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1 INTRODUCTION
These Guidance Notes (GN) describe the standard procedures for estimating pavement layer effective
modulus and residual life using data acquired with the Dynatest 8002 Falling Weight Deflectometer
(FWD) and the accompanying Evaluation of Layer Moduli and Overlay Design (ELMOD) software.
This GN is written in close relation with the ELMOD software. Hence, these GN are not intended for
other evaluation software. By following these standard procedures, the data is analysed in a consistent
manner and can be used to compare the relative conditions of pavement sections in the road network.
It is expected that as more experience are gained in FWD testing and analysis, the Benkelman Beam
(BB) test will be phased out. This GN is to be read in conjunction with the accompanying
‘RD/GN/026 - Guidance Notes on Falling Weight Deflectometer Field Survey’ that stipulates the
FWD deflection data collection procedures.

Highways Department (HyD) has been using the BB test to evaluate the structural condition of

pavements. However, the BB test has the following limitations:

@) It cannot be used for rigid pavements.

(b) The loading time for the BB test is longer than normal traffic loading times and the deflection
may be different under actual loading conditions.

(c) It cannot measure the shape of the deflection basin.

(d) It cannot analyse individual pavement layers.

(e) The BB test results are analysed according to TRRL Laboratory Report No. 833, which is
based on empirical results in the UK and may not be appropriate for local conditions.

()] The BB test is time consuming, requiring road closure and traffic diversion.

The FWD test is considered more suitable to evaluate the structural condition of the

pavement for the following reasons:

@) It can be used to test both flexible and rigid pavements.

(b) The loading time is comparable to that of normal traffic load, and the resulting stress, strain
and deflection correspond well with those under normal traffic.

(c) It can measure the shape of the deflection basin.

(d) It can analyse the condition of individual pavement layers.

(e) The FWD test and analysis parameters can be tailored for local materials.

0] The FWD testing times are relatively short, road closures are usually not necessary except for
high speed roads.
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In view of the limitations of the BB test, the more advanced Falling Weight Deflectometer (FWD) test
was introduced under the Road Testing Programmes consultancy in 1991 to test around 600 km of
roads in the territory. In this study, both flexible and rigid pavements were tested by FWD and
structural analysis of the data were carried out. Coring and laboratory tests were carried out to
ascertain the pavement thicknesses and material properties. Fatigue characteristics of flexible material
were obtained from indirect 4-point bending tests for two mixes available at the time of the study.
Data from these material properties are included in these GN for the establishment of the parameter
file of ELMOD software.

In 1994, a Highway Maintenance Management System Pilot Scheme consultancy Study was
commissioned to develop a pilot pavement management system for the Shatin District. ADYNATEST
FWD, together with the ELMOD analysis program, was acquired by HyD in association with project.
The FWD has been used experimentally to test the pavement. By the end of 1998, R&D Division
conducted a study with a view to promulgate the use of the FWD as a standard pavement structural
evaluation test and to phase out the BB test.

The FWD test to be conducted at the project level. The results should be considered at the project
level. The results should be considered in conjunction with other inspection and test data in order to
determine the most appropriate treatment method. Selection of the treatment method requires
engineering judgement. The overlay thickness automatically calculated by ELMOD4 should not be
directly used for rehabilitation design purposes. Overlays, if deemed to be most appropriate, should be
designed in accordance with the HyD Pavement Design Manual when it is published.

The procedures are illustrated with the use of ELMOD Version 4.4 (ELMOD4) and may need to be
updated when there is a major change in ELMOD. Periodical updates are required when the properties
of local pavement materials are better known and more analysis results are obtained to expand our
database.

Section 2 of these notes covers briefly the basic theory used by ELMOD in FWD data analysis.
Section 3 explains the preparation work required before carrying out the analysis. Section 4 describes
the detailed analysis steps in using ELMODA4. Section 5 illustrates the analysis steps for flexible
pavements with an example. Section 6 illustrates the analysis steps for rigid pavements with an
example. Appendix A is a list of references for further information.
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2 BASIC THEORY
2.1 PAVEMENT STRUCTURE
The general principle in pavement modelling is that layers of similar properties should be combined
into one layer. The thickness of individual layers should be determined in accordance with Section 4.2.
The pavement model to be used for analysis should be determined as outlined below.

A flexible pavement is normally modelled as a 3-layer structure with all asphalt materials combined
into one top layer, the sub-base as the second layer, and the subgrade as the third layer. A rigid
pavement is normally modelled as a 2-layer structure with the concrete slab as the top layer and the
sub-base combined with the subgrade to form the second layer.

Sometimes the above standard models may not give reasonable results, e.g., the sub-base modulus is
lower than the subgrade modulus. The reason may be due to a non-linear subgrade modulus, normally
increasing with depth. The subgrade modulus may also be stress dependent, usually the modulus
increases as the deviator stress on the subgrade decreases. Hence the subgrade modulus measured
under the load centre is smaller than that measured at some distance away from the load. A third
reason may be the presence of an effective rigid layer at a certain depth in the subgrade. To achieve a
more reasonable backcalculation result, the subgrade may be further divided into 2 layers, with a layer
just beneath formation level of thickness 500 — 1000 mm on top of a semi-infinite bottom layer.

Overseas experiences indicate that the critical conditions in the flexible pavement structure are the
horizontal tensile strains at the bottom of the top layer and the vertical strains at the top of the
subgrade. A typical flexible pavement model is shown in Figure 2.1. The critical conditions in a rigid
pavement structure are more difficult to determine because of the presence of discontinuities at slab
joints. A typical rigid pavement model is shown in Figure 2.2. The modelling rules for the different
pavement layers are described in further details in Section 4.2.
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Figure 2.1 — Typical Flexible Pavement Model

WHEEL LOAD

CONCRETE SLAB

SUBGRADE

Figure 2.2 — Typical Rigid Pavement Model
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2.1.1 TOP LAYER
For flexible pavement, all asphalt layers are combined into one layer. Note that non-structural
surfacing layers such as friction courses should be excluded from the total thickness.

For rigid pavement, the concrete slab is modelled as the top layer. For a composite pavement
where a thin asphalt friction course covers a concrete slab, the asphalt layer should not be
considered as a structural layer and only the thickness of the concrete slab should be used.

The top layer is designated as Layer 1, with thickness H; and modulus E;.

2.1.2 SUB-BASE
For flexible pavement, the granular sub-base is modelled as a separate layer. This is
designated as Layer 2, with thickness H, and modulus E,.

For rigid pavement with a granular sub-base, the difference in magnitude between the
concrete slab modulus and the underlying layers is sufficiently large such that the difference
in modulus between the granular sub-base and subgrade becomes insignificant. The sub-base
should be combined with the semi-infinite subgrade into one layer and designated as Layer 2
with modulus E,.

If a lean concrete sub-base is used, it is assumed that the lean concrete has cracked into pieces
of size 300mm or above. This size is equal to or larger than the size of the FWD loading plate
and the deflections in the neighbourhood of the loading plate cannot be correctly evaluated
with elastic theory. Therefore the sub-base should also be combined with the semi-infinite
subgrade into one layer and designated as Layer 2 with modulus E..

2.1.3 SUBGRADE

The subgrade is normally modelled as one semi-infinite layer. In the 2-layer model, the
sub-base is combined with the subgrade and designated as Layer 2, with modulus E,. In the
3-layer model, the subgrade is designated as Layer 3, with modulus Es.

In a 4-layer model, the additional subgrade layer of thickness 500mm to 1000mm just below
formation level is designated as Layer 3, with thickness Hs; and modulus E; and the
underlying subgrade is designated as Layer 4, with modulus E4;. However, ELMOD requires
that a ratio E,/E3 be fixed for a 4-layer model. For granular materials, ELMOD assumes the
ratio E,/E; = 0.2 * H,*** by default.

RD/GN/027A
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The use of a 5-layer model is normally not recommended. At some locations, a rigid layer, e.g.
rock head, may exist at a known depth below the pavement structure. In such cases, the depth
to the rigid layer should be entered into ELMOD.

2.2 BACKCALCULATION OF PAVEMENT LAYER MODULI

There are various software programs available for estimating the stiffness moduli of the pavement
layers. Different programs may apply different principles. ELMOD uses an approximate method
based on Boussinesq’s equations and Odemark’s method of equivalent thickness to estimate the layer
moduli. This Section outlines the basic theories used.
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221 BOUSSINESQ’S EQUATIONS

The ‘Radius of curvature’ method adopted by ELMOD makes use of the Boussinesq’s
equations. Boussinesq developed a set of equations to calculate the stress, strain and
displacement conditions in a homogeneous, isotropic, linear elastic semi-infinite space under
a point load™. The stress, strain and displacement conditions under a uniform load can be
found by integration. At the depth ‘z” below the centreline of a uniform circular load ‘s’ with
radius ‘a’, the stress, strain and displacement are given by the following:

o, = oo X {1- U[1+(a/2)’ "%}

or = 61 = o X {(1+20)/2 — (1+p) / [1+(a/2)]*? + (12) / [1+(a/2)°1%}

&, = (1+p) X oo/E x {(z/a) / [1+(z/a)*]*? - (1-2p) {(z/a) | [1+(z/a)*]"? -1}}
d, = (1+p) X o0 X &/E x {1/ [1+ (z/a)’]"? + (1-2p) x {[1+(z/a)*]** - z/a}}
R = E x a/[(1-p%) X oq] / {1+[1+ 3/2/(1-p)] X (2/a)*} x [1+(z/a)?] ¥
&=2z/2/R

where o, = vertical stress;
o, = radial stress;
o = tangential stress;
g, = vertical strain;
& = horizontal strain;
d, = vertical displacement;
R = radius of curvature;
E = modulus;
and p = Poisson ratio.

Note that the horizontal strain at the bottom of a bituminous layer, often the critical strain in
the pavement structure, can be found by first calculating the radius of curvature of the plane at
the bottom of Layer 1.
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Page 12 of 73



2.2.2 ODEMARK’S METHOD OF EQUIVALENT THICKNESS
Boussinesq’s equations are only applicable to a homogeneous layer. In practice, most
pavement structures are not homogeneous but are layered systems. Odemark developed an
approximate method to transform a system consisting of layers with different moduli into an
equivalent system where the thicknesses of the layers are altered but all layers have the same
modulus. This is known as the Method of Equivalent Thickness. The transformation assumes
that the stiffness of the layer remains the same, i.e.

I x E/ (1 - p®) remains constant

where | = moment of inertia;
E = layer modulus;

and u = Poisson ratio.

Since | is a function of the cube of the layer thickness, the equivalent thickness transformation
for a layer with thickness = h;, modulus = E;, and Poisson ratio p, into a layer with equivalent
thickness = he, modulus E,, and Poisson ration p, may be expressed as follows:

h®XE /(L-w?d) =hd XEx/ (1-p?); or
he =hy X [E1/ B> X (1 - po?) 1 (1 - )] 2.

Since this is an approximate method, an adjustment factor ‘f” is applied to the right hand side
of the above equation to obtain a better agreement with elastic theory. The value of ‘f’
depends on the layer thicknesses, modular ratios, Poisson ratios and the number of layers in
the pavement structure. Furthermore, the Poisson ratio for all pavement materials can be
assumed to be the same, usually equal to 0.35. The equivalent thickness equation can
therefore be expressed as:

he = f x hy X [E1 / E;] *2.

To analyse a multi-layer pavement structure with known layer moduli, the layers can be
successively transformed into an equivalent system with a homogeneous layer modulus equal
to the modulus of the semi-infinite subgrade layer by applying Odemark’s method.
Boussinesq’s equations can then be applied to calculate the stress, strain and displacement
conditions within the equivalent layered system. In analysing FWD data, the process is
reversed by using the surface displacements measured at varying distances under a plate load
to *backcalculate’ the moduli of individual pavement layers.

RD/GN/027A
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The backcalculated modulus is often called the effective modulus because the value
represents the effect of the layer within the whole pavement structure. This may be different
from the modulus obtained if the layer is evaluated in isolation, such as in the case of testing a
cored sample in the laboratory.

2.2.3 SURFACE MODULUS

The surface modulus is the “weighted mean modulus’ of the semi-infinite space calculated
from the surface deflection using Boussinesq’s equations. The surface modulus at a distance
‘r’ roughly reflects the surface modulus at the same equivalent depth z = r. If the subgrade is a
linear elastic semi-infinite space, the surface modulus should be the same at varying distances.
If a stiff layer is present, the surface modulus at some distance should become very large.

ELMOD begins the process by estimating the subgrade modulus using the outer deflections
since these are almost entirely controlled by the subgrade. The change in moduli with varying
distances from the load centre is used to check whether a stiff layer is present at some depth.
This can be checked by calculating the ‘surface modulus’ as follows:

Eo(0) =2 x (1 - u?) x o X a/ do(0) and
Eo()=(1-pd) xooxa®/[rxdy(r)] (valid for r > 2a)
where Eq(r) = surface modulus at distance r;
u = Poisson ratio of the subgrade (normally = 0.35);
oo = uniform stress on the plate;
a = radius of the loading plate;
r = distance from the centre of load;
and  do(r) = surface deflection at distance r.

Note that the equation for Eq(r) is only valid for r > 2a.
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2.24 SUBGRADE NON-LINEARITY
If a stiff layer is not detected, ELMOD calculates the subgrade non-linearity coefficients ‘C’
and ‘n’ using the following equation:

Eor=Cx(o1/0)"
where Eg = surface modulus;
o1 = major principal stress;
o = reference stress, normally 160 MPa;
C = constant;
and n = negative constant.

Normally ‘C’ decreases almost linearly with the increase in moisture content. ‘n’ may be
taken as a measure of the non-linearity. If n is zero, the subgrade is linear elastic and as n
decreases, the non-linearity becomes more and more pronounced.

2.25 ITERATION

With the ‘Radius of Curvature” method, ELMOD uses the centre deflection and the curvature
of the deflection basin under the loading plate to determine the moduli of the top layer, and
the intermediate layers if they are present. The subgrade modulus under the load centre is
adjusted according to the estimated stress level, and the outer deflections are checked. If
adjustments are necessary, the layer moduli are then recalculated.

The “Deflection Basin Fit” method goes one step further by closely matching the calculated
deflection profile and the measured deflection profile. The percentage difference between the
calculated value and the measured value can be specified as the convergence criteria in the
iteration.
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2.2.6 WESTERGAARD’S EQUATIONS FOR RIGID PAVEMENT

For rigid pavement, a special problem occurs due to the discontinuities at the concrete slab
joints. Elastic theory may be used for the slab centre but is not applicable close to a slab joint
or corner. Westergaard developed an approximate method based on the assumption that the
subgrade does not transfer shear stressi*®. This implies that the reaction of the subgrade on the
slab is equal to the deflection multiplied by a constant ‘k’ called the modulus of subgrade
reaction. ‘k’ can be calculated as follows:

k=0.54 xEs/h,
where Es = modulus of subgrade;
and he = equivalent thickness of the concrete slab with respect to the subgrade.

Based on the above, Westergaard developed equations that were later modified by loannides,
Thompson and Barenberg™ to calculate the stresses and deflections for a concrete slab as

follows:
ol = {3Px(L+w/2h}x{[INn(2L/B)+05-1]/n+1/32x(B/L)%
d, = [P/(8KL) Ix {1+ (1/2n)x[In(a/2L)+t-1.25]x (a/L)?}

oe=  {3Px(1+p)/[(B+w xnh’]}x{In(Exh3/ 100ka*) + 1.84 - 4u/3
+(1-p)/2+118x(1+2u)x(a/L)}

de=  [Px(2+1.2n) %]/ { (Ekh® **} x[1-(0.76 + 0.4p] x (a/L) }

oc=  (BP/h)x[1-(C/L)*?

de=  P/KL?*x (1.205-0.69C /L)

where o, = maximum bending stress when load is in interior position;
d, = deflection at centre of slab;
o = maximum bending stress when load is at edge position;
de = deflection when load is at edge position;
oc = bending stress when load is at corner position;
dc = deflection at corner position;
P = uniformly distributed single wheel load;
h = concrete slab thickness;
E = concrete modulus;
u = Poisson ratio of concrete;
k = modulus of subgrade reaction;
a = radius of loaded area;
C =side length of a square loaded area;
B =(1.6a° + h?) ®>-0.675h for a < 1.724h;
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B=a fora>1.724h;
L={Eh®/[12k x (1 - p?)] °%;
and T = Euler’s constant (= 0.5772).

In the above equations, ‘interior position” means the load is at a considerable distance from
the edges and ‘edge position” means the load is at the edge but at considerable distance from
any corner. While the equations for “interior position’ are reasonably accurate when the
smallest slab dimension is greater than 3L, Westergaard’s equations are most useful for edge
and corner loadings.

2.2.7 LOAD TRANSFER ACROSS JOINT FOR RIGID PAVEMENT

ELMOD uses the Odemark-Boussinesq method to calculate the layer moduli at the centre of
the slab. The layer moduli are then used with Westergaard’s equations to calculate the load
transfer across joints. The load transfer efficiency factor ‘j” is defined as follows:

j = 1_(dj_dj,) / (de—de,)

where d;and d;’ are deflections of adjacent slabs at any point across the joint;
and d. and d.’ are deflections at the same point if the joint transferred no load.

ELMOD can plot on screen the graphs of moduli of each layer, the non-linear properties of
the subgrade material ‘C” and ‘n’, the modulus of concrete slab ‘E;” and modulus of subgrade
reaction ‘k’, the differential deflection ‘Dd’, and the percentage load transfer efficiency ‘LT%’
across a joint. Asmall ‘Dd’ and a high ‘LT%’ indicates better joint integrity.

RD/GN/027A
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2.3

ESTIMATION OF RESIDUAL LIFE

2.3.1 SEASON AND TRAFFIC

Design traffic load in standard axles are required for the estimation of residual life. They can
be calculated in accordance with RD/GN/017 or the HyD Pavement Design Manual when it is
published. For ELMOD input, Section 3.5 shall be referred.

2.3.2 TEMPERATURE EFFECTS

Seasonal variation in traffic load affects the estimated traffic load used for estimation of
residual life. The moduli determined by ELMOD for a given test point naturally correspond
to the climatic conditions that happen to prevail during the testing. These conditions are not
likely to be representative of design conditions and the moduli must therefore be adjusted.

Asphalt material is sensitive to temperature changes. Pavement temperature at the time of
collecting the deflection data varies with time and season. Hence, a reference temperature
shall be adopted for comparsion and design purpose. The backcalculated asphalt moduli has
to be corrected to this reference pavement temperature before estimating the pavement
residual life. Besides, unbound material (granular sub-base and subgrade) is also sensitive to
seasonal and annual temperature variations.

2.3.3 MATERIALS
The general equation relating traffic loading to pavement deterioration, called the Transfer
Function, is as follows:

Permissible stress/strain =a x N ®x (E/Ep) €
where a, b and ¢ = constants;

N = allowable stress/strain repetitions to fatigue/rutting failure;
E = modulus of the material; and
Erer = areference modulus that converts the transfer function to

proper units.
Details of the values of constants a, b and ¢ for different material are available in
Section 3.2.2.

2.34 LOAD

The 80kN standard axle load is adopted. All design traffic loads are expressed in
terms of equivalent standard axle load. For ELMOD input, Section 3.2.3 shall be
referred.

RD/GN/027A
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2.35 ESTIMATION

Backcalculated effective layer moduli are corrected for seasonal and temperature effect.
Critical strains / stresses are determined based on the design load and the assumed theory
adopted by each individual program. These critical strains / stresses at locations described in
Section 2.1 are compared with the failure characteristics of each material and a set of
allowable strain / stress repetitions of each material is obtained. Based on this data set, critical
load repetition values for layers are obtained. With the past and estimated future traffic load, a
set of estimated residual life of each individual pavement layer can be obtained for review.
Based on this data set, different maintenance options can be considered to restore the
pavement sections to desirable condition.

2.4 SECTIONING
24.1 SECTIONING OF PAVEMENT
The deflection data obtained from the FWD test should be reviewed to see if there are large
fluctuations or inconsistencies. The cumulative sums of the centre deflection can be used to
assist in deciding whether the length of the test run should be divided into different sections
for design purposes. In order to help observe if there are significant changes in trend along the
test run, method of cumulative sum can be adopted.

2.4.2 CUMULATIVE SUMS OF DEFLECTION
The cumulative sum A.d. at the i" station is defined as follows:
Ad = X —ip
where X §; = sum of deflections from the 1% station to the i"" station inclusively;
i = number of stations from &, to &; inclusively;
and u = mean deflection of the test run

From the cumulative sum, check if there are significant changes in trend (from upward to
downward or vice versa). A homogeneous section is one in which the cumulative sums
continue in the same upward or downward trend. A significant change in the upward or
downward trend indicates a change in section. Divide the test run into homogeneous sections
such that the trend is reasonably consistent within each section. This step is illustrated in
Section 5.7. If a former analysis has been carried out before the sectioning, the homogeneous
sections shall be re-backcalculated and analysed again. These steps are illustrated in Sections
5.8 and 5.9.
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2.4.3 CHARACTERISTIC DEFLECTION

For design purposes, a set of characteristic values representative of the section has to be
selected. This is done statistically by choosing the set of values at the test station where the
centre deflection is at the 85 percentile of all the centre deflections in the section.

The effective moduli and residual life calculated for this test station can be used in the
subsequent rehabilitation design.
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3 PREPARING FOR THE ANALYSIS
To get started in analysing the FWD data, the following are required:

a. A PC installed with the ELMOD program;

b. The customised HK042009.WPR parameter file and the OLD200.TEM and NEW200.TEM
temperature correction files for the old and new mix bituminous materials respectively;

C. The FWD raw data files acquired with the Dynatest equipment;

d. The pavement model and thickness of individual pavement layers of the pavement structure

being evaluated; and
e. The estimated average annual traffic loading for the road section being analysed.

3.1 ELMOD INSTALLATION

The current version of ELMOD is Version 4.5.35. Copies of ELMOD licences will be provided to
relevant offices to perform the analysis. Relevant offices are required to provide a PC with minimum
32MB RAM and running Windows 98/2000/Me/NT/XP (English or Chinese) to install and run the
program!.

3.2 PARAMETER AND TEMPERATURE FILES

A variety of tests have been conducted on samples of two different bituminous mixes in 1991 Road
Testing Programmes consultancy. Based on test results and the recommendations in the consultancy
reports, the HK042009.WPR parameter file and the OLD200.TEM and NEW200. TEM temperature
correction files are compiled and are available in R&D Division.

ELMOD uses 3 sets of parameters: seasons, materials and loads to estimate the residual life of the
pavement structure. Use ‘Parameter’ from the pull down menu to open the *HK042009.WPR’
parameter file. The ‘HK” in the filename implies this parameter file is tailored for use under Hong
Kong conditions and the ‘042009’ in the filename implies the parameters are prepared in April 2009.
This file needs to be updated as new materials are introduced or knowledge on the properties of
existing materials and environmental effects is improved. The specific settings in HK042009.WPR are
described below.
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321 SEASONS

ELMOD allows the user to set up seasonal variations in traffic loads. Currently, there is no
local data available for this variation and hence a single season of 52 weeks, with
characteristic week set at mid-year, is adopted. This setting needs to be reviewed in the future.

The ‘number of seasons’ is set to 1, the ‘“No. of weeks in season’ is 52, the ‘Characteristic
week in season’ is 26, the ‘Date’ is entered in ELMOD as Jun 26, and the ‘% loads in season’
is 100.

Seazonal characteristics

Mo. of weeks  [Characteristic % loads in
Season  [iN $Eazon week in zeason |Date SEATON
i [62 [26 Hun. 26 [100

[52 ok | [100

Figure 3.1 — Seasonal Characteristics
Seasonal variations of unbound layers are also not set in Section 3.2.2.

3.2.2 MATERIALS

ELMOD uses the deterioration properties of pavement materials to estimate the damage under
traffic load. Default settings of ELMOD4 are changed to suit local conditions. Six types of
commonly used pavement materials are set in the parameter file HK042009.WPR:

Asphalt New Mix, Asphalt Old Mix, Concrete, Granular Sub-base, Lean Concrete Sub-base
and Subgrade.

They shall be amended when updated information on material is obtained. Besides, new
material properties can be added if new material or asphalt mix is adopted.
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Asphalt New Mix refers to mixes designed to the new bituminous materials specifications
after the November 1988 Road Note 2 and Asphalt Old Mix refers to mixes designed to the
old specifications before this. The Road Testing Programme Consultants determined their
fatigue characteristics by carrying out laboratory tests on in-situ asphalt pavement materials.

The fatigue lines for the asphalt mixes are shown in Figure 3.2 below, where Flex New =
Asphalt New Mix and Flex Old = Asphalt Old Mix:

Flex New

F2

10- B ——1

Allowable load repetitions [Millions]

o —— —t—i =ttt — + — S\ VI
10 100 1000

Asphaltic strain [Microns = 106 ]

Figure 3.2 — Asphalt Fatigue Lines
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The variation of the Asphalt New Mix modulus with temperature is given by the data in the
NEW200.TEM file and the variation of the Asphalt Old Mix modulus with temperature is
given by the data in the OLD200.TEM file. The temperature files are for an average layer
thickness of 200 mm. For average layer thickness exceeding 200mm, the variation of the
asphalt modulus with temperature does not deviate much as revealed from temperature files
for average layer thickness of 50, 100 and 400 mm. Hence, they are not included.

The variation of asphalt moduli with temperature is shown in Figure 3.3 below, where
Flex_new = Asphalt New Mix and Flex_old = Asphalt Old Mix:

Smix -~ Tmix relationship

100000 -
-

J
L] —_-_‘-I
QT %-—-\_L Flex old
= 10000 ma—— = §
— Ea ~—T7 yad
= -~ I~ L
= | yd
(% i b N ] //
: BT
“ 1000 I ~—
X =
= i e

I A
i z
—_——— //
100-5 i Iul TV7T 5 TrT I101 T ITSJ T 120r T 2‘5‘ |_T_laol TT 135} LI l4 TT 145W T !SU
Mix temperature Tmix [C]
Flex new

Figure 3.3 — Variation of Asphalt Moduli with Temperature
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The failure criteria for Asphalt New Mix is as follows:

Permissible strain = 175.44 pstrain * N %2 * (E [ E¢f) ©
where N =number of load repetition;

E = modulus of Asphalt New Mix material;

Erer = 2100 MPa at 33.8° C;
and c=0.

Material Parameters

[Material [Asphalt New Mix

|Reference Modulus - Eref: |2'| 00 MFa |Reference Temperature -Tref: |33.

Temperature senszitivity— — Temperature yariation

{~ Mone i+ Fachors * Mone " Factors

= Semi-log  Exponential " Sinousoidal

: : Fatigue Permanent
|Distress Mode : I Cracking | Doformetion

— Fatigue Cracking Detailz

{* Long. " Trans. (& Strain {~ Shress

Permizsible value = |1?5_44 (mstrain] ~ Mload * 0.223 1, [E/ |21 oo |1

C-= | for E¢ 2100 [MPa] else C = Iﬂ Life |2I] years

C

— Pemanent Deformation Details

i Strain " Skress

Il] C
Permissible value = ||] [mstrain] = Mload © *[E/ Il] ]

C= I for E< DO [MPa] else C = II] Life ||] years

Add Hame I Delete | Cancel I

Figure 3.4 — Asphalt New Mix Properties
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The failure criteria for Asphalt Old Mix is as follows:

Permissible strain = 272.85 pstrain * N 2?1 * (E / Ef) ©
where N =number of load repetition;
E = modulus of the Asphalt Old Mix material;
E/er = 4000 MPa at 33.8° C;
and c=0.

Material Parameters

[Material |Asphalt OId Mix

[Reference Modulus - Eref: [4000 MPa |Reference Temperature -Tref: |33 " C
Temperature zenszitivity——— — Temperature variation
= Mone & Factors = Mone ¢~ Factors
¢ Semi-log " Exponential " Sinousoidal
|Di5tress Mode - v Fatigu_e - Permanent
. Cracking D eformation
— Fatigue Cracking Detailz
* Long. ¢ Trans. " Strain = Stiess
C

Permissible value = |2?2_35 (mstrain] * Mload © 0241 1, E/ |4l]l]l] )

C=[n for E< 4000 ([MPa) elseC = II] Life |2l] years

— Permanent Defarmation Details

+ Skain " Shess

Il] C
Permizzible value = ||] [mstrain] = Mload ~ =[ES II] ]
C= I forE< 0O [MPa] elze C = I Life ||] years

OK | AddName |  Delete |

Figure 3.5 — Asphalt Old Mix Properties
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The Concrete properties are based on those adopted by the Highway Maintenance
Management Pilot Scheme Consultants. The failure criteria is as follows:

Permissible stress = 195 MPa * N 23 * (E / E /) ©
where N =number of load repetition;

E = modulus of Concrete material;

E/er = 35000 MPa at 34° C;
and C=1

Material Parameters

|Material |Eun-::rete

[Reference Modulus - Eref: [35000 MPa [Reference Temperature -Tref- |34 " C

Temperature zenszitivity——— — Seasonal vanation———

i+ Mone = Factors * MNone " Factors

¢ Semilog ¢ Exponential " Sinousoidal  Exponential

: : Fatigue Permanent
|Distress Mode : M Cracking | Deformation
— Fatigue Cracking Detailz

' Strain {* Stiess

Permizsible value = |135 [MPa] = Mioad ~ 1 0-333 - E/ |35l]l]l] ) €

C-= | for E< 35000 [MPa) else C = |1 Life |4u years

— Permanent Defarmation Details

+ Skain " Shess

Il] C
Permizzible value = ||] [mstrain] = Mload ~ =[ES II] ]
C= I forE< 0O [MPa] elze C = I Life ||] years

1] 4 | Add Hame I Delete | Cancel I

Figure 3.6 — Concrete Properties
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The Subgrade properties are based on the Shell Pavement Design Manual™. Both the Road
Testing Program Consultants and the Highway Maintenance Management Pilot Scheme
Consultants adopted these properties. The fatigue line for the Subgrade is shown in Figure 3.7
below:

,,,,,,,, ; SPDM

10:

-

o

[HNN]

Allowable load repetitions [Millions]

oot ; i i —i—
100 1000 10000

Subgrade strain [Microns = 10° ]

Figure 3.7 — Subgrade Fatigue Line
The failure criteria is as follows:

Permissible strain = 885 pstrain * N 0% * (E / E¢) ©
where N =number of load repetition;

E = modulus of the Subgrade material;

Erer = 160 MPa at 24° C;
and c=0.
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Material Farameters I

IMatenial | [Subgrade

[Reference Modulus - Eref: [160 MPa [Reference Temperature -Tref. [24.  C
Temperature zensitivity ——————— Seasonal vanation
i+ Mone ¢ Factors + Hone ~ Factors
¢ Semi-log " Exponential i~ Sinousoidal  Exponential
|Distress Mode : [~ Fatigue o
- Cracking Deformation

— Fatigue Cracking Detailz

{* Strain " Stress

i+ Long. ( Trans. |

Permissible value = |—|] [mstrain) = Mload © 0 = [ES |u ]

C=[0  fuE< D (MPa) else C = |0 Life [0 years

C

— Permanent Deformation D etails

&' Strain " Stess |

|—|]_25 C
Permissible value = |335 [mstrain) = Mload = *[ES |1Bl] 1
C= I for E< 160 [MPa) elze C = II] Life |2|] pears

Add Mame I Celete I Cancel I

Figure 3.8 — Subgrade Properties

The Granular Sub-base properties and the Lean Concrete Sub-base properties are not well

known and are not entered. Since overseas experiences indicate that the conditions in the

sub-base layer are not critical, the residual life of the sub-base layer is not analysed.
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3.23 LOADS
The 80kN standard axle load is adopted since all traffic loads are expressed in terms of
equivalent standard axle load. The load configuration parameters are as follows:
Name = Dual
Total load on gear = 40000 N
Dynamic / static load ratio = 1.0
Tyre pressure = 0.577 MPa
Wheel type = Dual
Wheel distance = 330 mm
% of loads = 100%
% total = 100%

Wheel loadz-D-AMyDoc\FWDYGNO2T revisioniparameter & temperature filesthk042009 wpr
Loads New Delete Cancel 0K

" Dual Tandem
" Dual Tridem

% of loads
100

Total Percentage m

Figure 3.9 — Standard Axle Load Configuration

RD/GN/027A Page 30 of 73



3.3 FWD RAW DEFLECTION DATA FILES

The FWD raw data files are to be acquired according to RD/GN/026. The raw deflection data file is to
be transferred from the field laptop computer to a floppy disk, and in turn copied to the PC with
ELMOD installed.

3.4 PAVEMENT MODEL AND LAYER THICKNESS

The material and thickness of the individual pavement layer has to be known, normally by referring to
construction and maintenance records. If in-situ data is desirable, the thickness of the bituminous or
concrete layers can be measured by taking cored samples at selected locations. The thickness of the
granular sub-base layer can be assessed by conducting a dynamic cone penetrometer (DCP) test
through a cored hole. For more detailed information, trial pits may be excavated to facilitate visual
inspection of the layer thicknesses and pavement materials used. Alternatively, the use of ground
penetrating radar for non-destructive detection of layer thicknesses may be investigated in future.

Where coring and DCP tests are performed, the cored samples may be sent for laboratory tests to
determine their stiffness. The DCP test blows per mm penetration may also be related to the California
Bearing Ratio (CBR) to give an indication of the strength of the layers tested. The Consultants of the
Highway Maintenance Management Pilot Scheme!® have adopted the equation developed by
Harrison® :

Log CBR = 2.55 - 1.14 Log (mm/Blow).
A similar equation was developed by Kleyn and Van Heerden and adopted by the TRRL.:

Log CBR =2.78 — 1.59 Log (mm/Blow).

The first equation is recommended by the consultant for local conditions.
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3.5 ANNUAL AVERAGE TRAFFIC LOADING

The annual average traffic loading is the design traffic load (C,) in standard axles calculated in

accordance with RD/GN/017 or the HyD Pavement Design Manual when it is published, divided by

the design life (n) in years of the road. In order to estimate the average traffic load in future, the

AADTy is to be taken as the annual average daily traffic from the Annual Traffic Census for the year

the FWD test is carried out. If the figure is not yet available, the figure from the previous year may be

used.

Quite often traffic data is not readily available for small roads. In such cases, the following AADTy

values may be assumed ™

Road Type Land Use AADT,
Minor Road - 100 - 1,800
Local Distributor Industrial 1,500
Local Distributor Residential / Mixed 5,600
District Distributor All 18,000
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4 ANALYSIS STEPS
The FWD data analysis steps using ELMOD and the underlying theories are summarised in the
Sections below. The detailed operations for analysing a flexible pavement structure are illustrated with
an example in Section 5 and the detailed operations for analysing a rigid pavement structure are
illustrated with an example in Section 6.

4.1 OPEN FWD RAW DATAFILE

Copy the raw FWD test deflection data file from the field portable computer onto a floppy disk and
transfer the file to the analysis computer with ELMOD properly installed. Currently, data are acquired
with the Field Program Version 25 and the raw data files have a ‘.F25’ extension. Older data files
collected before the upgrade of the field program have a *.FWD’ extension. Either file can be opened
by ELMOD as a single file or a group of files can be processed by batch. Refer to the ELMOD

On-line Help Filel for batch processing procedures.

Y Dynatest Elmod 4.5

Cptions  Help

S

Ezat Chl+E

Dynatest International

165 5. Chestnut Street, Wertura, C& 93001 Tel +1 805 6458 2230

Rt. 6 Biox 1510, Starke FL 32091 Tel +1 904 964 3777
Dynatest Africa Tel: 427 11 507 7000
Dynatest United Kingdom Tel +44 1246 240 090
Dynatest Denmark Tel +45 70 25 33 55

‘Web Site - wiww Dynatest com

FIGURE 4.1 - OPEN SINGLE FILE
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4.2 INPUT PAVEMENT STRUCTURE

With the pavement model determined according to Section 2.2, the thickness of each layer can be
assessed and entered into the ELMOD. If a rigid pavement with tests across slab joints is being
analysed, check the *‘Use PCC Joint ID Numbers’ box such that load transfer across joints is analysed.
Refer to RD/GN/026, Appendix 1 for the testing method and test station naming convention.

Stmctural Data - CAELMODA Sflexible fad

Sectiunl from | to ||

Layer Thicknesz Modulus
[mm]) [MPa)

| [ at [ 7
| |

EZ/E3 I
! I E3/E4 [ j
I I E4/ES I_
— _
Max depth to rigid layer I mm

Plext Ao Ik

N B LD M -

Previous Delete Cancel

[ Use PCC Joint ID Humbers

Figure 4.2 - ELMOD Structure Window
ELMOD automatically assigns one section for the whole test run with the default values for ‘Section’
being ‘1’, ‘from’ being the chainage of the first test station, and ‘to’ being the chainage of the last test
station. The number of sections can be added or deleted with the buttons at the lower part of the

window.

ELMOD requires the layer thicknesses be entered and allows the moduli of individual layers to be
fixed. For Layer 1, the modulus can be manually entered together with a temperature so that the
program can adjust the stiffness of the layer at test temperature to a reference temperature.

For a 4-layer model, ELMOD requires a E2/E3 ratio to be fixed. This can be entered manually or a

0.45

default value = 0.2 x H,™™ can be entered by clicking the blank button to the right of the box.

If a rigid layer is known to exist at a certain depth, this can be entered in the ‘Max depth to rigid layer’
box. If a concrete pavement is tested at the joints, check the ‘Use PCC Joint ID Number’ box.
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4.3 BACKCALCULATE EFFECTIVE MODULI

More detailed references to the theories adopted by ELMOD are given by Ullidtzl". The ELMOD
Help Filel® provides some additional but incomplete information on the internal operation of ELMOD.
Some of the information described below is obtained through numerous trials with the ELMOD
program. Sometimes the meaning of the program steps are not clearly documented and therefore the
internal operation is not known. Such information may have to be updated when more details are
available.

ELMOD provides two approaches of backcalculating the effective layer moduli, one being ‘Radius of
Curvature’ and the other being ‘Deflection Basin Fit’. Both approaches are based on the
Odemark-Boussinesq approximate method, the main difference being that the ‘Deflection Basin Fit’
approach carries out additional iterations until the calculated deflections matches the measured
deflections to within specified tolerance. The ELMOD Help File indicates that the radius of curvature
method is faster, often gives more believable moduli values, and comes closer to measured stresses
and strains in-situ. It is therefore recommended that analysis should be carried out using the *Radius
of Curvature’ method under *Backcalculation Mode’.

In backcalculating the effective moduli, ELMOD has a number of options to control the program. The
drops to be analysed can be selected together or individually be checking the boxes against each drop
number under ‘Select Drops’. Drop 1 is a seating drop and should not be analysed. If 4 drops are
recorded in accordance with the standard procedures stipulated in RD/GN/026, then backcalculation
for drops 2, 3 and 4 should be carried out. However, normally only Drop 4 needs to be further
analysed. If the test run is divided into more than one section, then backcalculation should be carried
out for all sections by checking the boxes against each section under ‘Select Sections’.
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—5elect Sections
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1 1 0w Al ¢ Swange (* Mone
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[Step | Jto |

[ Check modular ratio
™ Fix depth to rock

f* Radiuz of Curvature
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’7 " Deflection Basin Fit

Cancel

f ol

Stop Calculation

Calculation Progress

Figure 4.3 — Estimate Moduli Window

In the check measured deflection box, normally select the ‘None’ radio button. If “‘All’ is selected,
ELMOD will plot out the deflection against geophone distance for each test drop, together with a row
of geophone buttons. By examining the plot, the deflection data collected by each geophone can be
dropped from the analysis by clicking on the corresponding geophone button. If ‘Strange’ is selected,
the program will highlight test drops in which the calculated deflections are not uniformly decreasing

with increased geophone distance from load centre.

It is recommended that the options in the ‘Program Control Options’ box should be left blank. The
ELMOD Help File indicates that the radius of curvature method is faster, often gives more believable
moduli values, and comes closer to measured stresses and strains in-situ. It is therefore recommended
that analysis should be carried out using the ‘Radius of Curvature’ method under ‘Backcalculation

Mode’.
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4.4 ESTIMATE RESIDUAL LIFE

ELMOD performs an overlay design by estimating the residual life of the pavement. It automatically
calculates the required overlay thickness for locations where the estimated residual lives fall below
the design life.

ELMOD requires the material used for each pavement layer to be entered. The overlay material used
should be ‘Asphalt New Mix’. ELMOD adjusts the backcalculated moduli for each season according
to the corresponding environmental conditions specified in the selected parameter file
*‘HK042009.WPR’. The critical stresses and strains caused by the design loads on the pavement
structure are determined. ELMOD then makes use of the critical strains in each layer and the fatigue
curves defined in the selected parameter file for each material to calculate the allowable number of
standard axle loads. The number of loads is divided by the annual traffic to obtain the remaining life
in years. ELMOD then calculates the required overlay thickness at locations where the residual life is
smaller than the design life of the pavement. It should be noted that ELMOD does not take into
account past traffic loads when calculating the residual life since the pavement structural condition
over a road section, i.e. its effective layer moduli as determined by FWD test, has already included the
influence of past traffic.

Overlay is often not appropriate in the Hong Kong environment, and overlay for concrete pavement is
not recommended. Users should refer to the HyD Pavement Design Manual when it is published and
determine the required maintenance treatment independent of this overlay design from ELMOD.

4.5 CHECK RESULTS

After the initial run of the program, use the ‘Plot” menu to plot the graphs of deflection, moduli, and
structural life. Analyse the results to check if there are anomalies. Delete suspicious data and re-run
the program to get new results.

The deflection data should be reviewed to see if there are large fluctuations or inconsistencies. The
cumulative sums of the centre deflection can be used to assist in deciding whether the length of the
test run should be divided into different sections for design purposes. The effective moduli can be
recalculated where necessary, and then checked to see if they have reasonable values. The residual life
needs to be re-estimated if the moduli are recalculated.

The more detailed steps after the initial run are described in the following sections.
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4.6 REVIEW DEFLECTION DATA

According to RD/GN/026, 4 drops should be made at each test station. Drop 1 is used as a seating
drop and the results are not used for analysis. ELMOD has plot functions that can plot out individual
deflection patterns for each drop along the test run, but not more than 1 drop at the same time. The
deflection pattern should be plotted for each of the test drops 2, 3 and 4. Observe if there are
significant differences in deflection pattern between drops. Note down the chainage of any test station
where the deflection varies significantly between drops. The tests data at these stations may have to be
discarded or the test repeated to get more reliable results.

If the deflection patterns between drops are similar, it is recommended that the drop 4 data be used for
analysis since the contact between the loading plate and the pavement surface is closest for the last
drop.

For the drop selected for analysis, check if there are any test stations at which high fluctuation in
deflection magnitudes occur. Abnormally high deflections at a test station may be due to a local weak
spot and abnormally low deflections may be due to local hard ground or buried utilities. It is common
for FWD test data to exhibit variations from station to station along the length of the test run.
Experience and judgement is required to determine which points are suspicious. Record the chainage
at which the abnormal deflections occur. These points should be removed before further analysis is
carried out. Further tests and investigations on site may be required to determine the cause of the
abnormality.

To delete the suspicious data, exit the ELMOD application and open the data file with the Windows
Notepad or a text editor. Find the relevant data lines using the recorded chainage, delete those lines
and save the amended data file.

Exit Notepad or the editor and re-open the amended data file in ELMOD. Plot the deflection pattern
again to check that the suspicious data has been removed.
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4.7 REVIEW CUMULATIVE SUM OF DEFLECTIONS

Sometimes the pavement conditions may vary along the test run, e.g., the pavement structure may
change. For rehabilitation design purposes, it may be desirable to divide the test run into different
sections. In order to help observe if there are significant changes in trend along the test run, ELMOD
uses the method of cumulative sum described in Section 2.1.2.

From the cumulative sum, check if there are significant changes in trend (from upward to downward
or vice versa). A homogeneous section is one in which the cumulative sums continue in the same
upward or downward trend. A significant change in the upward or downward trend indicates a change
in section. Divide the test run into homogeneous sections such that the trend is reasonably consistent
within each section. This step is illustrated in Section 5.7. The homogeneous sections shall be
re-backcalculated and analysed again. These steps are illustrated in Sections 5.8 and 5.9.

For design purposes, a set of characteristic values representative of the section has to be selected. This
is done statistically by choosing the set of values at the test station where the centre deflection is at the
85 percentile of all the centre deflections in the section. While ELMOD does not provide such a
function, this can be relatively easily done using a spreadsheet to import an ELMOD created file with
the same filename as the raw data file but with a *.DMS’ extension. The worksheet columns show the
number of sensors, the section number, the drop number, the test station number, the chainage, the
measured deflection for each sensor, the calculated deflection for each sensor, and the root mean
square error if the curve fitting option is used.

When the data is imported into the spreadsheet, simply use the PERCENTILE function to calculate
the 85 percentile value of the deflection measured by sensor 1 (the centre deflection). Choose the test
station with a centre deflection having the same value or the next highest value as the 85 percentile.
This step is illustrated in Section 5.12.

The effective moduli and residual life calculated for this test station can be used in the subsequent
rehabilitation design. Follow the procedures stipulated in RD/GN/017, or the Pavement Design
Manual when it is published, for the design. Do not simply rely on the overlay thickness automatically
calculated by ELMOD.
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4.8 REVIEW EFFECTIVE MODULI

The backcalculated results may contain anomalies, e.g., sometimes E, may be smaller than E; or the
modulus of a particular layer may have an unreasonably large value. Apart from using the steps
described in Section 5.5 and 5.6 to remove suspicious test data and divide the test run into sections,
the interpretation of the backcalculated results still requires experience and expertise from the user. It
is expected that a database of effective modulus values will be built up in the Highway Maintenance
Management System as more and more tests and analyses are carried out in future.

For the time being, the statistical results from the 1991 Road Testing Program shown below may be
used as a reference in assessing whether the backcalculated effective moduli of different pavement
layers fall within a reasonable range. If the test results fall within the top or bottom 10% of the typical
ranges indicated, then the FWD data and backcalculated moduli may have to be examined more
carefully. For a detailed assessment, it is necessary to correlate the FWD results with other test data
such as in-situ tests or laboratory tests on cored samples from site. In case the backcalculated modulus
of a particular layer is deemed not reasonable, a modulus range for that layer should be adopted based
on other test results or experience. Click on “Options’ in the top menu and select the ‘Fix Layer
Moduli’. A window will pop up for the ‘E-min’ and ‘E-max’.

Modulnz bin Max

E -min E-max
MPa MPa

EITIWIWIEIE

Cave |

Figure 4.4 — Fix Layer Moduli

The E-min and E-max values can be selected with reference to the following table. Save the range
values and run the backcalculation step again.

Concrete Modulus (MPa) % Concrete Modulus (MPa) | Cumulative %
< 15,000 13.0 >=0 100.0
15,000 — 20,000 26.8 >= 15,000 87.0
20,000 — 25,000 14.6 >= 20,000 60.2
25,000 — 30,000 16.3 >= 25,000 45.6
30,000 — 35,000 13.8 >= 30,000 29.3
35,000 — 40,000 13.8 >= 35,000 155
> 40,000 1.7 > 40,000 1.7
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Asphalt Modulus (MPa) % Asphalt Modulus (MPa) | Cumulative %
< 1,000 14.4 >=0 100.0
1,000 - 1,500 19.2 >=1,000 85.6
1,500 — 2,000 20.6 >=1,500 66.4
2,000 — 2,500 134 >= 2,000 45.8
2,500 — 3,000 11.1 >= 2,500 32.4
3,000 — 4,000 10.2 >= 3,000 21.3
> 4,000 11.1 > 4,000 11.1
Sub-base Modulus (MPa) % Sub-base Modulus (MPa) | Cumulative %
<100 155 >=0 100.0
100 — 200 39.0 >=100 84.5
200 — 500 21.8 >= 200 45.5
500 - 1,000 6.0 >= 500 23.7
1,000 - 5,000 114 >=1,000 17.7
> 5,000 6.3 > 5,000 6.3
Subgrade Modulus (MPa) % Subgrade Modulus (MPa) | Cumulative %
<50 11.6 >=0 100.0
50-100 41.5 >=50 88.4
100 — 150 24.5 >= 100 46.9
150 — 200 141 >= 150 22.4
200 — 300 6.9 >= 200 8.3
> 300 14 > 300 14

In general, a sub-base modulus of less than 500 MPa represents granular material and a modulus

above 1,000 MPa represents lean concrete. For most tests, the ratios of granular sub-base modulus to

subgrade modulus range between 1 to 4, and generally can be considered to be around 2. The values

can be updated as more testing and analysis is carried out.

For the load transfer across joints in rigid pavements, the Road Testing Programme consultants

recommended that the joint condition and load transfer efficiency are classified as follows:

Joint Condition Load Transfer Efficiency (%)
Good 70 — 100
Fair 50-70
Poor Below 50

The non-linear coefficients ‘C’ and ‘n’ of the subgrade can be displayed. The non-linearity properties

of the pavement structure can be visualised by plotting the “surface modulus’ against equivalent depth.
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4.9 REVIEW RESIDUAL LIFE

The residual life estimated by ELMOD may be used as one of the performance indices to assess the
relative maintenance priority of different sections of roads. ELMOD saves the calculated remaining
life for each layer at each test station in a file with the same filename as the raw data file but with a
*.LNN’ extension where NN is a serial number from 2 to 99. The value of ‘NN’ is incremented by one
for each successive design run.

To better appreciate the conditions of the pavement layers, print out the residual life analysis results
using the print functions in ELMOD. Click on ‘Output’ at the top menu to enter the output window.
Click on “Print” and then select “‘Overlay design results’ from the pull-down menu to print the residual
life results.

Alternatively, use a spreadsheet software such as Excel to import the *.LNN’ file. The worksheet
shows the chainage of each test station, the remaining lives of the top layer and the subgrade layers,
and their minimum is used as the residual life of the pavement structure. This analysis result provides
an indication on the layer to which maintenance works may be required.

410 REVIEW AND ARCHIVE RESULTS

In case there are dubious results in the above analysis steps, make the necessary adjustments to the
data and re-analyse the amended data. The maximum number of analysis runs that can be performed
on a data set is 98 before the old ‘LNN’ files have to be deleted. The results of each run are saved in
files that can be imported into a spreadsheet for further analysis independent of ELMOD. The final
analysis results should be archived both electronically in the native digital format and in printed
hardcopy together with a map showing the alignment of the test run. The data may then be entered
into the Highway Maintenance Management System when it is implemented to build up a geographic
database for future reference.
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3) ANALYSING A FLEXIBLE PAVEMENT STRUCTURE

This Section illustrates the use of ELMOD to analyse a flexible pavement structure.

5.1 OPEN RAW DATAFILE
Invoke ELMOD. Click on “File’ in the top menu to select *Single File’ from the pull down menu.
Double click on a sample data file called “FLEXIBLE.FWD”.

5.2 INPUT PAVEMENT STRUCTURE
Click on “Structure’ in the top menu to enter the pavement structure. A “Structural data” window will
pop up. In ‘Section’, default values of “1’, from *0’ to 0.5 are entered.

A 3-layer model is adopted for this example. The bituminous materials are combined into a single top
layer with thickness H; = 160 mm. The granular sub-base has a thickness H, = 250 mm. The subgrade
is not subdivided into two layers and its thickness is considered to be semi-infinite, there is no need to
input its thickness. The other fields are left blank.

Stmctural Data - CAELRMODA 5flexible fad

Section [q from ||] to |_5

Layer Thicknesz Modulus

[mm] [MPa)
1 Jiso | 2 N
2 |250 |
s — —on
to I E4/E5 —
; el

Max depth to rigid layer I mm

Plext Ao Ik

Previous Delete Cancel

[ Use PCC Joint ID Humbers

Figure 5.1 — Input Structural Data
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5.3 BACKCALCULATE EFFECTIVE LAYER MODULI

Click on “Moduli’ in the top menu to backcalculate the layer moduli. In the “‘Select Drops’ box, check
the ‘27, *3’, and ‘4’ boxes so that deflection data collected during Drops 2, 3, and 4 are used for
analysis. In the “Select Sections’ box, check the ‘1’ box. In the ‘Check measured deflection’ box,
select “None’. Leave the ‘Program Control Options’ box blank. In the “‘Backcalculation Mode’ box,
select ‘Radius of curvature’. Click on the “Calculate’ button to perform the analysis.

i) Estimate Moduli CAELMODA 5 lexible fud

_ - — Select Secti
Select Drops clect sechoans r Check meazured deflections
| Drop # |Se-::tiun Mo. and Chainage
T Al " Shange * Mone
L M1 [0 5
[3
2 — Program Control Options
V3 To utilize the Bell's equation enter
v 4 the previous 24 hour average ai
temp : I_ I'l—
el —Y

[T Check modular ratio
[~ Fix depth to rock

+ Radius of Curvature
" Deflection Basin Fit

|' Backcalculation Mode

Cancel |

Stop Calculahion |

Calculation Progress

Figure 5.2 — Backcalculate Effective Layer Moduli

When the backcalculation is completed, a window will pop up asking ‘Do you want to save your
results for viewing and printing?’ Click on the “Yes’ button. If a previous backcalculation has already
been carried out, a second window will pop up asking ‘Overwrite existing file? Select no to append.’
Click on the “Yes’ button to overwrite the existing file. A window with the message ‘Data has been
saved’ will pop up. Click on the ‘OK” button to leave the window.
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5.4 ESTIMATE RESIDUAL LIFE
Click on “Design’ in the top menu to estimate the residual life. A ‘Select parameter file’ window will
pop up. Select the parameter file *“HK042009.WPR’ and click the ‘Open’ button. A “Select Section’

window will pop up. Select Section “1’, and then select Drop ‘4’ to be analysed. Click on the ‘OK’
button.

Belect Section

|Section |1 Oto .5 =]

oK | Qi |

FIGURE 5.3 - SELECT SECTION AND DROP FOR ANALYSIS

A “‘Materials and Loading” window will pop up. Select the overlay material by highlighting ‘Asphalt
New Mix’ on the right hand box, then click on ‘Overlay’ in the left hand box. Since the pavement was
built using the old mix design, select ‘Asphalt Old Mix’ on the right hand box and click on Layer 1.
Select ‘Granular Sub-base’ on the right hand box and click on Layer 2. Select ‘Subgrade’ on the right
hand box and click on Layer 3. In the “Number of loads per year’ box, enter the predicted average
annual equivalent standard axle loads, 1285000 in this example. Click on the ‘OK” button.

b hiaterials and Loading

Overlay iz Azphalt Hew Mix Aszphalt OId Hi:i_:
Laver 1iz Asphalt O1d Mix Eﬁﬂhﬂ“ New Mix
= | oncrete
Layer 2 !s Granular Sub-basze Lean Concrete Sub-base
Laver 3 iz Subgrade % ubarade
Granular Sub-basze

Mumber of loads per year

|1 285000

Figure 5.4 — Input Materials and Loading

A window with the message ‘Overlay design complete’ will pop up after ELMOD has completed
estimating the residual life and designing the overlay requirement. Click on the ‘OK” button.
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55 CHECK RESULTS

Click on the “Plot’ menu and a graphics window will be displayed. In the lower half of the window,
check the “Deflections (microns)’ radio button. Check all the sensor distance check boxes below. In
the ‘Drop No.” box to the right, click the *4’ radio button. Click on the ‘Graph’ button near the centre
to show the deflection pattern along the length of the test run. The solid colour lines in the graph show
the measured deflections and the broken lines show the backcalculated deflections. The first 2 sets of
data on the right hand column shows the measured figures on top and the backcalculated figures
underneath in terms of number of test stations, the mean deflections and the standard deviations for
the deflections measured at each geophone. It is observed that the deflections of all geophones were
extremely low at chainage 0.123. The next 2 sets of data on the right hand column shows the
deflections at chainage 0.123.

To check the values at any point, simply click at the point in the graph and the chainage of the nearest
test station will be displayed at the bottom, together with the data on the right side of the window. To
see the mean values of a range of data, click and drag along the x-axis over the range of interest. To
clear the graphic, click on the ‘OK” button to the right of the graph. To clear the data display, click on
the *‘CLS’ button at the bottom right of the window.

Deflection - CAELMODA 5 flexible fud
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— . 'R 22 940 309
— - 22 748 23.1
______ / \\ ff JA\\\ )'h\ 22 609 18.7
R e W § P\, /. A\ “ \ Ad | = = o
i, T ‘L - “/ P ] 22 245 69.2

[ 7 AW N 1] |22 417
AT - e e s e 1 |22 126 29.3

et e i = Ouit| 155 o742

| 22 785 185
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% Deflections (micrans) : : Dro N h‘I| :‘;?]" I;‘;I]h:I
) i —Drop Ma. — 1 :

T~ Suface moduli [MPa] . 1 6.00 00
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; N 1 .00 .00
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/0 #1800  Elank O 1 1000 .00
I 300  DdandLT% 1 445 .00
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v E1 v EZ v E3

[ 1500 IETl (B2l LR —nn—ll:Ls

Figure 5.5 — Deflection along Test Run after Initial Analysis
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In view of the abnormal deflection at chainage 0.123, the deflections should be checked against those
recorded by Drop 2 and Drop 3. Click on the radio button next to ‘2’ under the ‘Drop No.” box on the
right. Then click on the ‘Graph’ button to see the deflection pattern of Drop 2. The process can be
repeated for checking against Drop 3. In this example, the abnormally low deflections are present in

all drops.

Click on the “Moduli (MPa)’ button and the graph of the 3 backcalculated layer moduli is shown. It
can be observed that the moduli of the sub-base and subgrade at chainage 0.123 were unreasonably

high.

Moduli - CAELMOD M flewible fud

Section 1 from 0 to .5 drop 4 CAELMOD 45\flexible hul to HU-E -
Moduli ean .
ocul 22 2124 195
1E+18 22 1887 1393

22 106 2.0
— 1
[ 0123 to 0123
| N Mean Std.
] 1 1758 1.00
" 138846000 1.00
1 14256 1.00
’ll Ad |
f L]
& Quit |
T el 'y —
10 - = 0K |
0.123
' Deflections [micrans
[ _ ] Graph | ~Drop No.—
" Surface moduli [MPa)
[~ Differential Defections ISECtICln g 12
Senzor Distance [rm] 9 ¢~ Mondinear C and n 3
o Jv 1800 © Elank o
v [S00 ¢ DdandLT%
v 600 ™ Shuctural lfe [prs]
v 500 ™ Dweray [mm)
W 1200
v E1[v E2 v E3 CLS
v 1500 d u d

Figure 5.6 — Layer Moduli after Initial Analysis
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Click on the “Structural life (yrs)’ radio button and the estimated residual life graph is shown. It can be
observed that the estimated residual life varies greatly along the test run. While the mean life is 159
years, the maximum can be up to 10000 years and the minimum of 1.51 years occurs at chainage

0.326.

Rezidual life -

CAELMODA5 lexible fud
Section 1 from 0 to .5 drop 4 CAELMOD 45\flexible
Residual life

10000

A

\J

/ \ / A-d-
J ]
1 0K |
0.326
' Deflections [micrans]
Graph | — Diron Mo, —
" Surface moduli [MPa)  Modul MPa] R e
[ Differential Deflections ISECtICln g 12
Sensor Distance [mm 9 & [z E enel 3
o v 1800 r Ell ank o
(v 300
v EO0
/1800 ™ Dweray [mm)
W 1200
v 1500

0 to 0.5

N Mean Std.
22 2124 1.95
22 1887 1393
22 106 2m

0123 to 0123

M Mean Std.
1 1758 1.00

158846000 1.00
1 1425 1.00

0 o 0.5

M Mean Std.
22 189 15.4
0.326 to 0.326

M Mean Std.
1 1.51 1.00

CLS

Figure 5.7 — Residual Life after Initial Analysis

In view of the very low deflection at chainage 0.123 and the corresponding unreasonably high moduli
of the sub-base and subgrade at that location, it is desirable to remove the dubious data at chainage

0.123 and perform the analysis again.

It should be noted that while the dubious data affects the mean value of backcalculated results, the

results at individual test stations are not affected.
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5.6 REVIEW DEFLECTION DATA
The deflection data at chainage 0.123 should be removed as described in Section 3.6. Plot the
deflection again to check that the dubious data has been removed.

To close the graphic window, click on the “Quit’ button to the right of the graph.

W Deflection - CAELMODA S lexble fwd

Section 1 from 0 to .5 drop 4 CAELMOD45\flexible 0 to 05
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300
E00
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v 1200
[w| 1500
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2
3
4
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Figure 5.8 — Deflection along Test Run with Suspicious Data Removed
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5.7 REVIEW CUMULATIVE DEFLECTIONS

Click on “Plot’ in the top menu and uncheck all sensors except the Omm sensor. In the ‘Drop No.” box,
click on the radio button next to ‘4’ and then click on the ‘Graph’ button to plot the centre deflection.
Click on the *A.d.” button to the right of the graphic to plot the deflection cumulative sum.

E[ﬁleflec:til:ln - CAELMOD4 S\ lexable fwd

Section 1 from 0 to .5 drop 4 CAELMOD45\flexible 0 to 05
Deflection N21 h:;;azn . BSutd
1000
0.3 to 0.3
N Mean Std.
" TANAYNN S 1 433 .00

' Deflections [microns)
Graph | —Drop Mo, —

™ Surface moduli [MPa) -
1

Senzor Distance [mm]

¥ a [~ 1800
[~ 300

[~ BOD

[~ 900

[~ 1200

[~ 1500

e e

2
3
4

CLS

Figure 5.9 — Centre Deflection and Cumulative Sum

In the example, it appears that there is a significant change in trend at chainage 0.3. Therefore the test
run is divided into 2 sections, Section 1 from chainage 0 to 0.3 and Section 2 from chainage 0.3 to 0.5.
A change in section is also necessary when there is a change in construction details. Please note that
whether the test run should be divided into different sections and how many sections should be used is

largely a matter of engineering judgement.

Click on the “Quit’ button to leave the graphic window.
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5.8 EDIT PAVEMENT STRUCTURE
Click on “Structure’ in the top menu to enter the pavement structure. A “Structural data” window will
pop up. In the “Section’ box, enter *1’, from ‘0’ to ‘0.3’.

A 3-layer model is adopted for this example. The bituminous materials are combined into a single top
layer with thickness H; = 160 mm. The granular sub-base has a thickness H, = 250 mm. The subgrade
is not subdivided into two layers and its thickness is considered to be semi-infinite, there is no need to
input its thickness. The other fields are left blank.

W Stctiral Data - CAELMODA Slexible fued

Section [ from Iu to |_3

Layer Thickneszz Modulus

[mm] [MPa)
1 [i60 | at | N
2 |250 |
-
to I E4/ES L _I
5 [ [ _I

Max depth to ngid layer I mm

et Ik,

Previous Delete | Cancel

[ Use PCC Joint ID Humbers

Figure 5.10 — Input Section 1 Structural Data
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To input the structure for another section, click on the ‘Add’ button near the bottom. Go back to the
‘Section’ box, enter ‘2’, from ‘0.3’ to “0.5’. There is no change in layer thicknesses throughout the test
run and therefore the same data is entered. Click on the “Previous’ or ‘Next’ buttons to move from one
section to another. Click on the ‘Add’ or ‘Delete’ buttons to add more sections or delete existing as
necessary. Click on the ‘OK’ button’ to exit the window.

W Stctiral Data - CAELMODA Slexible fued

Section [2 from |_3 to |.5

Layer Thickneszz Modulus

[mm] [MPa)
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Previous Delete Cancel |

[ Use PCC Joint ID Humbers

Figure 5.11 — Input Section 2 Structural Data
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5.9 RE-BACKCALCULATE EFFECTIVE LAYER MODULI

Click on “Moduli’ in the top menu to backcalculate the layer moduli. In the “‘Select Drops’ box, check
the ‘27, *3’, and ‘4’ boxes so that only the deflection data collected during Drops 2, 3, and 4 are used
for analysis. In the ‘Select Sections’ box, check both the ‘1’ and ‘2’ boxes so that both sections are
analysed. In the “Check measured deflection’ box, select ‘“None’. Leave the ‘Program control options’
box blank. In the ‘Backcalculation Mode’ box, select ‘Radius of curvature’. Click on the ‘Calculate’
button to perform the analysis.

E Estimate Moduli CAELMODA 54 lexble fued

_ _ — Select Secti
Select Drops elee’ seenons — Check measured deflections
I Drop # ISecliun Ho. and Chainage
" All ¢ Swange (* Mone
1 M1 0w 3
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b2 V23w 5k — Program Control Options
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temp : I_ I'I—
IStep | fto |
[~ Check modular ratio
[~ Fix depth to rock

f+ Radius of Curvature

Backcalculation Mode
’7 = Deflection Basin Fit

Cancel |

Stop Calculation |

Figure 5.12 — Backcalculate Effective Layer Moduli

When the backcalculation is completed, a window will pop up asking ‘Do you want to save your
results for viewing and printing?’ Click on the “Yes’ button. If a previous backcalculation has already
been carried out, a second window will pop up asking ‘Overwrite existing file? Select no to append.’
Click on the “Yes’ button to overwrite the existing file. Click on the *‘No’ button to append the new
results to the existing one. In this example, click “Yes’. Finally, a window with the message ‘Data has
been saved’ will pop up. Click on the “OK” button to leave the window.
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510 REVIEW EFFECTIVE LAYER MODULI

Click on “Plot” in the top menu and under the *Section’ box at the lower middle of the screen, click on
the “1” radio button. In the ‘Drop No.” box at the lower right, click on the ‘4’ radio button. Click on the
‘Moduli (MPa)’ radio button to display the Section 1 layer moduli backcalculated from Drop 4 data.
See if the backcalculated modulus for the same layer vary significantly along the test run. Observe the

mean value and distribution of the layer moduli.

It can be seen that seemingly unreasonable results occur at chainage 0, where the backcalculated

modulus of the sub-base exceeds that of the asphalt layer.
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Figure 5.13 — Section 1 Layer Moduli

RD/GN/027A Page 54 of 73



Under the “Section’ box, click on the “2’ radio button to see the graph for Section 2. Again it can be
observed that the backcalculated moduli of the sub-base appear unreasonable at a couple of locations,
where it is either lower than the subgrade or higher than the asphalt layer.

E Modoli - CAELMOD4 lewble furd
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Figure 5.14 — Section 2 Layer Moduli

The anomalies can sometimes be removed by modeling an additional layer of subgrade of 500 mm to
1000 mm just below formation level. At other times the anomalies remain even after much
remodeling. It may be useful to compare the dubious data against other test data, such as laboratory
test results on cored samples and DCP tests. Again engineering judgement is required to determine
whether additional tests are required or if the anomalies are acceptable.

In this example, the mean moduli values appear reasonable and the standard deviations are small. The
anomalies are accepted for further analysis.
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5.11 REVIEW RESIDUAL LIFE
Click on “Plot” in the top menu and under the *Section’ box at the lower middle of the screen, click on

the “1” radio button. In the ‘Drop No.” box at the lower right, click on the ‘4’ radio button. Click on the
*Structural life (yrs)’ radio button to display the residual life values for Section 1 estimated from Drop
4 data. Observe that while the mean residual life is 142 years, the lowest residual life of 6.21 years

occurs at chainage 0.2.
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Figure 5.15 — Section 1 Residual Life
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Under the ‘Section’ box, click on the ‘2’ radio button to see the residual life of Section 2. Observe that
while the mean residual life is 52.1 years, the lowest residual life of 1.51 occurs at chainage 0.326.

Residual life - CAELMOD45M]exible fud

Section 2 from .3 to .5 drop 4 CAELMOD45\flexible EI to HU.3 -
Residual hif ean L
e TF 13 142 432
10000

0.2 to 0.2
M Mean Std.

/\ - 1 621 100

/ \ / \ 0.3 to 05
\\ / \ 7 gﬁ" 1??5m'
\_/ Quit

Mean Std.
1.51 1.00

N
9
0.326 to 0.326
N
1

FEDE

1 0K
0.326

* Deflections [microns] |

" Surface moduli [MPa) St Dropho.—
I 3 ™ Moduli [MPa)

[~ Differential Deflections Section :: 12

Sensor Distance [rm - 1 ' Nondirear Cand n 3

# 0 [ 1800 e &4

v 300

v 600 % Stuctural life [ws]

1300 £ Oweray [mm)

v 1200 CLS

W 1500

Figure 5.16 — Section 2 Residual Life
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5.12 REVIEW AND ARCHIVE RESULTS

From this example, it is observed that Section 1 has a higher mean residual life than Section 2. The

lower residual life of Section 2 corresponds to the larger deflections from chainage 0.326 to 0.376 and

0.426 to 0.45.

For design purposes, the condition at the test station that records the 85 percentile centre deflection

should be chosen to be representative of the section. In this case, refer to Section 3.7 to import the file

‘FLEXIBLE.DMS’ into a spreadsheet. Using MS Excel as an example, the steps are shown below:

BIEE x|
BEH: |1 ELMOD45 =] Q|53 == s
.Eﬁ Iﬁ.n’J". Iﬁﬂ | ......... EH%@ ........... I
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FHFEESERREE:
TBIREHQ): flexible dms | EHREE: | -] uE=EkeE |

T FEAERN(T): IMicros:uft Excel ST (*al¥; * s *xlaLI LB IEEfEJE#FEE]

>  EFmEw |

=g =2

Figure 5.17 — Open “.DMS’ File in Excel
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Figure 5.18 — Select the Delimit Sign
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Figure 5.19 — Check Tab and Comma Boxes

Click the ‘Finish’ button to complete the import process.
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A portion of the spreadsheet, up to column F containing the measured deflection at geophone number

1 (centre deflection) is shown below. The test station at the chainage 0.3 is repeated in the original file

because it occurs in the boundary of both sections. The duplicate entry should be taken out when

calculating the 85 percentile value for the entire test run. Note that Rows 25 to 30 are manually

entered into the spreadsheet to calculate the 85 percentile centre deflection using the built-in
PERCENTILE function.

A B C D E F

1 Number of sensors  |Section# |[Drop#  [Point Chainage |#1m
2 7 1 4 1 0 436
3 7 1 4 2 0.025 457
4 7 1 4 3 0.05 421
5 7 1 4 4 0.075 422
6 7 1 4 5 0.1 447
7 7 1 4 6 0.131 532
8 7 1 4 7 0.15 534
9 7 1 4 8 0.175 615
10 7 1 4 9 0.2 725
11 7 1 4 10 0.225 268
12 7 1 4 11 0.251 468
13 7 1 4 12 0.275 436
14 7 1 4 13 0.3 433
15 7 2 4 13 0.3 433
16 7 2 4 14 0.326 757
17 7 2 4 15 0.35 928
18 7 2 4 16 0.376 816
19 7 2 4 17 0.405 217
20 7 2 4 18 0.426 627
21 7 2 4 19 0.45 538
22 7 2 4 20 0.476 317
23 7 2 4 21 0.5 365
24
25 85 percentile centre deflection for section 1 = 550.2
26 85 percentile centre deflection for section 2 = 804.2
27 85 percentile centre deflection for entire test run = 725.0
28
29 Note: the 85 percentile for Section 1 can be calculated using the built-in
30 function = PERCENTILE(F2:F14,0.85).
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In Section 1, the 85 percentile centre deflection value is 550um and the test station with the nearest

centre deflection is at chainage 0.15. In order to check the residual life, refer to Section 3.9 and use

similar steps as shown above to import the file ‘FLEXIBLE.L2’ into a spreadsheet. Note that the

estimated residual life at this test station is 30 years and therefore no maintenance treatment is

required. However, since the estimated residual life at chainage 0.2 is only 6.2 years, some local

strengthening may be desirable.

Chainage |Layer Remaining |Layer Remaining [Minimum |Overlay
Life Life (years)|Life Thickness
(years) (years) (mm)
0 1 30 3 30 30 0
0.025 1 30 3 30 30 0
0.05 1 30 3 30 30 0
0.075 1 30 3 30 30 0
0.1 1 30 3 30 30 0
0.131 1 30 3 30 30 0
0.15 1 30 3 30 30 0
0.175 1 30 3 30 30 0
0.2 1 6.2 3 214 6.2 35.1
0.225 1 30 3 30 30 0
0.251 1 30 3 30 30 0
0.275 1 30 3 30 30 0
0.3 1 30 3 30 30 0
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In Section 2, the 85 percentile centre deflection value is 804um and the test station with the nearest

centre deflection is at chainage 0.376. In order to determine the maintenance options, follow the steps
described in Section 3.9 to import the file ‘FLEXIBLE.L3’ into a spreadsheet. Note that while the
estimated residual life at chainage 0.376 is 6.4 years, failure is more likely to occur at chainages 0.326

and 0.35 that have residual lives of 1.5 and 1.6 years respectively. The residual life of the subgrade at

chainage 0.35 is only 6.9 years. Therefore, local full-depth reconstruction may have to be carried out
around chainages 0.326 to 0.376.

Chainage |Layer Remaining |Layer Remaining [Minimum |Overlay
Life Life (years)|Life Thickness
(years) (years) (mm)

0.3 1 30 3 30 30 0
0.326 1 15 3 30 15 78.9
0.35 1 1.6 3 6.9 1.6 80.7
0.376 1 6.4 3 9.7 6.4 32.2
0.405 1 30 3 30 30 0
0.426 1 23.1 3 30 23.1 0
0.45 1 25.6 3 30 25.6 0
0.476 1 30 3 30 30 0

0.5 1 30 3 30 30 0

It should be noted that if the test run is not divided into 2 sections, then the 85 percentile centre

deflection value is 725um and the test station with the nearest centre deflection is at chainage 0.2.

Since the estimated residual life at this test station is 6.2 years, in-lay strengthening may be

considered. However, local reconstruction may still be required at chainages 0.326 and 0.35.

Note also that in deciding on the maintenance treatment, structural pavement evaluation should be

considered together with other factors such as visual inspection results, surface roughness, traffic

condition, and engineering judgement.
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6 ANALYSING ARIGID PAVEMENT STRUCTURE

This Section illustrates the use of ELMOD to analyse a rigid pavement structure.

6.1 OPEN RAW DATAFILE

Invoke ELMOD. Click on “File’ in the top menu to select *Single File’ from the pull down menu.
Select the raw data file to be analysed and click the ‘Open’ button. For illustration, this time a sample
data file called “ RIGID.F25“ is used. It should be noted that at the time of testing, the field program
was set to record only the last 2 drops. Hence only test data for 2 drops can be processed and both
Drop 1 and Drop 2 are used. It is expected that newly acquired FWD data will record all 4 drops in
accordance with the practice stipulated in RD/GN/026.

6.2 INPUT PAVEMENT STRUCTURE

Click on “Structure’ in the top menu to enter the pavement structure. A “Structural data” window will
pop up. In the “Section’ box, enter 1, from 1.1 to 21.22. A 2-layer model is adopted for this example.
The concrete slab forms a single top layer with thickness H; = 225 mm. The granular sub-base and the
subgrade is not subdivided into two layers and its thickness is considered to be semi-infinite, there is
no need to input its thickness. Note that since the test is carried out on rigid pavement and the load
transfer across joints is tested, check the box next to ‘Use PCC Joint ID Numbers’ at the bottom of the
window. The other fields are left blank.

W Stctiral Data - CAELMODA Brigid £25

Section [ from |1_1 to |21_22

Layer Thickneszz Modulus
[mm] [MPa]

|225

M s L b =
m
[
Snm
m
L]

Max depth to ngid layer I mm

et Ao

Previous Delete Cancel |

[+ Use PCC Joint ID HNumbers

Figure 6.1 — Input Section Structural Data for Rigid Pavement
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6.3 BACKCALCULATE EFFECTIVE LAYER MODULI

Click on “Moduli’ in the top menu to backcalculate the layer moduli. The data file does not record the
test results of the first two drops, therefore the test results of Drop 3 and Drop 4 are recorded as Drop
1 and Drop 2 in the data file. In the “Select Drops’ box, check both the ‘1’ and ‘2’ boxes so that both
sets of deflection data are used for analysis. In the “‘Select Sections’ box, check the ‘1’ box. In the
‘Check measured deflection’ box, select ‘None’. Leave the ‘Program control options’ box blank. In
the ‘Backcalculation Mode’ box, select “‘Radius of curvature’. Click on the ‘Calculate’ button to
perform the analysis.

E Estimate Moduli CAELMODE Sheigid £25

~ Select Drops - [ oelect Sections r Check measured deflections
| Drop # [Section Ho. and Chainage
Al ¢ Swange {* Mone
W q
/I ¥ 1 [11t0 21.22

v 2

— Program Control Dptions

To utilizse the Bell's equation enter
the previous 24 hour average anw

temp : I_ II—
[step | fto |

[T Check modular ratio
[~ Fix depth to rock

i+ HRadius of Curvature
i~ Deflection Basin Fit

" B ackcalculation Mode

Cancel |

Stop Calculation |

Figure 6.2 — Backcalculate Effective Layer Moduli for Rigid Pavement

When the backcalculation is completed, a window will pop up asking ‘Do you want to save your
results for viewing and printing?” Click on the *Yes’ button. If a previous backcalculation has already
been carried out, a second window will pop up asking ‘Overwrite existing file? Select no to append.’
Click on the “Yes’ button to overwrite the existing file. Click on the ‘No’ button to append the new
results to the existing one, useful for appending backcalculation results for different sections onto the
same file. Finally, a window with the message ‘Data has been saved’ will pop up. Click on the ‘OK’
button to leave the window.
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6.4 ESTIMATE RESIDUAL LIFE

Click on “Design’ in the top menu to estimate the residual life. A ‘Select parameter file’ window will
pop up. Select the parameter file *“HK042009.WPR’ and click the ‘Open’ button. A “Select Section’
window will pop up. Select Section ‘1’ and Drop ‘2’ to be analysed. Click on the ‘OK” button.

A “‘Materials and Loading’ window will pop up. Select the overlay material by highlighting ‘Asphalt
New Mix’ on the right hand box, then click on “‘Overlay’ in the left hand box. Select ‘Concrete’ on the
right hand box and click on Layer 1. Select ‘Subgrade’ on the right hand box and click on Layer 2. In
the ‘Number of loads per year’ box, enter the predicted average annual equivalent standard axle loads,
1200000 in this example. In the ‘Treatment before Overlay’ box, select ‘None’. Select ‘Concrete’ in
the top right-hand material box, then click in the empty box below ‘Slab at joint is’.

In the “Treatment before overlay’ box, click “None’ since asphalt overlay on concrete pavement is not
recommended. Click on the “‘OK” button to start the design calculation.

Materials and Loading

Overlay iz Azphalt Hew Mix Aszphalt OId Hi:g
Layer 1iz Concrete Esphalt Hew Mix
- oncrete
Layer 2is Subgrade Lean Concrete Sub-basze
Subgrade

Granular Sub-basze

Mumber of loads per pear

|1 200000

Treatement before overlay Slab at joint is
i+ Mone |[Concrete
i~ Subseal

" Break zeal

Figure 6.3 — Input Materials and Loading (Rigid)

A window with the message ‘Overlay design complete’ will pop up after ELMOD has completed
estimating the residual life and designing the overlay requirement. Click on the ‘OK” button.
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6.5 CHECK RESULTS

Click on the “Plot’ menu and a graphics window will be displayed. In the lower half of the window,
check the “Deflections (microns)’ radio button. Check all the sensor distance check boxes below. In
the ‘Drop No.” box to the right, check the ‘2’ radio button. Click on the ‘Graph’ button near the centre

to show the deflection pattern along the length of the test run.

Deflection - CAELMOD45rigid £25
Section 1 from 1.1 to 21.22 diop 2 C:A\ELMOD45Arigid LJ lﬂ 21.22 std
Deflech ean td.
erecnan 42 297 425
500 42 278 40.2
42 299 383
42 241 359
— 42 210 31.0
J— 42 174 256
— 42 148 228
_— 42 290 41.7
i | 42 277 40.4
it |
o CET
i+ Deflections [microns)
Graph — —
" Surface maduli [MPa) _l Drap No.
1
* 2
Senszor Distance [mm)
0 [ 800
¥ 200 [/ 1200
¥ 300 [ 1500
¥ 315
[ 450
CLS
[v G50

Figure 6.4 — Deflection along Test Run on Rigid Pavement

Note that the deflection pattern shows a jagged pattern due to the tests being carried out alternately at
the joint position and then at the centre of the concrete slab. To check the data consistency with Drop
1, click on the radio button next to ‘1’ under the ‘Drop No.” box on the right. Then click on the

‘Graph’ button to see the deflection pattern of Drop 1. The graph shows that the test patterns between

the 2 drops are highly consistent.

In this example, although the deflections of various geophones at chainage 5.1 appear to be
compressed when compared with others, their magnitudes do not differ significantly from others. The

data need not be deleted before reviewing other results. Graphs of moduli and residual life, which are

same as Figures 6.7 and 6.10 respectively, shall also be checked.
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Note also that 9 geophones instead of 7 geophones are used. The geophones are spaced out such that
the geophones at distances 200mm (geophone no. 8) and 300mm (geophone no. 9) from the load are
placed behind the load while the other 7 geophones are placed in front of the load. This arrangement
allows test at transverse joints to be conveniently carried out. The geophone arrangement is as shown

below:

FWD
3 4

VU -y bl

T.T’T."‘.‘I"T"’T""""’""f’\"T’*’Y’Y‘Y’V’T’Y’T’T’T "T.T".T"

Geophone &

Direction of Travel ——

Figure 6.5 — Geophone Arrangement for Testing Joints at Rigid Pavement

To close the graphic window, click on the “Quit’ button to the right of the graph.
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6.6 REVIEW CUMULATIVE DEFLECTIONS

Click on “Plot’ in the top menu and uncheck all sensors except the Omm sensor. In the ‘Drop No.” box,
click on the radio button next to ‘2’ and then click on the ‘Graph’ button to plot the centre deflection.
Click on the *A.d.” button to the right of the graphic to plot the deflection cumulative sum.

Deflecton - CAELMODA45\rigid £25

Section 1 from 1.1 to 21.22 drop 2 CAELMOD45\rigid :1.1 lﬂ 21.22 crd
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1 272 .00
1]

10.22
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" Surface moduli [MPa) o
]
f+ 2
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Mo [ o00
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[ 200 [ 1500
[ 215
[ 450
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Figure 6.6 — Centre Deflection and Cumulative Sum on Rigid Pavement

In this example, the cumulative deflection curve bottomed out at chainage 10.22. Again, whether to
divide up the entire test run into sections is a matter of engineering judgement. For illustration
purpose, this time the test run is to be analysed as a single section. Click on the “‘Quit’ button to leave

the graphic window.
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6.7 REVIEW EFFECTIVE LAYER MODULI, MODULI OF SUBGRADE REACTIONS
AND LOAD TRANSFER
Click on “Plot” in the top menu and under the *Section’ box at the lower middle of the screen, click on
the “1” radio button. In the ‘Drop No.” box at the lower right, click on the *2’ radio button. Click on the
‘Moduli (MPa)’ radio button to display the Section 1 layer moduli backcalculated from Drop 2 data.
See if the backcalculated modulus for the same layer vary significantly along the test run. Observe the

mean value and distribution of the layer moduli.
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Section 1 from 1.1 to 21.22 diop 2 C:A\ELMOD45Arigid LJ lﬂ 211 std
M oduli ean td.
ocut 2116312 1.36
100000 M 21 112 1.14
Ad. |
-"'-"\._.-—'—"l-...__ N —— | EI
it
10
i+ Deflections [microns)
" Surface maduli [MPa) ﬂl - Drop Ho.—
B | " Maduli [MPa]
[~ Differential Deflections Section g 12
Senzor Distance [mm] =1 i MNonlinear C and n
V0 v 300 R
Iv[200 5 1200  DdandLT%
v 300 [w 1500
v 315
v 450
v E1 v E2 CLS
v ES0 g g

Figure 6.7 — Layer Moduli for Rigid Pavement

Note that in this example, a small bump in layer moduli occurs at the chainage where the compressed

deflections are. However, the layer moduli for both the concrete slab and the combined sub-base and

subgrade layer are highly consistent. As seen on the right hand column, the standard deviations are

very small.
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Click on the ‘E1 and k’ radio button to plot the concrete modulus and modulus of subgrade reaction.
Note that the ‘k.” and ‘k;’ represents the moduli of subgrade reaction at centre and joint of the concrete
slab respectively, as if the subgrade does not transfer shear stress, like in a Winkler foundation.
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Figure 6.8 — Effective Concrete Modulus and Modulus of Subgrade Reaction (Rigid)
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Click on the ‘Dd and LT%’ radio button to plot the differential deflection across joints and the load
transfer ration. It can be seen that 21 tests across joints have been carried out and the mean differential
deflection is 9.05mm with a standard deviation of 1.91 mm. The load transfer ratio is high at 96.8%,
with a small standard deviation of 0.67 only. This indicates that the joints are in good condition.
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Figure 6.9 — Differential Deflection and Load Transfer Ratio
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6.8 REVIEW RESIDUAL LIFE

Click on “Plot” in the top menu and then click on the “Structural life (yrs)’ radio button to display the
estimated residual life values. It can be seen that the residual life of the concrete pavement as
calculated is consistently over 800 years. This indicates that the whole pavement structure is in good
condition and no reconstruction work is required.
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Figure 6.10 — Residual Life (Rigid)

6.9 REVIEW AND ARCHIVE RESULTS

Similar to the example for flexible pavement, the results should be reviewed. In this case, the FWD
data appear fairly consistent and the results appear reasonable. Therefore, no re-analysis is required
and the results are archived electronically and on paper.
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