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An Important Note for the Reader

The research detailed in this report was commissioned by Transfund
New Zealand.

Transfund New Zealand is a Crown entity established under the Transit New
Zealand Act 1989. Its principal objective is to allocate resources to achieve a
safe and efficient roading system. Each year, Transfund New Zealand
invests a portion of its funds on research that contributes to this objective.

While this report is believed to be correct at the time of its preparation,
Transfund New Zealand, and its employees and agents involved in ifs
preparation and publication, cannot accept any liability for its contents or for
any consequences arising from its use. People using the contents of the
document, whether direct or indirect, should apply, and rely on, their own
skill and judgement. They should not rely on its contents in isolation from
other sources of advice and information. If necessary, they should seek
appropriate legal or other expert advice in relation to their own
circumstances and to the use of this report.

The material contained in this report is the output of research and should not
be construed in any way as policy adopted by Transfund New Zealand but
may form the basis of future policy.
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EXECUTIVE SUMMARY

Pavements constructed in New Zealand on volcanic soils, when back-analysed using
results from the Falling Weight Deflectometer (FWD) Test and the AUSTROADS
(1992) design procedure, should not have been able to withstand the imposed traffic
loading. These pavements have much higher deflections and subgrade strains than
would be expected.

The economic consequences of direct application of the AUSTROADS (1992) criteria
for pavement rehabilitation is that the thickness of the basecourse layer would need to
be increased by 300-400mm over the thickness that has traditionally been used.

In addition, to continue the progress towards performance based specifications it is
necessary, for all types of subgrade materials encountered in New Zealand, to quantify
the relationship between elastic strains generated by loading and pavement life. Without
this quantification non- destructive deflection testing of the finished pavement cannot
provide meaningful answers.

The project was carried out in two stages.

Stage 1:

» identified a number of models in the literature for relating traffic loading to
plastic strain accumulation;

» reviewed literature on mathematical models that have been developed to
enable the modelling of elastic/plastic properties under dynamic loading
imposed by traffic;

e used the computer programme CIRCLY to determine the range of stresses
occurring in typical New Zealand pavements and conducted a sensitivity
analysis on values used for Poisson's ratio and whether the pavement model is
considered isotropic or anisotropic; and

» developed an experimental design for Stage Two of the project and identified
sites for sampling.

Stage 2:

e the five sites had tube samples taken and FWD , In-situ California Bearing
Ratio (CBR), and Spectral Analysis of Surface Wave (SASW) tests were
conducted;
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o repeat load triaxial (RLT) tests were carried out on three samples from each
site, as well as further classification tests; and

e the results were compared to the criteria given in AUSTROADS,
mathematical models in the literature and the moduli obtained from the site
tests.

It was found that the AUSTROADS criterion for predicting a modulus for the subgrade
from the CBR was not a useful indicator of the build up of plastic strain in the volcanic
soils. Materials with similar CBRs had end-of-test permanent strains differing by up to a
factor of about ten. Similar problems were found with the FWD and SASW moduli.
One particular problem with these two moduli was that the soil with the second highest
FWD and SASW modulus had the greatest plastic strain at the end of the tests. In the
RLT tests, this soil had the smallest modulus in each test.

In the RLT tests, it was found that the resilient modulus (the load divided by the elastic
deflection it caused) decreased as the load increased. These moduli were considerably
less than the SASW and CBR-predicted moduli and similar to the FWD moduli.

Multivariate polynomial regression was used to fit the mathematical models to the RLT
test data. The model of Bayomy and Al-Sanad (1993) fitted the five tested materials
very well, but the four fitted coefficients in the model were significantly different
between the materials.

It is recommended that further work be carried out on determining the relationship
between the accumulation of permanent strain in the RLT test and rutting in service
conditions. The highly variable strain accumulation properties of the volcanic soils need
further investigation.
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ABSTRACT

The current AUSTROADS (1992) pavement design procedure used in New Zealand
uses a basic assumption that suggests that a vertical compressive strain applied to any
subgrade will cause the same amount of plastic strain to occur irrespective of the type of
subgrade. From the work carried out it seems that this assumption appears to be
incorrect for volcanic soils.

As Stage 1 of this project a literature review was undertaken which indicated that there
are a number of models for relating elastic and plastic strain for different materials. A
sensitivity analysis was also conducted on the parts of the elastic model used in design
and an experimental design developed for testing volcanic soils in Stage 2 of this
project.

In Stage 2, five sites were sampled and tested using in-situ CBR, FWD and SASW to
determine the in-situ moduli of the pavement. RLT tests were carried out on four of the
volcanic soils and one non-volcanic soil obtained from the pavements. Each soil was
subjected to one test at each of three nominal axial loads. The test results were fitted to
the mathematical models found in the literature.

From the results in Stage 2 it was found that the CBR was not a useful indicator of the
build up of plastic strain in volcanic soils. The resilient modulus obtained from the RLT
tests was found to decrease as the load increased. These moduli were also considerably
less than the SASW and CBR predicted moduli but similar to the FWD moduli.

The soil model reviewed in the literature, which produced the ‘best-fit’ comparison with
the RLT data, was found from the model developed by Bayomy and AL-Sanad (1993).

Recommendations for further work on determining the relationship between the
accumulation of permanent strain in the RLT test and rutting conditions, together with
the analysis and testing of different volcanic soils to develop specific failure criteria for
each soil are suggested.



Characterisation of some N.Z. Subgrades 1. Introduction

1. Introduction

1.1 Background

The AUSTROADS (1992) pavement design procedure adopted for use in New Zealand
uses a mechanistic approach based on the elastic characteristics of the pavement layers.
The basis of the analysis is to limit the vertical compressive strain applied to the
subgrade to a value dependent on the design traffic. The basic assumption is that there is
a direct relationship between the clastic strain generated by the load and the effective
life of the pavement. The assumed relationship used in AUSTROADS (1992) may be
appropriate for a range of subgrade types, but it does not appear to be the correct
relationship for the volcanic soils that are prevalent in the North Island.

There are a large number of pavements constructed in New Zealand that, when back-
analysed using results from the FWD test and the AUSTROADS (1992) design
procedure, should not have been able to withstand the imposed traffic loading. These
pavements have much higher deflections and subgrade strains than would be expected
using AUSTROADS (1992). This suggests that the current fatigue strain criteria for
pavement design used by AUSTROADS (1992) is too conservative for some subgrades.

To continue the progress towards performance based specifications it is desirable, for
common subgrade materials encountered in New Zealand, to quantify the relationship
between elastic strains generated by the load and the plastic strain which remains after
loading. Without this quantification non-destructive deflection testing of the finished
pavement cannot provide meaningful answers. The current AUSTROADS fatigue
relationship suggests that the relationship between elastic and plastic strains is constant
for all materials.

In order to develop appropriate subgrade fatigue strain relationships for use with New
Zealand subgrades in pavement design, the relationship between the elastic and plastic
characteristics of typical subgrades must be determined. This will enable the
classification of the soil types for which the AUSTROADS (15992) criteria are
appropriate and identify those that require more investigation.

The economic consequences of direct application of the AUSTROADS (1992) criteria
for pavement rehabilitation on volcanic soils is that the thickness of the basecourse layer
would need to be increased by 300-400mm (Section Ten, AUSTROADS (1992)) over
the thickness that has traditionally been used.

The refinement of the subgrade strain criteria should result in a higher degree of
confidence in the application of mechanistic design. It will also allow more confidence
to be obtained in calculating the remaining life of a pavement. This is crucial in
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determining the effect of changes of pavement use, e.g. the consequences of logging
traffic.

A clearer understanding of the effect of stress on the accumulation of permanent strain
will also assist in determining the effect of heavy vehicles on pavement performance,
and the consequences of increasing axle loads and tyre pressures.

1.2 Objectives

The objective of this project is to compare the accumulation rate of plastic strain of a
range of (New Zealand) volcanic subgrade soils with that of non-volcanic soils.
Through this comparison, a more rational system of determining the allowable
compressive strain that should be imposed on a subgrade to ensure the design life of a
pavement is achieved will be obtained.

1.3 Benefits

The benefits of this project cover a wide range of Transfund's objectives including:

e minimising life cycle costs - through a pavement design system that reduces
the risk of premature failure with some materials, and results in reduced
pavement thicknesses with others;

» improving the efficiency of the expenditure decision through a better
understanding of pavement performance and in being able to better quantify
the remaining life of a pavement;

e optimising the use of materials: without an understanding of how low modulus
subgrades can withstand heavy traffic, the tendency will be to stabilise the
existing subgrade with lime or to use pavement layer thickness significantly
greater than required;

o reducing the impact of traffic on pavements an improved: understanding of
subgrade behaviour will allow greater confidence in predicting the effects of
heavy traffic, specifically the different effects of axle weight and spacing, and
tyre pressures, which have a major impact on the costing for road user
charges; and

e improving load carrying capacity of pavements through the ability to predict
pavement performance more realistically.

10
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2. Literature Review

2.1 Introduction

A review of the literature into the effect of dynamic strain on the rate of accumulation
of permanent deformation in soils under traffic loading was carried out.

The search also reviewed literature on mathematical models that have been developed
to enable the modelling of elastic/plastic properties under dynamic loading imposed by
traffic.

2.2 Permanent Deformation Models

Two fundamentally different procedures for estimating the amount of rutting from
repeated traffic loading were identified by Monismith ez al (1975). The first procedure
involved the use of an elastic layered system to represent the pavement and either RLT
tests or creep tests (for the asphalt-bound layers) to characterise the materials used. The
second method involved the use of a visco-elastic layered system to represent the
pavement structure and materials characterisation by creep tests. Monismith e al (1975)
considered the first method to be more reasonable but does not provide reasons. For
New Zealand conditions the visco-elastic system would seem inappropriate as it was
primarily developed to investigate asphaltic concrete pavement layers. The constitutive
equation in Equation 1 was derived to fit observations of the performance of a silty clay
under a constant repeated load condition. The term permanent strain is interchangeable
with the term plastic strain used earlier.

c’=AN"

where

e’ = permanent strain
N = number of stress applications

A,b = experimentally determined coefficients

Equation 1. (Monismith et al, 1975)

Most of the models derived since the work done by Monismith et al {1975) have tended
to stay with the general form of this model with refinements being made to the
calculation of the coefficients A and b. It was shown that the exponent b was relatively
independent of the stress state of the soils tested, i.e. it didn't change with increasing
deviator stress. The coefficient A is defined by the above equation as being the
permanent strain after the first cycle.

11
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The difficulty of obtaining an all-encompassing constitutive equation coupling stress
and strain in a particular soil is best described by Shackel (1973) in a review of repeated
loadings of soils. He noted that the variables in such an equation include the geometry
of the problem, x, the density ,% the moisture content, w, the stress history (from time
s=0 to time s=t) and the temperature 7. The equation can be written symbolically, with
~ denoting matrices as:

Equation 2. Shackel (1973)

Majidzadeh et al (1978) confirmed and extended the work by Monismith ez al (1975) by
testing sand, silt and clay samples in both saturated and unsaturated conditions. The
extension used E¥, the dynamic modulus of resilience, to reflect material properties
such as dry density, moisture content and soil structure. However, this assumption is
only valid where the E* remains constant with changing applied stress. For the soils in
the study this was only true when the applied stress was above 55.2 kPa. Changes in
applied stress are then dealt with by exp( o 4,0}, as in Equation 3.

Equation 3. Majidzadeh et al (1978)

-& — A Nﬂl
N
where

Ep= permanent strain

N = number of stress applications
A=RE™“exp(Cu/ Cur)

R, m, c = experiment ally determined material constants
Ot = applied stress

O = unconfined ultimate compressiv e strength

E = dynamic modulus of resilience

12
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Bayomy and Al-Sanad (1993) used Equation 4 for sand subgrades in Kuwait. The
model follows the general form of the work by Majidzadeh ef al (1978) without the
inclusion of applied stress via the ultimate stress ratio.

gp=R(M.) exp(c oa)N’
where

£p= permanent strain

N = number of stress applications

R, s,c and b= experimentally determined constants
o« = deviatoric stress

M .= modulus of resilience

Equation 4. Bayomy and Al-Sanad (1993)

Statistical analysis showed that the parameter b was independent of the stress and
moisture conditions and therefore considered constant for the material. The applied
deviatoric stress and the resilient modulus are also shown to be statistically significant
in the correlation. The material constants are thus considered to be independent of stress
and compaction conditions.

Ullidtz (1987) noted the need for a mode! able to predict road failures at higher stress
levels and higher numbers of load repetitions. The problem with models based on the
Monismith et al (1975) equation (Equation 1) is that the solution tends toward some
fixed value of permanent strain at high load repetitions, whereas field observation
shows measured rutting keeps increasing in a linear fashion (Ullidtz, 1987).

The approach suggested by Ullidtz (1987) comes from the work of Vyalow and
Maksimyak. They suggested that the deformation of a clay material as a function of
time can be separated into three phases: Phase 1, decreasing strain rate (corresponding
to the work of Monismith et al, 1975); Phase 2, constant strain rate; and Phase 3,
accelerated strain rate. Equation 5 covers Phases 1 and 2 with the transition between the
phases assumed to take place at a critical level of plastic strain (& is defined as the
strain at Np).

i3
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Phase 1 :

B
gpzAN zi‘ for £p<80

Phase 2 :

(C/B)
ep=go+( N - No )A(I/B)B 621-1/3} (Q'{_J for €,> &
g

where
(-C/B}
1#B) ((-1/B d;
N():SEJ JA( } (?J

£, = permanent strain

N = number of stress applications

A, B,C = experimentally determined coefficients
o= applied stress

o’ = reference stress

Equation 5. Ullidtz (1987)

Reasons for Phase 3 development are discussed by Li (1994): the accelerated strain rate
can be due to the build-up of pore pressure leading to failure. Wolff and Visser (1994)
note that Phase 3 observed in real pavements tends to be associated with cracking of the
surfacing and the entry of water into the pavement structure, so Phase 3 could also
become a problem associated with maintenance of the surfacing as opposed to subgrade
design. Changes in dry density and moisture content are not allowed for by this model,
so tests need to be conducted for each new physical state.

Ullidtz quotes Danish work, which found that the coefficient A is approximated by
A=(5/CBR)x0.07, which corresponds to a mean subgrade CBR of 5%. Ullidtz makes no
comment about the value of the reference stress, ¢ other than to say it is set to arbitrary
100 kPa.

A similar approach is given by Li and Selig (1996) for silts and clays (Equation 6). The
stress state of the soil is taken into account with the deviatoric stress. The problems of
soil moisture content and dry density are dealt with using the unconfined compressive
strength of the soil. Li and Selig’s model is the basically the same as Ullidtz’s, except
for the use of the unconfined compressive stress for the reference stress rather than
perhaps an arbitrary value (0.1 MPa in Ullidtz, 1987).

14
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Equation 6. Li and Selig (1996)

m
sza(—gi] Nb
T

where

£p= permanent strain

N = number of stress applications

a,b,m = experimently determined coefficients
o« = deviator stress

o = unconfined compressive strength

Raad and Zeid (1989) proposed a two-part model which is interesting for its
concentration on the stability of the accumulation of permanent strain and the prediction
of permanent strain accumulation in the unstable region (Equation 7). The stable
accumulation of permanent strain is simply where the amount of strain accumulated per
loading cycle decreases with the increasing number of loading cycles. It was found that
for the silty clay under investigation, the threshold stress value between stability and
instability was between 0.8 and 0.9%q/qqy. Below the threshold, strain hardening or
shakedown is observed. Subgrade modulus, defined as the ratio of repeated stress to
total strain per load repetition, rises and reaches a constant value at high numbers of
Joad repetition. Above the threshold stress level, strain softening occurs and the
modulus decreases.

Phase 1:
£y Jor g,<
P — Y 4r<dr
K a, +S,logN ar<ar
Where

£,= permanent strain

N = number of stress applications

a, S = experimentally determined coefficients

qr = ratio of repeated deviator stress to the strength obtained from a
standard triaxial test at a strain rate of 0.5 percent/min

gn = threshold stress level which corresponds to the stress level below
which the accumulation of axial strain will eventually cease and lead to a
stable response

15
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Phase 2:
£
q,=———— Jfor q:>qn
ak + bh 8{[
where

£,= permanent strain

N = number of stress applications

By, =B,+3S, logN

ay S B = experimentally determined coefficients

Equation 7. Raad and Zeid (1989)

Shakedown theory can be used as a framework for applying the range of models found
in the literature. Collins ef al (1993) discusses the four following long-term responses to
loading:

(i) Purely Elastic. In this instance, the loads are sufficiently small so that no
element of the structure is ever plastically stressed. The response will be
purely elastic and the deformation recoverable throughout the complete
loading history.

(ii) Elastic shakedown. The structure's response is partially elastic and partially
plastic for a finite number of load applications, but the build-up of residual
stresses returns further response to a purely elastic form. When this occurs
the structure is said to have 'shaken down'. The maximum load level at
which this occurs is known as the shakedown limit.

(iii) Plastic shakedown. In this regime, the final steady-state response of the
structure is a repeated closed cycle of elastic/plastic deformation, where the
stress cycle just touches the yield surface and there is no continual increase
in the increment of plastic strain accumulated with each loading cycle.

(iv) Ratchetting, or incremental collapse. At still higher load levels, the plastic
part of the response grows with each load application and results in an
increasing increment of plastic strain accumulated in each load cycle.

Brown and Dawson (1992) provide an example of a model in the purely elastic
category. It is not reviewed here. Models based on the Monismith et al (1975) model
fall into the elastic shakedown category. The two-phase models from Ullidtz (1987) and
Raad and Zeid (1989) attempt to describe elastic shakedown in Phase 1 and plastic
shakedown in Phase 2.

Shakedown theory suggests it is possible to determine which form of model should be
used by a simple stress limit. For example, above the elastic shakedown limit but below

16
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the plastic limit use Ullidtz's model. The lower bound under which elastic shakedown
will occur is described by Melan's theorem:

“If any residual stress distribution can be found which, together with the
stress field produced by the passage of a load, does not exceed the yield
condition at any time, then elastic shakedown will occur.”

Kinematic or Koiter’s theorem can define the upper bound:

“If any kinematically possible plastic collapse mechanism can be found
in which the rate of work done by the elastic stresses due to the load
exceeds the rate of plastic energy dissipation, then incremental collapse
will occur.”

However, it is not as easy as it seems to apply shakedown theory for granular materials
to fine grained materials. Li (1994) discusses the problem of changing stress conditions
when pore water pressure builds up in fine-grained soils under repetitive loading in
undrained conditions. The increasing pore water pressure leads to a reduction in
effective stress and eventual failure. In drained conditions, repetitive loading on
normally consolidated soils can have a beneficial effect on the shear strength of the soil.
Dissipation of excess pore water pressure leads to reconsolidation and an increased
resistance to cyclic shear deformation. With over-consolidated soil in drained conditions
quite the reverse can occur. Excess pore water pressure increases with successive cyclic
loading as does shear strain. Current shakedown design ignores the problem of changing
stress conditions and focuses on the strength conditions occurring early in the loading
history of the soil, assuming the strength and stress conditions remain constant.
However, the theory does elegantly describe the phases of soil behaviour as an overall
concept.

The key point to note in all the models is that they all have material constants. Each
expects that different materials accumulate plastic strain at different rates. Li and Selig
(1996) have provided material constants for low plasticity silts, high plasticity silts, low
plasticity clays and high plasticity clays. At 10,000 cycles of the same stress a high
plasticity clay could accumulate 2.5 times the plastic strain of a low plasticity clay with
the same static strength.

In summary, the models that include a parameter to allow for changing stress conditions
would appear to be the most practical. They allow two or three RLT tests to be
performed and the performance of the material can then be calculated under different
stress conditions. Models with some limit to the amount of stress that can be applied are
the most logical. The models by Li and Selig (1996), Ullidtz (1987), Majidzadeh (1978)
and Raad and Zeid (1989) cover the problems of differing stress conditions and have
some limit on the stress that can be applied. Ullidtz (1987) and Raad and Zeid (1989),
however, run into problems in that quite a number of tests are required to establish the
change in phase of the models, which makes them impractical for normal design use.

17
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The difficulty of obtaining the shakedown limit is illustrated by Zhang and Pidwerbesky
(1998). They suggest it is a function of loading frequency and confining pressure. The
models by Li and Selig (1996) and Majidzadeh (1978) have the advantage of being
simple and that their general shape is what is observed in pavement rutting studies.
These two models are recommended for use with cohesive soils. Bayomy and Al-Sanad
(1993) and the Phase 1 of Ullidtz (1987) are recommended for use with non-cohesive
soils. While none of these models have been specifically developed for use with
volcanic soils, unpublished data from RL.T tests conducted at Opus Central Laboratories
suggests that they can be usefully applied to such soils.

2.3 Mathematical Models of Pavement Stresses

The basic requirements of any mathematical model relating distress to performance are
given in Pidwerbesky (1996):

» the pavement models must be able to predict both the type and the degree of
distress that will occur under any given set of conditions;

e the model must be able to predict the component effect of any particular form of
distress on the primary output of the pavement (its serviceability-age history);
and,

e the effect of various maintenance strategies on the serviceability-age history of
the pavement must also be modelled.

The approaches to the problem of mathematical modelling can be separated into two
fundamental groups, the first being analytical methods and the second being numerical
techniques.

2.3.1 Analytical methods

Analytical methods use linear elastic theory. Based on Boussinesq's one-layer theory,
the main assumptions are that the materials are homogeneous, isotropic and linearly
elastic. The boundary conditions for the problem are: infinite lateral dimensions; infinite
thickness (finite for the surface layers); that the upper layers are weightless; that the
layers are in continuous contact; that the surface layer is free of shearing; and there is
full continuity at interfaces between layers. Soil models have also been developed
however, which incorporate and solve multi-layer problems.

Computer programmes such as CIRCLY, BISAR, ELSYMS5, EFROMD2, DAMA and
PAS use linear elastic theory to calculate the stresses and strains generated within a
pavement. Each programme calculates the stress and strain slightly differently. For
example, CIRCLY allows anisotropic conditions to be entered. The more advanced
programmes could be considered as simple finite element programmes retaining the

18
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concepts of linear elastic theory; DAMA, for example, allows non-linear
characterisation of granular materials (Chen ef al, 1995).

The disadvantage in using packages based on linear elastic theory is spelt out by
Pidwerbesky (1996) and Haas (1994): real conditions in real pavements contradict
assumptions made in using linear elastic theory. Pidwerbesky (1996) measured the
actual strains in a test track pavement and concluded that actual vertical compressive
strains measured in the unbound granular layers and subgrade were substantially greater
than the levels predicted by multi-layer linear elastic models on which AUSTROADS
(1992) and the National Roads Board flexible pavement design procedures are based,
for the same number of loading repetitions to failure. This suggests that linear elastic
theory does not calculate the real stresses and strains occurring in the pavement.
However, AUSTROADS design method can be altered by sub-layering unbound
granular layers so that modulus dimishes with depth and also the horizontal modulus
can be assumed to be much less than the vertical modulus. By making these changes,
linear elastic analysis can make an attempt to model non-linear stress distributions more
closely.

In terms of the basic requirements set out by Pidwerbesky (1996) and given above, it
seems that only the first (“the pavement model must be able to predict both the type and
degree of distress that will occur under any given set of conditions™) is satisfied by
linear elastic theory, and even then only partially. By definition elastic design requires
an empirical link with distress. That link can only be guaranteed to hold true for the
conditions it was created for. In the case of current elastic design, the link is only true
for particular soil types and only predicts one level of distress.

2.3.2 Numerical techniques

Numerical techniques are based on finite element methods. Using finite element
techniques it is possible to model assumptions of anisotropic and non-linear conditions.
Even non-homogenous conditions and alternative boundary conditions can be modelled
if desired. Finite element methods have been incorporated into computer packages such
as ILL-PAVE and MICH-PAVE, methods for dealing with boundary conditions being
the difference between these two programmes. Finite element analysis can also be used
in more specialised design techniques such as viscoelastic analysis and mechano-lattice
analysis.

Finite element analysis replaces a continuum with an assemblage of discrete elements
connected at node points. The number of elements required to represent the problem
depends in principle on the severity of the stress gradient and the extent of the
continuum (Kumar, 1986). Standard computer packages such as MICH-PAVE account
for material non-linearity in the basecourse and subgrade layers, the unbound nature of
granular materials and the locked lateral stresses arising from compaction
(Harichandran ef al, 1990). These packages could be used to model the stresses required
for input into the constitutive equations outlined in the literature review.
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Viscoelastic analysis is primarily used for the design of asphalt pavement structures.
The finite element programme PACE has been developed for pavement design
specifically using viscoelastic material characteristics defined by testing mix specimens
with repeat load creep tests or conducting frequency sweep tests. It allows for strain
hardening and heat flow which cannot be dealt with by linear elastic solutions (Rowe et
al, 1995). Viscoelastic techniques can be extended to model the whole pavement. Hyde
and Brown (1976) investigated the link between creep loading tests and RL.T tests for a
silty clay. They found that creep loading curves can adequately predict RLT test curves.

Smith and Yandell (1986) discuss the use of the mechano-lattice which directly allows
for the elasto-plastic behaviour observed in real pavements. The model uses an axial
load versus deflection hysteresis loop during cyclic loading. Behzadi and Yandell
(1996) suggest the RLT tests can be used to provide the necessary inputs for the
technique.

While numerical techniques provide more realistic calculations of the strains actually
occurring in the soil, it must be remembered that the design charts and fatigue criteria
that currently exist have been back calculated using linear elastic methods. This means
that it may not be wise to use more sophisticated methods with current fatigue criteria
developed with elastic theory.

When modelling a soil it must be remembered that the model is an idealisation of what
is really happening. In the case of linear elastic models the assumptions made can be
vastly different to what is actually happening. Because of the highly stress-dependent
nature of volcanic soil behaviour (Jacquet, 1987), the assumptions made in linear elastic
theory may be inaccurate. Numerical techniques provide the best way to model the
naturally occurring conditions found in pavements founded on volcanic soils because of
their ability to model non-linear, anisotropic conditions with varying boundary
conditions. Standard computer packages such as ILL-PAVE and MICH-PAVE are
numerical techniques that have been developed specifically for pavement design, The
ability to predict the actual stresses in the subgrade means that it is possible to apply the
deformation equations found in the literature once a link has been confirmed between
observed behaviour from the RLT tests and field studies.
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4. Experimental Design For Stage 2

4.1 Overview

Based on the foregoing discussion, five subgrades will be sampled using a piston
sampler to obtain undisturbed samples of the subgrade material from existing
pavements. At each site, FWD and SASW testing will be performed to obtain an
estimate of the subgrade modulus, as well as In-situ CBR tests,

Each material will be classified in terms of the standard classification tests of particle
size distribution, moisture content and Atterberg limits.

From each site, RLT tests will be performed at three levels of stress to determine
modulus and rates of permanent deformation up to 10° cycles of load. The stress levels
and rate of loading will be those recommended below. With samples from five sites, a
total of 15 RLT tests will be performed.

4.2 Soil Samples

The following subgrade types will be considered:

e Taranaki brown ash (Stratford ash) (soil group: brown granular loam;
composition: andesitic tephra),

e Taupo ashes (soil group: yellow brown pumice soil; composition: rhyolite lapilli
and ash),

e Egmont ashes (soil group: yellow brown loam; composition: hornblende
andesite ash),

s Mairoa ash (Soil group: yellow brown loam; composition: augite andesite ash,
and

e silty clay.

4.3 RLT Test Stress Levels

The confining stress applied will be 50 kPa, as suggested by OReilly and Brown
(1991). This takes the middle ground in the literature where confining stresses range
from O to 100 kPa. The CIRCLY analysis suggests there is little confining stress applied
in a subgrade due to the wheel loading at the point of maximum deviator stress.
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The CIRCLY analysis suggests that the deviator stresses applied should range from 25
kPa to 150 kPa. Combined with the information from Pidwerbesky (1996) the deviator
stresses used will have a factor of safety of 2 and are proposed as follows:

s 50 kPa,
e 175 kPa, and

e 300 kPa.

The deviator stresses listed above tie in well with the range of deviator stresses
observed in the literature for fine-grained materials. However, the final decision on the
stresses used in testing will be based on the initial triaxial test results and where the
material would be placed in a pavement the stress conditions applied must relate to the
material being tested. For example, Fullarton (1978) indicates that the proposed deviator
stresses may exceed the static shear strength of the Taranaki brown ash.

4.4 l.oading Rates

A triangular load pulse with a rate of loading of 0.1 seconds will be attempted with a
rest period of 2.9 seconds. To a certain extent the loading rate is governed by the
limitations of the testing equipment. Barksdale (1971) suggests that a load pulse like
this would simulate the traffic flowing at between 32.2 and 64.4 km/hr, depending on
the depth of the pavement. This loading regime was also used by Monismith et al
(1975).

4.5 Loading Conditions

Drained and unsaturated loading conditions will be adopted to best simulate real
conditions. The confining pressure will be applied in drained conditions and allowed to
reach equilibrium. Majidzadeh et al (1978) tested both saturated and unsaturated
conditions and concluded that in either state the material followed the general rutting
model, but with different values for the material parameters. This indicates that in terms
of validating the models the loading conditions should be irrelevant if the stress
conditions are carefully chosen.
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5.2 Material Descriptions

The materials and their depths at each site are listed in the Tables 5.1 to 5.5.

Table 5.1 Eltham: SH3 RP 279 / 1.54, Stratford Ash.

Layer Thickness (mm}) | Description

Seal 120

Basecourse 240 Volcanic, silty, sandy GRAVEL
Subbase 60 Gravelly, light-brown plastic SILT
Subgrade Soft brown ASH (In-situ CBR 13.2)

Table 5.2 Mission Bay: SH1 RP 639/ 9.0, Taupo Ash.

Layer Thickness (mm) | Description

Seal 20

Basecourse 140 AP40 (Cement Treated). Fresh Angular DACITE,
dense, moist, non-plastic. Some reconstituted chip
seal mixed in.

Subbase 110 Cream pumice, silty SAND, fine to medium
grained, some 30 mm pumice gravels, firm,
moist, non-plastic. (In-situ CBR 70)

Subgrade Very dark grey SAND, some 60 mm Pumice,

some 40 mm rounded hard gravels, loose, moist,
non-plastic. (fn-situ CBR 35)

Table 5.3 Patea Township: SH3 RP 321/ 16.85, Egmont Ash.

Layer Thickness (mm)} | Description

Seal 70

Basecourse 140 Volcanic, grey, silty, sandy GRAVEL
Subbase 70 Gravelly, light-brown SILT

Subbase 70 Black SAND

Subgrade Light-brown SILT (In-situ CBR 33)

Table 5.4 Chinaman’s Hill: SH3 RP 0/ 3.20, Mairoa Ash.

Layer Thickness (mm) | Description

Seal 30

Basecourse 270 AP40. Fresh angular to sub-angular
GREYWACKE, excess fines, dense, moist, non
plastic. Some reconstruction chipseal mixed in.

Subgrade Orange clay SILT, very stiff, moist, plastic.

{In-situ CBR 15)
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5. Site Selection & Sampling

Table 5.5 Sanson: SH3 RP 450 / 1.80, Clay SILT.

Layer Thickness (mm) | Description
Seal 100
Basecourse 210 Not recorded
Subgrade 70 Clay SILT. dark-brown, mottled soft (/n-situ CBR
5)
Subgrade As above lighter in colour, similar strength
53 In-situ Testing

At each site In-situ CBR, FWD and SASW tests were conducted to characterise the site
conditions. The results and analysis are given in Table 5.6.

Table 5.6 Results of In-sifu Tests on Subgrade.

Site In-situ CBR FWD Ratio SASW Ratio
Modulus FWDEto Modulus SASW E to

(MPa) CBR (MPa) CBR
Eltham 3.2 70 5.3 171 12.6
Patea Township 33 04 1.9 126 3.8
Sanson 5 48 9.6 109 21.8
Chinaman’s Hill 15 65 43 108 7.2
Mission Bay 35(70) 95 2.7 257/479 7.3(6.8)

5.4 Laboratory Testing

Following the RLT, the water content, Atterberg limits and particle size gradation were
establish for each sample. The results are given in Table 5.7 and Figure 5.2. A triaxial
compression test was also carried out on each specimen after the RLT testing was
completed, to obtain a compressive strength. A uniform compression rate of 2.03 mm
per minute was used for the compression tests for all samples except Chinaman’s Hill
100 kPa (4.06 mm/min) and 50 kPa (1.02 mm/min). The compressive strengths
determined are given in Table 5.7.
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Table 5.7 Laboratory Testing Results.

Sample name Egmont ash Taranaki Mairoa ash Silty clay Taupo ash

brown ash
Sample source Patea Eltham Chinaman’s Hill Sanson Mission Bay
SH3 SH3 SH3 SH3 SH1
RP 321/16.85 | RP 275/1.54 RPO/3.2 RP 450/1.8 RP 639/9
Sample description CLAY-SILT: | Silty SAND: | Silty CLAY: Silty CLAY: |Gravelly SAND:
medium high plasticity | high plasticity medium fine to coarse
plasticity placticity

As rec'd w/c (whole 29,5 68.5 70.6 21.3 8.6

soil)

Sample history Natural natural natural natural natural
Soil fraction tested -0.425mm -0.425mm -0.425mm -0.425mm -
Liquid limit - - - 45 -

Cone penetration limit 50 116 105 - -
Plastic limit 24 72 51 19 -
Plasticity index 26 44 54 26 -
Linear shrinkage - - - - -

Solid specific gravity 274 2.86 2.72 2.67 -
Compressive strengths (kPa)

50 kPa sample 254 199 151 266 346

100 kPa sample 271 160 192 287 424

150 kPa sample 250 207 220 319 393

Dry density (t/m”) 1.36,1.38,1.34 ; .87,82,86 91,.90,.93 1.59,1.65,1.58 | 1.95,1.95,1.94
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Figure 5.2 Particle Size Distributions for the Five Sites.

5.5 Stress Conditions at Subgrade Based on FWD Data

For each site a CIRCLY analysis was completed to determine the stress conditions
imposed on the subgrade by a 550 kPa tyre load. The FWD elastic modulus was used
and the pavement model configured with the site specific pavement layers. Isotropic
conditions were assumed because the FWD back-calculated elastic moduli are based on
isotropic conditions. An approximate estimate of the static stress conditions was also
made based on the test pit log and assuming that confining pressure is developed under
wheel loading by the passive earth pressure.

5.6 Revised Test Procedures

As a result of the analysis of the FWD data, it was decided to revise experimental
conditions for the RLT testing. The concern was that the originally-proposed (section
4.3) stress levels were vastly greater than the levels suggested in the analysis with the
FWD data and could have caused (instant) failures in some of the materials. Table 5.8
below shows the calculated stresses using the FWD modulus.
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Table 5.8 Stress Conditions Calculated by CIRCLY Using FWD Modulus and Observed

Pavement Layers.

Site Dynamic Dynamic Static Static
1% Principal | 3™ Principal | 1% Principal | 3™ Principal
Stress (kPa) | Stress (kPa) | Stress (kPa) | Stress (kPa)
Eltham 39 3 10 58
Mission Bay 79 29 6.6 38
Patea 106 16 8.6 50
Township
Chinaman’s 37 8 7.4 42
Hill
Sanson 48 I 7.6 44

Hence the target deviatoric stress levels to be used in the testing were:

. 50 kPa,
. 100 kPa, and
. 150 kPa.

These stresses are within the range of expected stresses predicted by CIRCLY
calculations, as discussed in section 4.3. Thus the original plan of using laboratory
stress about twice those predicted by the CIRCLY calculations has been set aside.

No change to the proposed drained conditions was considered necessary for the RLT
tests. During preparation, construction and early traffic loading the subgrade will
undergo some consolidation, so all samples were consolidated prior to RLT testing.
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8. Analysis

8.1 Comparison With Mathematical Models

To remove any initial bedding, seating and gauge initialisation problems from the
numerical comparison, only data for load cycles 100 to 100,000 were used, with two
exceptions. As stated in section 7.0; data for load cycles 35,000 and on were rejected
from the Patea 100 kPa test. The other exception is the Sanson 150 kPa test, where the
deviatoric stress was variable and usually near zero for up to about 250 cycles, so that
data was also rejected from the model fitting. The permanent strain was set to zero at
these nominal start cycle numbers. Multivariate polynomial regression using data from
all three tests for each material, was used to determine the best-fit coefficients for each
mathematical model and to determine the correlation coefficient R% The results are
shown in Table 8.1. When each test is fitted individually, the fits are much better for
most models, but this is of little value because the deviatoric stress varies in service
conditions.

Table 8.1 Correlation coefficients R® for the mathematical models reviewed.

Sample Chinaman’s Eltham Mission Bay Patea Sanson
Hill {non-volcanic)

Description Silty CLAY: | Silty SAND: Gravelly CLAY-SILT: | Silty CLAY:
- high high plasticity | SAND: fine medium medium

Soil Model plasticity to coarse plasticity placticity

Liand Selig (1996) 0.773 0.94 0.54 0.98 0.94

(Eqn 6)

Ullidtz (1987) 0.84 0.98 0.96 0.96 .95

(Egn 5)

Bayomy and Al- 0.96 0.99 0.98 0.99 0.98

Sanad (1993) (Eqn 4)

Majidzadeh et al 0.77 0.97 0.35 0.99 0.92

(1978) (Eqn 3)

Raad & Zeid (1989) 0.05 0.18 0.53 0.11 A7

(Eqn 7)

Clearly, the Raad and Zeid (1989) model does not fit any of the test data very well and
the Bayomy and Al-Sanad (1993) model has the largest correlation coefficient for all
materials, although for the Patea material Majidzadeh et al (1978) a