thickness of fill material will
be placed above the natural subgrade, and/or (b) a rigid layer (e.g., bedrock or
hardpan clay) is present at a depth of 10 ft or less beneath the existing subgrade
surface. Note that the rigid layer adjustment should only be applied if the subgrade
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k was determined on the basis of soil tyi:e or similar correlations. If the k value was
determined from nondestructive deflection testing or from plate bearing tests, the
effect of a rigid layer, if present at a depth of less than 10 ft, is already represented in
the k value obtained.

DEFLECTION TESTING AND BACKCALCULATION METHODS

1993 AASHTO Guide

Equations for backcalculation of concrete elastic moduli and subgrade k values
for concrete and composite pavements were developed by Hall [2] and incorporated
in the overlay design procedures in the 1993 AASHTO Guide. [64] This solution
method is also based on deflection of an infinite slab. The relationship between |

AREA and ¢ is shown in Figure B-6 and given by the following equation:

4,387
36 - AREA
o -9
. - ["{ 1812279 ] @9

- [~ 25

The k value and concrete E value may be obtained from Figures B-7 and B-8

respectively, or from the following equations:

el el e
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- e W =N

where d; = maximum deflection, inches
P = load, pounds
y = 0.57721566490 (natural logarithm of Euler’s constant y)

2 4
B = 12(1—#)’61 (B-ll)
K3

where E = concrete elastic modulus, psi
u = Poisson’s ratio for concrete (typically 0.15)
h = slab thickness, inches

These equations may be applied to AC-overlaid PCC pavements if the AREA
and the k value are calculated with a maximum deflection d; which has been
corrected for compression in the AC surface. The following equations were provided

for the correction factor do compress’ which is subtracted from the measured dO:

AC/PCC BONDED:

dO compress
ac

D 1.0798
= -0.0000328 + 121.5006 (Tgf ]

(B-12)
AC/PCC UNBONDED:

dy compress = —0.00002132 + 38.6872 (.E_“ﬁ

0.94551
m ]

where d; compress = AC compression at center of load, inches

D AC thickness, inches

ac

E

ac = AC elastic modulus, psi



Which of the two equations should be used depends on whether or not the AC
overlay and PCC slab are considered to be bonded. The AC elastic modulus may be
determined from the Asphalt Institute equation [3] or from diametral resilient
modulus tests on cores, in accordance with ASTM D 4123.

The k value backcalculated with the 1993 Guide equations from deflections
measured by an FWD or similar dynamic loading device are expected to be higher
than the k values which would be obtained from a static load test on the subgrade or
on the slab. The 1993 Guide recommended that these backcalculated dynamic k

values be divided by two to approximate static k values for use in design.

SHRP LTPP Solutions

The AREA concept was further developed for use with the six-sensor
arrangemént used to test SHRP LTPP experiment sections. [4] For the SHRP sensor

positions of 0, 8, 12, 18, 24, 36, and 60 inches, AREA is calculated from the following

equation:

d d d
dy dy dy

The radius of relative stiffness is calculated from the following equation:
566
60 - AREASHRP]

In
. - { 289.708
l -0.698

dy dy 0

(B-19)

AREAgppp values between 35 and 50 correspond to typical ¢ values of 25 to
55 for concrete highway pavements. (The corresponding range of AREA values

according to the four-sensor definition would be 27 to 33). It is important to note
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that although theoretically the two AREA definitions should yield the same ¢, in
analysis of actual measured deflection basins from in-service pavements, the two may
give slightly different ¢ values. This is not surprising considering that one equation
includes a deflection at a considerably farther distance from the load than the other
equation. Which equation gives higher @ values for a given pavement may vary

from location to location and may depend on slab dimensions and subgrade
properties.

The subgrade k value and concrete E value may be calculated from the
maximum deflection d; using Equations B-9 and B-10, or may be calculated from
each of the sensor deflections. The actual deflection at the surface of a slab on a
dense liquid foundation, at any radial distance from the load, is a function of a
nondimensional deflection coefficient (d't ), the load magnitude, and the pavement

system parameters, as shown by the following equations:

. _ k€ 4D (B-15)
r
p P&
where
3
5, R 2] (B-16)
12 (1 - p?)

The nondimensional deflection coefficient is in turn a function of the load
radius a, the radial distance r, and 0. For a load radius a = 5.9055 inches (for the 300-
mm-diameter FWD load plate), d" at any given radial distance r is thus a function
solely of ¢, as illustrated in Figure B-9. These relationships can be expressed by a

model of the following general form:
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& = gl (B-17)

The values for the a, b, and c constants obtained for each of the SHRP sensor
positions are given in Table B-1.

With ¢ determined from AREA, and the nondimensional deflection at any
sensor location determined from ¢, an estimate of the k value may be obtained from

any measured deflection by rearranging Equation B-14:

k = . (B-18)
2

An estimate of the slab’s elastic modulus may also be obtained from each of

the measured sensor deflections by rearranging Equations B-14 and B-15:

2 %
o . ReY (-19)
d!’
12D (1 - u?)
E = (B-20)
h3
_na-sHréd; (B-21)
d n

Backcalculating a k value and slab E at each sensor may be useful for such
things as identifying an individual bad sensor reading. However, these individual k
and E values should not be considered independent estimates, because they are all
derived from a common ¢ value wixich was determined from the AREA computed

from all of the deflections.
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Table A-1 Regression coefficients for d" versus ¢ relationships.

Radial distance a b c
0 in 0.1245 0.14707 0.07565
8 0.12323 0.46911 0.07209
12 0.12188 0.79432 0.07074
18 0.11933 1.38363 0.06909
24 0.11634 2.06115 0.06775
36 0.10960 3.62187 0.06568
60 0.09521 7.41241 0.06255
Notes: R? > 99.7 percent (predicted versus actual values) for all models.

oy < 0.001 for all models.
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General Solution for Any Arbitrary Sensor Arrangement

The backcalculation methods based on the traditional four-sensor definition of
AREA or any other sensor arrangement such as that used for SHRP sections are
limited in their use to data collected with the same sensor arrangement. It is also
possible to solve for ¢ from any two deflections at any two radial distances greater
than 0. The curves shown in Figure B-9 for radial distances greater than 0 may be
transformed into a single curve, as shown in Figure B-10. The following equation

was developed for this curve:

L \1.55212
-0.46308 | —
d* = 012497 ¢ (') (B-22)
Given any two deflections d, and dy at radial distances x and y:
w, w, kg (8-23)
d, dy p
1.55212
-0.46308 (i)
dx _ Wy _ 0.12497 ¢ ¢ (B-24)
4 w. 7 \1.55212 -
y “y ~0.46308 (.y.)
0.12497 ¢ !
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Taking the natural logarithm of both sides of this equation, and rearranging to solve

for ¢

1.55212 (3-25)
- -0.46308 ( x1.55212 _ y1.55212 )
d
In| =X
(d-‘/ ]
For example:
P = 9000 pounds
E = 3 million psi
h = 10 inches
dyp = 0.006537 inch
d,, = 0.005695 inch
1.55212

-0.46308 ( 24155212 _ 15155212
¢ w [ ] (B-26)

0.005695

0.006537

¢ = 40.039 inches

The two deflections d;, and d,, in this example were actually computed from
the above values for P, E, and h, using Equation 21 and ¢ = 40 inches.

Effect of Load Radius

The above equations and all of the AREA-based backcalculation equations
presented in this section were developed for a load radius of 5.9 inches [30 cm],
which corresponds to the Falling Weight Deflectometer testing device. The equations
are not very sensitive to the load radius, so they may be used with reasonable

accuracy for other deflection testing devices with circular load plates of similar radius

B-31



or multiple loading pads for which an equivalent circular radius would be similar.
In fact, comparable equations which have been developed for the large FWD plate
which has a radius of 9 inches [45 cm] are only slightly different.

Edge and Corner Solutions and Slab Size Effects
In 1993, Crovetti developed equations for backcalculation of foundation k

values from interior, edge, and corner deflection measurements, and correction of
infinite slab solutions for finite slab size effects. [53] As Crovetti has shown,
Westergaard’s edge, interior, and corner deflection equations can all be represented

by quadratic equations of the following form:

Ay D a a 2

e a+b(_:]+c[._r.] (B-27)
2 ¢ ¢

where A = maximum deflection
D = bending stiffness of slab (from Equation B-15)
P = applied load
¢ = radius of relative stiffness
a, = radius of applied load

constants of the quadratic equation

ab,c

The equations for interior, edge, and corner loading become: [53]

2
D a a
Interior. 0 = 01253 - 0.008 | 7| - 0.028 |2 (B-28)
P2 ¢ ¢
A0 D a, a, ’ 29
Edge: = 04311 - 0707 [ | - 0.28%9 | L (B-29)
P2 ¢ ¢

Each of these equations can be rearranged to isolate ¢ on the right side and

solve for ¢ as a root of the quadratic equation:
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2

D a a

Corner: L = 1.148 - 1.50 || + 0.6565 | _ (B-30)
P ¢2 [} [}

o b’ -tac (B-31)

- 2a

where, for example, for the interior deflection equation:

a = 0.1253
b = -0.008a
c = -0.028a2-(AyD/P)

This approach to determining ¢ can be used with the maximum deflection d;
alone, if the concrete modulus is known or assumed. Alternatively, the AREA
method or the SHRP LTPP method can be used to determine the ¢ and thus the
concrete modulus from interior deflection basins, and this concrete modulus can then
be used to backcalculate edge and corner k values from maximum deflections
measured at those positions.

Crovetti also developed equations for adjustments to the measured d; and
calculated ¢ to account for finite slab sizes. If L/¢, the ratio of least slab dimension
(length or width in inches) to radius of relative stiffness, is less than about 8§,
incorrect k and E values may be backcalculated unless a slab size correction is
applied. For interior deflection measurements, this correction involves the following

steps:

Estimate ¢ from any of methods presented above.
2. Calculate L/ ¢, where L = least slab dimension
Calculate adjustment factors for maximum deflection (dg)

and ¢ from the following equations:
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071878 (L \"5
(i
AFdO‘ = 1 - 1.15085 (4
-0.61662 (_L_)me (B-33)
by
AF,,, = 1-089434¢

4. Calculate adjusted d; = measured dy * AFy
Calculate adjusted ¢ = & * AF,
6. Backcalculate k value and concrete E using adjusted d; and ¢

These correction equations were developed for slab with equal length and
width and no load transfer. Crovetti has also studied rectangular slabs and
corrections for partial load transfer at transverse and longitudinal edges. Both of
these effects are complex, and require additional research to develop efficient and

reliable methods for a range of slab sizes and load transfer conditions.

Limitation of Plate Theory Backcalculation Methods
All of the k value backcalculation methods developed to date are based on

plate theory, assuming pure bending of the concrete slab. A base layer, if it is
considered, is generally also considered to exhibit plate behavior. In future work on
k value backcalculation methods for concrete pavements, three-dimensional finite
element analysis is recommended to model the behavior of the slab and base as
elastic layers on a k foundation. The effects on backcalculated k value of slab size,
joint load transfer, slab/base interface friction, and slab deformation due to
temperature or moisture gradients could also be examined more realistically using 3D

finite element analysis.
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Iowa Road Rater Method

The Iowa Department of Transportation has developed a method for
determining springtime static k values from Road Rater deflection measurements.
The method was developed over several years by comparing Road Rater deflection
data from concrete pavements of various thicknesses and types of subgrades with
static plate load k value data for subgrades of the same type.

The Model 400 Road Rater used by Iowa is a steady-state deflection device
which applies a peak-to-peak force of about 2000 pounds to rigid and composite
pavements. The load is applied through two rectangular plates, each 7 in by 4 in,
spaced about 9.5 inches center to center. Deflections are measured between the two
load plates, and at 12, 24, and 36 inches from the load center, with strain-gauge-type
force transducers. [5]

The Iowa DOT conducts deflection testing for the purpose of determining

subgrade k values only in April and May, after the spring thaw, as explained below:

"Subgrades are generally saturated in April and May and can be
identified by soil type or density through Road Rater deflection testing
in this condition. All other times of the year, all subgrades are firm and
deflect in a similar manner when tested with the Road Rater. It is
extremely difficult or impossible to seasonally adjust Road Rater
deflection data taken at other times of the year to a springtime condition
unless detailed soils information is available. The only exception is a
wet fall following an unusually cool and wet summer when Road Rater

testing conditions may be similar to springtime conditions."” [6]
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Iowa characterizes subgrades by k values which were developed by correlating
plate load test data to standard Proctor density and AASHTO group index values. In
order to include a wider range of soil types, these correlations were supplemented
with the correlations developed by Darter for k value versus soil type and degree of
saturation. [7] For concrete pavements with subgrades of known soil type, density,
and group index, Road Rater deflection testing was done to correlate deflection basin
parameters to the k values assigned to the subgrades. The results are shown in
Figure B-11.

The X axis on the chart, average sensor 1 deflection in mils, is the average
deflection measured between the two load plates. The Y axis, SCI/SENSL1 ratio, is the
ratio of Surface Curvature Index (sensor 1 deflection, at the load center, minus sensor
2 deflection, at 12 inches from the load center) to sensor 1 deflection. From these two
basin parameters, the k value may be determined from Figure B-11 for a given slab
thickness. The maximum k value which can be determined from the chart is 225
psi/in [61 kPa/mm]. Note from the chart that for a given slab thickness, a granular
base produces a higher k value.

The k value obtained in this manner is considered a static k value, i.e., what
would be obtained in a static plate load test on the subgrade, and is also considered
representative of springtime conditions only. The Iowa DOT’s concrete pavement
design procedure uses this static springtime k value as the subgrade input. The
comments quoted above suggest that the peak force of 2000 Ibf [8900 N] applied by
the Road Rater may not be adequate to reliably determine k values in other seasons
with this device. Nonetheless, the Jowa Road Rater procedure is attractive in that it
is to date the only procedure in which static k values have been directly correlated to

pavement deflections measured by a dynamic loading device.
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PLATE TESTING METHODS

The available standardized plate bearing test methods for determining k value
are reviewed and compared in this section. Four standard-setting bodies are referred
to: the Am_erican Society for Testing and Materials (ASTM), the American
Association of State Highway and Transportation Officials (AASHTO), the Corps of
Engineers (COE), and the Deutsches Institut fuer Normung (DIN, German Institute
for Standardization). Note that these tests are used for a variety of purposes other
than concrete pavement design; thus the guidance provided is not specifically
targeted to determination of k values for concrete pavement design. Comments on
the test methods pertaining specifically to the purpose of this study, determination of
static elastic k values for concrete pavement design, have been added.

The two types of plate bearing tests are repetitive static and nonrepetitive
static plate loading. ASTM D 1195 and AASHTO T 221 are repetitive tests; ASTM D
1196 and AASHTO T 222 are nonrepetitive tests. The original COE test was
nonrepetitive; the Corps later developed a repetitive test as well. The German DIN
18134 is a nonrepetitive test. The differences between the repetitive and nonrepetitive
tests lie in the seating, loading, and k value calculation procedures.

For the purpose of concrete pavement design, the recommended subgrade
input parameter is the static elastic k value. This may be determined from either a
repetitive or nonrepetitive test. In a repetitive test, the elastic k value is determined
from the ratio of load to elastic deformation (the recoverable portion of the total
deformation measured). In a nonrepetitive test, the load-deformation ratio at a
deformation of 0.05 in [1.25 mm)] is considered to represent the elastic k value,

according to extensive research by the Corps of Engineers.
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Equipment
The equipment necessary to carry out a plate bearing test includes the

following: a load application device, load plates, a pressure application device,

settlement measurement devices, and auxiliary equipment.

Load Application Device

This may be a truck, trailer, tractor-trailer, or tram which can be properly
anchored. ASTM, AASHTO, and COE recommend that the loading device supports
be at least 8 ft [2.4 m] from the circumference of the largest loading plate. DIN
specifies that the clearance between the load plate and the supports be at least 2.5 ft
[0.7 5 m] for a 12-in [300 mm] diameter plate, at least 3.6 ft [1.1 m] for a 24-in [600
mm)] plate, and at least 4.3 ft [1.3 m] for a 30-in [762 mm] plate. AASHTO specifies a
dead load of at least 25,000 pounds [112 kN]. DIN recommends a loading capability

of at least 2240 pounds [10 kN] greater than the maximum test load.

Load Plates

ASTM and AASHTO recommend circular bearing plates at least 1 in [25 m]
thick, ranging in diameter from 6 in [152 mm] to 30 in [762 mm]. The number of
plates and plate sizes used may vary depending on the purpose of the test. If several
plates are used, they should be stacked in pyramidal fashion to ensure rigidity and
provide a uniform vertical strain to the subgrade. The diameters of sequential
stacked plates must not differ by more than 6 in [152 mm]. None of the test methods
specifically require a certain plate size for a certain purpose, but based on the
findings of this study, testing with a 30-in [762 mm] plate is recommended for

concrete pavement design purposes because this plate size has been found to produce
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k values which match k agree with k values calculated from slab deflections. Tests

made with smaller plate sizes will yield higher k values.

Pressure Application Device
The American standards recommend applying the load with a hydraulic jack

assembly. ASTM and AASHTO specify that the assembly have a spherical bearing
attachment for incremental application of loads and a gauge to measure the
magnitudes of applied loads. DIN recommends an oil pressure pump connected to a
hydraulic press by a high-pressure hose. The setup must also have a mechanical or
electrical force transducer to indicate the magnitudes of applied loads to a maximum

of 1 percent of the greatest test load.

Settlement Measurement Device

AASHTO and COE require at least three dial gauges to measure movements;
ASTM requires two. The gauges must be properly supported to insure that they will
not be affected by loading conditions. The mounting beam for the dial gauges
should be at least 18 ft [5.5 m] long resting on supports at least 8 ft [2.44 m] (4 ft
[1.22 m] in the AASHTO nonrepetitive tes;c) from the circumference of the bearing
plate or nearest wheel or supporting leg. The COE specifies that the gauges be able
to read to units of 0.001 in [0.03 mm] and able to read a maximum deflection of 1 in
[25 mm]. The gauges should be positioned to measure the average vertical
movement of the plate (e.g., at third points around the plate, 1 in [25 mm] from the
edge of the bearing plate.

The German standard recommends at least three dial gauges able to read to

units of 0.0004 in [0.01 mm] and able to read a maximum deflection of 0.4 in
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[10 mm)], or electronic displacement transducers. The deflection is measured at the
center of the plate by a long beam with a supporting frame, similar in appearance to

a Benkelman Beam. The beam length can be varied from about 3 to 6 ft [1 to 2 m].

Auxiliary Equipment

This includes such things as levels, spades, rulers, a plumb bob, brushes or
brooms to level the site, and plaster of Paris or sand on which to seat the plate if
necessary. The AASHTO nonrepetitive test also uses a consolidometer apparatus for
cutting undisturbed specimens of the soil into a consolidometer test ring. This is

done to determine the moisture content of the soil.

Test Site

ASTM and AASHTO specify that if an unconfined test is to be conducted on
material at some depth below the existing grade, surrounding material must be
removed to provide clearance of one and a half to two times the diameter of the
bearing plate, to eliminate surcharge or confining effects. If the test is intended to be
confined, the excavated area may be the minimum required to accomodate the
bearing plate.

AASHTO and COE further specify that if the subgrade is to be composed of
fill material, a test embankment of at least 30 in {762 mm] in height should be made
from the proposed fill material and compacted to the required moisture and density
which will be required in actual construction, and the plate load test conducted on
top of this test embankment. COE also specifies that if the subgrade is exposed by

cut, the test area must be uncovered to eliminate any surcharge effect.
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Plate Load Assembly

The stacked load plates shall be set level on a thin bed of pure sand, pure
plaster, or a combination of the two. This shall serve as a cushion layer for uniform
contact of the plate to the subgrade. A minimum amount of cushion material should
be used, and COE specifies a maximum grain size of 0.25 in [6 mm]. If plaster is
used, DIN recommends that the bottom surface of the plate be oiled and that testing
commences only when the plaster has set. ASTM, AASHTO, and DIN take loss of
moisture ﬁom the subgrade into account and cover an area within a radius of 6 ft
[1.8 m] from the load with a tarpaulin or waterproof paper to protect the test area

from drying.

Seating Procedure

The bearing plates and assembly are seated by quick application and release of
load until the dial gauges measure at least 0.01 in [0.25 mm] displacement or at most
0.02 in [0.51 mm] by the ASTM and AASHTO repetitive standards. Before the load is
reapplied the dial gauges are zeroed. The plate is reseated with an application of
half the load which produced the displacement between 0.01 and 0.02 in [0.25 and

0.51 mm].

The nonrepetitive AASHTO procedure suggests another seating procedure in
addition to the one described above. For a pavement design thickness of less than
15 in [381 mm], a load of 707 Ibs [3.15 kIN] is applied to produce 1 psi [6.89 kN/ m?]
pressure, or if the pavement design thickness is 15 in [381 mm] or more, 1414 Ibs
[6.30 kN] is applied to produce 2 psi [13.7 kN/m?] pressure. The seating load, or

"zero load" is maintained until complete deformation has taken place, a reading is
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then taken, and this is used as the "zero" reading. To ensure good seating of the
apparatus and bearing plate, cyclic loading under the seating load may be used.

COE seats the equipment by application of at most 5 psi [34.6 kN/ m?]
depending on the type of soil being tested. The revised COE procedure seats the
load system and bearing plate with 1000 pounds (4.46 kN) applied in 30 seconds,
immediate load release, and zeroing of the dial gauge.

DIN recommends seating the load plate prior to testing with 1.45 psi

[10 KN/ m?] for about 30 seconds. The dial gauges are then set to zero.

Loading Procedure
The ASTM and AASHTO procedure for repetitive loading is as follows:

* Apply load until a deflection of 0.04 in [1 mm] is reached. Start stopwatch.

* Maintain load until the rate of deflection is at most 0.001 in per minute [0.03
mm per minute] for three successive minutes.

* Apply and release the load in the above manner six times.

* Record the dial gauge readings.

* Increase the load until a deflection of 0.20 in [5.1 mm] is reached; proceed with
the second through fourth steps.

* Increase the load until a deflection of 0.40 in [10.2 mm] is reached; proceed

with the second through fourth steps.

For all the loads, the load is maintained until the rate of displacement slows to
less than 0.001 in per minute [0.03 mm per minute]. Readings from the dial gauges

resting on the plate shall be recorded every minute. For dial gauges set beyond the
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perimeter of the load plate, readings shall be recorded just before load application
and just before release for each repetition. At half hour intervals, air temperature

readings should also be taken near the load plate.
The ASTM procedure for nonrepetitive loading is as follows:

* Apply unspecified loads at a moderately rapid rate and in uniform increments.
The magnitude of the loads must be small enough to just permit recording of a
sufficient number of load-deflection points (6 or more) to produce an accurate
load-deflection curve.

¢ Maintain load until the rate of deflection is at most 0.001 in per minute [0.03
mm per minute] for three successive minutes.

* Record deflections corresponding to the load increment.

¢ Continue until the total deflection (initially chosen) is reached or until the load
capacity of the apparatus is reached.

¢ Maintain each load level until the rate of deflection is at most 0.001 in per
minute [0.03 mm per minute] for three successive minutes.

* Record total deflection.

* Release load until "zero" load is returned (the load at which the dial gauges
were set to zero).

* Maintain this zero load until the rate of recovery is at most 0.001 in per minute
[0.03 mm per minute] for three successive minutes.

* Record the deflection at the zero-setting load.



An average settlement for each load application is then obtained by taking the

average. of each of the individual gauge readings for each load level.

AASHTO provides two nonrepetitive loading procedures, one being the same
as ASTM’s above, and the other one being intended to determine the k value as the
ratio of load to 10 psi pressure. This method is not presented in detail here since the
first method, in which k can be determined at a selected deflection level, is
considered the appropriate procedure for concrete pavement design.

The COE nonrepetitive procedure recommends incremental application of 3 to
5 psi [20.7 to 34.6 KN/ m?] depending on existing soil conditions. Complete
settlement must be allowed to take place before application of a new load. Full
release of the load should be done in one increment. To ensure that consolidation is
sufficiently complete in cohesive soils, a time-deformation curve should be plotted.
The test may be done beyond the yield point of the material.

The revised COE procedure specifies the following steps:

*  Within 10 seconds of seating, a 7070-pound [31.5 kN] load for 10 psi [69
kN/m?] is applied and held for 40 seconds.

 Dial gauge readings are recorded. The load is released 5 seconds thereafter.
Readings are taken again after 5 more seconds.

* The cycle is repeated at the same load level 10 times.

¢ After the release of the tenth load, pause for 10 minutes before reading the

gauges.
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* Apply aload of 7070 pounds [31.5 kN] in 10 seconds, and record the dial
gauge readings at periods equal to the square of the unit numbers (i.e., 1, 4, 9,
16, etc.).

* Plot movements with respect to the square root of time.

* Continue the test as long as the relationship is linear; otherwise, the load is

released and the test is stopped.

Evaluation of Results

Selection of a static, elastic k value for use in concrete pavement design may

be obtained from the results of static load testing in either of two ways: |

* From a repetitive test: Plot the deformations during loading and unloading,
and calculate the average elastic deformation from the total deformation for a
given loading minus the nonrecoverable deformation measured at the end of

unloading. The ratio of load to elastic deformation is the elastic k value.

e From a nonrepetitive test: Plot the load-deformation curve, and determine the
load level that corresponds to a deformation of 0.05 in [1.25 mm]. The load

divided by the deformation at this point is a good estimate of the elastic k.

Finally, it should be noted that a 30-in-diameter [762 mm)] plate should be used

to determine the k alue for conrete pavement design.
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APPENDIX C
LOSS OF SUPPORT CONCEPTS AND METHODS

LOSS OF SyPPORT OVER THE DESIGN LIFE

Loss of support refers to any gap or void that may occur between the base and
slab or between a stabilized base and the subgrade, causing increased deflection of
the slab surface. There are three basic types of "loss of support” that a concrete slab

exhibits over time.

e  Erosion of the base and/or subgrade from beneath the slab, resulting in
increased deflections (faulting) and stresses (cracking) in the slab.

e  Settlement or consolidation of the base and/or subgrade, usually
resulting in slab cracking in the vicinity of the settlement.

e  Temperature curling and moisture warping of the slab, resulting in
increased deflections and stresses in the slab. Permanent construction
curling presents a potential for very serious loss of support and early

failure of jointed concrete pavements.

Loss of support can have a major impact on slab deflections and stresses, and
thus pavement life. Erosion also has a major effect on joint faulting, which is a

critical distress related to life.

LOSS OF SUPPORT FROM EROSION

Pumping results in loss of support over time beneath either the slab itself or
beneath a treated base. Either of these situations can lead to increased deflections

and stresses in the concrete slab and are of concern to the design engineer.
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AASHO Road Test Erosion

The extensive amount of loss of support that occurred at the AASHO Road

Test site is well documented. [2]

Extensive pumping and erosion of the sand-gravel base occurred causing
loss of support beneath the corners and edges of the slab. The amount of
material pumped onto the shoulder was measured in a cubic foot
container over the two-year period. A "pumping index" (PI) was
computed as cubic inches of pumped material per inch along the
pavement. The PI ranged from 0 to over 200 depending on slab thickness
and axle loading. Photos exist of persons shoving a yard stick under the

concrete slab corner. [2]

"By removing the concrete from a few failed sections and sampling the
underlying material, it was observed that subbase material had
apparently been removed by erosive action of water moving across the
top of the subbase, and that the remaining subbase material was
relatively undisturbed ... Inasmuch as the great majority of the sections
which failed pumped severely prior to failure, many of these sections
would have survived the two years of traffic had the subbase material

been stabilized effectively to resist erosion by water." [2]

Note that this erosion occurred even though the transverse joints were

adequately dowelled to prevent faulting. If the joints had not been dowelled, erosion

would have occurred sooner leading to much earlier failure. The AASHTO design

model for concrete pavements thus inherently includes the effect of this extent of loss
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of support. If erosion could be controlled, a pavement should perform better than
predicted by the AASHTO design model, all other things being equal.

Predicting_Loss of Support from Erosion

No methodology currently exists to predict the amount of loss of support that
may occur from erosion. To directly consider this in design, the designer would need
to be able to approximately predict the amount of loss of support that may develop
beneath a slab over the design life so that the increased stresses can be predicted and
their effect on fatigue cracking considered. This is a problem of great complexity
because of many other factors that play a role. One key factor is the presence of
dowel bars at the joint which decreases the amount of differential deflection across
the joint and thus the amount of erosion potential. Other factors include the
drainability of the pavement structure (the time that free water is available), the
climate (freeze-thaw, precipitation, saturation levels), traffic loadings, slab thickness,
subgrade and base stiffness, and joint sealing.

A second main effect of erosion is joint and crack faulting. An erodible base
layer would normally result in increased faulting and thus, decreased service life.
Joint faulting can be predicted from several available prediction models. A design
check can be made to determine if joint faulting is excessive, and if so, a modified
joint design could be proposed and evaluated.

As far as the AASHTO design method is concerned, the extensive loss of
support that occurred during the test period had a very significant effect on
pavement load-carrying capacity. It is hard to imagine a greater amount of loss of
support than that which occurred at the AASHO Road Test site. Therefore, loss of
support is already fully considered in the AASHO rigid pavement design equation.

Increasing slab thickness for loss of support is overdesign and is not recommended.
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For other design procedures, however, the impact of erosion and loss of
support on the load carrying capacity could be more fully considered. This would
involve a complex analysis of the erodibility of underlying base and subgrade
materials, ei_osion of the concrete slab itself, the friction between the base and
concrete slab, the magnitude of deflections and load transfer at the joints, the number
of axles, and a subdrainage analysis of the pavement section. The development of a
predictive model for this complex phenomenon would be extremely difficult.

The next section discusses the amount of loss of support that occurs for

temperature curling and moisture warping. This is quite significant and results in

increased slab stresses that might otherwise be caused by erosion and loss of support.

Of course, in the field both of these mechanisms go on at the same time (erosion and
curling/warping). In fact, significant upward curling or warping may be a catalyst

for increased erosion if water gets between the curled slab and the base course.

PIARC Recommendations on Erosion

The most comprehensive recommendations available on ways to minimize
erosion and loss of support are provided by the PIARC Technical Committee on
Concrete Roads from eight European countries and the USA. A document entitled
"Combatting Concrete Pavement Slab Pumping” is available that provides excellent

guidelines for design and construction. [20] The general principles are [21]:

® The erodibility of subbase and shoulder materials is an essential property
that must be taken into account in the design of new pavements and in
the diagnosis of existing pavements, because the erosion of materials at
interfaces causes pumping and destabilizes the slabs of the concrete

pavement.
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e Simple tests have been develop for characterizing the erodibility of
materials. They offer the data required for comparing results using a

common language understood in all countries.

Tests are conducted in the laboratory to classify a material in terms of its type
and binder content in five erodibility classes based upon a decreasing order of
erodibility resistance. The erodibility resistance ratio is in the order of about 5

between each class. These materials classes and criteria are as follows:

Class A - Extremely erosion resistant. Examples: lean concrete with 7-8
percent cement; bituminous concrete with at least 6 percent bitumen.
Class B - Erosion resistant. Example: cement treated granular material
with 5 percent cement manufactured in a plant (five more times erodible
than Class A when tested in the laboratory).

Class C - Erosion resistant under certain conditions. Examples: cement
treated granular material with 3.5 percent cement manufactured in the
plant; bitumen-treated granular materials with 3 percent bitumen (five
more times erodible than Class B).

Class D - Fairly erodible. Examples: granular material treated in place
with 2.5 percent cement, fine soils treated in place, untreated granular
materials (five times more erodible than Class C).

Class E - Very erodible. Example: contaminated untreated granular

material; untreated fine soils (five times more erodible than Class D).

Base erodibility is of course closely related to traffic loadings, subdrainage,

dowelling of joints, and transverse and longitudinal joint sealing. Table C-1 shows
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Table C-1.

Design provisions proposed for combatting pumping in concrete
pavements by PLARC.

TRUCX TRAFFIC RIGH HEDIUM LowW
SURFACE WATER
EXPOSURE TIME
High |Medium| Low | High | Medium |Low|High |Medium|Low
CONSTRUCT JONAL
ARRANGEMENTS
INTERFACE Ior|lor|Tortflor|Iort
DHAINAGE IIa IIa |IId IIa 1Ib OPTIONAL
(TYPE) or IIb
SUBBASE AND A B c c D
SHOULDER EDGE i or B B or c or or or!
MATERIAL (ERODA~ B c D ] E
BILITY CLASS)
JOINT yes yea |yes yea |[Optional
SEALING with B OPTIONAL
yes with
c

* Subject to cheeking of stresses in conercte with filter layer actually
uscd.

- Legend :

1 - Drainage

TYPE Nl a

TYPE Nl b

A :lcan concrete with 8 % cement ; bituminous concrete with
6 % bitumen
B : cement-treated material with 5% cement produced in the

plant

C: cement-treated material with 3.5 % produced in the plant ;

bitument-treated material with 3 % bitume

D :matcrial treated in place with 2.5 % cement, treated soils

E : untreated, unprocessed material
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the recommendations for combating pumping in concrete pavements. The traffic
loading (High = > 2000 trucks/day/lane, Medium = 400-2000, Low = < 400),
subdrainage (Type I, II, IIl shown) and joint sealing (Yes or No) where each of these
classes of rr‘l'aterials are recommended are given in Table C-1. Subdrainage Type Ila

includes a permeable subbase that would apparently be a Type A material.

Laboratory Erosion Testing
Several tests have been developed to measure the degree of erodibility of

different materials. These tests include the Surface Abrasion Test developed by
California [27], a brush test, a jetting test, and a vibrating table test used in France
[28, 29], and a rotational shear apparatus [26].

Three of these tests (brush, jetting, and rotational shear) were evaluated in
1989 by Van Wijk and Lovell. [26] Each of the tests was found to have some
advantages. For example, the jetting test was only used on nonstabilized materials;
the brush test on cement-treated, lean concrete and asphalt-treated materials; and the

rotational shear device on cement stabilized materials.

"The brush test was appropriate for comparing the erosion of different
lean concrete samples, but was inappropriate for comparing the effect of
the different compaction efforts used in preparing lean concrete and
cement-stabilized samples on erosion. Use of the jetting test to
characterize the erosion of nonstabilized materials was the least
successful. Use of the rotational shear device was successful for
determining the critical shear stresses and erosion rates of portland

cement-stabilized materials." [26]



Van Wijk and Lovell concluded:

"... any impervious unstabilized material used in rigid pavements will
erode ... portland cement content is the most important factor in the
erodibility of cement-stabilized materials. The compaction effort and
gradation are also important, but to a lesser extent ... The erosion of
asphalt-stabilized materials is affected by the asphalt content, the
compaction effort, and environmental factors. Wetting and drying have
greater influence on the erosion of asphalt-stabilized materials than
freezing -and thawing." [26]

The water-cement ratio also affected the erodibility of lean concrete in addition
to cement content.

Birmann of the Technical University of Munich, Germany conducted
laboratory erosion tests on six different types of asphalt-stabilized bases using a
pavement model with concrete slabs. He found that erosion occurs on asphalt-
treated bases when the asphalt content is less than 4 percent and the void content is
greater than 5 percent. The materials which performed poorly in the pavement
model also showed considerable loss of mass when submitted to the French brush
test. Also, the materials which performed well in the pavement model showed small

quantities of loss of mass in the French brush test. [30]

LOSS OF SUPPORT FROM TEMPERATURE CURLING AND

MOISTURE WARPING

At least three different temperature and moisture mechanisms are occurring

that contribute to a deformed slab surface causing gaps or voids beneath the slab and

C-8



increased deflections and stresses: (1) negative (nighttime) temperature differential
from the top to bottom of the slab which occur daily, (2) permanent curling resulting
when the slab hardens with a high positive (daytime) temperature gradient after
placement, énd (3) moisture differentials from top to bottom of the slab, which may

be permanent to some degree and also seasonally cyclic.

Negative Temperature Differential Through Slab

Normal curling of a slab is caused by temperature differential through the slab
which occurs on a daily basis. A negative (top cooler than bottom) temperature
differential results in the corners and edges displacing upward, creating the potential
for a gap or void between the slab and the base or subgrade. Figure C-1 illustrates
the magnitude of slab corner uplift from curling for a range of nighttime temperature
differentials. When this happens, any load near the corner or joint will cause an
increased stress on the surface of the slab that could lead to corner breaks, diagonal
cracks, or even transverse cracks several feet from the joint. Figure C-2 shows this

increase in stress for a given negative temperature differential.

Construction Permanent Curl

A permanent form of curling from a temperature differential at construction
has been identified in England, Germany and Chile. [7, 8, 22, 36, 37] If a high
positive temperature differential through the slab exists in the slab when it hardens
(at which time the slab is flat), upward corner and edge curling may occur shortly
thereafter when the temperature gradient dissipates. A high positive temperature
differential occurs particularly on days with high solar radiation and when
conventional curing procedures are used. This temperature differential has not been

measured extensively and its magnitude is not well known. [7, 8, 22, 36, 37]
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Figure C-1. Tlustration of corner deflection due to a negative temperature
differential through the slab, computed using 3DPAVE.

C-10




2
o B
M 5o
© )
~N =
Q ~ T .
S 0 0
<+ < S s
- 2 e ]
7]
; N g 80
5 e ._“_.. F o b m m
demcfastaeideass - ~ 8 S 9
| - £ E2
:nnmi...i.“ ||||||||| 4o — D ..w |m
L a- L Aam m du. m
Sy
—. 0 T s S B —
- M - @ o+ -
-0 o m. 8 H Q
2 8 5 w O
. @ &b 7 o = < H
o g o, -~ )]
i Z B > R
* gy e ﬁ
- D o 5 B
by LD < < [} 5
Q 2 o0 &
ll.L o = % © [} [}] 1]
= O Z =
g a <+ a ”w
O o -0 Q
_ o & M = Q
TR ! ~ 5 m
_.__m:__m_:_m:: Lib ____m___-m____m-____.:__.___Fm:.:u::. NI o % m
o o o (o] (=] o o} o o % m..
o 0 o ) o 0 o 0
) < ¥ " M o a .m m
)
(1sd) ssang .
Dy
@)
)
.Mc



One set of data from Germany showed that 5 hours after placement in
sunshine, the top of an 8-in [203 mm)] slab had a temperature of 116°F [47°C] and the
bottom 80°F [27°C] using a conventional curing compound. If the slab solidifies in a
flat position with this large positive thermal gradient, the corners and edges will be
permanently curled upward for any lower temperature gradient. Figure C-3 shows
the permanent construction curling which developed within 48 hours after placement
for a concrete pavement in Germany. An upward curling of the slab edges of about
0.012 in [0.3 mm] was observed 9 hours after paving in spite of the positive
temperature differential of 7.2°F [4°C]. At 24 hours the mean upward curling had
increased to 0.035 in [0.9 mm)]. The researchers concluded that this upward curling
within one day could not have been caused by shrinkage. The "construction curling”
then is defined as the positive temperature differential that would be required to
produce a flat slab (note that this is before any moisture shrinkage occurred at the
top of the slab).

"Field tests at Munich Technical University ... indicated that the
temperature development immediately after paving is of great importance
[in] pavement curling ... Therefore the conclusion may be drawn that
under normal paving conditions [in] warm weather always an upward
curling will be created already a few hours after paving ... the advantages
of wet curing clearly are evident: it reduces not only permanent
shrinkage deformations in the plastic state of the "young" concrete but
lowers as well the zero stress temperature at surface, thus preventing

upward curling probably totally." [7]
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Figure C-3. Development of upward curling within 48 hours after paving in

Munich, Germany. [37]
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A 1969 study in the UK concluded the following:

“... it has been shown that weather conditions at the time of placing the
conci'_ete can have a considerable influence on the transverse cracking
found in concrete roads. The most adverse conditions are a combination
of high temperature and low humidity and, in general, cracking is more
severe for concrete laid in the morning than it is for concrete laid in the
afternoon ... When high air temperatures prevail during construction,
precautions should be taken to ensure that changes of temperature
gradient within the concrete are kept below 0.07 degrees C/mm for the
first two or three days by suitable curing techniques." [22]

A study by Armaghani, Larson, and Smith in Florida found that a 9°F
temperature difference through a test slab was required to bring it to a flat
position. [5] Obviously, any such permanent upward curling would create a serious
loss of support beneath the corners and edges of the slab. The deflection profile
along a joint due to a change in the temperature differential for the Florida test is
shown in Figure C-4. An uplift of 0.012 in [0.3 mm] was observed for only a 3°F
[1.7°C] temperature difference between the top and the bottom of the slab. [5]

This phenomenon was also identified in Chile, where several undowelled

pavements exhibited excessive corner cracking within a few years after placement:

"The results show a ‘permanent’ upward curling of slabs in all pavement
sections included in the study, as modified by daily temperature
variations. The curling is demonstrated in the field by the perceptible

rocking of the slabs under the early morning traffic and by the systematic
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transverse cracking and corner breaks of some rather new pavements
with no signs of pumping. Cracking seems to start from the surface

downward and from the edges inward." [14]

Moisture Shrinkage Warping

Moisture shrinkage warping of the top of the slab occurs over time has been
observed frequently. [5, 7, 8, 9] Hatt reported in 1925 that slab warping occurred
when moistﬁre differences existed between the top and bottom surfaces of a slab in
the laboratory. An uplift of 0.12 in [3 mm] at the corners and 0.05 in [1.3 mm)] at the
edge occurred during a period of 40 days. After water was introduced over the

surface of the slab the corners and edges dropped 0.06 in [1.5 mm)]. [23]
Researchers at the Arlington Tests in the 1930s observed:

“The curvature caused by moisture is principally an upward warping of
the edges caused by a moisture loss from the upper surface of the
pavement ... The edges of the slab reach their maximum position of
upward warping from this cause during the summer and the maximum
position of downward warping during the winter, the extent of the
upward movement apparently exceeding that of the downward

movement considerably." [24]

Janssen measured the moisture content variation through the thickness of

concrete specimens at the University of Illinois:
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"Pavement moisture contents ... indicated that substantial drying occurred
only at the top surface, to a depth of less than 2 in. The rest of the
pavement remained at 80 percent saturation or higher. A typical
moisture distribution was determined ... a stress distribution was
calculated. The tensile strength of the concrete at the surface was

exceeded, and cracks could be expected to form to a depth of 0.75 in." [9]
Eisenmann and Leykauf presented a procedure to compute the amount of slab
uplift from a moisture gradient. [31] Their model for uplift is as follows:

075te(D -t)L> 224x107° L M
D® E D®

f =

where f = upward deflection of edge, mm

t = depth of shrinkage area, mm (typically < 50 mm)

e = shrinkage of concrete (dimensionless)

D = slab thickness, mm

L = joint spacing, mm

E = modulus of elasticity of concrete, N/ mm?

They present an example of a 203 mm [8-in] slab that was constructed under
cloudy weather and relatively constant temperatures where 0.6 mm [0.024 in] of
uplift was measured after two weeks. They calculated an upward deflection of
0.69 mm [0.027] assuming t = 40 mm, L = 4250 mm, E = 30,000 N/mm?, and e =
12#10° using Eq C-1. Using 3DPAVE to model this pavement, this amount of edge
uplift is equivalent to a negative thermal gradient of about 4 to 5°F (2.2 to 2.7°C), or
about 0.5°F/inch (0.011°C/mm).
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In other climates, greater drying and upward warping of the slab may
develop. In Chile, for example, the dry climate is similar to that of portions of
California. Figure C-5 illustrates data from Chile of seasonal warping of JPCP
pavement in the absence of a temperature differential. During the rainy seasons, the
slab uplift decreases. The corners are warped upward about 0.05 in [1.2 mm] during
the dry season for a 9-in [229 mm] slab. [8] Using 3DPAVE, this magnitude of
shrinkage warping uplift would require an equivalent negative temperature

differential of -6°F (3.3°C), or about -0.7°F/inch (0.015°C/mm).

"Deflections have been found to be maximum in the Autumn, after a long
dry season, and minimum during the rainy Winter ... Results of
immersion-drying laboratory tests on pavement concrete pieces show that
the deformations produced by internal moisture variations are as
important as those produced by temperature changes. On the other
hand, indirect measurements of moisture through the slab thickness
demonstrate the predominant existence of an hydraulic gradient,
produced between the slab surface, which is directly exposed to solar
radiation and wind, and the protected bottom, which is kept in a more

humid environment." [8]

Combination of Temperature, Construction and Moisture

These three climatic conditions can all add together to cause a large tensile
stress at the top of the slab near the joint which could eventually lead to serious slab
cracking. Combined stresses from negative temperature differentials and from load

can be estimated using 3DPAVE for use in pavement design.
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METHODS OF ASSESSING LOSS OF SUPPORT IN THE FIELD

Various test methods have been developed over the years to identify loss of
support in concrete pavements. These methods have only been partially successful,
but have been used to identify areas needing slab support improvement. They are
important to this study in that future research into the prediction of loss of support is
needed to develop prediction methods for use in design. The following methods
were evaluated by Chapin. [25] He had difficulty locating "voids" with all of the

procedures.

. FWD deflection load sweep.

o FWD deflection detailed analysis.
. Dynaflect deflection.

d 18-kip [80 kN] single-axle load and Benkelman Beam.
. Ground penetrating radar (GPR).

d Road Rater deflection.

. Infrared thermography.

° Spectral Analysis of surface waves.
. Impact echo response.

. Visual distress survey.

. Transient dynamic response.

. Epoxy/core test.

The most used procedures are probably the FWD load sweep and GPR testing.
The authors have used the FWD load sweep method [33] successfully on many
projects and also have found the expoxy/core test useful. Iowa has had success

using a Road Rater for void detection. [36]
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A recent study by Crovetti [32] involved the development of a procedure to
backcalculate a corner k value. By comparing the comer k value to the center-of-slab
k value an indication of the amount of loss of support could be obtained. The

method adjusts for temperature differential.

CONSIDERATION OF LOSS OF SUPPORT IN DESIGN

The following recommendations were developed for considering loss of

support in the design process.

AASHTO Design Guide

An extensive amount of loss of support is already built in to the rigid
pavement design models, so further increase in slab thickness for loss of support is
not appropriate. The effects of less erodible materials than the AASHO Road Test
dense-graded granular base on predicted slab stress and predicted faulting are
considered in the proposed revision to the AASHTO design equation. In addition, a
design check is made for joint/corner loading where the total negative temperature
differential is used to estimate critical stress in the slab. If this stress is greater than

the maximum stress for midslab loading then a design modification is required.

Mechanistic Design

Direct consideration of loss of support for increased slab stresses (and thus
cracking) and also for joint faulting is desirable in mechanistic design. Prediction of
loss of support caused by thermal curling or moisture warping is possible and could
be considered in design.

Negative temperature gradients can be computed using available heat transfer-

models for any given location. [35] An equivalent negative temperature gradient of
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about 0.5 to 0.7°F per inch of slab thickness to account for shrinkage appears
reasonable. The negative temperature gradient from construction is impossible to
predict, but could be eliminated by improved curing methods.

Prediction of an additional loss of support from erosion is extremely difficult
and would require a major research effort. Currently, it is recommended to
determine the material requirements that would minimize the occurrence of erosion

under varying climatic, traffic, and design conditions using the PIARC

recommendations. [19, 20, 21] Then ensure that these conditions be met in the design

and construction of the pavement.

In summary for mechanistic design, consider the combined effects of load at
the corner position, nighttime negative thermal gradients, "built-in" construction
curling from temperature gradient, and moisture shrinkage warping in the design

process to control tensile stresses in the surface (slab cracking). Develop a design

check for joint faulting that would provide for adequate load transfer, base type, and

subdrainage to limit faulting to an acceptable level.
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