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APPENDIX A

FINITE ELEMENT MODELING






INTRODUCTION

Consideration of non-linearity in unbound layers is necessary for accurate modeling of a
flexible pavement structure. The necessity of non-linear consideration in rigid pavements has
not been studied as closely. Many problems arise from the assumption of elastic Jayer properties
for unbound layers. For example, granular layers may have a lower modulus than the subgrade,
and measured vertical strain at the top of the subgrade may be twice the theoretical value.
Nazarian and Stokoe (A-1) have shown that non-linear behavior occurs in FWD testing. An
increase in the load magnitude of the FWD results in an increase in deflection that is greater than
one to one. Nazaran, et. al. (A-2) also showed the effect of non-linearity with depth in a farm-
to-market test road.

Several procedures have been developed to try to handle the non-linearity of unbound
layers in pavement structures. Some analyses attempt to model the non-linearity by considering
the plastic behavior of subgrade soils. Others approximate non-linear effects through iterative
linear elastic procedures. Most recently, finite element code has been utilized in modeling the
stress state dependency of granular base layers, and the strain level dependence of subgrade
matenals.

As stresses and strains are used more and more to determine the relative condition of
layers in a pavement structure, the need for consideration of non-hnear material behavior
becomes increasingly important. Linear elastic approximations of unbound material behavior are
no longer acceptable in pavement analysis. Errors from such approximations have been noted
and documented. The stress state dependency of granular matenals, and strain based subgrade

soil models must be considered for an accurate estimation of true pavement response.
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GENERAL FINITE ELEMENT (FEM) MODEL

ABAQUS, a commercial finite element modeling (FEM) program, has been widely
applied for pavement analysis. Chen et al. (A-3) bave made a comprehensive study of various
FEM pavement analysis programs and showed that the results from ABAQUS program were
comparable to those from other programs. Zaghloul et al.(A-4) simulated the pavement
responses under FWD loading for flexible pavements using 3-dimensional dynamic analysis in
ABAQUS. Uddin et al. (A-5) investigated the effects of pavement discontinuities on the surface
deflections of ngid pavements for 3-dimensional dynamic analysis using ABAQUS. The main
capabilities of ABAQUS in solving pavement engineering problems include:

s linear and nonlinear elastic, viscoelastic, elastio-plastic material modeling,

e 2-Dimensional and 3-Dimensional calculation,

e statjc, harmonic dynamic, and transient dynamic loading simulation,

e interface modeling with friction,

e cracking propagation modeling.

thermal gradient analysis

ABAQUS provides many element models that are useful for pavement analysis. Infinite
element model can be used to model the infinite boundary conditions in horizontal and vertical
directions in pavement systems. Interface element model can be used to simulate the cracking or
debonding within pavements. Lee (A-6) has investigated the effects of initial gap and friction
coefficient of interface model on surface deflections, and concluded that an initial gap of 0.01
inch and a friction coefficient of 0.5 were suitable for cracked pavement analysis. ABAQUS

also includes many material models, such as hnear elastic model, viscoelastic model, hypoelastic



model, and Drucker-Prager plastic model. ABAQUS allows static and dynamic analysis

capabilities.

LINEAR ELASTIC MODEL

In this research, the finite element models were designed particularly for FWD testing
configuration. A typical FWD test is performed by dropping a 9000 pound load on the top of
circular plate with a radius of 5.91 inches resting on the pavement surface. The loading duration
is about 30 ms. The deflections at distances of 0, 8,12, 18, 24, 36, and 48 inches from the center
of the load are measured.

Two-dimensional, axi-symmetric finite element structure was used to model pavements.
The horizontal and vertical boundaries were modeled using infinite elements. No displacement
in horizontal direction along the symmetry axis was allowed. An extra pavement layer was
modeled at the bottom of subgrade. A large modulus value of 5000 ksi was assigned to this
layer, which represents the stiff layer. If subgrade is infinite, the same modulus as that of
subgrade was assigned to this layer. The FEM mesh was designed finer at the Joading area
where the larger stress and strain gradients occur. At locations farther from the load, the mesh
was modeled to be coarser to reduce the number of elements and, therefore, the computation
burden. Figure A-1 shows a typical finite element mesh configuration. Figure A-2 shows
typical deflection vs. time history curves resulting from FWD loading. The peak deflections at
the seven sensors did not occur at the same time. The time-lag between peak deflections comes
from the nature of wave propagation and damping effect.

ABAQUS can be applied to simulate material discontinuities (cracking, stripping and

debonding) in pavements. ABAQUS allows the user to define the modulus for each element. In
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this way stripping is simulated by assigning a low modulus value (70 ksi) to matenals within the
stripped area. ABAQUS provides the interface element for cracking and debonding
discontinuity applications. A friction coefficient of 0.5 is used for both cracked and debonded
pavements. An initial gap of 10 mils and 0.5 mils are used, for cracking and debonding,
respectively. Figure A-3 shows the results. It can be seen that discontinuities cause larger
deflections. The cracked pavements seemed to have a significant different deflection shape than
the intact pavement, while the deflection shapes from stripped and debonded pavements are not

unusual from the intact pavement.

NONLINEAR ELASTIC MODEL

KENLAYER was used to find stress and strain values of certain types of pavements at
different positions throughout the depth of the pavement structure. These points were located
directly under the load and at an eight inch offsel. This analysis was compieted for the full-
depth, aggregate base, and rigid pavement cases. Extreme cases in full depth, aggregate base,
and ngid pavements taken from the synthetic database were used as models for analysis in the
KENLAYER pavement analysis program. In the full depth case, an infinite subgrade depth was
assumed and weak and strong modulus values were assigned. The AC layer modulus remained
constant while the layer thickness changed from thin to thick. The aggregate base and rigid
pavements were more complicated as there were three layers to consider. In this case the
subgrade and AC layer assumptions were the same as those in the full depth case, however, the
base layer thickness was changed from thin to thick as well. Although a PCC (rigid) layer is
present in the analysis, KENLAYER was chosen over KENSLABS because the error between

the two models is negligible if loads are applied at the center of the slab. So, there were four
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Figure A-3. Comparison of deflection basins from intact and distressed pavements
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two-layer pavement cases considered, and eight three-layer cases. For each case, stress and
strain information was gathered for the first 30 inches of subgrade depth, in 3 inch increments.

Pavement thickness and modull information are described in Table A-1.

FLEXIBLE PAVEMENTS

Compressive stress, compresstve strain, bulk stress, and deviatoric stress were calculated
for each flexible pavement case listed in Table A-1. Strain values found from this KENLAYER
study were compared to values found in the work done by Shao and Borden (Figure A-4). The
strain values fell in the nonlinear portion of the E/Emax curve, therefore nonlinear behavior
needed to be added to the existing linear elastic forward mode]. Figures A-S through A-12 show
the stress and strain information generated for each flexible pavement case.

Once the need for nonlinear modeling was determiued, the investigation on how to
include nonlinearity of unbound layers into the existing ABAQUS finite element forward model
began. Literature review showed that the Drucker-Prager Plasticity model had been used to
represent nonlinear behavior in granular and cohesive soils. Comparison of an existing linear
elastic aggregate base pavement structure with the same structure using the Drucker-Prager
Plasticity model for base layer properties was performed. Five different sets of Drucker-Prager
parameters were chosen based on results from triaxial testing of aggregate base materials at the
Mn/ROAD test site. The resuits of this preliminary study indicated that the inclusion of the
plastic model had a negligible effect on the deflections, and hence the strains, computed by the
finite element forward model. One possible reason why there was no difference in output
generated by the two models was because the aggregate base pavement layer thicknesses were so

great that the strains were too low to show any nonlinear effects. For this reason, three of the



Table A-1. Kenlayer structures used in nonlinear analysis

Pavement Type Asphalt Layer Base Layer Subgrade Layer

H,~=4, 18 in. Hgg=infinite

Full-Depth E.c=400 ksi N/A Esg=5, 25 ksi
v=0.30 v=().45

H,.=4, 13 in. Hap=6, 18 in. Hg=infinite

Aggregate Base Eac=400 ksl Eabe=75 ksl Esg=5, 25 ksi
v=0.30 v=0.35 v=0.45

Hac=2, 6 in. Hpee=6 in. H;g=infinite

AC/PCC E.=400 ksi Epcc=4,000 ksi Ese=5, 25 ksi
v=0.30 v=0.20 v=0.45
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Figure A-5. KENLAYER compressive stress results for full-depth pavements
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Figure A-6. KENLAYER compressive strain results for full-depth pavements
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Figure A-7. KENLAYER bulk stress results for full-depth pavements
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Figure A-8. KENLAYER deviatoric stress results for full-depth pavements
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Figure A-9. KENLAYER compressive stress results for aggregate base pavements
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Figure A-10. KENLAYER compressive strain results for aggregate base pavements
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Figure A-11. KENLAYER bulk stress results for aggregate base pavements
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five onginal Drucker-Prager property sets were added to an existing thin aggregate base
pavement structure. The results from this analysis set showed some deviation from the linear
elastic deflections, indicating that the inclusion of nonlinear parameters had some effect on the
strains in the system. However, the differences in deflection were, at maximum, on the order of
ten percent. The results from the case with maximum deflection difference is shown in Figure
A-13. Ten percent is a very small effect considering the asphalt layer chosen was the thinnest
available in the synthetic database, and the modulus of that layer was also the least available, 100
ksi. Further literature review showed that the Drucker-Prager material parameters might not

be reasonable. The cohesion value used in the plasticity models seemed high. Another set of
runs were analyzed, using only a fraction of the cohesion values used in the first set of runs, and
the results showed an effect closer to 15 percent. The effects of the dilatation angle were also
studied. The Drucker-Prager approach, if used in cohesive soil applications, would require the
addition of the dilatation angle parameter. For this reason, one of the three current Drucker-
Prager cases were run with three different dilatation angles, and the results compared. The effect
of the dilatation angle, at maximum was less than three percent. These results were again from
the thinnest, weakest upper layer condition available in the synthetic database.

An asphalt layer modulus of 100 ksi is extremely low and may even be considered
unreasonable except in the case of extreme damage or extreme heat, so the Drucker-Prager
Plasticity cases were analyzed again with an asphalt layer modulus of 400 ksi. The observed
results were a reduction in the effect of plasticity in the base layer. With an asphalt layer
modulus of 400 ksi, the effect of including plasticity effects in the base layer were about five

percent, at maximum.
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Figure A-13. Plasticity effect of base layer material on deflections
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The Drucker-Prager plasticity model was then added to the subgrade layer. In this way,
both unbound layers would be defined according to the plasticity model found from ortland test
data. Three of the extreme cases in the Drucker-Prager base study were run again, with the
addition of Drucker-Prager coefficients in the subgrade layer. The coefficients used were taken
from field specimens tested using the ortland testing configuration. Results obtained where
plasticity was included in the base and subgrade were compared to those calculated with only
base plasticity. The results showed a maximum difference of just over 11 percent. Results from
the case with the maximum difference are shown o Figure A-14.

The maximum difference in strain when the Drucker-Prager plasticity model was
considered for unbound layers was on the order of 10-15 percent. This difference was found in
the thinnest and weakest pavement structure in the synthetic finite element database. In addition,
the 10-15 percent difference considered only the center deflection. There was practically no
change in deflection in any cases afier the fifth sensor. A much greater difference is expected
when nonlinearity is included in unbound layers. For these reasons, the research team felt that
the Drucker-Prager Plasticity model could not accurately represent the nonlinearnty of the
unbound layers in a pavement structure.

Since the Drucker-Prager Plasticity mode] was deemed unfit for nonlinear modeling, a
comprehensive review of all remaining models available in the ABAQUS nonlinear model
library was performed in the attempt to find another model readily available for use that would
adequately represent nonlinear behavior in unbound Jayers. One such method was the
Hypoelasticity option. The hypoelastic model has been used quite extensively in geotechnical
applications with cohesive subgrade. Hypoelastic model parameters were found in some

geotechnical textbooks based on ortland testing of field specimens. A trial set of ABAQUS
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finite element forward model runs was set up for full depth pavement structures with asphalt
layer moduli of 100 ksi and 300 ksi, and layer thicknesses of 4.41 inches and 13.31 inches. This
gave a set of four linear elastic models for study. These four models were run again with the
Hypoelastic model parameters replacing the linear elastic parameters in the subgrade layer. The
linear elastic results were then compared to the Hypoelastic nonlinear results. The comparison
showed that the Hypoelastic model gave deflections 60 percent less than those recorded in thin
asphalt layer linear elastic cases, and 80 percent less than those recorded in thick asphalt layer
linear elastic cases. The difference was substantial for all seven sensors, and the results for a
typical relationship are shown in Figure A-15. The Hypoelastic model may be suitable for
cohesive subgrade nonlinear modeling. One problem, however, was that finding a set of
Hypoelastic parameters corresponding to strong, medium, and weak subgrades would be quite
difficult. Since the distinction between subgrade conditions 1s vital to the success of the
synthetic database accuracy, and since the Hypoelastic model could only be used for cohesive

subgrade cases, the Hypoelastic model was left as a possible option in lieu of a better approach.

GRANULAR MATERIAL MODELING

Various nonlinear elastic models, derived from cyclic ortland testing, have been
proposed to describe the response of granular materials under loading. Several widely used
models are summarized in Table A-2.

The k — # model was the most popular model in the past due to its simplicity. In this
model, the resilient modulus of granular materials is expressed as a function of the bulk stress
(&). Only two material constants, &, and k,, are required, which can be regressed from the
experimental data. One drawback of this model is that it neglects the effect of the shear stress on

the resilient modulus, which can result in inaccurate prediction of material behavior. Uzan’s
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Table A-2. Resilient modulus models for granular materials.

Model Model Expression Model Constants
k-6 M, = k6" ks ky
Uzan M, =k6"c," kys kys ks
UT-Austin My =kolol ks ks Ky
UT-EI Paso M, =k6%ch kps ks ky
Boyce 9KG K,, G,,n
FT3K+G

K=K, (i)“'"’[z —ﬂ(i)’}
P, D

G =G, ()"
D,

1-n)K
p=t 6Gj .,
Note: # =bulk stress = o, + 0, + 05 ;
o, =deviator stress = g, ~ gy;
o, q = deviator stress = g, — o, ;
q o, = confining stress = o, ;
o, P = mean normal stress = ?(a, +0,+0,);
D M, = resilient modulus;
M, K = bulk modulus; and
K G = shear modulus.
G &, = axial strain;
g, p,' =initial effective mean normal stress before cyclic loading
or the magnitude of the suction at zero confined stress;
E, . =maximum modulus of cohesive soils varying with soil type; and
E. . M, =resilient modulus.
M,
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Model and the UT-El Paso model overcome this problem by adding either the measured deviator
stress ( o, ) or axial strain ( &, ) as the extra parameter to predict the resilient modulus. The UT-
Austin model directly relates two independent variables, the deviator stress (o, ) and the
confining pressure ( g; ) to the resilient modulus. Compared to the k& — ¢ model, Uzan’s model,
the UT-El Paso model, and the UT-Austin model all show better agreement with the
experimental data. Boyce’s model widely used in European countries is one of the advanced
models for granular materials. Although the better results may be obtained from this model,

more complicated testing and material constant evaluation procedures are required. Thus, 1t is

not considered practical in routine uses.

COHESIVE MATERIAL MODELING

The resilient modulus of cohesive soils mainly depends on the deviator stress and the
moisture content (or suction). For partially saturated soils (such as compacted soils), the
negative pore pressure contributes significantly to the effective confining pressure. The suction
is often so significant that practitioners generally consider that confining pressure has a minor
influence on the behavior of fine-grained soils. The models that have been proposed for
cohesive materials are summarized in Table A-3.

The bilinear model, based on cyclic ortland tests at a single confining pressure, was
successfully used in the ILLI-PAVE and MICH-PAVE computer programs for fine-grained soils.
In this model, the value of &, representing resilient modulus at the breakpoint in the bilinear

curve, is considered as a major indicator of material behavior. The other constants, k,, k,, and
k, “display less variability and have smaller influences on pavement response than ,.” The

power k — o, model considers the resilient modulus as a power function of the deviator stress.
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Table A-3. Resilient modulus models for cohesive soils

Model Model Expression Model Constants
Bilinear £ - o, My=k,+k,(k,—0,) k >0 k,, k,, k;,k,
Mp=k,+k,(o,-k,) k <o,
Power k - o, M, =k,0,% k> ks
Dawson and Correia M,=k +k,p,'"k,0, k., k,, k,
E/E_, -6, M,=f(E,...5) E

max

Note: o, = deviator stress =

0, = 0y,
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Compared to the bilinear model, this model has the advantage of having fewer material
constants, The drawback of both the bilinear model and the power model is that confining
pressure 1s not considered. Dawson’s model not only takes into account the deviator stress but
also the suction, and therefore this model shows better agreement with the results from
laboratory testing. However, since determining the moisture content of a soil in the field is much
more difficult than in the lab, this model seems to be impractical for routine uses. The

E/ E .. — & model, also named the strain level dependent model, describes the modulus as a
function of axial strain. Unlike other models which are only derived from the cyclic ortland
test, the resonant column test and torsional shear test are also performed to formulate the
E/E,, — & model. Thus, this model has a larger range of application, which is able to
represent the nonlinearity of cohesive soils at as low as 0.001 percent axial strain level,

Based on the investigation of all these available models for granular materials and
cohesive soils, Uzan’s universal model, initially proposed for granular materials, is chosen as the
model for the nonlinear analysis. The general expression of this model is:

M,=kb"ch (A-1)
where My is resilient modulus, #1s bulk stress, oy is deviator stress, &), &, k3 are model
constants. It is noted that 4, and k, are always positive and k; is usually a negative constant.

The advantage of the universal model is that it can represent all pavement layers with a

single expression. When %, , k,, and &, are all non-zero values, the model represents granular
materials in base layer or subgrade. When both %, and k, are set to zero, this model represents
linear elastic materials. When only setting &, to zero, the mode] represents fine-grained

materials in subgrade.
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However, one should note that, according to Eq. A-1, if a very small deviator stress
(close to zero) is applied, the calculated resilient modulus becomes a very large value
approaching infinity, which is obviously unrealistic. The universal model is derived from cyclic
ortland testing, where the minimum deviator stress is usually 1 psi. This indicates that one has
to be careful when using this model at the deviator stress level less than 1 psi. In order to
overcome this problem, an arbitrary maximum resilient modulus is assigned to the material if the

deviator stress is less than 0.5 psi. For fine-grained cohesive soils, E,, in the strain level

dependent model may be assigned as the maximum resilient modulus value.

UMAT SUBROUTINE
User defined subroutine UMAT is a powerful option in ABAQUS, which provides an

interface that allows the user to define any mechanical constitutive model within ABAQUS input
files. For the nonlinear A- analysis, an UMAT program was coded in Fortran language to
simulate Uzan's universal model as defined in Eq. A-1. It should note that, in laboratory
ortland tests, because o, is equal to oy, the deviator stress is defined as follows:
o, = -0, (a2)
However, in a pavement system, o, may not be equal to ;. Therefore, the average value of o,

and o, is considered as an approximation of o,, that is,

1
o, =0, —-2-(02 +0;) (A-3)

The resilient modulus derived from the 1ab testing is usually considered as the secant Young’s
modulus E, (the ratio of total stress to total strain). For dynamic analysis, the tangent Young’s
modulus (the ratio of small changes of stress to small changes of strain) is required, which can be

estimated from the following equation:
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L, = £, = X a7 % k % (A-4)
(1-2v) K(8+A8)>(g,+40,)" -k (6)"(g,)"

where ks = 1+k,, and &, /», and k3 are material constants.

UMAT has two major functions: it updates the stresses at the end of each time increment,
and it provides the material Jacobian matrix for the mechanical constitutive model. UMAT is
executed for each material integration point at each iteration in each time increment. Modulus of
each integration point is calculated based on the stress level at the beginning of each time
increment. The accuracy of the results depends on the size of the time increment. A smaller

time increment will yield better results, but result in longer computation time.

INITIAL STRESSES

Before an FWD load 1s applied, a pavement already has stresses due to geostatic pressure,
pore pressure (which could be positive or negative depending on whether the material is totally
or partially saturated) and residual pressure from compaction. These stresses will affect the
initial moduli of the layer materials. Since some of these stresses are very difficult to be
measured in the field, only geostatic stresses are considered in the nonlinear analysis. The

vertical geostatic stress o, is calculated based on the thickness and unit weights of pavement
layers. The horizontal stress o, is calculated based on the coefficient of earth pressure af rest,
K, , which is defined as the ratio of horizontal stress to vertical stress under zero lateral strain
condition. These relationships are:

o, = (A-5)

o,=K,o,

o v

(A-6)
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where y is the density of layer materials, z is the depth of material point from the pavement

surface, and K, is the coefficient of earth pressure at rest, which can be established, depending on
material types, from the following equations:

Linear elastic materials:

K, = (A-7)

Granular materials:
K, =1-sing (A-8)

Fine-grained, normal consolidated soils:
Qo
K, =044+0.42 PICA) (A-9)
100

where v is Poisson’s ratio, ¢ is the drained frictional angle, and PI is the plastic index.

For pavement materials, especially the base Jayer and the upper layer of subgrade, the
coefficient of earth pressure at rest should be in the range of 0.8 to 2.0 due to compaction and
frequent loading. In this research, the coefficient of 0.8 is assigned to all stress-sensitive layers.

As the geostatic stresses do not yield strains in pavement system, in the ABAQUS model,
the load induced stresses and strains are calculated separately from the calculation of the
geostatic stresses. The geostatic stresses are only used to establish the material modulus at the

beginning of each time increment.

FAILURE CRITERION
Mohr-Coulomb failure envelope, demonstrated in Figure A-16, is employed in the

nonlinear finite element analysis. According to this criterion, failure occurs when the load

induced stresses exceed the material strength, which is defined based on the maximum principal
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Figure A-16. Mohr-Coulomb failure curve
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stress ratio for granular materials and as the maximum shear stress for fine-grained materials.

The relationship between major and minor principal stresses at failure can also be expressed as:

¢

¢
5 ) (A-10)

0, = o, tan’ (45 + =) + 2c tan(45 )

where i and 3 are major and minor principal stresses, respectively, and ¢ and f are stress
parameters corresponding to cohesion and frictional angle, respectively.

Usually, the failure modulus is assigned to the failed element. Since this failure modulus
value is arbitrarily decided, however, different numbers used in the analysis may result in
sufficiently different pavement stress and strain responses. Raad and Figueroa (A-7) proposed a
technique that ensures the stresses do not exceed the failure envelope, in which the principal
stresses in the base materials and subgrade are modified at the end of each increment. This is

achieved by using the vertical stress, o, to calculate the limit values for major and minor

principal stresses, (0,),,,, and (o;).., , respectively.
(0, = O, tan*(45 + g) +2ctan(45+ g) (A-11)
(63)n = O, tan*(45 - g) —2ctan(45 —g) (A-12)

At any time increment, the current o, value is not allowed to exceed (o), , While o,
value is not allowed to be smaller than (o,),,, . In addition, o, also is not allowed to exceed

o,', which 1s defined as:
0,'= o, tan’ (45 + %) + 2ctan(45 + %) (A-13)

Modified stresses are then used to predict the resilient modulus for the subsequent time

increment.
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Note that the principle of the stress modification is very similar to Rankine’s theory of
lateral active and passive pressure without earthquake. It is reasonable to consider that the stress
modification in dynamic analysis should be different from that in static analysis. For example,

when c is set to O for granular materials, the expressions of (o, ), and (o, ),,, in dynamic

analysis may be expressed as:

(O-I)max = O—V cosz (¢ - ﬂ) 2 (A'14)
o /),{1 _[singzﬁsin(yﬁ— ,6’)}”2}
cos
(G3)min = 0, COSI(¢ —4) ) 2 (A-15)
cos’ ,5’{1 + l:sin;zfsin(;é — ﬂ)]” ‘L
cos fF

where ¢ is frictional angle, and / is expressed as:

£ =tan” (2 (A-16)
1-&,
where k, = &, k, = %—, g, is honzontal acceleration, g, is vertical acceleration, and g is

acceleration from gravity.

It is evident from Eqgs. A-9 and A-10 that (o,),,, In dynamic analysis is larger than that
in static analysis, and (o;),;, in dynamic analysis can be smaller or larger than that in static

analysis.
In both static aralysis and dynamic analysis, neglecting the hortzontal acceleration results

in £ being equal to 0. Eqs. A-9 and A-10 are then similar to Eqs. A-6 and A-7.
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RIGID PAVEMENTS

Compressive stress, compressive strain, bulk stress, and deviatoric stress were calculated
for each ngid pavement case listed in Table A-1. Strain values found from this KENLAYER
study were compared to values found in the work done by Shao and Borden (Figure A-1). The
strain values fell close to the linear elastic portion of the E/E . curve, therefore nonlinear
behavior did not need to be added to the existing linear elastic forward model. Figures A-17
through A-20 show the stress and strain information- generated for each rigid pavement case.

Field data was next used to determine if nonlinear modeling in rigid pavements was
necessary. The DataPave field database was searched to find pavement cases with varying layer
thicknesses and subgrade strengths for a nonlinear comparison. Pavements that would represent
weak and strong subgrade strengths, thick and thin PCC layers, and thick and thin subgrade
layers were chosen. Extremes of these cases were chosen for analysis. Table A-4 shows the
pavement structures selected for use in this study. Deflection data were gathered and
consolidated for each pavement structure. In each case, tests were taken every 25 feet
throughout a 500-foot test section. Tests were performed at two or more different times. In most
cases, testing was performed with loads of 6, 9, 12, and 15 kips. In some cases, the 6 kip test run
was omifted. To test the nonlinearity of the rigid pavement structures, the center and seventh
deflection normalized with respect to the load was plotted versus load level. A horizontal line
would indicate a linear relationship between load and pavement response. A line with a non-zero
slope would indicate a nonlinear relationship. Figure A-21 shows a typical plot of the

normalized deflection versus load level for the field structures.
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Figure A-18. KENLAYER compressive strain results for rigid pavements
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Figure A-20. KENLAYER deviatoric stress results for rigid pavements

A-33



Table A-4. Data used for ngid FEM verification

State of Origin PCC thickness SG thickness
Soil Classification
A-2-5
SHRP 7035 Colorado 8” 3’
SHRP 9327 Iltinois 10.4” 8’
Soi] Classification
A-2-6 .
SHRP 7090 Minnesota 7’ 12’
SHRP 7012 Mississippi 9” 6
Soil Classification
A-7-5
SHRP 9116 Towa 8” 24’
SHRP 9126 Towa 10” 24’
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Figure A-21. Rigid pavement linearity check using multiple load levels
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In every case considered, a linear relationship for both the center and seventh deflection
exists. For all thicknesses of PCC and subgrade and for all three soil classifications, nonlinearity
does not appear to exist. According to the extreme cases of field data analyzed here, nonlinear
modeling of the subgrade in overlaid rigid pavement structures is not warranted.

Finally, the synthetic database was examined. Three FEM structures were created with
stiff layer depths of 30, 39, and 79 inches, respectively. For each of these cases, a subgrade
modulus of 5, 15, and 25 ksi were assigned. The upper layers in each case were given a constant
thickness and modulus, resulting in a total of nine synthetic cases. Each of these cases was
analyzed and the compressive stress and compressive strain values at the top of the subgrade
were recorded. Table A-5 shows the results of this analysis. The percent strain values were
compared to the S-shaped curve developed by Shao and Borden (Figure A-3) to check for
nonlinearity in the subgrade layer. Only the cases with shallow stiff layer depths and low

modulus values appeared well into the nonlinear range.
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Table A-5. Results of nonlinear study for rigid pavements

6000 Ibs. 9000 Ibs. 12000 Ibs. 15000 Ibs.
DSL (in) | Esg (ksi) [Stress (psi)| Strain % |Stress {psi)| Strain % [Stress (psi)] Strain % [Siress (psi) Strain %
5 07312 0.00669 1.0960 | 0.01000 1.4620 0.01330 1.8280 0.01670
30 15 0,9604 0,00330 1,4390 0.00496 1.9180 000661 | 24010 0.00829
_25 1.0950 0.00244 1.6420 | 0,00385 2.1880 0.00486 2.7240 0,00608
5 0,5879 0,00588 0.8992 0.00910 1.2010 0,01210 1.5010 0.01520
39 15 0.8702 0.00332 1.3040 0,00497 1,7400 0.006683 | 21750 0.00828
25 1.0020 0,00243 1.5020 | 0.00364 2.0050 0.00488 2.5080 0.00807
5 0.3311 0.00364 0,4959 0.00543 0,8621 0.00725 0,9338 0.01150
79 15 0.5850 0.00257 0.8783 0,00384 1.1700 0.00513 | 1.4620 00648
25 07754 0,00218 1.1620 0.00328 1.9510 0.00437 1.9400 0.00547
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FEM MODEL VERIFICATION

FLEXIBLE PAVEMENTS

The data from AASHTOQ Sherrard test section were used to validate the dynamic finite
element modeling approach used in this research. Two data sets for Sherrard test section were
available from the study by Shoukry et al. (A-8). The first set is the actual measured deflection
basin under FWD testing, and the second is the set of the values of layer moduli and other
material properties measured from laboratory tests. Table A-6 shows the pavement profile of
Sherrard test section.

The FWD test was performed with a peak pressure of 70 psi and a duration of 40 ms.
Figure A-22 shows the deflections that resulted from different models using the layer properties
listed in Table A-1. The deflection bowl obtained from the FEM model used in this research

agreed well with the actual measured deflection bowl.

RIGID PAVEMENTS

All pavement structures were modeled in a two-dimensional (2-D), dynamic,
axisymmetric manner. A roller-type boundary condition was employed at the load center side of
the model, and infinite elements were used to model the lateral extent of the pavement structure.
Fine elements were used to model the area around the load plate, and the elements were biased
laterally and vertically away from the load center where the same detail in accuracy was not
required. This model was first incorporated for flexible pavement studies. With the inclusion of
rigid pavement systems, namely cement treated base and ortland cement concrete base with
asphalt overlay pavements; the model used in flexible pavement modeling needed to be proven

accurate for rigid applications.
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Table A-6. Pavement profile of Sherrard test section

Layer Thickness Modulus Poisson’s Density Damping
(in) (ksi) Ratio (pcf) Ratio
AC layer 4 500 0.35 145 5%
Base Layer 14 35 0.40 140 5%
Subgrade 720 10 0.45 115 5%
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Figure A-22. Verification of FEM model for Sherrard test section
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Cho, McCullough, and Weismann tested the finite element model in a 2-D plane strain,
2-D axisymmetric and 3-D arrangement. The 2-D axisymmetric study was split into three
separate models. The first model had a 1” square mesh system at the load center, and a
discontinuous boundary 90” from the load center. The second model had a 2” square mesh
system at the load center, and a discontinuous boundary 90 from the load center. The third
model had a 1” square mesh system at the load center, and infinite elements instead of a
discontinuous boundary at the simulated slab edge. The results from the finite element
simulation showed that the model with the infinite elements at the slab edge gave less stiffness to
the structure and deflections closer to layered theory solutions. In general, it was concluded that
the axisymmetric model is a *“...reasonable approach for simulating pavement response...” It
was also noted that the 3-D model required more computing time than did the 2-D axisymmetric
model.

Intuitively, the 2-D axisymmetric infinite element model results should agree with the
actual field condition better than results of those models with a lateral discontinuity. The
axisymmetric formulation is based on the assumption that the two-dimensional mesh form is
valid for three-dimensions. This means that if a discontinuity is modeled at the 2-D slab edge, in
three dimensions a discontinuity will surround the load center at the given lateral dimension.

With the ultimate goal being the accurate prediction of pavement response in the field
through synthetic finite element modeling, the best way to validate a forward mode] is to match
synthetic data and field data where all variables are the same for both data sets. For rigid
pavement validation, deflection data from the I-71 Ohio test track was used. The Ohio test track
was part of a 7.8 mile Break and Seat (B/S) rehabilitation project that was included in the Federal

Highway Administration (FHWA) project SP-202 entitled “Break and Seat of Jointed Reinforced

A-41



Concrete Pavement.” The test is was broken into four 1000-foot sections. One section was
designated a control section, one section was designated a 6 B/S section, one section was
designated an 18" B/S section, and one section was designated a 30” B/S section. Each section
consisted of sixteen 60’ slabs. All sections originally had a 3” asphalt overlay over a 9” PCC
slab. The construction project called for the existing asphalt overlay to be milled the B/S
procedures to take place, and then an 8.5” overlay to be placed. The overlay was constructed in
three lifts, a 4.5” base 1ift, a 2” intermediate lift, and a 2” wearing lift. Deflection testing was
performed before milling, before B/S operations, and after each lift of overlay.

The asphalt thickness was known as the overlay was measured as it was constructed.
Asphalt modulus information was obtained through testing at the time of mixing and of cores
taken in four selected locations throughout the project iength. The asphalt modulus was
estimated to be a constant 448,000 psi. PCC slab thickness information was obtained through
the original construction plans and was observed to be a constant 9” throughout the length of the
project. Cores were also taken to verify the construction plan thickness. The modulus of the
PCC slab was not known, so MODULUS was used to estimate the PCC modulus. The subgrade
thickness was also listed in the construction plans, although no coring was performed to verify
the stiff layer depth. No modulus information for the subgrade was available so again,
MODULUS was used to estimate the subgrade modulus. Several approaches were used to try to
estimate PCC rmaodulus, subgrade depth, and subgrade modulus, all v;rith moderate success. The
PCC modulus estimates ranged from 5,000 ksi to over 6,000 ksi. The subgrade depths were
assumed to be correct as listed 1n the construction records. The subgrade modulus varied from 4

ksi to 26 ksi.
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To model the field pavement structures some decisions had to be made conceming the
PCC, and subgrade modulus values, and the subgrade thickness values. Since no other records
were available, the recorded subgrade depths present in the construction documentation were
used. The PCC modulus was modeled as a constant 5,000 ksi because this is a typical value used
to model intact PCC layers, and because it is on the conservative side of the MODULUS
estimation. The subgrade modulus was modeled as S, 15, and 25 ksi to account for the full range
of estimated values back-calculated using MODULUS. Only the control sections were used for
verification of the forward model. A visual survey was done on the PCC slabs before overlay
procedures took place, and some of the sixteen control slabs showed signs of crackiug. For this
reason, only slabs 1,2,3,5,6,7,8,9,12,13,and 16 were considered.

Figures A-23 and A-24 are typical examples of the comparison of the finite element
forward model results and the measured field data. Subgrade modulus plays an important role in
the prediction of pavement response. In the cases shown, the field data seems to match the 15
and 25 ksi synthetic deflection bowls. Although the data points do not match exactly, the
deflection curves are quite similar.

Preliminary studies show that the 2-D axisymmetric model does a reasonable job of
simulating rigid pavement behavior. It was also observed that an axisymmetric model with
infinite lateral elements would give a less stiff pavement structure and results closer to those
obtained from layer theory. Intuition suggests that the infinite element approach in lieu of a
modeled discontinuity, in a 2-D axisymmetric situation, would more closely approximate an
actual pavement configuration. Matching the synthetic deflection data points to those measured
in actual field conditions for structures with similar layer properties showed a good correlation in

most cases. In all cases, the deflection curve trends were quite similar, indicating a reasonably
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accurate response prediction. It appears that the 2-D dynamic axisymmetric finite element

forward model does a good job of predicting pavement response in actual field conditions.
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FIELD DATABASE

Tables B-1 through B-4 show the full depth, aggregate base, CTB, and AC/PCC
pavement cases chosen from DataPave, respectively. The FWD test data available in
DataPave 2.0 represented all the pavement cases considered in this approach. The
DataPave database includes FWD test information from all states in the contiguous
United States and some International locations. Due to the tremendous quantity of
information available, all the data in DataPave 2.0 could not be used in this study. The
database was made more manageable by considering only those sections tested on at least
three separate occasions. Some general trends were derived from the pavement history
described by the difference in the deflection information as 2 function of test date.
However, the database continues to be updated and was void of much needed condition
information at the time of this research. To accurately test for the condition of pavement
layers, detailed information is needed concerning specific pavement layers. Cores were
taken at each of the test sites, but only outside the pavement section. Due to possible
significant variations along the site, these data cannot be used reliably to develop
prediction procedures. For these reasons, DataPave information was used as a test set
where some general conclusions regarding subgrade strength and depth to a stiff layer
could be made.

Field data from state DOTs were less abundant. There was little quality field data
for any pavement types. Tables B-5 through B-8 show the full depth, aggregate base,
CTB and AC/PCC state field databases, respectively. In the CTB database, the Flonda,

Nevada, and Texas data sets only contained layer thickness information. The subgrade
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Table B-1. Selected full depth pavements DataPave field data

State Pavement ID Hag (in) Hsq (in)
21 1034 15 120
4 1025 8 84
46 9106 7 300
47 8024 12.8 132

81 8529 B.5 60

Table B-2. Selected aggregate base pavements DataPave field data

State Pavement Ha, (in) Habe(in) Heg (in)
D
21 1010 6.3 8 180
47 3101 9.6 5 144
51 1002 54 8 72
1 101 6.6 7.9 -
1 102 3.9 11.9 -
51 113 4 13.9 -
51 114 6.8 17.9 -
10 102 55 50.8 -
4 113 4.2 7.5 -
4 114 7.1 12 -
32 101 7.1 31.3 -




Table B-3. Selected CTB pavement DataPave field data

State SHRPID | AC Layer Base Layer | Subgrade
Thickness (in) [ Thickness (in) | Depth (in)
Arizona 1062 18 6 -
California 8148 4.7 6 -
Florida 3897 3 22 100
Maryland 2805 9.1 12 3.5
Mississippi 2807 10.5 6 100
Naorth Dakota| 2001 25 8 100
Oklahoma 4088 12.5 6 100
Texas 1050 1.8 18 100
Texas 3749 2.3 16 100
Virginia 1023 9.9 14 100
Wyoming 2019 3.8 10 28

Table B-4. Selected AC/PCC pavement DataPave field data

State SHRPID | AC Layer Base Layer | Subgrade
Thickness (in) | Thickness (in) | Depth (in)
Calorado 7035 5 8 -
Georgia 7028 6 9 -
Nebraska 7050 5 8 -
South Dakota| 7049 4.5 8 -
Ontario 2812 3 7 -
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Table B-5. Complete information listing of available field data for aggregate base
pavements
State Section AC Layer Base Layer Subgrade AC Layer |Base Layer | Subgrade
ldentification | Thickness (in) | Thickness (in) | Thicknass {in) | Condition Condition | CBR (%)
North Carolina 1 3.5 8.5 60 - - -
(2427)
2 35 9.5 60 ~ - -
3 3.5 9.5 144 - R R
4 3.5 8.5 144 - - -
North Carolina 1 8 6 - - Weak Weak
(264)
North Carolina 1 4 12 - - 110 Weak
(20286)
2 4 12 - - 50 Weak
3 4 12 - - 70 Weak
4 4 12 - - 80 Weak
North Carolina 1.1 3.5 12 - good 237 11.9
(421)
1.3 35 12 - good 328 125
16.2 5 8 - good 196 17
16.5 5 8 - good 122 23
7.4 35 8 - good 129 58
17.6 3.5 8 - good 105 167
17.8 35 8 - good 134 22
235 35 12 - good 167 43
23.7 35 12 - good 270 28
24.4 2 12 - good 631 138
24.8 2 12 - good 3s7 42
2 2 12 - good 568 very
strong
2.6 2 12 - good 513 very
stron
2.8 2 12 - good 468 very
stron
54 3.5 8 - good 270 very
stron
57 3.5 8 - good 252 very
stron
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Table B-6. Complete information listing of available field data for full-depth pavements

State Section AC Layer Subgrade AC Layer Subgrade
Identification | Thickness (in) | Thickness (in) Condltion CBR (%)
North Carolina 1 7.75 - - 9.8
(2427)
2 6.5 - - ]
3 7 - - S
4 7.25 - - 8.6
5 7 - - 18.5
North Carolina 114 4 - good 19.9
(421)
11.3 4 - cracking 16.4
1.7 4 - stripping 26
1.8 4 - good 42
12.2 35 - stripping 28
123 a5 - good 27
13.8 5 - good 62.2
14.1 5 - cracking 24.4
14.6 3.5 - cracking 19.4
20.1 3.5 - good 16
20.4 3.5 - cracking 18.5
22,2 3.5 - stripping 137
225 2 - stripping 15.9
22.6 2 - good 58
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Table B-7. Complete information listing of available field dafa for CTB pavements

State Section AC Laver Base Laver Sobgrade AC Laver | Base Laver Smma
idicati § in) | Thickaess (in) | Thickness (inY{ Condition Condgition GBR(
flonda 106 5 4 7.3 . - -
109 52 1.7 68 .
| North Caroling (49) A9 475 . . Debond .
Al2 425 2.25 Intact intact
A21 4.5 825 {ntagt Intact
A30 45 3.5 Intact Crack
A40 4.38 2.5 intact (ntact
| North Caroling {58) 1 1.5 7 Intact Intact
2 S 1 _Intact Intzct
3 2.5 7 Intact ntact .
North Cacolipa (421) 4.3 15 5.5 Stripping - 41,1
4.7 3 9 Si T | Single Crack 16.02
4.8 35 . Stripping - 138
6.1 7.25 5373 Stripoing - 20.63
6.2 . . Broken Broken :
A4 S 85 . Good 34,37
8.6 _45 55 Good Good .
88 - - : - 45
8.5 ©.25 : - 46
29 - . Proken Broken .
10.5 375 525 Good Good .
10.8 35 5.5 Strioping . 25.3
151 £5 . Strioping 1329
15.2 - . . 2431
18.3 4 Stripping Broken 1495
18.4 4 . Good Good
18.6 375 5 Good Good 244
18.7 475 725 Goed Good .
188 4 . Good Good .
19.1 [ Stripping - 18,76
19,3 2375 Good Goaod .
19.4 2,325 Good Good .
15.6 Vi . . 35
13,8 7.25 Good Good .
19.9 7625 . Good Good 22.81
21.2 5 525 Good Goad 12.2
214 S 528 : _ B 13,72
218 5 55 . . 16.03
L Nevada 104 12,4 12 100 . . .
Qhio 390159 4 4 300 Intact latact
_ Texas 113 2 12 100 . .
115 5 12 100
116 3.3 12 100
123 9] 12 100
124 S3 12 100




Table B-8. Complete information listing of available field data for AC/PCC pavements

State Section AC Layer Base Layer Subgrade AC Layer Base Layer | Subgrade
Identification | Thickness (In) | Thickness (in) | Thickness (in} | Condition Condition M, (ksi)
Ohio 0107192¢ 8.5 8 300 - - 9.4
0407912e 8.5 9 300 - - 9.2
0107091f 7 9 300 - - -
Montana 00090_p 4.8 8 - - - 16
Washington Was-185-8 3 7 - - - 28
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depth information was included, so these data sets were used for the determination of
depth to a stiff layer. The Ohio data was reportedly tested on a newly constructed
pavement and included all layer thickness information. Therefore it was considered
intact. The Ohio field report showed some of the Ohio data to be erroneous, and
therefore those data points were excluded from this study. Arrowood Road in Charlotte,
North Carolina (NC 49) contained upper layer thickness information and core data that
gave insight into the layer condition. Subgrade soil type was given with no condition
information. The NC 58 test section data set contained core information (including layer
thicknesses) and had been open to traffic only one year at the time of testing, and
therefore considered intact.

The NC 421 field record 1s the most complete received in this study. Twenty-four
pavement sections were constructed in 1989 to study the performance of different
pavement types. Figure B-1 shows the section profiles of the pavements constructed for
the NC 421 project. Sections 1, 3, 16, and 23 are aggregate base pavements, sections 7,
9, 20, and 22 are full depth pavements, sections 2, 5, 11, 12, 13, 14, 17, and 24 are
flexible pavements with stabilized subgrade, and sections 4, 6, 8, 10, 15, 18, 19, and 21
are CTB pavements, with lime stabilized subgrade in sections 8, 10, 15, and 19. The
layer thicknesses varied for each section type. In August of 1993, cores were taken at
several locations in each test section. Cores extracted yielded information including layer
thickness and condition information. Therefore deflection testing information
corresponding to core information is available at several locations in each section. Figure
B-2 shows a typical pavement cross-section. Strain gauges, motisture sensors, pressure

cells, and thermocouples were imbedded in each test section so that detailed information

B-8



{2, 13

10, 15 11, 14

\

Granular Base Course

-
ALY
-

e
»n
r
N
r
»
r
—
— Ry
L 4
L]
+
4
*

D oo
CICK

720 8,19 9 22

AN
N
N

N3
N\
O\
N
Nt

\\

s

N

)
\)
N\
A

N
N\

\

N\

L

N
A
o
o
o
o
o
o
[»]
o
)
—Jo
o
o
]
o
0

0000000000000

Q00000AW00000000
OO 0.0 0.0 .0 A A 6 6 & o

E Cement—-Treated Base Course

{ Cement Stabilized Subbase

Lime Stabilized Subbase

. . *
¢ o
PN

+

Asphalt Binder Course

Asphalt Stabilized Course

N \\‘f Asphalt Surface Course

\) N \\ A) ‘
\) N \\ )
N\ N \\
AN

N
N

op00ODOLOOOODOOOODOOCOOOY
>%&?O°OOOQOOOOOOO

CX-X-X-]

-] 90
DOOOOOOOOOOOOOOOOOOOQSP

2 0000000000000 0O00K0000

W
]
[+
(o]
(o]
(o]
-]
o
D]
o
o
o
[+
[}
o

“
v, //pooo
/

7, /D00O0OOO0DOOODOODOOOOODO
’

N
)

‘s
e ‘&annnn

000
000000

000QODOCO000000C000HOD00A
annaannnnOODADOAAN

Sectiqnl 1,23 2 24 3,16 4,18 5 17 6, 2§

-

L&

yidag

D

T

©

T ——T

‘o
—

S

N

Figure B-1. NC 421 test section layout
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could be collected during FWD testing. Field records from February 1990, November
1990, May 1991, October 1991, February 1992, March 1992, June 1992, October 1992,
February 1993, June 1993, and August 1993 were available. The distressed data set used
in the analysis consisted of each point in August where core logs showed distresses. At
locations where core logs showed intact layers, all previous FWD results were also
considered intact. DCP testing was performed at several locations in each test section.
The data from those tests were recorded and percent CBR values were estimated.
Therefore, in the NC 421 field database at several points in each test section deflection
data, core information, and CBR subgrade information was known.

In the AC/PCC state field database, the Ohio data were the most complete. Field
reports were available and included detailed information on site conditions, layer
thicknesses, and laboratory tests of cored subgrade materials. Upper layer condition at
the time of testing was unknown. The Montana field data included upper layer
thicknesses and backcalculated subgrade resilient moduli values. Washington field data
were accompanied with a field report that listed site conditions, construction procedures,

upper layer thicknesses, and resilient modulus of subgrade materials.
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APPENDIX C

DEFLECTION BASIN PARAMETER AND SURFACE MODULUS
METHODS






DEFLECTION BASIN PARAMETER ANALYSIS

Deflection basin parameters (DBPs), which are derived from FWD deflection
measurements, are established to be good indicators of selected pavement properties and
conditions. Their effective use, instead of the deflection measurements alone, in
pavement analyses has been generally documented in the literature. In this research we
investigated a range of DBPs (a list is given in Table 2 in the “Introduction” chapter) in
conjunction with other information as condition indicators. This investigation, which
was carried out based on synthetic database, first examined the sensitivity of DBPs to
pavement parameters, such as modulus values, layer thickness, stress and strain values,
which are critical for describing the condition. Based on the sensor location of the
deflection information used in deriving a DBP, the pavement layer that is best
characterized by that DBP can be predicted, and therefore narrow the number of
combinations to explore. For example, if the outer sensor measurements define a DBP,
then that DBP better characterizes the condition of the lower layers. Using the sensitivity
information, the DBPs that best describe the changes in pavement parameters are
identified as potential condition indicators. Instead of just the most sensitive DBP, a
small set of DBPs that showed significant sensitivity was identified. Conceptually, a
sensitive DBP could be used to indicate any change in the pavement parameter to which
that DBP is most sensitive, enabling a mechanism for identifying the pavement condition
that contributes to the change.

As these sensitive DBPs were identified using synthetic data, their sensitivity to

field data may not necessarily be similar. In some cases the most sensitive DBP as
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1dentified above did not show the anticipated response to changes in the corresponding
pavement parameter or condition.

These sensitive DBPs are then incorporated into the condition evaluation procedures
and analyses. This is accomplished by developing the association between the DBPs and
condition indicators. For each indicator, a functional relationship is identified using an
empirical approach based on the synthetic database. The following sections describe the
details and results of this investigation for each type of pavement. Although the results
are specific to the data sets used in this investigation, the approach adopted here should
be viewed as a sufficiently general approach applicable to future studies using other data

sets.

Full-depth and Aggregate Base Pavements
Development of prediction approaches for layer condition indicators for each

pavement layer is described below:

AC Modulus (E,;)

The deflection basin parameter SC/ is understood to better represent the condition
of upper layers, especially AC layer. An interesting finding from the synthetic database
1s that, for a certain thickness of AC layer, E;; and SCJ exhibits an approximately linear
relationship in log-log scale. A stiff layer, if exists, has little or no effect on the SC/
value, while the condition of subgrade has a minor effect, especially when AC layer is

strong. Figures C-1 and C-2 show the relationship between E,. and SCT for full-depth
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pavements and aggregate base pavements, respectively, for different values of AC
thickness. It is noted that when AC layer is weaker (e.g., when H,, is equal to 4 inches
for aggregate base pavements as shown in Figure C-2), more deviations can be seen in
the SCI vs. E,y relationship, which may be due to the increased influence from the lower
layers. As both AC thickness and E,. increase, the influence from lower layers decreases.
When AC thickness 1s larger than 16 inches, H,; no longer influences SCI, resulting in a
relationship for SC/ only in terms of Ey.. For full-depth pavements, AC thickness is
usually greater than 6 inches. Thus, the effect of lower layers can be negotiable. For
aggregate base pavements with AC thickness less than 6 inches, BDI is added into the
regression equation below to reflect the increased influence from lower layers. The
following relationships were established between £,. and SCI for full-depth and
aggregate base pavements:

For full-depth pavements,

log(E,.) =—1.0831*10g(SCI) ~2.6210*log(H ,.)
+0.0482* H,. +5.2961

(C-1)
R*=0.994  SEE=0.028
For aggregate base pavements,

when H,. = 6 inches,

log(E,,) = —1.1435%10g(SCI) - 2.5635 * log(H ) €2
+0.0498* H,_ +5.2005
R*=0988 SEE=0.039

when H,; < 6 inches,

log(E,.) ==2.4527 *1og(SCI) +1.4116 *1log(BDI)

(C-3)
~2.1621*log(H,.) +0.0013* H,,_ +5.123
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R*=0.965 SEE=0.099

AC Tensile Strain (&,,)

Based on ILLI-PAVE analysis, Hill and Thompson (C-1) established a simple
regression equation to predict the tensile strain at bottom of AC layer directly from the
value of AUPP. Based on the synthetic database developed in this research, the
relationship between &, and BDJ was found to give better correlation. Figure C-3 shows
the approximately linear relationships that were found between &, and BDI in the log-log
scale for full-depth pavements. For aggregate base pavements, the relationship between
&¢ and BDJ are as shown in Figure C-4. It must be noted that, for aggregate base
pavements, when the ratio of Hy to a, the radius of load area, is less than 1 (H,, <6
inches), more variations were found in the &¢-BDI relationship. This can be attributed to
the presence of the weaker AC layer, and therefore the increased influence from lower
layers on £,. The relationships between &, and BDI are as follows:

For full-depth pavements,

log(e,,) =0.9977* log(BDI) +1.7142 (C-4)

R'=0987  SEE=0.049
For aggregate base pavements,
when H,. 2 6 inches,

log(e,,) =1.023*1log(BDI) +1.7127 (C-5)

R°=0.981  SEE=0.052

when H,. <6 inches,
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log(z,,) = 0.7798 * 1og(SCI) + 0.2279 * log(BDI)

C-6
+0.5736*log(H,, ) + 0.0410* log(H ,,,) +1.1604 (-6)

R°=0969 SEE=0.041

Compressive Strains of Base and Subgrade (¢, and ¢,,)

For intact pavements, the layer interfaces can be considered to be fully bonded,
and the strains at the interfaces to be therefore continuous. Based on this, the following
relationships can be established:

For full-depth pavements,

L =y (C-7)

=y (C_8)

where v is Poison’s Ratio. Since &, is a linear function of BDI in log-log scale as
described previously, the relationships between gy and BDJ for aggregate base
pavements, and between &, and BDJ for full-depth pavements in log-log scale are
expected to be linear as well. Figure C-5 shows the relationship between BDI and &, for
full-depth pavements, and Figure C-6 shows the relationship between BDJ and &y, for
aggregate base pavements. For full-depth pavements, the relationship between &, and
BDI is represented by:

log(£,, ) = 0.9823* log(BDI) + 2.1460 (C-9

R*=0.978 SEE=0.063
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For aggregate base pavements, &y and &, are represented in terms of BDJ and

BCI as follows.
For Hye > 6,

log(£,,, ) = 0.9958 * log(BDI) + 2.1955

R’=0976 SEE=0.052

log(¢,,) =0.2811* log(BDI) + 0.6788 * log(BCT)
-0.0135*%log(H,,)-0.0123* H ,, +2.2083

R’=0988 SEE=0.016
For H,. <6,

log(£,,.) = 0.7357 * 1og(SCI) + 0.1043 *log(BDI)
+0.1240* log(H,_ )+ 0.0648 *log(H ,,. ) + 2.0730

R’=0963 SEE=0.054

log(s,,) = 0.8835*1og(BDI) + 0.1526 * log(BCI)
~0.0995*log(H, ) —0.0185* H , +2.2461

R'=0976 SEE=0.010

(C-10)

(C-11)

(C-12)

(C-13)

In summary, based on the synthetic database from dynamic, nonlinear analysis,

SCI was found to have a high correlation with £,., and BDJ was found to have a high

correlation with g.. BDJ was also found to correlate well with &y for aggregate base

pavements and with g, for full-depth pavements. For aggregate base pavements, &, was

described as function of BC7 and BD/. It should be noted that these findings agree very

well with the conclusion from the sensitivity study that was based on the synthetic
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database from dynamic, linear elastic analysis, suggesting that the effects of layer

properties on deflection parameters are consistent between linear and nonlinear analyses.

Cement Treated Base (CTB) Pavements
Development of prediction approaches for layer condition for each pavement

layer is described below.

Debonding in Asphalt Layer

The deflection basin parameter approach in the case of debonding in the asphalt
layer in CTB pavements was inconclusive, as no field data from state DOTs with known
debonding in the asphalt layer was received until well into the third year of the project.
As Appendix B shows, North Carolina highway 49 section A9 was the only field data
submitted with known debonding in the asphalt layer. This NC-49 data consists of a total
of six data points. With such a small amount of information, a meaningful relationship

could not be developed.

Cracking in Cement Treated Base Laye-r

The “Findings” chapter shows the five deflection basin parameters most likely to
represent cement treated base layer condition to be BDI, BCI, AUPP, F2, and SCI.
Therefore, these DBP’s were investigated using available field data to develop a
relationship that would best represent actual layer condition. Figures C-7 through C-11
show each DBP versus test date for all available field data. BDI appears to be the DBP
that best distinguishes between intact and cracked pavement cases. The parametric study

based on synthetic data also identified BDI as the DBP most capable of representing CTB
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layer condition. Test data with known CTB layer condition supported the parametric
study results. Therefore, BDI was chosen as the DBP to indicate the CTB layer
condition.

The synthetic database was then revisited to determine a meaningful BDI value to
be used as a test criterion. Core data from field records, listed in Appendix B, showed
that the strength of intact base layers ranged between 1500 and 2000 ksi. Base layer
moduli values in synthetic cases were set to 500, 1000, 1500, 2000, and 2500 ksi. All
synthetic cases with a CTB layer modulus of 1500, 2000, and 2500 ksi were separated
and their respective BDI values calculated. Figure C-12 illustrates this relationship. The
maxumum value of BDI for the 1500, 2000, and 2500 ksi CTB layer modulus conditions
is 2.5, 2.3, and 2.0, respectively. The BDI value matching the lowest field core test was
chosen as the BDI value representing intact CTB layer condition. Therefore, and value of
BDI less than or equal to 2.5 is considered to indicate intact condition. When the BDI
criteria value of 2.5 is added to the field data in Figure C-13, it is clear that all available

field data are properly distinguished.

Subgrade Strength

The deflection basin parameter approach to determine subgrade condition in CTB
pavements began with the parametric study described previously. The five deflection
basin parameters identified in the parametric study were Dag, LSI, D3, AREA3, and BCI.
Field data from NC 421 were the only points made available with known subgrade
condition. This information was used to develop an indicator for subgrade layer

condition in CTB pavements. Deflection basin parameters deemed most promising in
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finding a subgrade strength indicator were plotted against the CBR values estimated from
the DCP results for the test data set described in Appendix B. Figures C-14 to C-18 show
this relationship. For each deflection basin parameter investigated, the best-fit curve with
the highest R-squared value was generated. In each plot, a line corresponding to a CBR
value of 10 was included. The NCDOT recognizes 10 as a CBR value consistent with
poor subgrade behavior. Of the five deflection basin parameters considered, Dyg
correlates most strongly with the CBR values. Dyg is the deflection four feet from the
load center. Theoretically, the last sensor in FWD testing represents lower layer
condition. Therefore, it is reasonable that Dyg is a quality measure of subgrade condition.
Figure C-14 shows that following FWD testing, the CBR value can be estimated by
plotting the deflection value four feet from the load center against the regression curve.
As Dyg decreases, CBR increases. This would imply that a low deflection value would
correspond to a strong subgrade. Established theory, the synthetic parametric study, and
regression analysis indicate that Dyg is a promising DBP for the determination of

subgrade condition in CTB pavements.

Depth to a Stiff Layer

Depth to a stiff layer in CTB pavements can be estimated using the F; deflection
basin parameter. The parametric study showed F to be the most sensitive to changes in
stiff layer depth. The field data from Flonda, Nevada, Ohio, and Texas described in
Appendix B was used to develop a relationship between deflection basin parameters and
stiff layer depth. Each deflection basin parameter listed in the parametric study was

plotted against stiff layer depth. Regression was performed to determine the best-fit
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curve to represent each relationship. The regression curves for each parameter is shown
in Figures C-19 to C-23. F3 was linearly related to stiff layer depth and had the highest
R-squared value among all parameters except D4g. Since the R-squared values were quite
close and D4g was chosen as the indicator for subgrade condition, F3 was chosen as the
indicator for depth to a stiff layer. Fj is inversely related to stiff layer depth. This
behavior 1s expected since Fs is a shape factor that describes the tail of the deflection
basin. Essentially, F; is the slope of the deflection basin between the sensors two feet and
four feet from the load center. These deflections are known to describe the properties of
the lower layers. A small F3 would correlate to a deep lower layer, such that the slope of

the last two feet of the deflection bow! approaches the horizontal.

Asphalt Concrete Overlain Portland Cement Concrete (AC/PCC) Pavements
Subgrade Strength

The parametric study of synthetic data in AC/PCC pavements revealed that Dyg,
Dys, AREA;, LS], and AREA; were the DBPs that were most sensitive to changes in
subgrade condition. The field database contained only two pavement sections with
laboratory test results. Both these pavement sections were located in Ohio and were
constructed on the same material. Therefore, resilient moduli values for the two test
sections are nearly identical (9.141 and 9.213). Because there are only two sections with
known subgrade information, and because those two sections are so similar, a
relationship meaningful for all AC/PCC pavements can not be developed from the

existing database. Theoretically, however, we know that Dy4g represents the lower
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pavement layers, which supports its performance as a good indicator of subgrade
condition.

Since the field data could not be used to develop a relationship between Dyg and
subgrade condition, an additional synthetic database study was performed. The synthetic
database was separated based on assigned subgrade modulus values S, 10, 15, 20, 25, 50,
and 100 ksi. The Dy values for each were averaged, and this average was plotted against
subgrade modulus. Figure C-24 shows the resulting relationship. As in the field
database, a low Dqg value corresponds to a strong subgrade condition. Each grouping of
subgrade modulus deflection information contained the full permutation of thickness and
modulus for all layers other than the subgrade layer. Therefore, each group contained
deflection information of all combinations of intact and distressed, and thick and thin
layers. Because these values were averaged before plotting, D4g values shown in Figure
C-24 are quite small. For this reason, the synthetic database cannot be used to predict
subgrade strength numerically. The synthetic study can be used to make a general
observation in which a distinction between poor subgrade and good subgrade can be
made. The average synthetic D4g value corresponding to an Egg value of 10 ksi 18 shown
in Figure C-24 with a dashed line. When the Ohio field data is plotted against this Dag
curve, all pints fall just above the critical line (Figures C-25 and C-26). This would
suggest that the Ohio test sections have a subgrade condition that just falls into the poor
range. This conclusion is confirmed by laboratory test data from core samples. The Dyg
test was performed on all remaining AC/PCC state field data, and results are shown in

Figures C-27 through C-29.
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Depth to a Stiff Layer

In decreasing order of effectiveness, Fi, F), Fa, Dsg, and D5 were identified by the
syntbetic parametric study as DBPs that are sensitive to changes in stiff layer depth in
AC/PCC pavements. The same Jack of field data that restricted the subgrade strength
study 1s a factor in the determination of stiff layer depth. As before, the Ohio test
sections are the only field cases available with accurate stiff layer depth measures. As a
resulf, a direct correlation between deflection basin parameters and stiff Jayer depth for
the field data cannot be determined. Therefore an additional synthetic data study was
performed. The synthetic database was separated into categories based on subgrade
depth. The F; values for each section were averaged and plotted against subgrade depth.
A regression analysis was performed and the best-fit curve was determined. The results
are shown in Figure C-30, where F; is seen to decrease as stiff layer depth increases. As
described previously, this behavior is expected since F3 measures the slope of the
deflection bowl tail. As stiff layer depth approaches infinity, F3 approaches zero. The
best-fit synthetic regression curve was then applied to the field data. The known Hgg
values were used to determine the DSL values based on measured upper layer
thicknesses. Available field data from Ohio with known stiff layer depth was plotted in
this way, and the results are shown in Figures C-31 through C-33. All data points
represent deep stiff layer conditions. When subgrade thickness was unavailable, the
ANN described previously was used to predict subgrade thickness and this value was
used to estimate DSL using measured upper layer information. The remaining state field

data are plotted in this way, and the results shown in Figures C-34 and C-35.
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SURFACE MODULUS ANALYSIS
Surface modulus is defined as the “weighted mean modulus” of layered pavement
systemn calculated from the surface deflection of FWD testing. Based on Boussinesq’s

equations, the surface modulus at any radial distance under a concentrated load can be

expressed as:

E (r)= gﬂ;—(’;l(%f : (C-14)
where

E(r) = surface modulus at a distance of » from the point load,

diry = surface deflection at a distance of r from the point load,

P = point load,

y = distance from the load, and

u = Poisson’s ratio.

For a distributed load such as the load applied by FWD, Eq. C-14 has to be

modified as:

_(1-4")pa _
E (r)= _—ra,,,- a0 (C-15)

where p is the distributed load, and a is the radius of Joaded area. The adjusted radial
distance r,q; instead of the actual radial distance r is used in Eq. C-15 to correct for the
error induced by the point loading approximation. The valne of 7,g; is a function of the
ratio of r to a. At the area close to the loading center, the difference between » and r,g is
significant. This difference decreases with increasing radial distance. After certain
distance from the load, the effect of distributed load on surface deflection can be

negligible. Thus, no adjustment for radial distance is needed. Johnson (C-1) presented a
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table (Table C-1) for the adjusted radii used for various sensor locations of FWD test. In
this research, the adjusted radii of 7.095, 11.414, 17.52, and 23.41 were used for sensors
2,3, 4, and 5, respectively.

Typical surface modulus profiles are shown in Figures C-36 and C-37. In
general, surface modulus decreases from a high value close to the load center,
representing the stiffness of the entire pavement, to an asymptotic value at the outer
sensor, representing the stiffness of the lower layers. Under certain conditions, such as
the existence of a shallow stiff layer or strongly stress-sensitive subgrade soils, surface
modulus could increase again beyond a certain radial distance. These characteristics of
surface modulus profile can be explained using the stress influence line under an FWD
load as shown in Figure C-38. The slope of this stress line varies from Jayer to layer and
is mainly affected by each layer’s stiffness. The stiffer the layer, the flatter the slope and,
therefore, the wider the stress distribution. Surface modulus at any radial distance is
considered as the effective modulus of the materials under the stress zone. Since usually
subgrade has the smallest modulus value among all pavement layers, the minimum
surface modulus 1s located at the same radial distance as the interception of FWD

influence line and top boundary of the subgrade.

Using Surface Modulus Profile in Screening Deflection Basins

Irregular deflection basins, i.e., nonmonotonic changes in the deflections, are
sometimes observed from FWD testing. Four irregular deflection basins from field
measurements are shown in Figure C-39. The calculated surface modulus profiles are

plotted in Figure C-40. Two possible reasons for irregular deflections are: incorrectly
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Table C-1. Actual and adjusted geophone radii (After Johnson, 1997)

Actual Distance from | Adjusted Distance
Geophone Number Load Center from Load Center
(in) (in)
2 79 7.095
3 11.8 11.414
4 23.6 23.410
5 35.4 Not Adjusted
6 53.1 Not Adjusted
7 70.9 Not Adjusted
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recorded sensor spacing, and presence of discontinuities in pavement layers from
cracking or stripping. Irregular deflection could cause problems in the evaluation of
pavement layer conditions. Stubstad et al. (C-2) concluded that incorrectly recorded
‘sensor locations could si gnificantly change the moduli values estimated using
backcalculation programs. Thus, it is important to first check whether one deflection
basin is irregular or not. In our research, the following two stmple cnteria are used to
detect irregular deflections:

Cnterionl. D, <D,,, i=12,.,6 (C-16)

Critenon2. E,>E, &E,>E,_,, i=23,..,6 (C-17)
where D is the deflection at /™ sensor, and E; is the surface modulus at i sensor. The
deflection basin is considered irregular if any one of these two criteria is satisfied. When
irregularity due to incorrect sensor location mput is detected in FWD deflection basins,
correction can be made before processing the deflection information for condition
evaluation. One example of the method to correct surface deflections is the SLIC method
from Stubstad et al. (C-2). It needs to be noted that some of the condition assessment
algonthms developed in this research could be applied even if the deflection basin is
irregular, This is possible because these algorithms use a portion of deflection basin for
condition evaluation of different layers. For example, cracking potential of AC layer in
full-depth and aggregate base pavements requires BDJ and H, as inputs, and therefore
only deflections necessary for this evaluation are deflections at 12 and 24 inches from the
load center. Similarly, base and subgrade conditions can be determined with a fewer

sensor deflections instead of the full deflection basin.
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Using Surface Modulus Profile in Predicting Eq;
The minimum value of surface modulus profile, Eqyp,, and its location, ds, provide
important information relating to the stiffness of subgrade E;;. To correlate Egpin to Egg, 2

factor «ris defined as the ratio of Egmin t0 Egg:

o= —imin (C-18)

A study of the effects of layer properties on « and d; is then conducted based on the

synthetic database from dynamic, linear elastic analysis.

Full-depth Pavements

For full-depth pavements, & and d; are mainly affected by the thickness of AC
layer, the modulus of AC layer, and the thickness of subgrade (or depth to a stiff layer).
Based on the equivalent thickness theory, the variable Fy, is defined as follows to

combine the effects of the thickness and modulus of AC layer together:

H, iE
=N e (C-19)
100

where H,. is the AC thickness in inch, and E;. is the AC modulus in ksi. Table C-2
shows the effects of Fyc and Hyg on d;, the location of the minimum surface modulus.

It was found that the stronger the AC layer, more were the cases with d; equal to
48 inches, while the shallower depth to a stiff layer, less were the cases with d; equal to
48 inches. Especially when F, is greater than 1 and Hy; is larger than 80 inches, the
minimum surface modulus is located at the last sensor (48 inches offset) for all the cases.
This can be explained using the stress influence line under an FWD load. When the

strength of AC layer is increased, the stress influence line in AC layer becomes flatter.
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Table C-2. Effects of F,c and Hsg on d; for full-depth pavements

Fie £1 1<Fy <2 Foo 22
Hy* <80 | Hye 2 80 | Hiy <80 | Hyg > 80 | Hyy <80 | Hyp > 80

No. of Total Cases 360 50 160 40 40 10
No. of Cases with 32 46 72 40 31 10

d; = 48 inches

Percentage of 8.9 51.1 45.0 100.0 77.5 100.0
Cases with d; = 48

inches (%)
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Thus, the location of Egmi, moves farther away from the center of the load. A shallower
stiff layer, however, reduces the relative strength of AC layer and lower layers so that the
stress influence line in AC layer becomes steeper. Therefore, the location of Egmin moves
closer to the center of load. These observations also suggest that, for strong pavements,
commonly used sensor spacing for 7" sensor (48 inches) is not far enough to detect the
deformation solely attributed by subgrade under FWD testing with 9000 pound load
level. This is true especially when subgrade is very weak and no stiff layer exists under
the subgrade.

For full-depth pavements with infinite subgrade, the variation of factor & and F,,
for different E, values is shown in Figure C-41. It can be seen that when AC layer is
very weak, factor e is around 1, and the stronger the AC layer, the larger the factor a.
For pavements with the same strength of AC layers, the stronger the subgrade, the
smaller the factor o The relationships between Egyin and F for different Eg, values for
full-depth pavements are shown in Figure C-42. A regression technique was then applied
to develop the relationship among Egmin, Esg, and Fp.. From Figure C-42, Eqpi, can be
expressed as a 2™ order polynomial function of Fyc as:

E, ..<A*F ' +B*F_+C (C-20)
Here, coefficients A, B, and C are not constants, but functions of the value of Ey,. The
values of A, B, and C for different £, values are shown in Eq;. C-21 - C-25:

For Eg; = 5 ksi,

B, =06927%F, > +49759%F, +3.8171 (C-21)

R?=0.994
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For Eg = 10 ksi,

E, . =12237*F " +3.4397%F _+8.9676 (C-22)
R*=0.995

For Eg =15 ksi,
E, . =1.9052*F > +1.0610*F, +14.87 (C-23)
R*=0.992

For Eg; = 20 ksi,
E, . =25312%F ' =12772*F, +20.915 (C-24)
R*=0.989
For Eg, = 25 ksi,
E, . =2.8832%F % -29453*F +26.722 (C-25)
R*=0.986
By plotting the values of A, B, and C against the values of Eg,, approximate relationships,
which are linear, between these variables and E,;; were found. The expressions for these
relationships and R square values are shown in Figure C-43.Using these expressions, Eq.

C-20 can now be modified as:

2
E, . =(0.1139%E_ +0.1406)* F, —(0.4112*E,_ —7.2188)*F,,

(C-26)
+(L.1551*E, - 2.2688)
R*=0.999 SEE=0.34
By reorganizing Eq. C-26, & and Eg, can be expressed as:
2
o= 0.1406*FL+7.12188*Q—2.2688*L+ 0.1139"‘1'7&52
52 EJg 52 (C-27)

-04112*F, +1.1551
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E, . —0.1406*F > —72188*F, +22688
€ - 5 min > ¢ ac (c_28)
0.1139*F, ' —0.4112*F,, +1.1551

Eq. C-28 gives an easy and quick way to predict Es; value for full-depth pavement with
infinite subgrade. A graphical method based on Egs. C-21 through C-25 to predict Egg
was also developed as shown in Figure C-44. Eg; can then be directly predicted by
locating the point (Fye, Esmin) in Figure C-44.

The effect of Hgg (or depth to a stiff layer) on factor ais shown in Figure C-45. It
can be seen that o values are essentially the same when Hj, is larger than 160 inches.
This observation is consistent with the conclusion drawn in the “Findings” chapter that a
stiff layer has minimal or no effect on surface deflections if the depth to a stiff layer is
greater than 15 ft. As Hj, decreases from 160 inches to 30 inches, the factor o increases
significantly and the effect of E;; on artends to decrease, although the basic trend (i.e.,
the higher the value of Eg, higher the factor o) remains the same. A regression equation

was established to predict « for full-depth pavements as follows:

2

2=00186%L2 4 54088+ Lee 1 0637% 1= 0.108%F,
E E E

sg ng sg (C‘29)
~0.1944* F, +39.5426* —%_+1.033

8
R’=0979 SEE=0.197

Reorganizing Eq. C-29, E;, can be expressed as follows:

E, . —00186*F *-54088*F _+1.0637
E‘sg = S Rm 0 0 6 ac ac‘;? 63 (C_30)
0.108*F, > -0.1944*F, +39.5426*bﬁ3-+1.033

4

where Dgg = H;,/12, the thickness of subgrade in foot.
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Aggregate Base Pavement
The findings from full-depth pavements can easily be extended to aggregate base
pavements by incorporating the effect of base course on Fy.. Based on equivalent

thickness theory, F,c can be expressed as follows for aggregate base pavements:

o BB + Hu\Ea,

’ 100

(C-31)

It can be seen that Hp, and Hy, affect F,. more than the moduli do. Considering the
relatively narrow range of base layer modulus, which is from 25 ksi to 125 ksi
(corresponding to a value of 3 to 5 in the cubic root term in the equation), the effect of
Eanc on Fy 1s relatively minor. For practical purposes, F,. can be estimated using the

following equation:

F Hacj Eac +CHabc
“ 100

(C-32)
where ¢ is a constant, whose value equals 3, 4, or 5 corresponding to poor, marginal, or
strong base, respectively.

For aggregate base pavements, the relationship between Fyc, Heg and the radial
distance, ds, corresponding to the minimum surface modulus are similar to those of full-
depth pavements. That is, greater the value of F, larger the value of d;, and shallower
the depth to a stiff layer, smaller the value of d.

Figures C-46 shows the effects of Fy. and Eg on factor o, for aggregate base
pavements with infinite subgrade. Figure C-47 éhows the effects of Fic and Eg, on Egmi

for aggregate base pavements with infinite subgrade. Similar to full-depth pavements,

Eqin can also be expressed as a 2™ order polynomial function (Eq. C-20) of F,, where
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coefficients A, B, and C are functions of Eg,.. Depending on the E, value, Egyin can be

estimated as follows:

For Eg, = 5 ksi,
E,., =0.8060*F, * +4.0203*F,, +4.2960
R*=0.943

For E,, = 10 ksi,
E, .. =1.0497*F * +3.3652*F, +8.9014
R*=0.933

For Egy =15 ksi,

E, . =1.5243*%F % +1.6537*F, +14.438

R*=0.910

For Eq; = 20 ksi,
E, . =2.0526*F " —0.4240* F, +20.409

R*=0.863

For Eg, =25 ksi,
E, . =24581*F > -2.1675*F, +2622

R*=0.776

(C-33)

(C-34)

(C-35)

(C-36)

(C-37)

Again, by fitting a trend for the variation of coefficients A, B, and C with E,g (Figures C-

48), linear regression equations were obtained. Using these equations, Egmyn is written as:

2
E,p =(0.0861%E,_ +0.2860)* F,* - (0.3233* E,, —6.1389)* F,,

+(1.1059* £, —1.7244)

R*=0977 SEE=1.027
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By reorganizing Eq. C-38, factor ¢ and E,, for aggregate base pavements can be

expressed as:
2
a=0.28<50"<5’-°—+6.1389*i—1.7244*‘~1—+o.0861*F,,c2
E, " n (C-39)
-0.3233*F, +1.1059
E. . —0.2860%F *-6.1389*F,_ +1.7244
_ Eopin —0.2860*F,° - 6.1389*F,, + (C40)

* 0.0861*F, > —0.3233* F,_ +1.1059

Similar to full-depth pavements, when depth to a stiff layer is not infinite (i.e., Hs; < 160

inches), the following equation was developed to predict factor o

2
F
@ =0.0145 *I;Lar 5.6922 %= - 0.2353%—— +0.045* F,’

E
* ; * (C-41)
—0.115*F,, +23.2748*3"‘—3+ 1.0091

g
R*=0.901 SEE=0.423
By reorganizing Eq. C-41, E; can be expressed as:

. —0.0145* F % -=5.6922* 2353
5, - E, .. —00145%F > -5692 FM;O (C42)
0.045*F, ' —=0.115*F, +23.2748*—_+1.0091

8

Eqgs. C-40 and C-42 give an easy and quick way to estimate the subgrade modulus for
aggregate base pavements. If subgrade is infinite, Eg, can be predicted graphically by
locating the point (Fac, Esmin) in Figure C-49.

Since AC thickness in surface treated pavements is beyond the lower limit of the

synthetic data range used in this research, the ANNs developed using this synthetic data

C-51



Esmn (ksi)

0 0.5 1 1.5 2 2.5 3

Fac (inksi™)

Figure C-49. Determining Eg; from Egmin and F for full-depth pavement with infinite

subgrade
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do not work well in evaluating the condition of surface treated pavements. Using the
surface modulus based procedures to predict Ey,, however, is suitable for surface treated
pavements. As a surface treated pavement has a very thin AC layer, the corresponding
value of Fy is usually less than 0.5. From Figure C-47, it can be seen that factor «’1s
very close to 1 when Fy is less than 0.5 and the pavement does not have a shallow stiff
layer. Thus, for surface treated pavements, Eg; can be approximately expressed as:

E,~E . (C-43)
This observation is very helpful since it allows one to estimate subgrade modulus from
the calculated surface modulus profile without knowing thickness and modulus

information of upper layers.
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APPENDIX D

ARTIFICIAL NEURAL NETWORK






INTRODUCTION

The primary goal of this activity was to facilitate several steps in the condition
assessment procedure through the development of descriptive models that represent relationships
among pavement condition indicators and layer properties. This development effort was
necessary in cases where no known functional relationship was available. The basis for the
model development is the database of FWD deflection measurements, and pavement layer
properties and conditions. The model development was carried out using artificial neural
networks (ANNs). ANNs, which are structured based loosely upon neurological systems
prevalent in nature, provide a computational framework for acquiring meta-level information
embedded in data. There are different types of ANNs, the most commonly used being the feed-
forward type networks. The primary function of a feed-forward type ANN is to extract and
implement a cause-effect relationship that may exist within a data set. The general structure of
this type of network (Figure D-1) consists of several layers of artificial neurons, or commonly
referred to as units, that are interconnected between all units in adjacent layers. One layer
represents the input information and another the outputs. Intermediate layers are included to
enable the network to represent collectively a general nonlinear function, which is characterized
by the connection weights. An error minimization algorithm is employed to determine the best
set of connection weights that correspond to the best-fit function. This process is commonly
referred to as supervised training. This approach is analogous to statistical regression, except
that the form of the function that is sought need not be defined a priori in the ANN-based

approach.



The key steps that are commonly required when developing an ANN-based model include

the following:

Compilation of a rich data set that represents the desired range of the relationship - it is
important that the data cover the range of typical input and output values that would be
observed when using the trained ANN. Although ANNs are excellent at interpolation, their
extrapolation capabilities are limited. They do, however, fail gracefully, i.e., they do not
abruptly fail as a predictor when deviating marginally outside of the intended data ranges.
Modeling and representation of the input and output parameters - the information that is to
be predicted, 1.e., the model output, is usually defined by the nature of the problem, and input
may include independent variables (e.g., the deflection measurements at sensors) as well as
denived descriptor variables (e.g., deflection basin parameters) of the output. The selection
of input parameters to be modeled requires an understanding of the overall information being
modeled and the context of the problem that is being considered. Empirical observations in
practice show that including derived descriptors which are known to be related to the output
improves the performance, although the derived descriptors could be implicitly captured
based on the independent input parameters.

Setting ranges for normalizing the data — the data used in the development of the ANN-based
models are normalized a priori. This normalization is applied to both the data that is used in
training as well as in post-prediction. The normalization ranges are usually set based on
typical values each parameter would take in field application, and they influence the potential
application of the trained ANN. Care should be taken is sefting these ranges and sufficient
consideration should be given to the anticipated values of a parameter during typical

application of the trained ANN.
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Figure D-1. Typical structure of a feed-forward type ANN



o Determination of the best network architecture as defined by the number of intermediate
units - since the complexity of the function being mapped is not known a prion, the desirable
number of functional terms, characterized by the number of units, 1s unknown. Typically this
1s 1dentified by examining the predictive performance of several network architectures
constructed by changing the number of intermediate units.

o Testing the predictive performance — the trained network is used to predict the output values
for a set of data sets that were not used in the training of that network. Prediction error (as a
function of the network predicted values and the actual values) is computed to characterize

the performance of a network.

The following section describes the key information pertaining to developing the ANN-based

models for pavement condition assessment.

Overview of the ANN-based approach

ANNSs have been used widély In various areas, such as time series predictions,
classification, pattern recognition, identification, decision-making, and vision and control
systems. Also, several studies on application of ANNs in pavement engineering have been
reported by researchers. For example, Merier et al.(D-1) and Lee (D-2) applied ANNS to
successfully backcalculate the flexible pavement layer moduli from static and dynamic
deflection basins. The report from Zaman et al. (D-3) also showed that the nonlinear behavior of
cohesionless soils could be simulated accurately using ANNS.

In this research, ANNs are employed to develop models that describe the relationships
between pavement coundition indicators and surface deflection data as well as associated
deflection basin parameters (DBPs). All ANN models were iraplemented and trained using the

ANN libraries available within the Matlab software. Since only limited field data sets were
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available, the data for developing the ANNs were augmented with synthetic data sets derived
from the FEM analyses. This was necessary since the data sets need to cover the typical ranges
of pavement layer characteristics, as well as they should include a large number of data points,
properties that are charactenstic of the FEM-based synthetic database. Ideally, it is desirable to
use field data sets that implicitly incorporate noise and errors seen typically in field
measurements. To ensure that the ANNs developed using the synthetic database are sufficiently
robust for use in condition evaluation of field data, the trained ANNs were tested using field data
where available. Although synthetic data i1s used in the current development, the procedures
adopted here for developing the ANN-based models and their use in condition evaluation are
directly applicable to new data sets that may become available in the future.

The data ranges for the parameters were chosen during the FEM analysis to include all
values associated with typical pavement designs and material properties. The normalization of
the data in preparation for input to the ANNSs was carried out based on these data ranges. As
mentioned previously, while the trained ANNs could interpolate effectively among these ranges,
their extrapolation capabilities (i.e., to work outside of the chosen data ranges) are limited.
Therefore, the application of the ANNSs developed here should be restricted to field data that fall
within the chosen data ranges. This issue, however, should not be considered limiting. If new
data sets that are significantly outside of the current data ranges are available, the ANN-based
model development procedure presented here could be readily applied, and new models for these
updated data ranges could be implemented.

The most effective set of input information for each ANN model was determined through
a systematic investigation which involved engineering judgement about the most likely

descriptors of the output being predicted, the sensitivity of DBPs to the output, and the



experience gained by the research team during this research. For example, as outer sensors
represent the lower layer characteristics, the ANN-based model for predicting subgrade-related
parameters performed better when only the outer sensor deflections, instead of all, were used.
The subsequent section lists the best set of inforration identified as inputs for the ANN-based
models for different layer properties.

The best network architecture was determined using a systematic, but trial-and-error
examination of varying nuraber of intermediate units. All ANNs were structured to have two
layers of intermediate units. The actual numbers of units in each were varied. In general, the
predictive capabilities (or typically referred to as generalization capabilities) of ANN-based
model when applied to new data sets improve with decreasing number of intermediate units.
More intermediate units increases, however, the dimensionality of the function being fitted,
enabling easier training which results from higher training capacity. This detrimentally affects,
however, the generalization capabilities of the network. Considering this tradeoff and
determining a number of intermediate units that provides a good ANN-based model is the goal of
the trial-and-error search. The ranges of networks examined for each type of pavement and
pavement layer conditions are described below.

A performance measure, indicated by the average prediction error, was used to determine
when 1o stop training a network. The prediction error was computed for the training data set as
well as a testing data set (obtained from the synthetic database and field data where available),
which was not used in training. Typical variation of prediction error with increasing training
iterations (or cpochss is shown in Figure D-2, which indicates that over-training (i.e., the network
memorizes or fine-tunes for the training data set, losing the generalization capabilities) can

potentially be harmful with respect to the prediction performance for a2 new data set. To avoid
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Figure D-2. Typical ANN performance variation with training iteration (epoch)
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this, the testing performance of the network was checked periodically (afier every 5 epochs)
during training and used that information to determine the stopping criterion. It is important to
note that having a low testing error computed based on synthetic data does not necessarily
correlate with prediction errors estimated for field data, where available. For example, the
network architecture that resulted in the lowest prediction during the ANN-based model
development using synthetic data did not always give the lowest prediction error when tested
using the field measurements. This could be attributed to the lack of noise and error, which is
common among field measurement, in the synthetic data set. If field data were used for training
the network (as previously recommended), its prediction performance for field data sets would
be comparable to that of the training. Recognizing this issue, the final ANN-based model in our
invcstig;itions was selected based on their performance for field data sets where available,
instead of that for the synthetic data set. Again, if more field data sets become available in the
future, the procedure adopted here can be applied for the new database and updated ANN-based
models could be obtained.

Adopting these general steps, ANN-based models were developed and implemented for
predicting pavement condition indicators associated with each pavement type. These models are
incorporated into the pavement condition assessment procedures described in main text. The

results of the investigation of the ANN-based predictive modeling are summarized below.

D-8



SUMMARY OF RESULTS: ANN-BASED PREDICTIVE MODELS

The tables below summarize the network architectures, defined by the input parameters,
the numbers of units in the two intermediate layers, and output parameter, and their prediction
performance. The prediction performance reported here is RMSE based on the synthetic
database. The prediction errors for the flexible pavement cases are based on a small test data set
that was not used in training, and those for the CTB and AC/PCC pavements are based on the
entire data set, which was used in the training of the final networks. These tables are grouped by
the different pavement types. Results associated with testing performance of the networks when

applied to field data are described in Chapter 3, and are not repeated here.
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Table D-1. Summary of ANN-based models for full-depth pavements®

(developed using synthetic database for dynamic, linear elastic analysis)

Output Inputs Intermediate | Prediction
Units Error (%)
Eq Dy-Dig,Ha:,SCL,BDI 11,9 1.8
Do-D13,Hac,SCLBDI 11,9 7.6
Eg, Dy-Dyg,Hoc,ALs,BCI 11,9 6.9
Dr4~Dag,Hac, ALs,BCI 15,12 20.5
DSL Dy-Dig, Hae,F3,F> 15,12 5.6
Dy4-Dyg, Hyo . F3,F 19, 15 15.9

1. The database includes 1,100 data points of which 100 were saved for testing

Table D-2. Summary of ANN-based models for full-depth pavements‘"
(developed using synthetic database for dynamic, nonlinear elastic analysis)

Output Inputs Intermediate | Prediction
Units Ernror (%)
L, Dy-Dasg,H:,SCLBDI 11,9 1.9
Dg~D1s,H,:,SCIL,BDI 11,9 5.6
Enc Do-Dag,Hy,SCI.BDI 11,9 1.6
&g Do-Dag,Hae, A1 BCT 15,12 5.6
Ex; Dy-Dg,Hye,A13,BCI 19, 15 235
SSR Dy-Dag,Hye, AL, BCI 15,12 15.7
DSL Do-Dag,Hoe,F3,F> 11,9 16.9
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Table D-3. Summary of ANN-based models for aggregate base pavemcnts“)

(developed using synthetic database for dynamic, linear elastic analysis)

QOutput Inputs Intermediate | Prediction
units Error (%)
Eu Dy-Dyg,Hoc,Hope SCILLBDI 11,9 7.8
Do-Di4,H e Hape,SCILBDI 1,9 14.6
Eapc Do-Dag,Hee,Hare,BDI,BCI 11,9 12.5
D\2-D1g,Hoc,Have,BDIBCI 19, 15 20.3
Es Dqo-Diag,Hac,Hape,A14,BCI 11,9 26.5
D14-Dyg,Hye,Hove, A1, BCI 15,12 53.2
DSL Do-Dag,Hac,Hape,F'3,F2 15,12 9.4
Dy4-Dyg,Hyo,Hyoo, F3,F2 19, 15 19.6

i. The database includes 10,600 data points of which 100 were saved for testing

Table D-4. Summary of ANN-based models for aggregate base pavements(")

(developed using synthetic database for dynamic, nonlinear elastic analysis)

Output Inputs Intermediate | Prediction
Units Error (%)
Eye Dy-Dyg,Hae,Hape, SCLBDI 11,9 5.6
Do-Dag,Hoc,Hane SCIBDI 11,9 16.3
Enc Dy-Diyg,Hac,Hane SCI,BDI 11,9 4.4
Eve Do-Dg,Hac,Hane, BDI,BCI 11,9 8.7
P Do-Dag, Hoc,Hape,ALs, BCI 15,12 13.4
Exgi Do-Dig,Hac,Hane,ALs,BCI 19, 15 35.7
SSR Do-Dyg,Hoe,Hope,ALs,BCI 19, 15 223
DSL Do-Dag,Hyc,Have, F 3,57 19,15 21.1

I. The database includes 8,000 data points of which 100 were saved for testing
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Table D-5. Summary of ANN-based models for CTB pavements

Output Inputs Intermediate | Prediction
Units Error (%)
Eac Do- 16, 13 2.4
Dg,SCLAUPP, Hyo, Hybe
E Dy-Dag,Hac,Her 18, 15 6.5
Dy- 20,17 9.6
Dis,BDIBCI,Hye,Hewy
Ey Do-Dyg,LSILHye,Hoy 16, 13 32.1
Do4-Dg,Hoo,Hes 12,9 343
Hg Do-Dag,F’3 .o Hae, Herp 17, 14 21.3
D14-Dsg '3, F2,Hac, e 8,6 25.8

I. The database includes 7,797 data points

Table D-6. Summary of ANN-based models for AC/PCC pavements

Output Inputs Interimediate | Prediction
Units Error (%)
Eqa Dy- 16,13 2.4
Dg, SCLLAUPP,Hyc, Hycc
Epec Dg-Dayg,Hoe,Hpce 16, 13 4.8
Ey Dy-D g, Hoc, Hpec 16, 13 21.6
Da4=Dag,Hac Hpeo 9,7 37.6
Hy Do-Dag,Hye,Hpee,F3,F 18,15 112
D34-Dag,Hoc,Hypoo, 3,52 13,11 12.9

1. The database includes 6,597 data points
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ILLUSTRATIVE APPLICATIONS USING FIELD DATA

As previously mentioned testing of sufficiently complete field data (obtained from state
DOTs) is presented in Chapter 3. Some additional field data from DataPave that were
incomplete, however, are used in the following illustrative applications. This was carried out for
data corresponding to CTB and AC/PCC pavements. As insufficient information was available,
each ANN-based model output could not be confirmed fully; however, this exercise focused on
examining trends in predictions and comparing them with those from AASHTO 1993 guidelines.
It must be noted that the investigations carried ont here are limited, and at best preliminary; this
should be viewed strictly as illustrative applications. The following subsections summarize these
illustrative applications and their resulis. More detailed testing and evaluation is needed, which

is recommended as an important follow-up work.

Depth to a Stiff Layer in CTB Pavements

As the depth to stiff layer (DSL) is expected not to change with climatic conditions or
pavement distress condition, it is possible to assess the prediction perfonmance by examining the
trends in the DSL predictions at a location or pavement section. The Hg, prediction results for
some CTB pavements from DataPave are summarized in table D-7. The data represent FWD
measurements from different test dates at the same pavement sections. Prediction results show
that the predicted depths change very little with changes in test date. The RIMSE for each test
date was also quite low. This analysis seems to indicate that the ANN-based model predictions
would be useful in the determination of stiff layer depth in CTB pavements. The accuracy of the
predicted values cannot be confirmed since DSL measurements were not recorded for these data

points.
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Table D-7. Hj, predictions for CTB pavements from DataPave

ANN ANN
Pregiction (in) RMSE (%
Mar-6-89 162 2
Asizona Mar-2-82 118 8
Nov-4-92 112 13
May-7-96 118 5
Nov-2-82 152 S
Califomia | May-26-93 168 0
Feb-21-97 153 7
Dec-21-89 158 1
Jul-31-90 158 2
Florida Nov-8-30 156 1
May-28-91 142 2
Nov-23-93 149 1
Apr-20-89 47 g
Maryland Apr-9-90 41 9
Aug-10-82 88 14
Oct-11-30 92 21
Jul-18-91 129 6
Mississippl | Jun-24-92 154 1
Aug-3-93 138 5
Dec-1-85 103 49
Jun-22-89 77 3
North Dakota| Sep-29-93 87 6
Aug-23-94 80 2
Jun-1-90 146 2
Dec-7-90 113 5
Oklahoma | Aug-13-91 153 2
Apr-26-93 158 1
Jun-21-85 158 3
Jun-7-89 153 1
Texas-1050 | Jan-25-81 138 2
Oct-18-93 161 1
Dec-5-94 155 1
Feb-27-90 164 0
Texas-3749 | Feb-8-91 166 0
Nov-25-81 162 1
__Apr-1-83 158 2
Apr-14-89 102 7
Feb-21-80 76 6
Virginla Dec-6-93 46 8
Sep-18-95 154 1
Mar-24-97 95 6
Jun-22-89 159 0
Wyoming | Sep-20-94 169 0
Jun-17-97 167 0
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Depth to a Stiff Lgyer in AC/PCC Pavements

An analysis as described above was conducted for several AC/PCC pavements from
DataPave. The results are summarized in Table D-8. Again, the predictions (with very low
RMSE) show little variation in the predictions with varying test dates, indicating that the ANN-

based prediction approach is suitable for estimating depth to stiff layer in AC/PCC pavements.

PCC Layer Condition in AC/PCC Pavements

The ANN-based model for E, prediction was applied to estimate the PCC layer
modulus for several pavements from the DataPave database. The prediction results are
summarized in table D-9. With the exception of damage due to traffic loads, no significant
changes in base modulus, with respect to test date, are expected. Warping and curling effects
that are substantial in rigid pavements are insignificant due to the continuous overlying asphalt
layer. The AASHTO 1993 Pavement Design Guide includes a procedure for predicting Epe..
This method was also employed for these data points and the results are also shown in Table D-
7. These results show that the ANN-based prediction results are fairly consistent with respect to
test date. RMSE values are also quite low in all cases, indicating consistent predictions for each
test date. The AASHTO predictions, however, are unreasonably high in many cases, resulting in
high RMSE. Although the trends shown in the ANN-based predictions are reasonable, field
data with known base layer condition would have to be studied to make a final conclusion about

the accuracy of these predictions.

D-15



Table D-8. Hj, predictions for AC/PCC pavements from DataPave

ANN ANN
Prediction RMSE
Jun-29-89 | Lane Position 1 142 3
Lane Position 2 156 3
Apr4-84 | Lane Position 1 103 8
Colorado Lane Position 2 78 3
Sep-14-94 | Lane Position 1 162 0
Lane Position 2 162 0
Aug-20-98 | Lane Position 1 113 4
Lane Poasition 2 71 3
Mar-7-89 | Lans Posltion 1 47 8
Lane Posliion 2 102 14
Jun-11-81 | Lane Posilion 1 49 6
Lane Position 2 66 5
Georgia Sep-17-92 | Lane Position 4 46 7
Lane Position 2 68 8
Mar-30-95 | Lane Position 1 48 8
Lane Pasitlon 2 65 10
Jul-7-98 | Lane Position 1 49 4
Lane Position 2 69
Aug-17-89 | Lane Pasltion 1 142 16
Lane Position 2 117 11
Nebraska Apr-22-95 | Lane Position 1 132 4
Lane Position 2 78 5
Nov-13-95 | Lane Pasition 1 163 0
(ane Position 2 126 3
Jul-20-89 | Lane Position 1 134 3
Lane Position 2 76 5
0ct-24-91 | Lane Position 1 148 3
South Dakota Lane Position 2 137 4
Oci-18-93 | Lane Posltion 1 114 3
Lane Position 2 82 6
Jul-17-85 | Lane Position 1 104 9
Lane Paosition 2 88 3
Aug-31-89 | Lane Position 1 134 24
Lane Position 2 129 11
Ontario Jul-25-90 | Lane Position 1 120 16
Lane Position 2 131 12
Apr-16-98 | Lape Position 1 126 15
Lane Posilion 2 120 3
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Table D-9. E, predictions for AC/PCC pavements from DataPave

ANN AASRTO 93
Prediction RMSE Prediction RMSE
Jun-29-89 | Lane Position 1 3216 2 5450
Lane Position 2 3680 2 5314 6
Apr-4-34 | Lane Position 1 4095 3 11232 4
Colorado Lane Position 2 3675 2 9969 4
Sep-14-84 | Lane Position 1 5111 0 5581 3
Lane Position 2 4937 2 5154 3
Aug-20-88 | Lane Position 1 4751 2 6801 3
Lane Position 2 4609 2 4236 3
Mar-7-88 | Lane Position 1 4010 3 22250 8
Lane Position 2 3880 3 22508 11
Jun-11-G1 | Lane Position 1 4457 2 6921 4
Lane Posilion 2 4762 2 4633 3
Georgia Sep-17-92 | Lane Position 1 4057 3 8718 3
Lane Posltion 2 4402 3 5790 4
Mar-30-95 | Lane Position 1 4159 2 11902 6
Lane Position 2 4581 2 8804 5
Jul-7-98 | Lane Position 1 4402 2 4641 5
Lane Position 2 49848 1 4548 4
Aug-17-89 | Lane Position 1 4537 3 83853 5
Lane Position 2 3769 3 5806 3
Nebraska | Apr-22-95 | Lane Position 1 4558 3 9991 4
Lane Position 2 4033 2 7087 3
Nov-13-95 | Lane Posltion 1 4739 2 31695 9
Lane Position 2 4658 2 21050 5
Jul-20-89 | Lane Position 1 4233 3 8491 7
Lane Posltion 2 5108 0 7981 3
Oct-24-91 | Lane Position 1 4029 3 9246 8
South Dakota Lane Pasitlon 2 4098 3 15126 11
Oct-18-93 | Lane Position 1 4271 3 8179 4
Lane Position 2 3903 3 14140 5
Jul-17-95 | Lane Position 1 5101 0 3832 6
Lane Position 2 5111 0 3646 3
Aug-31-89 | Lane Paosition 1 4143 3 11213 272
Lane Pasition 2 4249 3 13080 26
Ontario Jui-25-90 | Lane Position 1 4251 3 15425 18
Lane Position 2 4310 3 9686 5
Apr-16-98 | Lane Posltion 1 4133 3 14603 21
Lane Position 2 4118 3 11649 18




Subgrade Strength in AC/PCC Pavements

The ANN-based procedure and the procedure based on AASHTO 1993 Pavement Design
Guide were conducted to predict Eg; in AC/PCC pavements. The summary of results from this
application to DataPave data is given in Table D-10. In general, the AASHTO predictions are
higher than the ANN predictions, but with a lower RMSE. Because subgrade condition is
unknown in all DataPave cases, the results cannot be used to verify either method. Only general
trends can be observed. Due to the clear differences in the state field database, the ANN-based

approach is considered to more robust,
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Table D-10. E, predictions for AC/PCC pavements from DataPave

ANN AASHTO 93
Prediction RMSE Prediction RMSE
Jun-29-89 | Lane Pasition 1 31 4 43 4
Lane Position 2 60 22 35 6
Apr-4-S4 | Lane Position 1 21 7 29 2
Colorado Lane Position 2 21 3 26 2
Sep-14-94 | Lane Position 1 50 3 35 3
Lane Pasltion 2 48 4 33 1
Aug-20-98 | Lane Pasition 1 24 3 35 2
Lane Position 2 21 6 33 2
Mar-7-89 | Lane Position 1 10 2 83 3
Lane Pasition 2 15 5 57 4
Jun-11-81 | Lane Position 1 13 3 86 2
Lane Position 2 16 S 76 2
Georgia Sep-17-92 | Lane Position 1 12 3 84 2
Lane Position 2 17 5 66 2
Mar-30-95 | Lane Position 1 13 4 84 2
Lane Position 2 15 4 71 3
Jul-7-98 | Lane Pgsition 1 14 3 89 2
Lane Position 2 17 12 68 4
Aug-17-89 | Lane Posltion 1 25 12 37 1
Lane Pasition 2 13 262 30 2
Nebraska Apr-22-95 | Lane Position 1 20 A 32 2
Lane Position 2 13 32 24 2
Nov-13-95 | Lane Position 1 24 6 28 2
Lane Position 2 19 55 22 2
Jul-20-89 | Lane Position 1 24 8 43 2
Lane Pasltion 2 21 4 30 2
Oct-24-91 | Lane Posltion 1 31 2 35 3
South Dakota Lane Pasition 2 25 6 25 4
Oct-18-93 | Lane Position 1 28 7 4 1
Lane Position 2 21 5 24 2
Jul-17-85 | Lane Position 1 20 10 a7 4
Lane Position 2 16 11 33 2
Aug-31-89 | Lane Paosition 1 22 19 49 5
Lane Position 2 23 21 48 2
Ontaro Jul-25-90 | Lane Position 1 21 19 52 3
Lane Position 2 21 32 47 2
Apr-18-98 | Lane Position 1 23 20 48 2
Lane Pasition 2 28 52 a8 3
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APPENDIX E

AC/PCC VOID DETECTION






INTRODUCTION

NCHRP study 10-48 involves proceedings FWD data with non-traditional back-
calculation methods to identify defects in flexable and composite pavements. The goal 1s to
evaluate methodologies that can rapidly interpret the deflection basins and identify subgrade
problems. It is intended that the resulting methodologies will be readily implemented in possible
spreadsheet type format.

In this section of the report an evaluation is made of the methodologies used to identify
voids beneath joints in composite pavements. For the purpose of this report, a composite
pavement 1s identified as a jointed concrete pavement with a thin (<3in.) hot mix asphalt (HMA)
surfacing. It is proposed that the thin HMA layer will not have a major impact on the measured
deflection bowl and that the reflection cracks will be clear in the HMA surfacing so that
traditional joint deflection data can be collected. In conducting this study an evaluation is made
of the appropriateness of existing void detection algorithms. As described below a new set of
algorithms have been developed.

For the last two decades, several procedures have been developed for back-calculation of
PCC slab and foundation moduli from measured deflections. Most procedures provide back-
calculation of center or edge deflections. Interpretation of comer deflection is generally
restricted to a single slab configuration, which is not the case in practice.

In this study, a unique evaluation process is proposed for direct interpretation of corner
deflection in two adjacent slabs. Complex joint interaction is simplified by incorporating joint
load transfer efficiency, LTE, into the deflection analysis. The process includes the dimensional
analysis of structural parameters and deflection parameters of jointed concrete pavements (E-1).

Structural system parameters are selected based on closed-form equations: radius of relative



stiffness (/), radius of loading plate (a), and load size ratio (a//). Joint load transfer efficiency
(LTE) is included to involve the effect of joint stiffness in comer loading condition.
Corresponding response parameters are deflection basin AREA and non-dimensional maximum
deflection.

On the other hand, structural evaluation is perhaps more difficult for asphalt overlaid
concrete (AC/PCC) composite pavements than for any other pavement type. This complicated
system may be simplified by the equivalent modulus concept. The closed-form based evaluation
process also can be used for thin asphalt overlaid concrete (AC/PCC) with the application of
equivalent modulus of AC and PCC layers.

To verify the proposed method, field tests were performed on experimental pavement
sections at the research facility in Texas A&M University and in-service highway, US 287. The
test pavements contain both PCC and thin overlaid AC/PCC. The experimental pavement
section contained artificial voids undemeath the pavement slab. Implementation indicated that
the proposéd process is convenient to practical use and gives quite reliable layer properties. It
was also shown that the procedure may be used to identify joints which have subgrade

deterioration, possibly voids.

VOID DETECTION

The unsupported area beneath the concrete slab, which is caused by the combination of
excess moisture, pumping of fines, and erosion, is defined as voids. This type of pavement
deterioration is generally created near transverse joints, working cracks, and edges. Pavement
overlays will not serve the intended enhancement of service life if the voids are not properly

restored prior to the rehabilitation. Experimental projects on grout sub-sealing in Illinois
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revealed that the high pressure grouting without confirmed knowledge of voids could lift the slab
excessively. These studies confirmed the significance of void detection.

In 1995, Texas Transportation Institute conducted a comparative study on the
effectiveness of existing void detection procedures that utilize surface deflection measurements.
Based on the success rate of each method, two methods, the CTR method (E-2) and the NCHRP
method (E-3), were identified as most promising procedures. These two methods are readily
incorporated in the concrete pavement back-calculation program RMODS, developed by Texas
Transportation Institute (E-4). This section includes a brief overview on those two void

detection procedures.

CTR Method

This method was developed b)-,' the Center for Transportation Research in the University
of Texas at Austin. Two parameters M and Q are defined from a deflection basin, which can
predict the presence of voids by empirical correlation. Figure E-1 illustrates those two deflection
basin parameters. The parameter M is the angle between vertical line to the surface and the line
joining maxymum deflection and deflection at sensor 2. Other parameter Q 1is the angle between
horizontal line and the line joining deflections at sensors 2 and 7. Since the actual angles are
very small, a scaling factor is used to normalize them for the horizontal distances between
sensors 1 and 2 and sensors 2 and 7. Empirically determined scaling factors are proposed for M
and Q as 6 and 24, respectively. Empirical correlation indicated that voids are present if Q is
greater than or equal to 22. The factor M may indicate the size of void. When a void exists, the

smaller the value of M the larger the diameter of the void.
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NCHRP Method

This method was developed under NCHRP contract [-21. Of the two methods outlined
in the report, the proposed rapid void detection method was incorporated in RMODS. The
procedure involves graphing a load-deflection diagram for FWD test and extrapolating the linear
regression line through the x-intercept of the diagram. If the x-intercept is greater than 2 mils,

then voids are present. Figure E-2 illustrates the NCHRP rapid void detection procedure.

DEFLECTIONS OF PCC PAVEMENTS
This section provides the fundamental background to computing deflections in PCC

pavements.

Closed Form Solution
Westergaard (E-S, E-6) provided closed form solution for the load-deflection analysis of

concrete pavement on the basis of slabs-on-grade system. Since then, the Westergaard solution
has been the heart of the analysis and design of concrete pavement structures. The use of these
classical equations includes the following assumptions:

1. The slab is acting as a plate supported uniformly by a dense liquid foundation.

2. There are no other materials between the slab and foundation.

3. The slab is of sufficient dimension such that any free edges, not connected with applied

loads, are far enough away as not to influence the deflected shape of the slab.
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The Westergaard solutions are only available for three particular loading conditions:
interior, edge, and corner loading with the assumption of infinite or semi-infinite slab dimension
Here, the closed form solutions for deflections at each loading condition are described.

The Westergaard’s interior loading condition is the case that a wheel load, which is
uniformly distributed over the area of a small circle with radius ‘a’, is applied to the surface of a

slab at a considerable distance from the edges. The closed form equation for interior deflection

is given as follows:

5=t
8k!*

L+ /20 {n((a/20)+5) =5/ 4)a 1] (E-1)

where, &, =interior deflection,
P =total applied load,
k =rmodulus of subgrade reaction,
I =radius of relative stiffness (equation 2),
a = radius of circular load, and

In () = Buler’s constant (0.57721564490)

ER
“o__ B -2
1 12(1— )k E-2)

where, E =modulus of elasticity of concrete slab,

h = slab thickness, and v = concrete Poisson’s ratio.

Westergaard defined edge loading as the case when a wheel load is located at slab edge,
but at a considerable distance from any corner. At the first equation in 1926, he assumed the

pressure to be distributed uniformly over the area of small semi-circle with the center at the edge.
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Bquations for circular edge toad were first presented in 1948. In 1960, Losberg simplified the
equations to more manageable forms. Eqs. E-3, E-4 and E-S show Westergaard’s original
equations in 1926, his new equations in 1948 and Losberg’s simplified form in 1960,

respectively.
1 P
0, =—=(1+04v)— -3
e ,—6( 17 (E-3)

_P\/2+1.2V

b 1-(0.76 +0.4v)(a /] E-4
e m [ ( +0.4v)(a )] (E-4)
5. = - (1+0.41) 2o [1- 0761+ 0.5v)(a /1] (E-5)
=210 5 i-o .

where, &, =edge deflection, and

other symbols are shown under Eqs. E-1 and E-2.

Of the three fundamental cases of loading investigated by Westergaard, the comer
loading is obviously the most obscure and debatable. The theoretical background for maximum
comer deflection equation is particularly weak. In fact, several investigators have noted that
although the Westergaard solution agreed fairly well with their observations for the interior
loading condition, it failed to give even a close estimate of the response in the case of edge and

corner loading. The semi-empirical and approximate nature of the Westergaard solutions for



corner loading have led to numerous revisions and modifications in an attempt to reconcile
observed slab behavior with theory.

The first attempt was made in 1926 to solve the problem of comer break of concrete
pavement slabs with a concentrated load acting at the comer of a slab. Few years later,
Westergaard took up the problem again, trying to account for the effect of a load distributed over
some area, whose resultant could be repres;:nted by a point load P acting at a small distance al
from the comer, along the bisector of the comer. Using a simple approximate process involving
the use of the principle of minimum potential energy, he hoped to achieve an improved
approximation to corner stress. Then he arrived at Eq. B-6 for comer deflection. He quotes this

equation as being approximately applicable for plausible ranges of al and .

P al
6. =—11.1-0.88 — E-6
kl( IJ (E-©)

where, &, = comer deflection, and

al = distance to point of action of resultant along comer angle bisector,

= V24

other symbols are shown under Eqs. E-1 and E-2.

Non-Dimensional Maximum Deflection
Closed form equations described in previous section tell us that the Westergaard solutions
may be reproduced as a function of non-dimensional load size ratio, a//, when the deflection

response is expressed in dimensionless term as in Eq. E-7. Introducing the non-dimensional
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deflection yields more manageable forms of the closed form equations. For instance, the corner

deflection (Eq. E-6) can be re-expressed as Eq. E-8 with its dimensionless term.

5,12
8=

where, A; = non-dimensional deflections at each Joading conditions, and

j =i for interior, e for edge, or ¢ for comer loading conditions.

A, =1.1-1.2445(a /1)

where, A, =non-dimensional maximum comer deflection.

Deflection Parameter AREA

Various deflection analysis methods introduce various descriptive parameters of the

(E-7)

E-8)

deflected surface shape. One such parameter is the geometrical deflection parameter AREA.

The concept of AREA was originally defined by Hoffman and Thompson (E-7). They proposed

a simple two-parameter approach to back-calculation of two layer flexible pavements by the use

of AREA. AREA represents the trapezoidal cross sectional area of deflection basin normalized

by the maximum deflection so that it has the dimension of length. Figure E-3 illustrates an

extension of this AREA concept to any sensor configuration, calculated with the general

equation:

(1) IPNCETN)
AREA-( 5 Jg[(km R)——= ]

E-10
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where, R, = Radial distance between sensor i and the center of loading plate

S, = Surface deflection measured at sensor i.

The AREA concept was subsequently applied to backecalculation of PCC slab elastic
modulus (E.) and the modulus of subgrade reaction (k). Further investigation of this concept has
produced a forward solution procedure to replace the traditional iterative and graphical
procedures. This solution is based on the fact that, for a given load radius and sensor

arrangement, a unique relationship exists between AREA and the radius of relative stiffness, /.

Joint Load Transfer Efficiency

For comer lc;ading condition, obviously the stiffness of adjacent slab will affect the
deflection of loaded slab through joint stiffness. Joint load transfer efficiency, LTE, may reflect
the effect of joint stiffness. As a preliminary study, the relationship between joint stiffness and
LTE is examined with a set of finite element analysis and a subsequent non-linear regression
study. The data plot and corresponding regression equation are presented in Figure E-4.

Since LTE is dimensionless as in Eq. E-10, the joint stiffness should be related with LTE
in its non-dimensional form of §/4I, where S is the joint stiffness in the dimension of FL2. The
coefficient 0.95 in Eq. E-10 takes account the deflection ratio of two locations at the same

distance to 4, and &, for center loading condition. The distance between the two locations is

normally 12 inches apart.
The deflection basin shape at comer is not continuous, due to the geometric discontinuity

of joint. In fact, the maximum comer deflection does not occur at the center of loading plate.
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Instead it occurs in between d, and d,, so that the two values may be close to unity.
Therefore, the LTE value calculated by equation 10 may be greater than unity.

5,16,
0.95

LTE = (E-10)

where, J,= deflection of loaded side (d;)

8, = deflection of unloaded side at the same distance from the joint (dg).

FINITE ELEMENT ANALYSIS
The new methodology developed in this study is presented in this section of the report.
As descnibed below, it is based on extensive finite element analysis. The results of which are

combined into a series of regression analysis.

Framework for interpreting deflection data

Theoretical review 1ndicates that the load size ratio, a/l, is the key factor of characterizing
the load-deflection bebavior of concrete pavements, where a is the radius of loaded area and / is
the radius of relative stiffness. Obviously, joint stiffness, S, is another important influencing
factor for comer loading condition. By introducing the relationship shown in Figure E-4,
measured LTE can be simply used in lieu of the joint stiffness.

With a fixed a value, the deflection due to a selected level of FWD loading is solely a
fuinetion of /-value of given PCC slab and foundation system. This /-value can be identified from
deflection basin parameter AREA by adopting the fact that a unique relationship exists between
a/l and AREA for any particular deflection measurement on any PCC pavements. Since the
relationship is based on the Westergaard’s solutions, slab size effect should be incorporated in

the relationship. However, a typical size of highway pavement slab (20ft x 12ft) was selected in
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this study rather than introducing correction factor for size effect. This direct calculation may
enhance the accuracy of the relationship.

By defining the above relationship, the structural system of PCC pavement can be
1dentified. The procedure starts with deflection measurement. The proposed framework for

interpreting deflection data is summarized as follows:

1. Calculate AREA and/or LTE from FWD deflection measurements (Eq. E-9)

2. BEstimate radius of relative stiffness, /, from the relationship between AREA and / (Eq. E-
11 -E-13)

3. Estimate non-dimensional maximum deflection, A, from the estimated a// and/or LTE
(Eq. E-14 - E-16)

4. Estimate & using estimated non-dimensional maximum deflection, A,, measured
maximum deflection, &, applied total load, P, and estimated / value (Eq. E-7)

5. Bstimate E. using estimated k and / values and slab thickness, h (Eq. E-2)

6. Estimated system parameters may give additional information on tested pavement such as

void undemeath the slab.

Finite Element Model

Load-deflection behavior of concrete pavements is identified through a set of finite
element analysis. Finite element program ILLISLAB was used in this study. ILLISLAB is
specially developed finite element analysis program for concrete pavement applications. It is
based on classical medium thick plate theory and employs 4-node, 12-dof, linear 2-dimensional

plate bending elements.
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Pavement structure was modeled as a 2-layer system composed with PCC slab and
Winkler foundation. The FWD impact load is simply modeled as an equivalent static pressure
loaded on a 10.5x10.5 in (26.25%x26.25 cm) square area. Since there is no information on joint
details, the joint eff;act is modeled with interlocking stiffness only. Slab size is fixed tn all
calculation as 150x240 inch (375x600 cm). It is very typical slab size of highway pavements.
Concrete Poisson’s ratio is assumed to be 0.135.

Table E-1 shows case matrix for the analysis with various input parameters which gives
the / values from 13.6 to 61.9, covening almost all cases of practical highway pavements. Each
set of input variables produces an unique deflection basin and corresponding AREA. This
unique relationship was identified with regression analysis. For center and edge loading

condition, 45 runs were made for each with various values of the radjus of relative stiffness, /.
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Table B-1. Input variables for finite element analysis

Input Slab Concrete Modulus of Joint stiffness,
Variables | thickness, | Young’s modulus, | subgrade reaction, S (ksi)
h (in) Ec (ksi) k (pci)
Used 10 2000, 2500, 3000, | 50, 100, 200, 400, 10, 100,
Values 12 3500, 4000, 4500, | 1000, 2000, 5000 500, 1000,
14 5000 2000, 2500,
3000, 3500
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In the case of comer loading, a total of 57 runs were made with different / values and joint

stiffness.

Formulating the Relationships

Figures E-5, E-6 and E-7 show the relationship between calculated deflection AREA and
the radius of relative stiffness in each loading condition. Identified regression equations are
given below, Eqs.‘ E-11 to E-13. Using these equations the radius of relative stiffniess was back-
calculated and compared to its initial input value. As shown in Figures E-8, E-9 and E-10,

estimated values show very good agreement with iuitial values in all three loading cases.

for center loading (R*=0.999)

! = 0.0007( AREA)* —0.0566( AREA)* +2.2285( AREA) -14.792 (E-11)

for edge loading (R*=0.999)

! = 0.0006(AREA)® = 0.0539(AREA)? +2.3194( AREA) —19.037 (E-12)

for corner loading (R*=0.999)
! = 0.0008(AREA)* —0.0565(AREA)® +2.2586( AREA)-15.057 (E-13)

The next step is to estimate the theoretical non-dimensional maxirmum deflection with the
estimated /-value. The relationships between non-dimensional maximum deflections and load
size ratio are shown in Figures E-11 and E-12, for center and edge loading. Center and edge
deflections are related to the load size ratio in 6" degree polynomials. These regression

equations are given in Egs. E-14 and E-15.
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Jor center loading (R?=0.999) (E-14)

A, =0.52+693(a/1)® —=1200(a/1)* +855(a/1)* —=322(a /1)’ +68(a/1)* —8(a/l)

for edge loading (R*=0.999) (E-15)

A, =2.2+4382(a/1)® —7476(a/l)’ +5202(a/1)* —1892(a/l)® +381(a/1)? —41(a/l)

for corner loading (R*=0.991) (E-16)

A, =1.265-8.507(a /1) +49.043(a/1)* —=137.84(a/1)* - 0.2423(LTE)

Beside a/l value, LTE should be incorporated in the relationship for corner loading
condition. The relationship for comer deflection was identified through multiple linear
regression analysis. Eq. E-16 gives the estimation of non-dimensional comer deflection.

Comparison of input and estimated A, values for each loading condition are presented in Figures
E-13 through E-15. The estimate of A, is also very close to the original input values.

With applied load (P), measured maximum deflection (8,), and estimated /-value, the
modulus of subgrade reaction, k, can be estimated by equation E-8. With these estimated values,
the elastic modulus of PCC slab (E,) also can be eslimated by Eq. E-2, if slab thickness is known
and concrete Poisson’s ratio is pre-determined. Figures B-16 to E-18 and E-19 to E-21 show the

good agreement between initial input and estimated 4-value and E, respectively.
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FIELD TESTS
Test Pavements

A test section was specially prepared at the Riverside Campus of Texas A&M Umniversity
which was used for a military airport in 50’s and 60’s. Unfortunately, visible dimensions are the
only information on the test pavements. The geometry of the test section is shown in Figure E-
22. The test section contains one control slab and six test slabs. The control slab is a part of
PCC pavement section, while six test slabs have 2" (5¢m) asphalt concrete overlay on PCC slab.
All slabs have identical dimension of 12” (30cm) thickness, 150 (375cm) width and 240”
(600cm) length. Figure E-23 shows the cross sections of the test pavements.

Artificial voids were made undemeath the slabs 2, 4, and 5. Slab 2 has an up-stream void
and slab 4 has a void under down-stream joint. Slab 5 has both. Drilling auger (¢8x36) was
used to build the voids (Figure E-24). Figure E-25 shows a completed void. After completion,
profile of each void was measured. Void length measured in longitudinal is 36~46 inches and
width varies longitudinally from 22 to 44 inches. The void depth is between 8~14 inches.
Finally, the shoulder was replaced (Figure E-26) and the profiles of voids were marked on the
surface (Figure E-27). The completeness of e;rtiﬁoial voids was checked with ground penetrating
radar (GPR). Figure E-28 presents a captured image of GPR signal. It clearly shows the
existence of voids.

Eleven sets of FWD test were performed in two different days. In day 1, four sets of data
were collected from the control slab and other four sets were collecied from the test slabs. In day
2, additional three sets of data were obtained from the test slabs in the moming. Table E-2 gives

summarized description of each test set.
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Figure E-23. Cross Section of the Test Pavements



Figure E-24. Making artificial void with auger drill
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Figure E-25. Completed view of an artificial void

E-33



Figure E-26. Replacement of shoulder after the completion of voids



Figure E-27. Marked profile of the artificial voids

E-35



Annex Test Section r os

Figure E-28. Processed image of Ground Penetrating Radar (GPR) test over the

experimental section

E-36



Table E-2. Summary of test set description
Test set Test day Test points Test time
Test 1 Day 1 Control slab center Morning
Test 2 Control slab comer, edge
Test 3 Control slab center Afternoon
Test 4 Control slab comer, edge
Test 5 Test slabs center Morming
Test 6 Test slabs corner, edge
Test 7 Test slabs center Afternoon
Test 8 Test slabs comner, edge
Test 9 Day 2 Test slabs center Morning
Test 10 Test slabs corner, edge
Test 11 Test slabs corner, edge

E-37




For comer and edge tests in the test slabs (Test 6, 8, 10 and 11), the loading plate was
located with some offset distance from the exact edge line because there is some spalling along
the edge of overlaid surface. The offset distance varies from test to test. All tests in the test set 6
and 8 have 18 inches of offset from the edge to the right side of plate. During test 10, the
loading plate was located as close as possible to the edge so that the offset varies from 2 to 6
inches. Test 11 has 14~17 inches of offset distances. A typical view of FWD deflection testing
is given in Figure E-29.

For each test set, four levels of impulse load ranging from 5.5 to 16 kips (24.5t0 71.2
kN) were applied at each testing point. The weight was dropped twice at each of four different
levels, whereas the first drop at each level is for secure bedding of the loading plate. The FWD
contains a 12” (30cm) diameter loading plate and rear extended bar. Geophones are located at -
12,0, 12, 24, 48, 60, 72 inches (-30, 0, 30, 60, 120, 150, 180 cm) from the center of loading
plate. FWD trailer always traveled in the direction from slab | to slab 6 throughout the tests.
Edge and comer loading was located along the right side edge of the slabs in view of traveling
direction. As shown in Figure E-22, the control slab was selected in lane 2. The right side edge
of the control slab can be regarded as a free edge since a construction joint was placed between

lanes 2 and 3. Very little joint load transfer is expected from this longitudinal joint.

US 287

A set of FWD test data was also collected from in-service highway, US 287. The US 287
data contains three groups. One is measured at slab center, other is from joints in good condition
and the last group is measured at joints in poor condition. Whole section in US 287 consists of

10” PCC slab, 4 cement treated base (CTB), and subgrade. Two different load levels were
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Figure E-29. A typical view of FWD testing



Deflection Basins at Load Level 2

Geophone Location (in)
-2 0 12 24 36 48 B0 72
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= 6 —— s ———Comer, am

.% R ... @ - - A- - .Center, pm

@ X Edge

% LI *-' ‘ o o- o ' pm

a 12 - - - - -Corner, pm
15

Figure E-30. Deflection basins from control slab; Measured at load level 2

Control Slab Center, Load Level 2, Moming
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Figure E-31. Comparison between measured and calculated center deflections at

control slab; Measured at load level 2, morning
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Control Slab Edge, Load Level 2, Morning
Geophone Location (in)
12 0 12 24 36 48 860 72

0 L L g L] 1 i L
o 3
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%’ —w— Calculated
2 9
(o) .\..,_—/-'
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Figure E-32. Comparison between measured and calculated edge deflections at
contro] slab; Measured at load level 2, morning

Control Slab Comer, Load Level 2, Moming

Geophone Location (in)
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Defiection (mils)
w

Figure E-33. Comparison between measured and calculated comer deflections at
control slab; Measured at load level 2, moming
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Center Deflections, Load Level 2, Afternoon

Geophone Location (in)
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Figure E-34. Comparison between measured and calculated center deflections at

control slab; Measured at load level 2, afternoon

Cantrol Slab Edge, Load Level 2, Afternoon
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Figure E-35. Comparison between measured and calculated edge deflections at

control slab; Measured at load level 2, afternoon
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Control Slab Corner, Load Level 2, Afternoon

Geophone Location (in)
12 0 12 24 36 48 60 72
0 [ Ll 3 i 3 1 1

3 /
6 —o— Measured
9 / —w— Calculated

15

Deflection (mils)

Figure E-36. Comparison between measured and calculated corner deflections at
control slab; Measured at load level 2, afternoon
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Table E-5. Evaluated structural parameters at each test points of control slab
and their comparison to the evaluation from RMODS

This Study RMODS
Test Test Load, P - E
Point Time (bs) i c ; ¢
k (pei) (x10%psi) k (pei) (x10%psi)
5967 144.3 3914 117.0 3.560
9244 141.6 4.175 116.7 3.595
AM
12601 150.0 3.977 140.0 3.029
16585 152.5 4215 135.3 3.360
Center
5879 137.5 4317 112.5 3.675
oM 9224 139.2 4,365 116.7 3.618
12577 144.0 4.401 1414 3.054
16510 149.9 4.309 142.8 3.164
5848 2213 3.818 200.5 3.603
AM 9256 2235 3.883 2013 3.694
12625 227.1 3.931 205.8 3.718
16422 226.9 3.939 2052 3.734
Edge
5736 246.6 3.901 225.3 3.712
M 5069 243.6 4.039 213.1 4.077
12426 248.7 4.186 2245 4.032
16240 252.7 4.189 225.7 4.149
5825 186.0 3.938
9149 190.1 3.909
AM N/A
124990 196.1 3.998
16272 200.8 3.993
Corner
5685 186.1 5.180
9010 190.1 5.149
PM N/A
12374 198.6 5.046
16184 202.6 5.061




applied for every test points. The FWD device used in US 287 also has rear extension bar so that

the 4™ geophone is placed 12” behind the center of loading plate.

PAVEMENT EVALUATION
Control Slab
Figure E-30 shows typical deflection basins obtained at the center, edge and comer of the
.control slab. Solid and dashed lines present the basins obtained in the moming and aftermoon,
respectively. Though Figure E-30 contains only the deflections at load level 2, identical basin
shapes are obtained at different load levels but in different magnitude. The complete set of
measured data and corresponding estimation of ¥ and E. are presented in Table E-3 and Table E-
4. Table E-3 contains center and edge data while comer measurements and estimates are given
1 Table E-4. As shown in the tables, the estimated k& and E. values appear to be reasonable for
the typical clayey subgrade and concrete. Using those estimated parameters, deflections were
calculated by ILLISLAB and compared to the measured values. Figures E-31 through E-36
show the comparison between measured and calculated deflection basins at each test point.
Figures E-31 to E-33 are for moming data and Figures E-34 to E-36 are for afternoon. Only load
level 2 data was used for the comparison. As shown in the figures, good agreements exist
between measured and calculated deflection basins at all test points.

Table E-5 shows comparison of the parameters estimated by the method proposed in this
study and program RMODS. Program RMODS is a rigid pavement evaluation and back-
calculation system developed by the Texas Transportation Institute. Back-calculation models
adopted in RMODS are the layered elastic and Hertz models for processing center slab deflection

data and the Westergaard model for free edge deflection data. Cormer deflection analysis is not
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available in RMODS. The Hertz and Westergaard theories adopt the Winkler foundation model,
while the layered elastic model assumes all layers as a linear elastic continuous material. All of
these models assume that the longitudinal and lateral slab dimensions are infinite or semi-
infinite. As shown in Table E-5, both procedures produce similar values of k and E, for all cases.
The proposed back-calculation gives slightly higher estimates than RMODS. This difference is
mostly because of the effect of finite slab dimensions. Table E-5 also indicates that the
estimated E, values are consistent in all test points for moming data, while greater k-values are
produced from edge and comer than center deflection analysis. Increased E, values are obtained
from aftemoon data compared to moming due to curling effect. Presumably, the greatest curling
effect exists at corner.

On the other hand, as shown in Figure E-30, the comner deflection has its distinguishable
basin shape compared to center or edge deflections. The basin shape at the comer is convex and
it has a discontinuous nature at the joint, whereas the basin at center or edge has continuous
concave shape. This geometrical discontinuity produces difficulties in load-deflection analysis at
joints. In fact, most previous studies have restricted themselves to a single slab boundary based
on free comer deflection due to the complexity at the joint. However, free comer deflection is in
fact not available in practice. Rather an approximation has been applied by so called the total
deflection concept, which is defined as the sum of the maximum deflection at the center of
loading plate on the loaded slab and the deflection on the unloaded slab. On the assumption that
the total comer deflection remains a relative constant regardless of joint discontinuity, the free
comer deflection for a single slab can be approximated by this total deflection. However, this
approximation could not provide a sufficient accuracy for the evaluation of PCC pavements

directly from comer deflection measurements.
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With respect to this problem, this study uniquely provides the direct interpretation of
comer deflections. Factors contributing to the joint complexity are aggregate interlocking, dowel
bar action, as well as support condition and structural dimensions of pavement structure.
Interactions between these factors may be involved in a single parameter, the non-dimensional
joint stiffness, S/kl, where § is joint stiffness, & is modulus of subgrade reaction, and / is radius of
relative stiffness. As previously stated, the relationship between non-dimensional joint stiffness
and measurable joint load transfer efficiency was identified in this study through finite element
analysis (Figure E-4). Interpretation of measured joint load transfer efficiency, LTE, simplifies
the complex joint interaction and consequently permits a direct interpretation of corner deflection
(Eq. E-16). Comparisons of the estimated parameters from center and corner (Tables E-3 and E-
4) indicate that the direct interpretation of corner deflection is reasonable. The comparison
between measured and calculated corner deflections supports the efficiency of direct
interpretation of corner deflections (Figures E-33 and E-36).

Another fact that has to be considered carefully in the interpretation of comer deflection
is the curling effect. Referring to Figure E-30 again, it gives the evidence of curling effect on the
edge and comer deflection measurements. It shows that corner and edge deflections measured in
the afternoon are less than moming measurements due to the downward curling of the heated
slab. It is a well known phenomena that a downward curing occurs when the slab surface is
heated in the aftermoon so that the upper-slab temperature is higher than bottom, whereas upward
curling occurs in the opposite way. These up and downward curling cause greater and smaller
deflections as measured in FWD test when compared to the deflections measured on a flat slab.
Experiences indicate that there is the least curling in moming at which the temperature

distribution in a slab is closely uniform.
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Obviously, the rate of curling is to be different according to the point of interest in a slab.
It wounld be greater along the four edges of a slab than inside area and greatest at the comer. For
FWD testing, therefore, the rate of difference in deflection measurements between the curled and
flat slab, equivalently aftermoon and moming tests, depend on the geophone location. Figure E-
30 also shows this location dependency. For the center deflections, the two basins obtained in
the moming and aftemoon are fairly close to each other. Edge deflections measured in the
afternoon are less than the moming measurements. However, the rate of difference at each
geophone is close to the other sensor points. For comer deflections, the rate of difference is also
dependent on the sensor location such that the closer to the comer the greater the rate of
difference. This inconsistent rate of difference induces another difference between basin AREAs
obtained in the moming and afternoon, and therefore the subsequent estimation of k& and E will
be different.

All AREA values obtained from moming and afternoon tests are fairly close in both
center and edge (Table E-3). Close estimations of k& and E. are therefore produced from moming
and aftermoon data for both cases. However, as shown in Table E-4 comer deflections measured
in the afternoon produce greater values of AREA and subsequently greater E, than those
measured in the moming. The estimate of B, from the afiemoon data gives about 25 % greater
values than moming data. Since the maximum deflection term (8;) in the calculation of non-
dimensional maximum deflection (A;) compromises the difference between deflections at

morning and aftemoon, the estimation of & is not sensitive to the curling effect.
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Test Pavements
Center loading

Typical deflection basins measured at the center of test slabs are shown in Figure E-37.

It contains deflections at load level 2 of test set 5. All basins exhibit similar curves in their shape
and maguitude. Measured deflections and corresponding structural evaluation are presented in
Table E-6. Table E-6 also includes structural parameters evaluated by the Hertz theory, which is
incorporated in RMODS program. Since test slabs consist of three layers, the concept of
equivalent stiffness is applied to estimate the top two layers, overlaid asphalt and concrete slab,
as a single slab. Compared to the estimates in control slab (Table E-5), estimated & value and
equivalent modulus E.4 are in their legitimate ranges. With the assumption that the properties of
concrete are identical in control slab and test slabs, the stiffness of asphalt layer can be easily
calculated.

The variances of estimated k and E, for each slab are drawn with their averaged values
in Figures E-38 and E-39, respectively. As shown in Figure E-38, both evaluation processes
exhibit stable estimation of subgrade modulus, whereas the proposed method produces about
20~40% higher values. This difference is mainly caused by the effect of finite slab dimension.
Though little fluctuations exist in the estimation of equivalent modulus (Figure E-39), the
estimated values are all fairly reasonable. Close investigation of Table E-6 indicates that, for a
fixed test point, the proposed method provides more stable estimations of equivalent modulus

without regard to applied load levels than RMODS.
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Slab Centers, Test Set 5, Load Level 2

Gaophone Locatlon (in)
-12 0 12 24 36 48 60 72

o "l ) |
7 —6—Slab 2 |
E —-—5lab 3
5 —A—Slab 4
2 —m—Slab 5
] —+—Slab 8

Figure E-37. Typical deflection basins obtained at the center of test slabs;
Measured at load level 2 in test set 5
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Figure E-38. Variation of k-values estimated at the center of test slabs
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Figure E-39. Variation of equivalent modulus, E.q estimated at the center of test

slabs

E-53



90+351'C 9001 | 90+321'€  90bl IS0 bT1D WLy 19TS 9Tt LY v6'y X 10L 1L b6'9 $$E9!
S0+d16T o001 | 90+3s0t  THEL  TSv0 £L10 98y ZBILS $9°T LZc 1$.X 0§ 3¢S 009 3b'§ A4 | 9 qels
90+3IPL'T  L'66 | 90+ASI'E  v8T1 £ST0  1ZI'0 E68y  ALES 8671 9v'7 167 YA 60’y LY 90°p p668
SHAYET  £b6 | 90+AP6T  90L] ISI0 €210 68Lb  69°Ts o€l L8’ 98°1 197 9T 68T 09T 8TLS
90+3ELE 1701 | 90+#3Z0% svbl  ¢s10  LITO 160§  D6ES LOE 03°t oSy 6's 059 889 59 | 6€£91
90+305'v  s78 | 90+310v  6LEI  9SI0 9110 SOUS 9B 2 &4 L6T £5°€ (X 80" 9¢'¢ Los | oavEzl | o
90+A9TC  T001 | 90+363% SIEl 9510  sI10  STVIE TS $8°1 977 69T 0S'E SEE 90’y £8'E 9868
90+3SI'E  SI0l | 90+396€  36T1  LSI0  bIl0  L9IE Ty 0z’ 'l oLl vz 9T 85T 244 6895
90+3L8'C 66 | 90+AS®E TeLl  ss10  LITO  s¥'D5  L8€S £2¢ 26°€ oL'b »1'9 L9 9U'L 9.9 | 6£€91
90+39TE 0001 | 90+¥z6E  61€l  LSTO  SI10  fCIS  LTws | ST vLE 39°E 18y 9T’y LS'S ££'s 22 .
90+350C 0001 | 90+IP8E LTl LS1O  SIIO  OF IS bEPS €61 SET 8L'T 19'¢ p6'E 21y 36% p106
90+FTOL 986 [ 90+3p0p  I'EZl 6510 TILIO  PO'ZE  EX'DS wi sl 8Ll 1€ 95T 99T 95T 9ILS
90+dL6'C UZIL [ 90+TI9E  ZIvl 510  6LlaG  byed  THES 1353 v6C oLy 979 189 0c'L v69 | covsl
0+F6UE 9001 | 90+ILSE  6SEl bSI0 BIIO L6y BSES 152 60°€ 69°€ 88p 9¢g°¢ 69'S LES | BE¥ZT |
90+aAb3T  6'€0l | 90+3BbE  TIEL  pST'0  BUIO  TESH  $9ES 51 ££7 Lt L9t 0’y 14 4 £O'b 6906
90+3r8'T  €p0l | S0+H6EE  I'CET bSI0 . 6110 Ty6d  Iv'Es 61'1 8rl Ll €T 95T £L'T 65 08LS
90+301E  ['€01 | 90+abI't € I(bI 1IS10  pZ10 SLLF 798 3EE AR 88'p K] 90°L 9L 6oL | £8£91
90+AI6T 9201 | 90+3R0C  ['LLI 1IS10 €ZI'D B8Ld 698 ¥z AA3 18°¢ 70§ 'S 66§ 955 | sevzl | oo na)
90+3JZ0C 9'S6 | 9O+APOE  CZEl  TELO €TI0 bI'sy  I8TS 66'1 we L8 LLE F1y 6vp £y 1806 LB
9HAOLT 666 | 90+IC0E  66T1  TSIO  TZID  1E€8y  68°IS 97’1 bl 81 (x4 L9L LT 9T TELS
90+d18v 908 | 90+38TF sSsel  8s10 €110 TIZs  19%S 9T¢ 00t LD or'9 099 YO'L £s'9 | 81v51
90+FTHE 266 | 90+FITP  1'ZEl 8510 BIID  bEIS €SB 8ST £1'g 69°€ 9L'p sU's 0s's 605 | vERTl | o oo
90+Ibs'E 976 | 90+3E6'C 0BT LS10  wIT0 LLES 9bpS +6'1 9T 8LT 3S°E 68°E 1K £8°E €506
90+39Z’¢  0's6 | 9o+FTTY $TTL 0910 LI bTES  60'SS 124 51 8Lt 1£2 152 ¥9L wt TELS
90+31L'C §801 | 90+380v [8b1  ¢S10  LI1O 605 SS'Es YOE sLE by 18°¢ 9£'9 3L9 €9 | Trp9l
90+dELY  1T8 | 90+FOI'P  $OFT 9510 SI10  pINS  8I'MS 3€T £6T '€ ps'y L6’y ETA by | gseTl | o
90+381'S  BIL | 90+3T6E  YIEL  9SID  911'0 €605  60bS 81 £2'T £97 £'E 9L'E 66°E °e £506
90+31Z'C  CEOT | 90+A86'€  LTEl  LsI0  SI1'0 8IS EEES LI £°1 L9l 31z T %4 Iz £L9¢
90+3£8's  70L | 90+3t6t 9sbl  sst0  BII0 €105  E£LEs LOE 18°¢ bSh 96's 159 ¥59 9 | tzv9l
O+IBL'E €66 | 90+AT6E  $6EL 9510 9TI0 S90S L6ES 0wz 86T bSE ¥y 30°S 6Ls g5 | zovzl | oo
90+360°C€  T'SO1 | 90+A0L'E  ISCI  SSID  LII'0O  OE0S 86§ s8'l 9TL L9T 6b'E £t  80¥ e 0106
90+3CTE  £001 | 90+3PIE  9PET  $S10 8110 LIS §L'ES 12’ 1A 7R €22 9T T £tz 9eLS
90+979'y  7'€8 | 90+dz9€ zZ8FI €510 [Z10  068F  LI'€S 66T 08t LSb 609 0L’ TrL 399 | visN
90+30Z'T  L'6¥l | 90+IEIE  OZPI  HSI0 6110 spEP  IPES {4 96T 9§°E we s 1ss sUs | psvul
90+301'C  Z'SOl | 30+96p'€  L8E1 €510 Q10  9I6F  ECES 8Ll e L97 $S°E §8°¢ 128 68 ss06 | ETIS
F90+3TTE  0°00F | 90+FEP'E  98El €10 0ZI'0  SO6Y  BTES 9I'l Wi w1 144 s 197 0s'L 085
90+3TTT  L'9pl | 9043 [Lh1 Isi'0 tZl'0  zosk  sLZs K3 06t 89’y o 989 9L 169 | o0sv91
90+3STC  ¥00L | S0+3ECE 1P ISTO TTI'O  8bSh LGTS (144 SO $9°E 2.4 pE'S ILs sEs 2144 (nv)
0+3E8'T P90l | 904ISIE  £REL 1510 €Z1'0 vO’y  9LTS L8] 0£T vLL b9'E €0 ey bO'b sot | TS | gusay
S0+JELZ 05Ol | 90+38T%  STEl €510  0ZI0  SO6F  BTES 0Tl 8yl 9L [1%4 85T SL'T 19T ZeLs
wdibog — (d)y | Gsd)beg (=) ¥ 1700 e \m) “vaay TP 09P 3bp bZP zIp 6P zip 5q])
SQONWY uoIENwAY (s{r) Uoneso] Gowa ¥ Bonapaq peoy | TIS | PSEL

SIUSWIAINSESW UOTIIA[I3P JaIuad Y} WO SqE[S 1S9} JO UOnIen[eAy '9-g 3[qe]

E-54



(8-3 "b3) vonpeyRp WD [SUoIsuaunp-uoN : | [3Q

sx4r] om) 403 Jo snynpows pepealnby < Yy
(ur 6°¢) 2rerd Burpro) jo snipeyy : 8

uoeal apesdqns jo snynpoly * ¥

(z-3 b3) sswgns eANE[I Jo sIpEY 1 ]

90+dZsy §T3 | 90+dBEP 9EEl 6510 IO  I9TLs  ERHS LTE 18°E L9y 809 699 96'9 LS9 12291
90+APTE  £L6 | 90+APOY  L9TI  BSI0 €10 STIS  L9BS 197 rARY EL'E 08y £CS 95°s s | o |
90«39’ 996 [ 90+3IE6'€ O6ZL  LSI'G  HIIO  L9IS TS 00l €€T 18z B5°€ 66°¢ 6y $0°p va16
90+dL6Y  B6L | 90+d18Y  SEEL 19V0  0lI'0  s8es  sEss 6¢'1 35| L6t 5T T4 $8°Z 08 0889
90+3vs’S  9vL | 90+38CP  §Ivl  LSL0  PIIO  £8IS  &ebs 70°€ L9C T sLS St $9°'9 8¥9 | £L0S1
90+3SP'E  1'001 | S0+API'P  £pEl LSI0  bII'0 £%1§  6¥PS W' 96T 95t 197 €0's €5 743 IZL | oo
90+ds0's  TEL | 90+ALTP 8E€El  8SI0  £110  BIIS  I9PS 181 171 $97 LYt 6L¢€ LSS £8°¢ Sri6
90+3b8E  Op01 | 90+ASLY  £ovl  6si0 1110 pOEs 10§ sT'L s’ $8'1 opT $9°7 bz 19T 8.9
90+3bs'E  L66 | 90+L8E LLET  SS1O0  LIIO  £905  96€ES ) 86€ 9L’y 609 1.9 9L €89 | 09291
9043v0C 001 | 90+300v  §'SZI 8§10 ELI0 pZIE LIS YL 12°€ 18°€ £6P 8CS 39's o | voctl | quis
90+A9IC  bLE | 90+3SOP  ESZI 8SID TINO SpIE SLbS 66'1 Tad $8T £9°¢ 00 wy oty L1816
90+30SE  S101 | 90+dAL0s 9Tl b0 900  99S§ 609§ £g'l 99°1 73 19T 167 067 4 LLLY
90+3s1'e L0l | 90+3LEP  $BZ1 6510 IILO0  SSIS LGS e LOD 733 1£9 669 9TL ste | Lovon
90+3450C 06 | 90+FT0P  €0L1  6SI0  ZIIO €8IS Y6HS LT TE€ L6t 90§ £9°§ §8'¢ ors | 9Tt | Lo
90+4E0C  0'S6 | 90+F08E  OELl  LSIO0 VIO pENS  6bbS €07 8y 867 €LE 8i'y 6 ZEP 1ZZ6
90+94TE  3TOL [ 90+39LP  6€ZI  T9'O BOLD  SLPS  TLSS 0£'1 £8°1 80T 7917 06T 00°¢ $6T $989
90+3ASK'E 976 | SO+ANEE  SEEl  bSI0 6110 8L6F  L§ES LVE Y44 16" 059 £ 9L vi'L | 66691
90+366T  9E6 | 90+ALSE TELl  9s1'0  SILD 980§  90bS 8T 1¥E oy L 89'§ 909 pL'S 16628 | o oo
90+3067  S¥6 | 90+ISLE  TRLI  8SI0 £II0  I€ZS  69¥S 60T 96T vO'E L8% 6T 0sd oc'e L616
S0+3ALIE  TI01 | 90+ALPE  SOLE  bS10 6110 6E6h  OVES svl sLl \0'T oLt 70'¢ 8l'¢ £6'T 1069
90+4Z6Y LB [ 90+33CP  SZE1 0910 (110 STES  OUSE LVE oLy SLY 96'S vL9 0L £99 | L99i
90+361'E 0001 | 90+3ZLE  THLI  $S1'0  LINO  (pOs  BSES £9'C PLE §LE L8y rA oL's s | eSSzl | e )
90+300°E L'16 | S0+FILE  6IEL $SI'0 LITO  Ls0S  €6'€S A ISz P67 19°¢€ 8LE oc 8T boPs 6191
90+381'S  $08 | 90+FS0s 621 €910 LOLO  p6PS  O8'SS 1571 181 pO°Z LST U1 v6'Z 96T 6L0L
(sd)boy )3 | (sd)beg (wd) 7  12q /e ); vIuv TLp 099 36P %73 Zip o Zi1-P (sqD o
SAONY worenjeng (#I) UoTjwoo0] Yo% 18 WOIpalJod peoy | TIS [ PSFL

(puo)d) '9-g 3[qel

E-55



Edge loading

Figures E-40 and E-41 present the edge deflection basins of test slabs at load level 2 in
test set 6 and test set 10, respectively. All tests in test set 6 have 18 inches of offset of loading
point from the edge. The offset varies 1.5 ~ 10 inches in test set 10. Obviously, the deflections
increase as offset decreases. Measured deflections and corresponding structural evaluation are
presented in Table E-7. As shown in Table E-7, offset effect induces overestimates of & and Eeq.
In fact, the proposed regression equations are developed for the case of zero offset loading.
Therefore deflections should be measured on the exact edge to effective use of the proposed
equations. If offsets can not be avoided, certain type of correction should be drawn to produce
absolute estimations. This will be discussed in comer deflection analysis.

As discussed in the previous section, the equivalent modulus should be consistent in all
of center, edge and comner estimations, while edge and comer estimates produce higher k values.
Evaluations in test set 10, which has the least offsets, indicate that the edge estimation of Ee,
converges to the center estimations as the offset approaches to zero. It supports the applicability
of the proposed back-calculation equations for edge deflections. The variances of average k and

Eeq for each slab are presented in Figures E-42 and E-43.

Corner loading

Interpretation of corner deflection is more complicated than at the center or edge. Since
the proposed regression equations are based on the closed form solutions, for back-calculation of
edge and comer deflections, they have an inherent restriction on the loading point; the loading
plate should be located along the exact edge line. This requirement is, however, frequently

violated in practice due to geometrical restrictions of the road. In fact, a few inches of offset
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bdge Deflections, Load Level 2, Test Set 6
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Figure E-40. Typical deflection basins obtained at the edge of test slabs;
Measured at load level 2 in test set 6, Offset (D) =18

Erige Deflections, Load Level 2, Test Set 10
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Figure E-41. Typical deflection basins obtained at the edge of test slabs;
Measured at load level 2 in test set 10, Offset (D) =1.5~ 10"
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Figure E-42. Variation of k-values estimated at the edge of test slabs
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Figure E-43. Variation of equivalent modulus, E., estimated at the edge of test
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distance from the exact comer may bring large difference, in the order of FWD testing, in
deflection measurements and subsequent analysis. Figure B-44 indicates how large the effect of
offset distance is in measure of cormer deflections. The ordinate represents the ratio of
deflections at each sensor location measured with some offset distance D to the deflections
measured with zero offset. The abscissa 1s also presented in dimensionless offset distance term
in which the offset distance, D, is divided by the radius of relative stiffness, /, of the slab. Data
points in Figure E-44 were obtained by another set of finite element analysis using ILLISLAB.
Relevant non-linear regression analysis gives Eq. E-17 for the trends of the deflection ratio at
each sensor location. Estimated regression parameters for the Bq. E-17 is valid when the value
of D/I1s less than 1.5.

As shown in the Figure E-44, the degree of influence of the offset distance is different for
each sensor location. The outer sensors present the steeper reductions in the deflection ratio as
the offset increases. Naturally, the offset also influences the computed corner deflection AREA.
Figure E-45 shows the change of comer deflection AREA at various offset distances. The trend
in Figure E-45 is explained by equation E-18, which is also valid when D// is less than 1.5.
Considering highway geometry, possible offset distance would be less than 40 inches so that

Egs. E-17 and E-18 may be applied to most of highway pavements.

Ny ky
S /80 =k, ((?) —k, exp[%] ] (B-17)

where, D = offset distance from slab edge to the edge of loading plate (in),
! =radius of relative stiffness (in),

80 = deflection at i™ sensor with zero offset (D =0),

E-61



1.2 1.2
1 1
K=] 0.8 4 g 0.8 ]
B o8 2 06
8 o
8 04| oew-— & 04 N
0.2 0.2
0 | | 0 |
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 20
DA on
1.2 1.2
1 1
2 0.6 | o 08
2 06 e 08 N
§ 0.4 =7 N < g 0.4 Mﬂm
0.2 0.2
0 0 I
0.0 0.5 1.0 15 20 0.0 0.5 1.0 1.5 2.0
on DA
1.2 1.2
1 3
g 084 g 08 ‘
G o 2 06 o
2 N & Y
0.4 B 04 e
0.2 ° ® hd 0.2 o—y— |
o 6 !
0.0 05 1.0 .5 20 0.0 0.5 1.0 1.5 20
on oA

Figure E-44. Effect of offset distance on corner deflection measurements at each

sensor location
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Figure E-45. Effect of offset distance on the comer deflection AREA
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8.p = deflection at /™ sensor with some offset (D < 1.5)),

Regression parameters (ky ~ kg);

Sensors ky K ) kg R?
o1 (at 07) -2.2230 0.56552 0.45114 0.39979 0.997
&2 (at 127) -2.2531 0.57103 0.44572 0.40785 0.996
i (at 24”) -2.2844 0.58125 0.44029 0.41933 0.995
S4(at 48”) -2.3580 0.60296 0.42826 0.44503 0.991
&5 (at 607) -2.4060 0.61229 0.42097 0.45829 0.986
o6 (at 727) -2.4673 0.61200 0.41240 0.46333 0.975

D\" DY"

AREA, /| AREA, =k, {1 —(-Z—J +k, exp[—z-J J (E-18)

where, AREAp = comer deflection AREA measured at some offset (D < 1.5)),
AREAy = comer deflection AREA measured at exact comer (D = 0),

and Regression parameters (R2 = 0.978) k, k3, k3, and k, are 0.68227, 0.70424, 0.46806,
and 0.48343, respectively.

To use Egs. E-17 and B-18, one must know D and / in advance. The offset distance can
be measured during test. The radius of relative stiffness is identified by iterative process.
Theoretically, the radius of relative stiffness of a PCC slab and subgrade system is unique
throughout the slab so that we may adopt the center / value as the initial value for the iteration.
The proposed calculation process to account for FWD load plate offset effect is as follows.

With initial center / value from Eq. E-11, calculate D// and the corresponding correction
factor for AREA using Eq. E-18. With this revised AREA, calculate revised / again using the
proposed AREA-/ relationship at the given LTE (Eq. E-13), and iterate the process to calculate

next revised AREA and corresponding / until revised / becomes same to input /. Here, it is
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assumed that the load transfer efficiency remains constant throughout the joint. As an example,
Figure E-46 shows the convergence of corner /-value in this iteration process for the load level 2
in test set 6. Although the correction for the offset effect on each deflection is automatically
included in the correction of AREA, an individual comrection for the maximum deflection (d0)
should be provided for further evaluation, for example, calculation of non-dimensional
maximum deflection. Estimated corner /-values and corresponding correction factors for test
slabs at each test set are summarized in Table E-8. All tests were conducted at the Jeave slab
comer. For example, comer test on slab number 2 indicates that the test was performed at the
joint between slab 1 and 2 and the loading plate was located at slab 2 comer. Although one test
point has one offset, each test at that point at different load level would produce different
correction factor since the /-estimate is different. Correction factors in Table E-8 were calculated
with deflections measured at load level 2 at each test point. Dividing measured deflections or
basin AREA by relevant correction factors will give the values corrected for the offset effect.
Deflection basins before and afier the correction are drawn in Figures E-47 and E-48 for
tests 6 and 10. The post index ‘C’ in the figure represents ‘corrected’ so that solid lines are the
basins of raw measured deflections and dotted lines are for corrected deflections. It is assumed
that the deflection across the joint, d-12, has same correction factor with the deflection at the o™
sensor location, d12. The comparison of the basins indicates that they are divided into two
groups with their magnitudes in accordance with the existence of void under the slab. As
described in previous chapter, all slabs except slab 2 have artificial voids under the slabs.
However, due to the rigidity of concrete slab, the shape of deflection basin does not show any

perceivable difference between slab 2 and other slabs.
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Testset6, Load level 2
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Figure E-46. Estimation of corner 1 value with the AREA correction for the offset
effect; Load Level 2, Test Set 6

Comer Deflechon Basins, Testb, Load Level 2

Geophone Locafion (in)
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Figure E-47. Deflection basins obtained at the comer of test slabs at load level 2 in test
set 6, Offset (D) = 18”
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Comer Deflection Basins, Test 10, Load Level2

Geophone Location (n)
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Figure E-48. Deflection basins obtained at the comer of test slabs at load level 2 in test
set 10, Offset (D) =2 ~ 6"
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Table E-8. Correction factors for the offset effect for corner deflections and AREA

Test Set Slab Offset, D| Estimated o Correction factors for each sensor location end AREA
No. (in) 1-comes (in) d0 di2 d24 d48 460 472 AREA
Test 6 2 18 60.38 0298 0.736 0.720 0.706 0.673 0.652 0.624 0.949
3 18 58.92 0.305 0.732 0.716 0.70) 0.668 0.646 0.618 0.947
4 18 64.30 0.280 0.747 0.732 0.718 0.687 0.666 0.639 0.952
5 18 60.14 0299 0.736 0.719 0.705 0.673 0.651 0.623 0.949
Test 8 2 18 68.74 0.262 0.759 0.744 0.730 0.701 0.681 0.655 0.956
3 18 66.80 0.269 0.754 0.738 0.725 0.695 0.67S 0.648 0.954
4 18 73.11 0.246 0.769 0.754 0.742 0.713 0.694 0.669 0.959
5 18 68.17 0.264 0.757 0.742 0.729 0.699 0.679 0.653 0.955
Test 10 2 6 64.07 0.0%4 0.896 0.887 0.880 0.866 0.856 0.842 0.993
3 S 59.84 0.084 0.907 0.898 0.892 0.879 0.869 0.856 0.995
4 2 62.85 0.032 0974 0.969 0.965 0.958 0.953 0.947 1.000
5 3.5 61.22 0.057 0.538 0931 0.926 0916 0.909 0.899 1.000
Test 11 2 14 71.28 0.196 0.804 0.791 0.780 0.756 0.739 0.717 0.969
3 14 67.39 0.208 0.796 0.782 0.771 0.746 0.729 0.706 0.967
4 16 64.25 0249 0.767 0.752 0.740 0.711 0.652 0.667 0.958
5 17 69.19 0.246 0.769 0.755 0.742 0.713 0.694 0.670 0.959
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Measured deflections and corresponding structural evaluations with corrections for each
offset are shown in Table E-9. Corrections were made on the basin AREA and maximum
deflection, d0, for the structura! evaluation presented in Table E-9. Estimated k-values are close
to the center evaluations, while higher E.4-values are produced in corner estimations. This high
estimate of modulus of elasticity may be induced from the limitation on the range of variables in
proposed regression equations. Back to Figure E-7, the range of comner AREA in the
relationship is about from 25 to 50 inches and corresponding /-estimate is between 20 and 60
inches. Corrected AREA values in test slabs are mostly at or above the range limit of the
regression. In addition, Figure E-10 indicates the possibility of overestimate in high ranges of /-
value, which will invoke the overestimate of modulus of elasticity. Therefore, simple
extrapolation of given regression will produce higher estimates of E-values as presented in Table
E-9. To extend the regression range, another set of FE analysis should be performed with
extended ranges of input variables. However, additional FE analysis was not conducted in this
study. This study proposed the methodology of direct interpretation of corner deflection
measurements for the structural evaluation of JCP, and confirmed its applicability from the test
and analysis of control slab. Formulation of the regression equation for extended ranges of

comer AREA and /-values should be performed in further study on this subject.

Void Detection

Several procedures to identify voids using surface deflections have been proposed, and
their application has produces mixed results. Based on a comparative study (E-4) on existing
procedures, the CTR method (E-2) and the NCHRP method (E-3) were identified as the most

promising procedures. Both give empirical criteria for identifying voids. The CTR method uses

E-69



90+3£9L  L98 6550 9800 9€L97| ovez | stes | veIS | 800N | ®L T06 6901 I'bl €8S 1Ll BT | ¥BI9I

90+30L't  6t8 0950 8800 €TL9 | vect | ECES | TErs | so0'T | E9S 89 9% €901 €611 '€l ¥STI | TRETI . ¢

90+3£0'8 898 €950 L8000 0z89 | sszt | zovs | esus [ LoOT [ TUb 96w L§S LU 898 §6 606 | 006

90+3b8'8  v'sg 8950 800 stoL | ece | €9ws [ Lrzs | cvon | esT rre s9€ Ty Ips  §8§  $95 | 9ILS

LO+3S01 1.8 8LS0 1800 e6TL | oroz | ivss | ozes | cior | vt 6B bOOY €1 9ERL  €8'ST ST | TLI9I

LO+ASOL V98 6LS0  180°0  6O'EL | EEST | ZS'SS | WTES | 9101 | E¥S €69 €9°L 186 TEOT 6L BTN | zizL ) v

L0+3S01 E9% 6.0 (8000  bo'sL | szt | usss | £zes | s1oh | o€ 8Ly 65 sTL  TO®  §98  PEY | BE6R

LO+3IP0) 688 9L50 W00 TETL | voL | eTss [ zoes | 9101 [ sk 96T st S s s WS | £L9s

90+3$98B  0'0L1 1SS0 0600 §v's9 | bo8T | sres | oLos | 600t | 96 BTL  L$'8  9pUl  6%TL 8TV 69El | VOIS

90+IP6'8  TWO! S50 6800 (€99 | 9Lbl | THES | 9605 | 6001 | LSF LSS bS9  W'B ®6 €800 BLOI | Ve a1 ¢

90+3L06  v90L LSS0 8800 899 | LS01 | 8S'ES | TI'IS | 8001 | L€E TP 8P 9¥9  TLL  LEL 9L | V106

90+43LT6 1901 8550 8800 yTL9 | v99 | zes [sTis | nol | €' T s0f 90V pSt 10§ I8P | 60LS

LO+3601 TN $950  SROD  EO69 | LILL | RTHS ) 061s | 01071 | TS 69 L¥L 9401 IV E0El §TL | PRI9I

(O43L1] S'60L  0LS0  S80°0  6L69 | £TE1 | ZeWE [ TUTS [ 100°L | £¥V 1ES 919 €69 €6 pOOI  S66 | €9€TL | z (Wd)

LO+3SOL LOIT 6950 9300 9989 | 686 | LIYS | 64015 | 1660 | €€ L¥E Kb  6T9 HOL ISL  LOL | SBOG 81s3L

LO+3LZ1L 0b0l  mL50 1800 TrelL | s09 | €S9s | BO'ES | €201 | 11z bbT 89T €0V ShY 65y vy | vIBS

90+3vES  bL6 0650 6600 sB6s | ssbz | 0TIe | eswy | ve60 | 889 s 9101 0BT 9091 6081  60°LI | VRIS

50+3Lb'S 066  0£S'0  B60'0 L66S | TH8T | STIS | £9%p | 8660 | IS 0€9  69L 101 ZOZT 9%l $8TI | BLETI ot ¢

904365’ b0l 7E50 8600 8009 | pyer | 8ZUS [ cowv | 0660 | L2 e9v LS L9L 648 686  0L6 | 6b16

90+39LS  S00T  IES0 1600 1509 | 678 | vbIS | zasy | vool | LT 08T ISE Wy I¥S  0I'9  Z8'S | BYLS

90+dLY’9  8L8  S¥S0  T600 vbb9 | 6U'vr | 08Zs | 9zos | 9101 [ L€L  TO6 w01 OpyT vT91  LOSL wYLL | TLI

90+3LE9 €18 pS0 600 8Tv9 | 981 | sies | 1zos | 1zor | s 989 91y 6601 OpTl  6LEl  BEE | 1§TTI o1 )

90+3L€9  S98  SKS0 T600 £€v9 | 6SEl | 9LTs | €208 | 910t | KUy BOS 909 L0816 SIOT 086 | OE68

90+31S'9 €68  LbS0  T600 9T | IV | vLZs | 1zos | 9001 | s9T 80CE  OLE 00 BY9S  8T9 009 | §995

90+300°S  6€0l  0IS0 2010 Z6Ls | 610T | ebos | 1oty | 6660 | €59 o018 896 6bsl 6551 ILLL 0891 | 029

90+3€0°S  TEOl OIS0 010 or'8S | e£'81 | 9505 | #%Lb | 0001 | L6F  sU9  L€L  LTOL BRI 9YEl  6LT1 | SIETI ol ¢

90+MTE 800l  TLSO 00t0 9685 | 9v'el | 68°0s | 6180 | 1101 | $9E ISP 9vSs 6SL TR S8 Vs | 1406

90+3STS 9701 ZZS0 0010 €88 | £v'8 ) £80s | vigp | 8007t | 1€ s8T  6£C  £Lv  8¥S  LI'9  16S | 9ELS

90+3989 98I pESO  L600 S909 | €661 | 6vIS | 9%Ip | b660 | S9S 669 CER TVl 9671 LYl SEEL | L8I9I

9043789 S9Nl PLSO 1600  ERO9 | SKS) | SS'IS | T6BY | 9660 | LEP  I¥S  9y9 (8B 8001 LC1I 9LOI | oLzl wv)

90+3¥S’9  SSIL SESO 86070 bE09 | T9NI | SCIS [ 948D | $860 | LTE YOV (¥P €99 wsL S8 008 | LEIG n T | gmay

90+AbY'L  00LL €S0 p600  LOE9 | 61t | veTs | £96v | €00) | T1T  LST  90C  bI'P T8V 6TS 05 | 96LS

(sd)bag  (ad)y r1I3q e () op | vuv WP 0% 9P v UP op 2P ) (sa) | (w) s
Yoireneng pawaney | Vouv | 31 (S1w) vonEIo) Ya83 1e UOURQ ot [ gyo | V15 | o

199]J3 J3SJJO Y J0J UONIILIOI YILm SIUIMWAINSTIUL UOTIII(JIP ISWIOD A} WI0IY SQE[S 159) JO UonenBAy "6-9 998l

E-70



90+39T8  L98  E9S0 98000 OL®9 | 197%Z | 8UbS | %61s | stot | 1€L  9L8  TvOl  BYEl  &0ST  T991 W91 | SLLSI

90+36LL P8 7950 L8000 L1'89 | 891 | 105 | omts | 110l | z9s  8L9 608 0901 1911 06T 6LTL | GIL 0 c

90+376'8 €16 1950 s$800 bU69 | £0T1 [ Tevs | 60zs | 6zot | cov sgb  8S (9L (€3 STE6 P06 | 1SE6

9+AL56  SIOI 6950 9800 €589 | €% | €uvs | 1615 | L860 | 19T HCE  66€C 6l b6S  Ov9 009 | €69

90+3208 (98 €950 980’0 ZCRY | ¥I1Z | 90'ws | 6L71S | OLOTL | €L €88 ¥¥Ol  95°ED 08Pl 099l TE'ST | I9SY

90+3LTL 978 9SO 880°0  SEL9 | 0691 | sLes | osys | 290w | oS 689 818 ssob LTIl 96Tl LOED | T6SH] o1 v

90+398'9  €v6  1pS0 600 LTV9 | 19C1 | brTs | €50 | (€0 | STP 90S  L6S  OLL  6VR 196  Lb6 | [BO6

S+ITTL  BH0L Obs0 €600 9£€9 | 98 | evzs | €Tos | 4100 | oLz v 80v  PES  0®S  TL9  6MY | LIS

90+31CL  €L6 €FSO 1600 9LV | TIT | 06T | 911§ | 6201 | TTL 998  1E01  E£S'€l  €TST 1891 €91 | OSES]

90+AC°L TI6  SHSO 0600 1ZS9 | Le'9l | 90°€s | OC1S | O€O'( | 09's L9 (T8 8SOI  T&NT  ITEL €8T | £Y8II o g

90+3078  v'e6 (S0 8R0°0 1C°L9 | 610 | pLES | L61S | THOL | SI'P 00§ L6S 6Ll 6L® €56 EV6 | 00T6

90+3IL8 P90 6950 6800 9199 | si8 [ cees | v9rs [ ofol | V8T 6£E L6k IES  S6S  6¥9  S€9 | ZI6Y

L0+ar0 L B'TO1 8950 $80°0  s8°6Y | sO8t | pEBS | s3zs | 1101 ) €69 TWL  9T6  S1TL svel 1SVl BE'EL | 99851

90+306'6  L'S6  0LS0  v80°0  ¢l'OL | LTv1 | €995 | €62 | 6001 | 61'S  0T9 L 196 L9001 LPIT 001V | LBLUI ol . (wv)

LOFICT TTO0 TS0 €80'0  9TIL | osov | Levs | Lzes | 9101 | LBE 09Y  gbS €L LBL vk® SI'8 | SIS 1ns2),

LOYITTE 901l SLSO €800  STIL | 1TL | L6wS | LTES | s00t | 29T L vl (B W¥S  O%'S S5 | LvOL

90+396v  I'vé 0TS0 0010 ST6S | 9T | 860s | 8608 | vTOt | vie  TLIE €6El 9Bl (90T HETT  TLLT | 1vSSI

90+317TS 006 SISO L60D 8909 | LB | 0515 | 0SS | €60V | TSL b6 T®OI  OM'B1 S6'SI 9SLI ETLL | TTBII o -

9HIACL'S  Op6  LTSO 9600 .91 | SEl | sus | 8Lts | ot | ovs  Te9 sl 1€0L SPIL O TEZL €Tl | 9868

90¢319'9  S00F  ZESO  p600 €979 | 168 | s1'Ts | Brzs | ov0L | H9E  6EP  STS M6 8L 9EB 9T | LO%Y

90+381'9 098  6vS0  TSO0 0P | TOWT | 99°7S | 998 | ¥66°0 | SOL  8STL 9%Vl (L6l 6TIT OVET 60TL | YEVSI

90+376'S  EP8  LvS0 €600  B8YEY | £L°8I [ vSTS | SIS | 9660 | 81'B 686  ¥SII  ITSI 991 bTBI  9T'LI | €OLIL z v

90+387T9  €L8 650 TE00 SOV | 99€l | L9TS | L9TS | $660 | 865 {TL E¥E®  ZI'IL OTTE OL'El  LSTY | P68

90+38S'9  $'96  9vS0 €600  81'€9 J 6£6 | Lezs | Lezs | 660 | Q1 s6b  wS  09L  LER  SI'6 098 | 9799

90+30MS  L'00)  TISO 66000 TS6S | SI'CC | BONS | £80S | 6101 | SL® LSOL 99T 8691 V061 00'KT  £EOT | D18

9HITTS €86 €250 6600 8E6s | pO81 | €os | BLoS | p1o1 | 089 ST  £8°6  TTEL  I®BT 9L9L  HLSY | pS6II g .

90+3£5°S B0O1 SIS0 6600 SEas | g€l | oz1s | s60s | s101 | 66y w09 OzL S96  OBOI (611 BYY1 | 9T06

90+3229  I'601 8260 8600  vb09 | 988 | 1vis | 9ris | €101 | wpE  zvp S8 pS9  EEL MO L | L1899

90+38L°L  GPI1 LES0 w600  60°E9 | ZBRI | PETS | B&NS | 9T0T1 | 8TL  LL'8  6¥O1 96EL  ISSI 9891 £¥9i [ 0£05!

90+350°L 9011 PESO $600 1T | 80°SI | 10275 | £9°15 | 0201 | Z®S  €0L  pEF LOTI  PEZI ISEl 60'El | €50ZI Wv)

9043108 VLIL TS0 TO00  00b9 | 6601 | $9°Ts | 8TTS | €T0r | Lzb  LVS 919 1T®  £I'6  SB6  LS'6 | B6EG ’ ¢ |omsay

Smmn.nm L9TE 6550 p600  P9T9 [ 1LL [ el'Ts [ ToIs | o100 | 66T Z9C 9TY OLS €59 169 €99 | BIIL

S

(1sd) bag  (109) us. a.__ 134 i (w) o | vy —— UP 9P 8P v TP o Uu-P | (=) (ur) J —
(BN (EA] PP (1112) WOIIRIO( YIBI JE UOKLIAFX] PECT | PO :

(puo)) "g-93l1qe]

E-71



the geometric characteristics of deflection basin and the NCHRP method uses maximum
deflection at multi load levels.

The CTR method asserts that a void exists when the geometric parameter Q (s greater
than 22. The parameter Q is determined from the angle between horizontal line and the line
joining d12 and d72. Figures E-49 and E-50 represent the comer deflection basins normalized
with the minimum deflection (d72) at the slabs with and without void in test pavements. The
deflections are corrected for the loading offset in each test. Slab 2 has sound contact between
concrete slab and subgrade, while slab 4 has a void at the loading point under the slab. Solid
lines represent the basins at load level 2 and dashed lines are for load Ievel 4. Obviously, the
decisive parameter Q is influenced by applied load level. However, the CTR method does not
specify the load level for application.

Figure E-51 shows examples of applying the NCHRP void detection process. The
NCHREP method specifies that a void exists when the x-axis intercept of linear regression line for
a load vs. deflection plot is greater than 2 mils. Figure E-51 contains the test data for slab 2,
which has sound subgrade, and slab 4, in which a void exists, in test sets 6 and 10. Although a
large void exists under the slab 4, corresponding regression lines pass through the x-axis well
below the NCHRP criteria.

The results of the two current void detection processes are prescﬁtcd in Table E-10. It
indicates that, in general, the CTR method gives more promising results out of the given tests.
However, it is required for effective use of the CTR method that the applied load should be high
at 16000 Ibs. and loading plate should be located as close as to the exact comer. Also, test at

morming when curling effect is not dominant would enhance the effectiveness of the process.
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Normalized Corner Deflections, Test 6
Corrected for Loading Offset
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Figure E-49. Normalized corner deflection basins of test slabs 2 and 4 in test set

6; Deflections are corrected for the offsets

Normailized Corner Deflections, Test 10
Corrected for Loading Offset
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Figure E-50. Normalized comer deflection basins of test slabs 2 and 4 in test set
10; Deflections are corrected for the offsets
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Application of NCHRP Void Detection Process
20000
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Figure E-51. Application of the NCHRP void detection process with corrected
deflections; Slab 2 and Slab 4 in Test Set 6 and Test Set 10
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With respect to vord detection process, it is a common idea that the objective of surface
deflection analysis would be limited to identify the uniformity of support qualitatively rather
than to determine exact void dimensions. As a qualitative measure, a comparative examination
on the estimated k-values can be used for the identification of voids. Figure E-52 shows a
comparison of k-values estimated at the comer of test slabs in test set 6 and test set 10. 1t is
plotted with the results presented in Table E-9. Four plotting points in one slab represent k-
estimates at the four different load levels. It i1s shown that decreased 4-values are produced with
the slabs containing void. Table E-11 presents a comparison on the k-values obtained at the
center and comner of test slabs. Listed value for each slab is the averaged value of four estimates
at four different load levels.

Table BE-11 indicates explicitly that the support condition along the comer of test slabs is
not uniform compared to that of centers. The ratio of k-values at comner to center is specified as a
comparative index for the support condition. This relative support condition index can be used
to identify slab comer in which weak subgrade or void exists. In the table, slab 4 and slab 5
show large decrease 1n k-values at comer and therefore less 4-ratios than other slabs. This trend
well matches to the physical condition of test slabs. Although slab 3 also contains void, it is
upstream void under the neighboring comer of slab 2, not under the loading point. It must be
remembered that the FWD loading plate was placed on the downstream only. Slabs 4 and S are
containing voids right under the loading points. Slab 4 has downstream void and slab 5 has
voids under both sides. An upstream void under unloaded slab would not significantly affect to
the response of loaded comer. As a consequence, the k-value from the comer of slab 3 shows

moderate decrease compared to the slabs containing downstream voids. If a test is intended to

E-77



150

'g 130
A

[}
S M0l o8%R
i O a 2 R fnop OTestd
T gy A b, R | [aTestio
g csgw  *
E
% 70
Lt

50 L) L 1

Slab 2 Slab 3 Slab 4 Skb 5
Test Siab

Figure E-52. Comparison of the estimated k-values of test slabs at each load level
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Table E-11. Comparison of averaged k-estimates from slab center and comer
Testset | Slabs Void Festimates (el fexatio
Center* Comer** {(corner/center)

Slab 2 No 139.8 1152 0.824

Test5 & Slab 3 Yes 141.9 102.6 0.723
Test 6 Slab 4 Yes 138.7 87.7 0.632
Slab § Yes 139.4 99.3 0.712

Slab 2 No 127.9 116.3 0.909

Test9 & Slab 3 Yes 123.9 102.2 0.825
Test 10 Slab 4 Yes 128.0 88.5 0.651
Slab 5 Yes 137.6 94.7 0.688

ek

Refer to Table E-6,
Refer to Table E-9
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investigate both side of a joint, the test should be performed on both of the up and downstream
comers.

The k-ratio itself, however, would not be a proper index for the criteria. [ts range varies
depending on the structural system of pavements. For instance, the 4-ratio in the control slab
was greater than unity (Table E-5), while the test slabs have the ratios below 1.0. Rather the
relative difference of k-ratios to a control value would be cousistence even in different pavement
structures. Provided known physical condition of subgrade, it is clear to select control value of
k-ratio. For the test slabs the control value would be the ratio of slab 2, since it is known that
slab 2 has sound subgrade. But in general, the control 4-ratio should be determined based on the
trend of k-ratio of whole test section.

The change of k-ratio in test slabs is shown in Figure E-53. Each plotting point
represents calculated ratio of k-values at comer to center at four different load levels. The solid
line is the trend of average k-ratio along the test slabs. As the ratio of slab 2 being a control
value, other slabs have lower k-ratio than the control value. Slab 3 has an upstream void under
the unloaded comer and the k-ratio for the loaded comer of slab 3 is about 10% less than the
control value. Slab 4 and slab 5 have voids under the loaded comer so that they produced more
greatly decreased k-ratios than slab 3. In general, the A-ratios of slabs 4 and 5 show more than
20% decrease relative to the control value. From this observation it is concluded that locally
weakened subgrade or void exists when the k-ratio is less than 20% of control value. It is also
Indicated that voids under unloaded comer do not significantly affect to the evaluation of loaded

COorner.
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US 287

Proposed evaluation process is applied to the deflection data of in-service highway, US
287. The US 287 data contains three groups. One is measured at the slab center and other is
measured at the slab comer of joints in good condition. As the third data group, another comer
deflections were measured at joints in poor condition. For the convenience of comparison, six
sections from each group were selected for the evaluation such that the sections are neighboring
to each other. Pavement layer consists of 10” PCC slab, 4” cement treated base (CTB) and
subgrade. Two different load levels were applied to every test points. The FWD used in US 287
also has rear extension bar so that the 4™ geophone is placed 12” behind the center of loading
plate.

Table E-12 presents the measured center deflections and corresponding pavement
evaluations. The results from RMODS are also included in the table for comparison. Figure E-
54 shows the trends of averaged k and E, estimates along the test points. Both evaluation tools
produced close results, though the variance of estimates in RMODS is somewhat higher than the
proposed method.

The evalvation from comer deflection measurements is presented in Table E-13. Among
the analysis of comer deflections at poor joints, negative non-dimensional maximum deflection,
Al, was produced for the slabs at 59, 120, and 180R1. Negative nou-dirnensional maximum
deflection invokes also meaningless negative k-value. This strange result in fact conforms to the
physical condition of given joints. Most of joints in poor condition have structural deterioration
at the jomnt such as cracks, comer break or through thickness patching. Under this condition, a
slab is no longer continuous or linear system and therefore the proposed evaluation process,

which assumes the geometry of a slab is to be continuous within given dimension, will be limited
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in its application. This physical constraint also can be observed from deflection basins. Figures
E-55 and E-56 show comer deflection basins at Joad level 2 obtained from the joints in good and
bad conditions, respectively. For the measurements in poor joints, near joint deflections of
loaded side is much greater than those of the joints in good condition. Subsequently, the
deflection basins of poor joints exhibit abrupt slope changes near the joint. Considering high
stiffness of concrete, this abrupt slope change might be interpreted as the concrete slab has
geometrical non-linearity around the inflection point. Since the proposed evaluation process can
not take account this geometric non-linearity, the £-value is replaced with zero in this case and
further analysis for E; is halted.

Table E-13 also contains the results of void detection using the CTR and NCHRP
methods. As shown, no void was detected in the good joints. Even for the poor joints, the CTR
method does not indicate any void. Here it needs to be noted that the applied load is not high
enough for effective void evaluation. As stated in the previous section, applied load should be
around 16000 lbs. for effective use of the CTR method. The NCHRP method produced three
voided comers out of six poor joints. They are the points at station S9R1, 180R1 and 303R].
Referring to Figure E-56, the three highest maximuwm deflections are produced at these three
points and their precedence coincides with the order of x-axis interception in the points (Table E-
13).

To apply the proposed method of void detection, the ratio of 4-center (Table E-12) and 4-
corner (Table E-13) was calculated for each test points and compared to each other. For the
calculation of k-ratio, it 1s assumed that k-values at the center of neighﬂoring test points are
identical. Figure E-57 presents calculated k-ratios for each test points. The control value of &-

ratio should be determined in such a way that it may provide the allowable lower limit as to the
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Figure E-55. Comer deflection basins from the joint in good conditions, US 287

Joints in Poor Conditions
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Figure E-56. Cormer deflection basins from the joint in poor conditions, US 287
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Figure E-57. Changes in A-ratio along the test sections in US 287
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normmal support condition. Figure E-57 indicates that the control 4-ratio would be around 2.0.
According to the proposed method, therefore, the slab corners at the station of 59R1, 120R1,
180R1 and 303R1 in the poor joints are identified as voided. By the application of proposed
method the point 120R1 is added as voided to the result of NCHRP method. This point in fact
has great possibility of void based on its load-deflection behavior and corresponding analysis.
The point produced next highest maximum deflection to the other three (Figure E-56). Its
deflection basin exhibits excessive slope change (Figure E-58). For the convenience of
comparison, selected deflection basins from the poor joints are repeatedly plotted in Figure E-58.
Moreover the structural evaluation at that point produces zero subgrade modulus. These joined
results highly indicate the possibility of void under the comer of slab at the station of 120R1, in

addition to the other three possible slabs identified by the NCHRP method.
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Figure E-58. Selected comer deflections at poor joints in US 287; Station OR1,
120R1 and 180R1
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