GeoEdmonton'08/GéoEdmonton2008

-_q. h . -
GeoEdmnntop-08

Department of Civil Engineering — McMaster University, Hamilton, Ontario, Canada
Peijun Guo
Department of Civil Engineering — McMaster University, Hamilton, Ontario, Canada

Impact assessment of layer moduli on measured
surface deflections via sensitivity analysis

ABSTRACT

The integrity of pavement-subgrade systems are routinely evaluated using non-destructive testing techniques such as
the falling weight deflectometer (FWD). Back-calculation of pavement layer moduli using non-destructive test data is
challenging due to the insensitivity of displacement measurements to the stiffness characteristics of some layers. This
paper describes a rigorous finite element technique for identifying the sensitivity of surface displacements to the elastic
modulus of each layer. The paper begins by introducing the notion of contribution ratio and then presents a sensitivity
analysis framework that is used to quantify deflection and stress field sensitivity to layer modulus. An example is
presented to demonstrate the sensitivities.

RESUME

Lintégrité des systemes des couches de fondation des chaussées peuvent étre évaluées d’'une facon périodique en
utilisant les techniques des tests nonldestructifs comme par exemple le déflectométre de la masse tombante (DMT).
Les calculs du module de la couche de chaussée en se basant sur les tests nonlidestructif révélent une certaine
difficulté en raison de l'insensibilité des mesures du déplacement par rapport a la rigidité de certaines couches. Cet
article décrit une technique rigoureuse qui se base sur la méthode des éléments finis pour identifier la sensibilité de
déplacement des couches de surface par rapport au module élastique de chaque couche. Le document commence par
l'introduction de la notion de facteur de contribution puis présente un cadre d’analyse de la sensibilité qui peut étre

utilisée pour quantifier la sensibilité du champ de déformation et de contraintes par rapport au module de la couche.

Un exemple est introduit pour démontrer les sensibilités.

1 INTRODUCTION

It is well-known that pavement-subgrade systems are
complex consisting of materials that are sensitive to
moisture, temperature and stress state.  The material
properties in these systems vary not only systematically
but also randomly, which makes it difficult to provide high
quality predictions of pavement response to traffic and
environmental loading. Strictly  speaking, good
predictions are only possible for problems in which the
load paths are not complex and the variability in
properties is not large. As a result, while the use of
sophisticated models can help the engineer better
understand the problem that is being analyzed, the quality
of predictions by these models for providing better
estimates of performance parameters that are tied to
remaining serviceability life is often undermined due to
the inability to capture details that depend on the random
variations in properties in space and over time.

Given seasonal changes in temperature and
precipitation, as well as cyclical traffic loading, pavement-
subgrade systems undergo a continuous evolution in
properties that influence the structural integrity of
pavements.  An important component of pavement
management is keeping track of the evolution of changes
in the structural performance of pavements, which is often
accomplished using the falling weight deflectometer
(FWD) together with sophisticated mechanical models to
determine the changes in the apparent layer moduli. The
ability to back-calculate properties from response data
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becomes increasingly difficult when the models become
increasingly complex. As pointed out by Stolle and Hein
(Bush and Baladi 1989), the two main limitations for
obtaining good quality estimates of the moduli are:

e solutions to back-calculation are nonunique; and

e idealized models wused in

systematic errors.

The reader is referred to special ASTM technical
publications of Bush and Baladi (1989) and Tayabji and
Lukanen (2000) addressing this subject matter.

The objective of this paper is to summarize some of
the research carried out at McMaster University on the
influence of random and systematic variations in elastic
moduli on forward and back-calculation predictions within
the context of pavement structures. We begin by defining
the problem of interest and then move onto addressing
the influence of systematic errors on the analysis of
pavement response data, as well as the effect of random
variations in elastic modulus on measured response.
Thereafter, a finite element methodology for performing
sensitivity analysis is described. The methodology
enables the engineer to determine the sensitivity of
deflection and stress or strain predictions to variations in
the stiffness characteristics of the various components
that make up a pavement-subgrade system.

analyses yield

2 PROBLEM DEFINITION AND BACKGROUND
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Regardless of the level of sophistication, models for
analysing the response of a pavement to surface loading
only provide an approximation to the real pavement-
subgrade system. Figure 1 shows schematics that
illustrate the difference between a “real” system and an
idealized one. The difficulty that the analyst encounters is
the inability to properly define geometry and the spatial
and temporal distribution of material properties. When
evaluating a pavement structure given response data, our
ability to accurately back-calculate material properties
such as the layer moduli are influenced by both
systematic and random errors. This usually implies that
estimates for subgrade modulus are better than those for
the pavement layers, which are of most interest to the
highway engineer since they directly influence the
prediction of the performance parameters, such as the
tensile strain at the bottom of the asphalt layer, which is
required when determining remaining fatigue life via
damage analysis.

displacement
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Figure 1. lllustration of (a) actual problem versus
(b) idealized pavement-subgrade system

As indicated previously the FWD test is popular for
measuring the response of a pavement to impact loading.
An important systematic error when analyzing the
response data, apart from the assumption of linear elastic
isotropic stress-strain behaviour, is the assumption that
the pavement-subgrade system can be analyzed using
elastostatic models together with the peak load and
displacements that are measured at various offsets
(Parvini 1997). Figure 1 (b) illustrates typical load and
displacement histories. The fact that the peaks do not
occur at the same time reflects the importance of inertial
in the pavement response. As discussed by Stolle and
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Guo (2005), the static behaviour can be separated from
the overall behaviour to enhance the back-calculation
capabilities of the elastostatic models, although this is

rarely done. Since the filtered response denoted by x
corresponds to zero frequency, this mode may be
interpreted as a pseudo-static behavior. For the case of
discrete data, in which the measurements are equally

spaced in time At=T/N, the pseudo-static response is

N

given by the average x=%2xk , Wwhere N corresponds
k=1

to the number of data points over interval T.

Even if the geometry and loading history of a
boundary-valued problem are well defined, accurate
predictions are only possible if the point-to-point spatial
variability of properties is known. To examine the impact
of natural random variations of measured soil properties
on the geotechnical engineer’s ability to accurately model
nonlinear material behaviour, Stolle et al. (2004)
performed a series of vacuum triaxial tests on “identically-
prepared” dry samples of Ottawa Sand (ASTM C109).
The samples were tested under a constant effective
confining stress of 50 kPa. Figure 2 summarizes the
stress-strain results of 12 tests, showing the average
relation represented by a hyperbolic equation fitted to the
data, as well as the variability denoted by the one
standard deviation limits. Scrutiny of the figure clearly
reveals a natural variation in constitutive behaviour even
though extreme care was taken when preparing the
specimens.
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Figure 2. Variation in stress strain response of Ottawa
sand.

The variability in constitutive behavior can be
accommodated introducing probability into an analysis,
assuming that the independent variables have random

values. For example, if we consider stress o =f(G) to
depend on a random variable G, the expected value of
stress E[O’] and its variance V[o ], for a given strain
history, are defined using perturbation analysis as
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E[a]=f(é)+@v[e] [
V[o]=(r.s(G)) V[G] 2

with p(G) being the probability density function; see, for

example, Kleiber and Hien (1992). From eq.1, it is clear
that the average response of stress is not obtained by
merely substituting the value of the average random
variable into the function.

Two useful measures of variability are the standard
deviation, which is the square root of the variance, and
the coefficient of variation CV, defined as the standard
deviation divided by the mean.

Whether one is dealing with systematic or random
variations, it is important to be capable of evaluating the
sensitivity of the predictions to the uncertainty of the
independent variables. The following section focus on
sensitivity analysis for the elastodynamic equilibrium of a
pavement-subgrade system, in which the layer moduli are
random variables that are not correlated. For the case in
which a variable is random, we will see that the sensitivity
is related to the coefficient of variation of the variable.

3 SENSITIVITY ANALYSIS

3.1 Contribution Ratio for Displacement

As discussed by Stolle and Pavini (2002), let us consider
the frequency domain, finite element representation of the
elastodynamic equilibrium

Ku =F + @*Mu [3]

where K = (1+2£/)K

damping ratio & and on static stiffness Ks, M is the mass
matrix, and u and F are the complex-valued displacement
and load vector corresponding to angular loading
frequency (w). One observes that all forms of loading,
including inertial, appear on the right-hand side with the
system being on the left.

Let us subdivide our domain into n distinct layers,
each characterized by its modulus E. One may
decompose the stiffness matrix, (Stolle 2002), according
to

which depends on the hysteretic

s

K= ZKi (4]

i=1

in which K; is the stiffness contribution to the total
stiffnress K of all finite elements having modulus E.
Similarly, the total displacement u may be decomposed
according to

u= zui (5]

i=1
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where u; is defined from the following sequence of
operations

KYu=YKu = u=KKu. (6]

i=1 i=1

In other words, u; is the displacement contribution

associated with layer ‘i". By recognizing that K,i:% and

1

u,=-K'K,u for the case where the load F is
independent of E;, one may write
u=-Eu, [7]

with the notation (), implying differentiation of quantity
() with This

displacement contribution u; is related to the rate of
change of the displacement with respect to modulus E.

respect to E. indicates that the

Given that ui denotes the deflection contribution of all
the elements with elastic modulus E;to the total deflection
for the K" degree of freedom uy, Stolle and Pavini (2002)
define contribution ratio

Y

CR, =
3 U,

(8]

to quantify the importance of a layer's material stiffness
to surface deflections. Given the definition of u; and
assuming that all ux have the same sign, then one would
expect ZCRk =1, when summed over all i. There are

situations however when a layer provides a negative
contribution to wux, which implies that the sum of the
contribution ratios can exceed one. Parvini (1997)
showed for stochastic elastostatic finite element analysis,
that CR is related to the coefficient of variation of ux and
that of E;by the equation; i.e.

CV(u,)
CR, = ) 9
= CV(E) [9]
This equation indicates that the sensitivity of

displacement k to modulus of layer i is related to the
statistical uncertainties associated with the modulus of
that layer. A displacement is highly correlated to an
elastic modulus if the corresponding CRx is large, and
weakly correlated when the CRk is small. The notion of
contribution ratio provides the engineer with a tool to
determine whether a measurement can be realistically
used to estimate an in-situ modulus when attempting to
estimate in-situ layer moduli using response data.
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3.2 Contribution Ratio for Stress and Strain

Once the displacement contributions u; are obtained, it is
possible to quantify the influence of a layer modulus on
strain € and stress oi contributions via g¢,=Bu, and

o,=Dg;, in which B and D are the usual strain-

displacement and constitutive matrices appearing
in e =Bu and o=De. The contribution ratio for strain

(or stress) is obtained by dividing the strain (or stress)
contribution by the corresponding total value for the
particular component being evaluated; i.e., symbolically
written, one has CR=¢,/¢ (or CR=0/0).

4  NUMERICAL EXAMPLE

For situations in which the subgrade provides poor
support for a pavement structure, a subgrade cap layer
can be constructed to provide protection and reduce the
impact of the surface load on the weak foundation; see,
for example, Stolle and Hein (2002). Such layers
typically consist of granular material with particle sizes
ranging from sand fill to crushed rock. The problem
presented in this section examines the influence of a cap
layer on the behaviour of a pavement-subgrade system,
and demonstrates how contribution ratio can be used to
determine the sensitivity of a response to material
stiffness and identify changes in the mechanics of a
system. The displacements and stresses of a pavement
structure supported by a weak subgrade are compared to
those for the system, in which a cap is constructed to
improve pavement performance. Comparisons are made
for two loading cases: quasi-static loading; and 25 Hz
steady-state harmonic loading. It should be noted that
that this loading frequency is at the upper end of the
range of frequencies that dominate a FWD test.

Figure 3 shows the finite element mesh of the
problem, consisting of 1020 four-noded, with Table 1
summarizing the elastic properties and layer thicknesses.
The 40 kN surface load was applied uniformly over a
circular area of 0.15 m radius, yielding an average
pressure of 566 kPa. For the elastodynamic analysis, a
density corresponding to a unit weight of 20 kN/m® was
assumed along with a damping ratio of 5 percent.
Absorbing boundaries were introduced at the artificial
vertical boundaries on the right hand side to reduce the
impact of reflected waves; see, for example, Parvini
(1997).

Representative contribution ratios (CR) for surface
displacement at various offset corresponding to typical
locations for FWD geophones are presented in Figures 4
and 5 for elastostatic and elastodynamic loading,
respectively, with contribution ratios for vertical centreline
stress at the bottom of the asphalt, base, subbase and
cap layers being illustrated in Figure 6. The legend for
all figures that follow is provided with Figure 4.
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40 kN

Figure 3: Finite element mesh used for axisymmetrical
analysis.

Table 1. Standard parameters for system.

Layer Thickness (cm) E (MPa) Poisson’s Ratio
Subgrade 300 — Cap 30* 0.45
thickness
Cap 30 150 0.35
Subbase 30 200 0.35
Base 15 250 0.35
Asphalt 20 4000 0.35
4.1 Effect of Subgrade Cap on Surface Deflections

The contribution ratios can be used to quantify the
significance of each layer with respect to the observed
surface displacement. Figure 4 shows the accumulated
contribution ratios of surface deflection at various offsets
for the elastostatic loading, comparing the case of no cap
with that of a system strengthened with a cap immediately
above the subgrade. A comparison of the numbers
above the bars, which represent the total displacement’s,
clearly indicates that the stiffer cap material reduces
surface deflection, as one might expect. A close
comparison of the contributions for the cases of cap and
no cap clearly indicates that the cap reduces the
influence of the subgrade, as one might expect. The
significance of the pavement layers with respect to
surface deflection actually slightly decreases with the
introduction of the cap.

An examination of Figure 4 clearly shows that for both
cases the measured displacements at large offset reflect
the stiffness of the subgrade, with measurements close to
the load capturing the properties of the pavement
structure. The overall small contribution ratios of the
asphalt and base layer beyond the loading plate clearly
indicate why it is difficult to estimate their moduli from
deflection data, when using in-situ tests and back-
calculation strategies that rely on elastostatic models.
The fact that the presence of the cap layer only has a
small influence on the combined CR’s for cap and
subgrade when compared to that of the subgrade without
cap indicates why it may be difficult to separate the
influence of the cap and subgrade on surface
measurements, particularly when one considers that
there are systematic errors due to neglecting the effects
of inertia.

4.2 Effect of Inertia

The contribution ratios for elastodynamic analysis are
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complex-valued. While the sum of the real components
adds up to one, the corresponding sum for the imaginary
components adds up to zero. Figure 5 summarizes the

l Asphalt [ Base 0 Subbase
O Cap B Subgrade

(a)
1.2 1 Deflection (mm)
. 384 357 .316 .249 195 126
0.8 1
0.6 -
0.4 -
0.2 -
0.0 -

0.0 0.2 0.3 0.6 0.9 1.4

Offset (m)

(b)
1.2 4 Deflection (mm)
10 304 .278 241 .184 143 .096
0.8 1
0.6 -
0.4 -
0.2 -
0.0 -

0.0 0.2 0.3 0.6 0.9 1.4

Offset (m)

Figure 4. Surface deflection CR for elastostatic loading:
(a) without cap; and (b) with cap.

real component of the CR’s as a function of offset
corresponding to a loading frequency of 25 Hz. Unlike
the response corresponding to the static case, the
pavement response, including that at larger offset, is
more influenced by the properties of the pavement layers.
One observes that the presence of the cap changes the
response characteristics of the system, such that
subgrade, which has negative CR’s, has a much smaller
influence of surface displacements close to the load. By
using dynamic loading and proper data interpretation
techniques, more information is available to allow for
system identification. By assuming an equivalent static
behaviour, information is not only lost, the wrong
conclusions may be reached due to the systematic errors.
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Offset (m)
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Figure 5. Surface deflection CR for elastodynamic
analysis (24 Hz): (a) without cap; and (b) with cap

4.3 Contribution Ratio for Stress

Figure 6 summarizes contribution ratios for stresses at
four locations under the load. To interpret this figure, it is
best to begin with the CR’s for the asphalt (column on
extreme right). First of all, the magnitude of stress is not
influenced much by the presence of the cap. This is
expected due to the point in question being close to the
load. One also observes similar contribution ratios from
the base and subbase layers for the two cases. As one
moves away from the load, the effect of a cap is not too
important with regard to the contribution ratios
corresponding to the asphalt, base and subbase layers,
until one is at the location corresponding to the cap layer
(far left column).
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2.0 -

Vertical Sress (kPa)
38.9 19

5.18
1.5 -

1.0 1

0.5 1

0.0 1

Contribution Ratio

il

Vertical Stress (kPa)
16.5 456

-0.5 4

1.0 A

2.0 -

4.87 198

1.5 -

1.0 1

0.5 1

0.0 1

Contribution Ratio

-0.5 4

1.0 A

Figure 6. CR’s for stress assuming static analysis:
(a) without cap and (b) including cap layer

5  CONCLUDING REMARKS

This paper has provided a review of the effect of random
properties on response and the notion of contribution
ratio and its application to interpreting the response of
pavement-subgrade systems. Although pavement
engineers have for a long time had a feel for the overall
sensitivity of surface deflections to the stiffness
characteristics of the layers, the details regarding the
sensitivities have largely alluded them.

A methodology to quantify this feel in terms of a
tangible measure; that is, the contribution ratio. It was
shown that analysis details are important for system
identification purposes, a main conclusion being that a
pavement structure responds differently to an impact load
when compared to a pseudo-static load.

ACKNOWLEDGEMENTS
The authors would like to thank NSERC for providing

financial support, as well as the assistance of the Centre
for Effective Design of Structures, McMaster University.

160

REFERENCES

Bush Ill, AJ. and Baladi, G.Y 1989. Nondestructive
testing of pavements and backcalculation of moduli,
ASTM, STP 1026, Philadelphia, Pa.

Kleiber, M. and Hien, T.D. 1992. The stochastic finite
element method: basic perturbation technique and
computer implementation. Chichester: John Wiley and
Sons Inc.

Parvini, M. 1997. Pavement deflection analysis using
stochastic finite element method. PhD Thesis,
McMaster University, Hamilton, Ontario.

Stolle, D.F.E. and Jung, F.W. 1992. Simplified, rational
approach to falling weight deflectometer data
interpretation. Transportation Research Record 1355,
TRB, Washington, D.C., 82-89.

Stolle, D.F.E. and Pavini, M. 2002. Quantitative
assessment of impact of layer moduli on surface
deflections, Proceedings of CSCE Conference
(Montreal), 6 pages.

Stolle, D. and Hein, D. 2002. Assessment of the impact of
layer moduli on measured surface deflections,
Proceedings of the 2002 Annual Conference &
Exhibition of the Transportation Association of
Canada, 16 pages.

Stolle, D.F.E. and Guo, P. 2005. A practical approach to
FWD data reduction, Canadian Geotechnical Journal,
42:641-645.

Stolle, D., Guo, P. and Sedran, G. 2004. Impact of
random soil properties on stress-strain response”,
Canadian Geotechnical Journal, 41: 351-355.

Stolle, D., 2002. Pavement displacement sensitivity to
layer moduli, Canadian Geotechnical Journal, 39:
1395-1398.

Tayabji, S.D. and Lukanen, E.O. 2000. Nondestructive
Testing of Pavements and Backcalculation of Moduli:
Third Volume. ASTM, STP 1375, Philadelphia, Pa.





