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Abstract—A benchmark analysis method was developed using 
Falling Weight Deflectometer (FWD) data for comparative 
evaluation of the structural condition of flexible pavement 
structures. This is established as a preliminary design and 
analysis tool, and aspects of it are incorporated in TRH 12. 
Experiences with benchmark analyses on roads and airports are 
reviewed and adjusted criteria are recommended with a colour 
coded three tiered condition assessment method. Exploratory 
studies on additional deflection bowl parameters are conducted 
to gauge their potential for inclusion in benchmark analyses. 
Deflection bowl parameter benchmarking has found application 
at network level analysis in a number of road authorities world-
wide. Modified Structural Number (SNP) and Pavement Number 
(PN) have recently also been illustrated as being able to 
accurately calculate from the full deflection bowl and can be used 
in such enhanced benchmark analyses of flexible pavement 
structures.  

 

Keywords—Falling weight deflectometer, deflection bowl 
parameters, benchmark structural analysis, modified structural 
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I.  INTRODUCTION  
Deflection bowls or basins measured with the Falling 

Weight Deflectometer (FWD) have proven to be an accurate 
and reliable non-destructive pavement deflection response 
measuring technology [14]. “ The FWD has proven to be an 
important tool in the non-destructive evaluation of existing 
pavements, and many state and local pavement management 
system (PMSs) utilize the measurements from the FWD” [10] 
Measured FWD deflection bowls are used as basis for various 
back-analysis methods to determine primary material 
properties such as effective elastic moduli. Numerical methods 
such as multi-layered linear elastic modulus models are widely 
used to calculate deflection bowl of pavement structures [26]. 
Back-analysis is usually achieved by a structured iterative 
process (optimization) whereby effective elastic moduli of 
pavement layers are adjusted until set tolerances between 
calculated and measured deflections are met. Non-linear 

pavement modelling and dynamic response are also possible at 
an advanced level of detailed back-analysis[1] 

As a front-end to such analysis, a simplified benchmark 
methodology was developed based on known basic 
characteristics of the deflection bowl [13,14 & 16]. In this 
method, measured deflection bowl parameters are calculated 
via simple spreadsheet procedures for various zones of the 
deflection bowl, and these are correlated with pavement layer 
structural integrity.  

This benchmark methodology is best used as a screening 
tool for evaluation of pavements to identify areas of potential 
structural defects which can be linked to the project pavement 
investigation length and width as well as in the pavement 
depth in various layer associated zones. Such areas and zones 
of relative more distress than others can then be analysed in 
more detail via various means (test pits, detailed back 
analyses, material characterization, etc) as prescribed in 
typical rehabilitation and design procedures [21, 23 &36] 

Benchmarking is a well-known evaluation principle in 
pavement engineering [22]. The California Bearing Ratio 
(CBR) is a typical well known benchmark example. CBR is in 
effect a benchmark methodology developed by Porter and 
subsequently  used in evaluating subgrade as well as other 
granular engineered pavement materials [30]. The CBR value 
is basically a simulation of  material bearing strength  
compared with that of a standard material tested with a 
standard compression type test and then expressed as a 
percentage of the standard or reference material test value. 
This CBR value has established itself virtually as a ‘pseudo 
primary material strength property’ in the pavement 
engineering environment.  

The original work on the use of FWD based deflection 
analyses in road pavement structures in South Africa was 
explored and further developed by a number of researchers [2, 
11, 12,  13, 24, 27, & 28] . This collective effort culminated in 
a well described set of deflection bowl parameters and semi-
empirical  analyses models [23] which found application in the 
national guideline for flexible road  rehabilitation analysis, 
TRH 12 [36].  
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The use of these deflection bowl parameters were in effect 
promoted as a first order structural analysis of pavements or as 
de facto benchmark method to structurally evaluate flexible 
pavements and associated pavement layers [13, 14 & 28] 
Benchmarking is also a valuable screening option when 
analyses are done with a pavement management system 
(PMS) at  network level [37] 

Mechanistic analysis of pavement structures usually relies 
on the accurately determined back-calculated effective elastic 
moduli for accurate pavement structural analyses [35]. 
Unfortunately back-analyses methodologies have considerable 
potential for variability (non-uniqueness of results) even if 
layer thicknesses, temperature corrections and other material 
type specific information are known and accommodated in the 
back analyses procedures [1].   

A big influence on the accuracy of structural evaluation is 
the need to have exact pavement layer thickness. However, it 
is a known fact that such key parameters such as pavement 
layer thicknesses are often not known during the early stages 
of pavement evaluation and may vary considerably over the 
length of a pavement, thus influencing the reliability of the 
mechanistic analyses. The simpler benchmark methodology 
thus evolved where pavement layer thickness need not be 
known. This benchmark methodology was originally applied 
to flexible road pavements [13, 24 & 28] and was later 
expanded for flexible airport pavement structure evaluation 
[13, 15&16]. 

The use of the FWD in the evaluation of airport pavement 
structures in this benchmark methodology fashion was 
justified by the linear elastic response of flexible pavement 
structures. McQueen et al [29] did considerable work on 
thicker or deeper airport  pavement structures and found: ‘The 
linear response with load for both flexible and rigid 
pavements suggest that using NDT force amplitudes at 
prototypical aircraft loading is not necessary to evaluate 
airport pavements. This suggests that airport pavements can 
be evaluated satisfactorily  with lighter load devices, such as 
the FWD, provided sufficient response is obtained to allow for 
reliable sensor recordation’. 

In this paper the principle of benchmarking road and 
airport pavement structures is reviewed. A re-look is taken at 
established deflection bowl parameters as well as new 
deflection bowl parameters. 

II. DEFLECTION BOWL PARAMETERS 
Deflection bowl parameters are calculated from the 

measured FWD deflections, Dr, at geophones positioned at 
various offsets, r in mm, from centre of loading. In South 
Africa, the typical FWD geophone set up is spaced at zero 
(D0) (under the centre of the FWD loading plate, which itself 
has a diameter of 300mm), 200mm (D200), 300mm (D300), 
450mm (D450), 600mm (D600), 900mm (D900), 1200mm 
(D1200), 1500mm (D1500) and 1800mm (D1800). Deflections 
resulting from dropped weights such as 40kN (566kPa contact 
stress) are measured at these offsets. Note that in the USA the 
standard off-sets are still based on Imperial standards (eg a 
foot =305mm) [9] These discrete measuring points are 
illustrated in Figure 1. These discrete measurement points on 

the deflection bowl allow simple spreadsheet calculations of 
deflection bowl parameters describing various zones or areas 
of the whole deflection bowl. Each actual drop stress usually 
varies from the target drop stress, and the measured 
deflections are adjusted to target drop stress by assuming a 
linear elastic response. Thus as example a deflection of 400 
µm at a drop stress of 582 kPa would be adjusted to a 
deflection of  389 µm for a drop stress of 566 kPa.  

 

 

 
Figure 1. FWD deflection bowl illustration with 
measuring geophone set-up.   
Table I below presents a summary of the most common 

deflection bowl or basin parameters for pavement structural 
evaluation [19 & 34]. All of these parameters can easily be 
calculated in a spreadsheet using the deflection bowl 
measurements. The slope parameters, described in Table I as 
BLI, MLI and LLI (parameters 3, 4 and 5) formed the basis of 
the original benchmark methodology developed[ 13, 14, 15 
&16]. The use of such slope parameters in benchmarking on 
airport pavements was confirmed by Donovan and Tutumluer 
[7] as well as Pigozzi et al. [31]. Maximum deflection (D0) 
and radius of curvature (RoC) parameters are also promoted as 
useful to evaluate and asphalt surfacing in the original 
benchmark methodology [13]. 

Maximum deflection reflects the elastic response to 
loading of the whole pavement structure and has a long history 
in empirical structural response relationships with older 
equipment like the Benkelman Beam (BB) where rebound 
deflections with plastic deformation elements included in the 
elastic rebound response were used. The FWD is able to 
measure mostly elastic response due to the dropped load 
simulating a moving wheel at approximately 60kph. As much 
as 60% to 70% of maximum deflection (D0) measured with 
the FWD, can be due to the subgrade elastic response in the 
case of light pavement structures[12]. In the case of stronger 
pavement structures this may reduce significantly due to the 
contribution of the better quality structural layers.  

Radius of Curvature (RoC) is basically an adaption of the 
original Dehlen radius of curvature [5] to the FWD 
configuration.  The Tables show a number of deflection bowl 
parameters (numbers 6 to 10) which were found to be less 
useful in previous in-depth studies [12,] using an accelerated 
pavement testing device (Heavy Vehicle Simulator - HVS) 
and its adapted BB: the Road Surface Deflectometer (RSD). 
The later addition of the Area parameters or Indices (see 
parameters 11 to 13 in Table I) also proved to have value in 
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such benchmark analyses and will be explored in more detail 
in this paper.  

 

 

TABLE I.  DEFLECTION BOWL PARAMETERS [19 & 34] 

Parameter Formula 
Structural 

indicator 

1.  

Maximum 

deflection 
D0 as measured 

Gives an 

indication of all 

structural layers 

with about 70% 

contribution by 

the subgrade 

2.  

Radius of 

Curvature  

(RoC) 

 

 
Where L=127 mm in the Dehlen 

curvature meter and 200 mm for 

the FWD 

Gives an 

indication of the 

structural 

condition of the 

surfacing and 

base condition 

3. Base Layer 

Index (BLI) 

also known 

as Surface 

Curvature 

Index (SCI) 

 

Gives an 

indication of 

primarily the 

base layer 

structural 

condition 

4. Middle 

Layer Index 

(MLI) also 

known as 

Base 

Damage 

Index (BDI) 

 

Gives an 

indication of the 

subbase and 

probably 

selected layer 

structural 

condition 

5. Lower 

Layer Index 

(LLI) ) also 

known as 

Base 

Curvature 

Index (BCI) 

 

Gives an 

indication of the 

lower structural 

layers like the 

selected and the 

subgrade layers 

6.  

Spreadability, 

S  

Supposed to 

reflect the 

structural 

response of the 

whole pavement 

structure, but 

with weak 

correlations 

7.  

Area, A  

The same as 

above 

8.  

Shape factors 

 

 

 

The F2 shape 

factor seemed to 

give better 

correlations with 

subgrade moduli 

while  F1 gave 

weak 

correlations 

9.  

Slope of   

Deflection 
 

Weak 

correlations 

observed 

10. 

Additional 

shape 

factor 

 

Lower layer 

condition or 

depth to a stiff 

layer 

11.  

Area under 

pavement 

profile 

 

Characterizing 

condition of the 

pavement upper 

layers 

12. 

Additional 
areas 

 

 

Condition of 

middle layer  

 

Condition of 

lower layers 

13.  

Area indices 

 

 

 

 
 

Condition of 

upper layer 

Condition of 

middle layer 

Condition of 

middle layer 

Condition of 

lower layer 

III. BENCHMARK RANGES FOR DEFLECTION BOWL 
PARAMETERS 

The well-known RAG condition rating system, often 
applied in pavement management system (PMS) and 
pavement condition ratings, is utilised in this simplified 
deflection bowl parameter benchmark evaluation. RAG 
represents red for severe condition, amber for warning 
condition and green for sound condition. The criteria for the 
RAG relative structural condition states are based on a semi-
empirical model which provides for accurate benchmark or 
relative evaluation of pavement structural capability [13, 14, 
16 &28 ].  

In Tables II to V, the criteria for deflection bowl 
parameters in the previously described RAG colour condition 
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states are shown for granular base pavements. The latter type 
of pavements are the most commonly used in South Africa. 
The various tables are for various contact pressure ranges in 
kPa (drop weight levels in kN are also indicated). The ranges 
in contact stress, which are higher than the normal road testing 
standard of 566kPa up to 1700kPa are to adhere to the 
previously stated [29] requirement for adequate pavement 
response and sensor recording for various granular base 
thicknesses  when airport pavement structures are evaluated.   

The ranges indicated in Table II and III are most 
commonly used for flexible road pavement structures and 
associated loading and those in Tables 4 and 5 for airport 
pavement structures and their loading quanta. The values 
shown in Tables 2 to 5 tend to have more rounded off figures 
and differ slightly from those published before [ 15 &17], but 
the basic principles are still the same and are based on 
extensive use of benchmark analyses in practice. 

TABLE II.  BENCHMARK RANGES FOR 566 KPA CONTACT STRESS (40KN) 
ON A GRANULAR BASE PAVEMENT 

Structural 
condition 
rating 

Deflection bowl parameter ranges 
RoC 
(m) 

Max 
deflection 
(micron) 

BLI 
(micron) 

MLI 
(micron) 

LLI 
(micron) 

Sound >100 <500 <200 <100 <50 

Warning 50 to100 500 to 750 200 to 400 100 to 200 50 to 100 

Severe <50 >750 >400 >200 >100 

TABLE III.  BENCHMARK RANGES FOR 700KPA CONTACT STRESS (50KN) 
ON A GRANULAR BASE PAVEMENT 

Structural 
condition 
rating 

Deflection bowl parameter ranges 
RoC 
(m) 

Max 
deflection 
(micron) 

BLI 
(micron) 

MLI 
(micron) 

LLI 
(micron) 

Sound > 90 <625 <250 <115 <65 

Warning 42 to 90 625 to 925 250 to 475 115 to 225 65 to 120 

Severe <42 >925 >475 >225 >120 

TABLE IV.  BENCHMARK RANGES FOR 1415KPA CONTACT STRESS 
(100KN) ON A GRANULAR BASE PAVEMENT 

Structural 
condition 
rating 

Deflection bowl parameter ranges 
RoC 
(m) 

Max 
deflection 
(micron) 

BLI 
(micron) 

MLI 
(micron) 

LLI 
(micron) 

Sound > 70 <1250 <500 <250 <130 
Warning 28 to 

70 
1250 to 1900 500 to 

1000 
250 to 500 130 to 250 

Severe <28 >1900 >1000 >500 >250 

TABLE V.  BENCHMARK RANGES FOR 1700KPA CONTACT STRESS 
(120KN) ON A GRANULAR BASE PAVEMENT 

Structural 
condition 
rating 

Deflection bowl parameter ranges 
RoC 
(m) 

Max 
deflection 
(micron) 

BLI 
(micron) 

MLI 
(micron) 

LLI 
(micron) 

Sound >60 <1500 <600 <300 <150 

Warning 20 to 
60 

1500 to 2250 600 to 
1200 

300 to 600 150 to 300 

Severe <20 >2250* >1200 >600 >300 

* May be just outside the range of FWD, but not Heavy Falling 
Weight Deflectometer (HWD) 
 

IV. CORRELATIONS WITH NEW AREA INDEX  
There are other deflection bowl parameters to consider 

[34]. The various Area indices (AUPP, AI1, AI2, AI3, AI4, A3 
and A4) showed the greatest potential for similar or 
complementing application in benchmark analyses. In order to 
verify the usefulness of these Area indices, they were 
correlated with the known slope parameters BLI, MLI and 
LLI. The original data set of FWD deflections [27 & 28] were 
used to calculate the newer deflection bowl parameters as 
well. 

In Tables VI to VIII the best correlations between the 
known slope parameters BLI, MLI and LLI are shown for 
asphalt base pavements, granular base pavements and 
cemented base pavements, respectively. The correlation 
relationship, R2 value and a thumb view of the graph of each 
correlation are shown.  

TABLE VI.  CORRELATIONS FOR ASPHALT BASE PAVEMENTS 

Zone Correlation  Thumb view of graph 
Base and 
surfacing 

RoC200 vs BLI 
 
y = 17728x-0.878 
 
R2= 0.87 

 
BLI vs AI1 
 
y = 37382x-0.487 
 
R2= 0.82 

y = 37382x-0.487

R² = 0.8184
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Aupp vs BLI 
 
y = 67787x-0.948 
 
R2= 0.9 

 
Subbase AI2 vs MLI 

 
y = 8E+06x-1.057 

 
R2= 0.82 

 
MLI vs Aupp 
 
y = 610136x-1.35 
 
R2= 0.77 

 
MLI vs AI3 
 
y = 758623x-0.827 
 
R2= 0.73 
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Selected 
and 

subgrade 

AI3 vs LLI 
 
y = 3E+06x-1.077 
 
R2= 0.84 

y = 3E+06x-1.077

R² = 0.8418
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LLI vs AI4 
 
y = 360284x-0.824 
 
R2= 0.77 

y = 360284x-0.824

R² = 0.7728
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A3 vs LLI 
 
y = 0.0543x + 
5.2711 
 
R2= 0.44 

y = 0.0543x + 5.2711
R² = 0.438
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TABLE VII.  CORRELATIONS FOR GRANULAR BASE PAVEMENTS 

Zone Correlation  Thumb view of graph 
Base and 
surfacing 

RoC200 vs 
BLI 
 
y = 27918x-

0.97 
 
R2= 0.96  
BLI vs AI1 
 
y = 2E-09x2 
+ 0.0002x + 
97.902 
 
R2= 0.72 

y = 2E-09x2 + 0.0002x + 97.902
R² = 0.7157
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Aupp vs BLI 
 
y = 0.2388x 
+ 15.991 
 
R2= 0.93 

y = 0.2388x + 15.991
R² = 0.932
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Subbase AI2 vs MLI 

 
y = 0.0011x 
+ 40.096 
 
R2= 0.85 

y = 0.0011x + 40.096
R² = 0.9266
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MLI vs Aupp 
 
y = 3E-05x2 
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15.313 
 
R2= 0.9 
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MLI vs AI3 
 
y = 398.53x 
– 13218 
 
R2= 0.83 

 

y = 398.53x - 13218
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LLI vs AI4 
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TABLE VIII.  FOR CEMENTED BASE PAVEMENTS 

Zone Correlation  Thumb view of graph 
Base and 
surfacing 

RoC200 vs BLI 
 
y = 17728x-0.878 

 
R2= 0.87 

y = 17728x-0.878
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y = 0.2518x + 
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Subbase AI2 vs MLI 
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MLI vs Aupp 
 
y = 3.9795x + 
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MLI vs AI3 
 
y = 0.0017x + 
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R2= 0.87 
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LLI vs AI4 
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y = 3.7374x2 - 
77.878x + 
437.78 
 
R2= 0.69 

y = 3.7374x2 - 77.878x + 437.78
R² = 0.6898

0
20
40
60
80

100
120
140
160

0 2 4 6 8 10

M
LI

 (m
ic

ro
n)

A3

MLI vs A3 Cemented Base Pavements

 
 

As expected BLI correlates very well with AI1 and Aupp 
for all base types. In all cases RoC200 were also correlated 
with BLI with very good R2 values (above 0.9 in general). The 
original correlation study done by Maree and Jooste [28] did 
not include RoC200.  It may be possible to adjust the ranges of 
RoC200 for the various base types shown in their Tables 2 to 4, 
however, it is felt that a larger data set is needed before such 
adjustments are made.  

The MLI parameter gives surprisingly good correlations 
with new area parameters Aupp, AI2 and AI3 for all base types. 
This may be due to the limited size of this data set and 
therefore it is suggested that adjustments to MLI ranges only 
be made once a larger data set is analysed for the various 
pavement types. AI3 in particular has significance as it 
actually extends beyond the MLI range from 300mm to 
600mm by including deflections measured at 900mm (D900). 
This parameters has promise in that it seems to be able to 
handle the possible shift in inflection point beyond 600mm 
better than MLI [31]. 

LLI correlates well with new area index parameters AI3 
and AI4 (R2 minimum is 0.77), but A3 which was expected to 
correlate well did not (R2 ranged for 0.44 to 0.69), but can still 
be defined as having a useful correlation. AI3 as parameter 

should correlate well with LLI as the same deflections (D600 
and D900) are used. However, AI4 again extend beyond 
900mm as D1200 is used and therefore describe a further area 
or zone on the deflection bowl extremity. This may again have 
relevance when the actual inflection point may have shifted 
outwards influencing MLI directly and to a lesser extent LLI.  

Other deflection bowl parameters such as F1, F2, F3, A2 
etc. were confirmed to have weak correlations (not shown 
here) as reported elsewhere before for all types of pavements 
[12].  

 

V. ISSUES RELATED TO THE STANDARD DEFLECTION BOWL 
SHAPE. 

The deflection bowl shape, with the curvature zones in a 
pavement layered structure is shown in Figure 1 [14]. The 
positive curvature area in the deflection bowl tends to give a 
very good correlation with deflection bowl parameters derived 
in that area of the deflection bowl, such as the slope 
parameter, BLI.  

The RoC200 for the FWD is calculated using D0 and D200 
deflection measurements to simulate the original Dehlen 
radius of curvature meter [5 &12]. Dehlen observed originally 
that “points of inflection occur fairly consistently at distances 
of 6 ins [152mm] on either side of the point of maximum 
deflection”. Dehlen [5] also noted from numerous 
observations with BB surveys that “in the vicinity of the points 
of maximum deflection the curves are typically of sine form”. 
The positive curvature around the point of loading was thus 
approximating a parabola and the radius of curvature fits in 
the area within 127mm (5 inches) on both sides of the point of 
maximum deflection as shown in Table I.   

However, with the FWD test, the D200 deflection 
measurement is close to the edge of the FWD loading plate 
(which has a radius of 150mm) and may sometimes suffer 
from a bulking stress or ripple effect of the plate’s edge on the 
pavement surface for some softer base pavement types or 
asphalt base pavements due to temperature related influences. 

It is known that the theoretical parabola form of the 
deflection positive curvature in this  zone under the  loading 
plate often does not extend much further than the actual edge 
of the loading plate of the FWD (150mm radius) if compared 
with the original Dehlen radius of curvature measurements. 
Originally measurement was restricted to 127mm (5 inches) to 
stay well inside the point of inflection observed at 300mm. 
RoC calculated with the FWD is therefore described here as 
RoC200 to denote the difference from the original Dehlen 
derived RoC.  If a D127 measured with the FWD was possible, 
it would fall under the loaded plate and thus the shift to 
200mm for the RoC200 calculation was made associated with 
the FWD.  

In spite of the potential problems with the RoC200 it has 
been found that RoC200 often augments the BLI parameter as 
it tends to better reflect the structural response of the thin 
asphalt surface layer and to a certain extent the upper regions 
of the base layer. The structural response of the base layer and 
that of the asphalt surfacing can be isolated by using these two 
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Fig 3. Slope Tangent variation for a deep granular and an asphalt base 
pavement 

   

parameters (BLI and RoC200) in combination as demonstrated 
by an example below.  

The basis of the MLI parameter correlation with the 
subbase layer structural condition is the inflection zone. In 
practice it was found that this inflection zone can vary and 
may often move into the positive curvature Zone 1, thus less 
than 300mm as originally observed by Dehlen [5]. This 
inflection point drift is often observed when a weak base layer 
is present. If a stronger base is present this Zone 1 of positive 
curvature often move to a zone beyond 300mm and even 
sometimes even beyond 450mm. The Zone 2 of curvature 
inflection then also moves further out towards 600mm or even 
towards 900mm. Therefore MLI as benchmark often give 
mixed signals regarding the structural condition of the subbase 
layer and more care should be exercised when this parameter 
is used. In general pavement failure in the base and surfacing 
will override potential mixed signals regarding the subbase at 
such a screening or first observation level. Obviously a weak 
subgrade will also be deemed more reliable an indicator of 
structural strength in a benchmark analysis mode and be more 
influential in decision making.  

To solve this problem, Figure 2 illustrates how Donovan 
and Tutumluer [7] and subsequently Pigozzi et al [31] adjusted 
the MLI and LLI slope parameters based on their observation 
of accelerated testing of a thick airport pavement and 
associated shift in the inflection zone of the deflection bowls. 
This illustration provides a clear understanding of the 
influence of the shift in the inflection zone of the deflection 
bowl in this particular case under accelerated loading 
conditions. Kumlai et al [25] confirmed this approach by 
stating that the locations of the slope parameters (BLI, MLI 
and LLI) do not have to be certain or fixed and can be adjusted 
based on specific pavement structure observations.  

 
Fig 2. Suggested adjustment of MLI and LLI for airport pavements (Donovan 
and Tutumluer, 2009) 

 A simple solution to determine this movement of the 
inflection point and zone would be to calculate the slope 
change at the discrete measurement points from 0 to 1500mm 
expressed as the slope tangent. For example the slope 
Tangent0-200 = (D0-D200)/200000. D0 and D200 is expressed or 
measured in micron and therefore the 200mm horizontal 

difference between D0 and D200 measuring points is also 
converted to micron (200000).    

In Figure 3 this calculation is demonstrated for an asphalt 
base pavement and a deep granular base pavement. It is clear 
that the granular base pavement adheres to the normal 
convention where the inflection point is close to 300mm with 
a clear maximum point shown. However, such a change in 
slope tangent is not observed with the asphalt base pavement. 
The inflection point moved closer to 600mm for this asphalt 
base pavement. If a continuous deflection bowl was measured, 
like what the RSD does, this shift would be easier to detect, 
but the FWD is limited to pre-set distances which makes the 
shift more difficult to detect. 

 

A modified MLI, namely MLImod = D600-D900 and a 
modified LLI, namely LLImod = D600-D1200 can thus be used 
as suggested by Donovan and Tutumluer [7] in this case 
identified for the asphalt base pavement analyses. The same 
approach was used by Pigozzi et al [31].  This change has a 
better correlation with Area Index parameters AI3 and AI4 as 
described before.  

This improvement is illustrated in Figures 4 and 5 
respectively. These two area index parameters have already 
demonstrated to have good correlations respectively with the 
subbase and subgrade structural response and are already 
based on the MLImod and LLImod zones in any case (see Table 
I). When MLImod and LLImod parameters are used, the 
correlation coefficient, R2, improve indicating improved 
correspondence with their zones of influence.  
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Fig 4. Effect of change in inflection point shifted on MLI 

 

    Fig. 5 Effect of change in inflection point shifted on LLI 

VI. BENCHMARKING WITH AREA DEFLECTION BOWL 
PARAMETERS  
The use of other deflection bowl parameters such as the 

Area parameters is illustrated by using a well-documented 
road pavement where premature failure in the top of a high 
quality freshly crushed granular continuously grade base and 
the 40mm continuously grade asphalt surfacing with 20mm 
ultra-thin friction course (UTFC) layers occurred. The rest of 
the pavement had a cement treated subbase and well designed 
and constructed selected subgrade on good quality subgrade 
conditions. Back-analysis of effective elastic moduli were 
followed by detailed test pit and laboratory surveys, which 
confirmed the source of distress as originating from a 
combination of the top of base and surfacing.  

Benchmark analyses with parameters LLI and MLI (not 
shown) also confirmed a structurally sound subbase and 
subgrade condition. The standard 40kN dropped weight FWD 
survey was done at 10m intervals in the slow lane in both 
wheel paths making it ideal for detailed survey analysis. In 
Figure 6 the FWD (40kN) maximum deflection is shown and 
via the RAG benchmark system illustrates that no structural 
problem can be detected by using maximum deflection alone. 
The spot where failure is visually observed the maximum 
deflection is larger than the rest, but it still does not show up 
as being in a warning or severe condition. 

In Figure 7, the BLI benchmark analysis is shown. The 
visually confirmed distressed spot is now identified indicating 
the base and surfacing combination or zone is in a warning 
condition. This spot coincides with the spot identified in a 
severe condition by the SCI benchmark analysis 
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Fig 6. Maximum deflection benchmark analysis for distressed road 

section. 
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Fig 7. BLI benchmarking benchmark analysis to determine origin of 

distress. 

A further drilling down could be provided by looking at 
the benchmark analysis with the RoC200 parameter. The 
benchmark analysis with RoC200 shown in Figure 8 was able 
to identify areas where the severe RoC200 coincided with 
identified visual surveyed severe conditions, confirming 
premature distress in the asphalt surfacing and the top of the 
crushed stone base. Over and above that known spot in a 
severe visual condition, other potential problem areas in a 
warning condition (in the left wheel track) could now be 
observed. Of significance is the fact that the right wheel track, 
next to the identified severe spot in the left wheel track, now 
shows potential problems signalling RoC200 values in the 
warning condition. 

In Figure 9, the dimensionless AI1 deflection area 
parameter was calculated for the same section and wheel 
paths. A straight correlation from the BLI condition ratings 
(Horak and Emery, 2006) was used to impose the RAG 
criteria for AI1 as well. It shows that AI1 may in fact be even 
more sensitive to the top of base and surfacing structural 
condition than any of the other deflection bowl parameters. 
All the spots identified by RoC200 showed up in the AI1 
analysis except it now shows two more spots already in severe 
condition. This conclusion was subsequently confirmed by 
actual distress occurrence in the form of crocodile cracking 
which tended to appear in a very short time in the areas thus 
identified by the AI1 parameter. In this case, the faintly 
cracked asphalt surface was not identified by visual 
inspection, but after rain and moisture ingress into the top of 
the base this form of distress occurred virtually overnight. 
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Fig. 8 RoC200 benchmark anlaysis of short disrtessed road section. 
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Fig 9. AI1 benchmark analysis for a short distressed road section  

VII. THE FUTURE OF DEFLECTION BOWL BENCHMARK 
ANALYSIS 

It is clear that FWD deflection bowl parameter benchmark 
analysis has found application world-wide for road and airport 
pavement structural analyses. However, the future of non-
destructive testing lies in the new generation of moving or 
rolling wheel deflectometers (RWDs) and traffic speed 
deflectometers (TSDs). They are often collectively referred to 
as Continuous Deflection Measuring Devices CDMDs) or just 
Continuous Deflectometers (CDs) [10].   The RWDs and 
TSDs were found to be the most promising CDs for 
evaluation. Such CDs are currently in various validation, 
calibration and commissioning phases in various places all 
over the world [9]. “The need for traffic speed deflection-
testing methods has been widely supported in the literature 
because of time constraints and the necessity to divert traffic 
from the tested lane when stationary devices are used [8].   

These new generation moving deflection measuring 
devices are ideal for network survey and analysis due to their 
high survey speed and high density of survey.’ Perhaps the 
primary benefit of continuous deflection measuring devices is 
its ability to provide an overall assessment of the structural 
condition of the pavement network” [9].    

Correlations with the current FWD technology may be 
problematic. The old problems experienced when Benkelman 
Beam deflections tried to be correlated with FWD deflections  
re-emerged. The difference in measuring technology makes 
direct transitions or translations between FWD and CDs 
problematic [9]. It is acknowledged that using the FWD as 
reference might not provide a “true” reference given the 
differences in response of pavements under loaded wheel 
travelling at speed and the “impact type response created by 
the FWD [9]. It is also acknowledged: “Although it is expected 
that pavement deflection data would differ in magnitude and 

shape, both methods should reveal similar trends and provide 
a comparable assessment of pavement structural integrity. 
This is owning to the fact that they both use the same concept 
that thin, distressed, and soft pavements exhibit greater 
deflections than thick and stiff pavements” [8] 

 It is anticipated that in future CDs such as RSDs or TSDs  
specific deflection bowl analyses will offer the possibility of 
benchmark analyses when the embedded knowledge of the 
whole deflection bowl thus measured is utilised.  Such 
analyses and correlations will follow as soon as 
commissioning and calibration problems are overcome. Some 
of these CDs still struggle to measure more than merely 
maximum deflection or more than merely the positive 
curvature (close to the point of loading) of the deflection bowl.  

It is heartening when Elseifi et al [9] showed that it was 
possible to use RWD maximum deflection to predict 
pavement structural number (SN). In the light of evidence 
produced with the FWD such correlations will improve if 
additional deflection points from the full deflection bowl of 
CDs are utilised. It should therefore be possible to determine 
adjusted pavement structural number (SNP) more accurately 
with the CD-type equipment, which would greatly enhance 
preliminary or benchmark type analysis of pavements on a 
network level.  In this regard Flintsch et al [10] neatly 
summarises the potential use when they state: “ The primary 
applications of the continuous deflection device at the network 
level would be to: 

1. Help identify “weak” (or structurally deficient ) 
areas that can be investigated further at the 
project level, 

2. Provide network-level data to calculate a 
structural health index that can be incorporated 
into a PMS, and 

3. Differentiate sections that may be ideal 
candidates for preservation (quality structural 
capacity) from those that would likely require a 
heavier treatment (showing structural 
deficiencies). “  

VIII. CONCLUSION AND RECOMMENDATIONS 
The benchmarking methodology with the slope deflection 

parameters BLI, MLI and LLI is being used at both project 
and network level world-wide as a preliminary analysis tool. 
Horak et al [ 19 & 20]  have shown that full utilisation of the 
whole deflection bowl can accurately calculate the adjusted 
structural number (SNPeff) as well as the South African 
specific parameter pavement number (PNeff), for all flexible 
pavement types (granular base, asphalt base and cemented 
base pavements). Both SNPeff and PNeff can therefore also be 
used with confidence in a pavement structural benchmark 
methodology. Typically they can be used as an extension of 
the benchmark methodology at project as well as at network 
level for such first order structural evaluation with limited data 
only and layer thicknesses are not available. 

FWD deflection bowl analyses using only maximum 
deflection often do not even identify obviously identified 
visual distressed areas on a road. However, using SNPeff or 
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PNeff showed that they can accurately identify distressed 
sections of the road, but not the origin of the distress in the 
pavement structure [19 & 20]. Therefore, such initial 
benchmark analyses with SNPeff and PNeff must be followed 
up with a detailed benchmark analysis with deflection bowl 
parameters to help identify the actual origin of distress.   

For surfacing and base course FWD analysis, it was 
confirmed that radius of curvature measured at off-set 200mm 
(RoC200) can significantly improve the analysis of the 
surfacing and top portion of the base (to a depth of 50mm) of 
flexible pavements in spite of the potential measurement 
difficulties. In South Africa such base types are mostly 
granular and therefore RoC200 can be used with confidence in 
combination with the slope parameter BLI or some of the area 
parameters correlating with BLI.  

The use of BLI reflects the whole base and surfacing 
combination better, purely because it incorporates the extreme 
point where the positive curvature is starting to inflect and 
changes to a negative curvature.  It was also shown that the 
area parameters AUPP and AI1 correlate well with BLI, and 
can be used alternatively to enhance the benchmark analysis of 
the base and surfacing zone and may even be able to identify 
potential growth of current visually observed distress. There is 
a certain percentage of overlap in using Aupp, AI1 and BLI 
when using all of them for such analyses, but it is good 
practice to use say BLI with the longer track record as main 
indicator and the other to check for consistency and 
correlation with other tell-tale base distress signs like cracking 
and rutting. 

For subbase analysis, the MLI slope deflection parameter 
may give random correlations with the subbase zone purely 
because the point of inflection may drift inside the 300mm to 
600mm zone and sometimes outside that zone. This occurs 
more common on thick, heavy duty pavements like airport 
pavements or deep asphalt base pavements. Plotting the 
tangent of the slope versus distance from the point of 
maximum deflection is suggested as a method to evaluate the 
possible shift in inflection point. It was shown that MLI 
calculations can be adjusted to improve this parameter a as 
benchmark analysis tool for airport pavements. The slope 
defection parameter MLI was also shown to correlate well 
with Area parameters AI2, AI3 and AUPP. It is therefore 
suggested that these parameters also be used in combination 
with MLI to evaluate the zone incorporating the subbase of a 
flexible pavement.  

For subgrade analysis, the slope deflection parameter LLI 
is a very reliable benchmark parameter reflecting the subgrade 
and selected layer zone structural condition well. LLI 
correlates well with new area index parameters AI3 and AI4. 
Of these AI4 shows the most promise in enhancing LLI 
benchmark analyses for thick heavy duty pavements as it 
stretches beyond 900mm which can cater for the inflection 
point drift in the deflection bowl better. 

The ranges for the use of the RAG (Red, Amber and 
Green) structural condition ratings for various contact 
pressures suitable for road as well as airport pavement types 
have been slightly revised and rounded off for ease of use. 
Revised RAG ranges of an expanded and updated FWD 

derived deflection bowl parameters for roads only are 
suggested in summary for granular base pavements in Tables 
IX and X. Such pavement type is the most common pavement 
type found in SA. It is important to note that these parameters 
are biased towards the more flexible ranges of elastic response 
and not towards the very stiff pavements or upper ranges [13] 
shown in Table IX. Stiff to very stiff pavements will in any 
case generally not be in need of rehabilitation and therefore 
the focus and discrimination is on the more flexible elastic 
response pavements.  

These ranges can be adjusted if the focus would be on 
stiffer pavements to achieve sensitivity, greater definition and 
discrimination on a benchmark evaluation basis. The newer 
area parameters are therefore also given initial ranges for 
granular base pavements only and should be checked and 
adjusted when different flexible base type pavements are 
evaluated with the benchmark analysis methodology.  

In spite of the traffic ranges given in Table IX it should not 
be used for remaining life calculations, but rather seen as an 
indication of association with the pavement elastic response in 
the first column of Table IX only. The original basis for this 
elastic response and associated traffic ranges were the 
empirical relationships developed for maximum deflection 
during the transitional stage from Benkelman Beam 
deflections to FWD derived deflection in the late 1980s. Since 
then the value of utilising the embedded structural response 
knowledge of the full FWD deflection bowl had been 
demonstrated and accepted worldwide.  

Finally FWD derived parameters and structural indicators 
and their RAG associated ranges should only be used in a 
benchmark methodology in aid of preliminary pavement 
structural analyses. It is designed to help identify areas of 
potential distress and possible origin of distress and can help 
to cost effectively direct further detail survey and analysis 
efforts of flexible pavements.   

TABLE IX.  CLASSICAL BENCHMARK RANGES FOR 566 KPA CONTACT 
STRESS (40KN) 

Deflection bowl parameter benchmark analysis ranges and elastic response 
classification 

Elastic 
response 

Classification 

Max 
deflection 
(micron) 

BLI 
(micron) 

MLI 
(micron) 

LLI 
(micron) 

Traffic 
Range 
MESA 

Firm to very stiff <500 <200 <100 <50 >3 
Firm 500 to 750 200 to 400 100 to 200 50 to 100 0.8 to 3 

Flexible to very 
flexible 

>750 >400 >200 >100 <0.8 

TABLE X.  ADDITIONAL BENCHMARK RANGES FOR 566KPA CONTACT 
STRESS (40KN) 

Structural 
condition 

rating 

Deflection bowl parameter benchmark analysis ranges 
SNPeff  PNeff SCI  

(Structural 
Condition 

Index) 

AI1 
Area  

parameter 

Aupp 

Area  
parame

ter 

RoC 
(m) 

Sound >6 >10 >1 <20 000 <400 >100 

Warning 4 to 6 5 to 10 0.75 to 1 20 000 to 30 
000 

400 t0 
800 

50 to100 

Severe <4 <5 ,0.750 >30 000 >800 <50 
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