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Abstract. The process of selecting road maintenance technologies for the Pavement Management System (PMS) can use 
road pavement moduli of deformation as the substantiating information. Assessment criteria based on either pavement 
or base course moduli of deformation have strong empirical underpinning, since the stiff plate bearing testing (SPBT) is 
commonly used worldwide. This paper discusses potential practical applications of plate bearing test numerical simula-
tion based on Falling Weight Deflectometer (FWD) deflection data, and theoretical model based on flexible pavement. 
It was proven that including a pavement model with stress dependency, the simulated second load-displacement curves 
meet reliably plate bearing in-situ test conditions for different layers of either subgrade or base courses of road pave-
ment. This methodology is feasible by classifying technical condition of each lower layer of road pavement against 
requirements towards new pavements.
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Introduction

Various forms of the integration of knowledge-based, de-
cision support or other systems have a potential in differ-
ent scientific research areas (Zavadskas et al. 2010). In 
case of Pavement Management Systems, the number of 
factors that affects decision-making arises the problems 
with large numbers of scenarios where multi-attribute 
decision-making methods would be naturally applica-
ble considering the (Zavadskas et al. 2008) conclusions. 
Looking for a better global pavement structure indica-
tor someone should include the lower parts of pavement 
systems as well.

Bearing capacity of existing pavement condition 
evaluation is more complex than in case of newly built 
roads. An attempt to reliably assess correlation between 
test results of unbound layer load-bearing capacity ob-
tained through conventional testing and Portable Falling 
Weight Deflectometer (PFWD) was made by authors of 
the paper (Rafiei et al. 2012; Huang, Kang 2010). Un-
fortunately, applications of such devices, comprehensive 
laboratory experiments (Rahim, George 2005; Chang 
et al. 2010) or other in-situ detailed investigations  
(Vennapusa et al. 2012), are limited to point and local 
measurements, and are practically redundant in Pavement 
Management Systems (PMS). Even the most sophisticat-
ed based ANN methods for pavement parameters identi-

fication (Gopalakrishnan 2010; Zaman 2010) fail without 
reliable input parameters and large enough databases. In 
those cases, well-proven requirements should be used, so 
that the in-situ determined values were comparable with 
the particular PMS procedures (Aavik et al. 2006). Such 
as used criteria based on moduli of deformation Ev2 or 
equivalent modulus, seems to be well established within 
engineering field (Butkevičius et al. 2007). 

Infrastructure engineering staff could not have the 
certainty, pavement deflection measurements for PMS 
database would always be possible using the same de-
vice. Hence, identifying the relationship between test 
data obtained using different pavement non-destructive 
and invasive testing devices is one of key engineering 
tasks for a correct pavement diagnosis (Šiaudinis 2006). 
In this context, in-depth analysis into conditions of base 
courses, subgrade and surface courses is required to cor-
rectly assign macroscopic pavement damage to underly-
ing reasons (Le et al. 2011).

An interesting review of static and dynamic deflec-
tion testing methods for selected pavement layers was 
presented by authors of the paper (Bertulienė et al. 2010; 
Bertulienė 2012). It concluded that developing new 
methods of interpreting deflection test data is essential, 
regardless of relationships it defines between pavement 
deflection measured by beam static analysis, ZORN dy-
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namic plate bearing test and two different Falling Weight 
Deflectometer (FWD) devices. It is necessary to develop 
relationships not only for determining reduction factors 
but also for purposes of comprehensive analyses, which 
would factor in correct layer thickness, pavement layer 
structure and testing temperature.

Research results presented in paper (Talvik, Aavik 
2009) rejected the hypothesis relationship between dif-
ferent type pavement damage (fractures, ruts) and param-
eters used in pavement diagnosis i.e. surface curvature 
index (SCI), base damage index (BDI) and base curva-
ture index (BCI). Acceptable values of correlation were 
observed between equivalent modulus and SCI and BDI 
parameters, which are acknowledged as best descrip-
tors of top pavement layer conditions. The relationship 
between BCI deflection basin parameter and pavement 
equivalent modulus was identified as much weaker. Pa-
per (Park et al. 2011) argued against that conclusion. It 
stated the BCI indicator is correctly correlated with pave-
ment layer modulus backcalculated using FWD deflec-
tion data. Ultimately, deflection curve parameters based 
on FWD deflection data are a practical indicator of pave-
ment structural health. The problem of accurate diagnosis 
of pavement layer modulus of elasticity based on FWD 
deflection data was addressed among other by the pa-
per (Yi et al. 2010). It presented an analysis proving the 
value of load amplitude is far less significant for identi-
fication results than correctly estimated pavement layer 
thickness. Pavement condition evaluation of test section 
described by Vaitkus et al. (2012) was underpinned by 
pavement equivalent modulus. Pavement design alterna-
tives in good and bad structural condition in-service for 
5 years were identified based on said indicator.

In line with assumptions, the global indicator de-
termines final condition evaluation in majority of PMS 
systems. Several most popular PMS methodologies were 
reviewed in the paper of Ferreira et al. (2011). Most rec-
ognition from authors received the AASHTO model pre-
dicting pavement quality index (PSI). The base course 
condition expressed by the value of the resilient modulus 
is often an element of the PSI indicator in that model. It 
was emphasised that especially the aforementioned model 
was particularly sensitive to pavement parameters. No-
tice, the influence of stress on the value of moduli iden-
tified for layers, bounded pavements and subgrades is 
often overlooked in result set analyses. The problem of 
non-linear relationships between those pavement layers 
illustrated with an example of different load configura-
tions applied to pavement layers was described in paper 
of Kim and Lee (2011).

1. Background of PMS preventive maintance

The PMS philosophy which stems for improving the qual-
ity and performance of pavement maintenance projects is 
usually based on either the financial consequences of de-
laying a preventive maintance or based on the technical 
condition of the pavement. For finding optimum strategies 

when maintaining pavements in serviceable condition, the 
following parameters are mainly considered:

 – Pavement roughness or ride quality;
 – Surface distress, Rutting, Cracking;
 – Skid resistance;
 – Structural capacity.
In this work the main attention is related to part of 

the global performance serviceability index, which is re-
sponsible for structural bearing capacity of pavement. 
By the Research Centres in the world, pavement dam-
age indicators are formulated in many ways, including 
deflection basin parameters (DBPs), effective moduli, 
and stress/strain parameters (Xu et al. 2002; Kim 2002). 
When applied to field testing, using the FWD deflection 
measuring device, pavement layer condition can be es-
timated at least by calculation: SCI, BDI, BCI, AUPP 
(Area Under Pavement Profile indicator), SSR (Subgrade 
Stress Ratio). Kim (2002) developed the series of pre-
dictive models for such critical pavement evaluation. As 
an example one can consider the relationship (1) which 
gives the subgrade strength estimation for aggregate base 
treated flexible pavements. Higher values of BDI indicate 
poorer subgrade strength:

log( ) 0.7272 log( ) 1.8812 log( )
0.1073 log( ) 4.3299,

AC AC

Ri

BDI E H
E

= − ⋅ − ⋅ −

⋅ +
  
(1)

where: EAC – stiffness modulus of AC courses package; 
HAC – thickness of AC courses package; ERi – subbase 
modulus. 

Widely also used load rating conditions for PMS re-
duced only to criterion of the maximum pavement deflec-
tions sometimes leads to improper strategy of preventive 
maintenance and pavement rehabilitation treatments. The 
consequence of the strengthening of the existing pavement 
just by using a new asphalt layers package in a situation 
where the Ev2 values are far below requirements will re-
sult in of accelerated pavement destruction (Fig. 1).

Generally, it should be noted that the above indica-
tors are a very successful attempts to evaluate the lower 
layers technical condition of roads for the needs of PMSs. 
Anyway, the real barrier to the dissemination of such an 
approach can be a criterion (namely the establishment of 
admissible limit values). As long as the country-specific 
guidelines do not define the limit requirements for such 

Fig. 1. An example of technical condition of the lower 
pavement layers after 3 years of pavement serviceability since 
the rehabilitation by using only a new asphalt layers package 
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indicators as e.g. BDI or, the definitions of critical pave-
ment response is rather the result of using of “imported” 
fatigue criteria than of local ones, search for new meas-
ures of road technical assessment is obviously justified. 

Notice, in some countries (Germany, Lithuania, 
Poland, France) evaluation criteria for pavement base 
courses and subgrades have strong empirical underpin-
ning based on stiff plate bearing (SPB) test in common 
use worldwide. For this example, in Poland, the follow-
ing criteria apply:

 – Subgrade/Improved subgrade, Ev2 ≥ 120 MPa;
 – Base course, Ev2 ≥ 150 MPa.
Literature review also proves that test results ob-

tained through falling weight tests (FWD, HWD) are 
mostly used to estimate equivalent moduli for elastic 
half-space pavement models given by:

  (2)

where: E – equivalent modulus of elasticity; P – vehi-
cle wheel pressure to the pavement (Pa); D – diameter 
of the plate (m); l – forced pavement deflection (m); 
ν – Poisson’s ratio.

Consequently, in order to determine correlation be-
tween identification routine results and modulus of defor-
mation appropriate reduction factors have to be assumed. 
Literature is full of concepts how to determine relation-
ships between modulus of elasticity investigated under 
different conditions and using different methodologies.

2. Enhanced FWD data analysis as a indicators for 
subgrade and base condition evaluation in PMS

Bearing in mind the above mentioned not only the DBPs 
are available from deflection basin measurements. The 
author proposes an original stiff plate bearing (SPB) test 
simulation based on (a) FWD deflection data and (b) the-
oretical model of pavement that is built afterwards as the 
results of inverse analysis are already known. The tested 
hypothesis is: analytical value of the modulus of defor-
mation for selected pavement layers based on theoretical 
stiff plate bearing test simulation is consistent with in-situ 
test results provided error level is acceptable in PMS en-
gineering practice. 

Since the method uses the generally accepted engi-
neering tools for pavement mechanics analysis, method is 
not site specific. More importantly, the state of the lower 
pavement layers can be assessed in comparison to the cri-
teria that have strong empirical base. The author is con-
fident the presented methodology is well-suited for PMS 
needs, since it uses PMS databases more efficiently to a 
broader extent.

3. The concept of stiff plate bearing test simulation 

Simplified approach to backcalculated results of identi-
fication routines suggests values of the modulus of elas-
ticity could be perceived as values of the modulus of 
deformation. When evaluating road pavement subgrade 
condition, because of stress sensitive layers this simpli-

fication is often ill-founded and leads to errors (Fig. 2). 
Generally, commonly used formula for stress sensitive 
layers, provides definition of secant modulus of deforma-
tion (Fig. 2) which for half space with circular stiff plate 
loading is given by:

 
 (3)

where: Ev2 – modulus of deformation; ∆q – stress range 
describing secant; ∆s – respective vertical displacement 
range (mm); D – diameter of the stiff plate (mm).

Thus, the concept boils down to determining dis-
placement curves across the surface of selected pavement 
layer using FWD deflectometer, 7 geophones (0, 300, 
600, 900, 1200, 1500 mm spacing) and registration of 
full loading/displacement history.

Because FWD testing uses dynamic loading, the first 
step is to convert values of dynamic load induced deflec-
tions to values of pavement deflection under static load. 
The frequency response function (FRF) described in pa-
per (Westover et al. 2007) was used in the Mathematica 
Wolfram Research 8.0.1. software:

  (4)

where: FRFk (fm) – frequency response function for 
the kth geophone; Wk (fm), Qk (fm) – Fast Fourier Transform  
(FFT) applied to the falling-weight deflection wk (t) and 
force q(t) respectively, to obtain frequency-domain rep-
resentation. 

Knowing the FRF curve as function of frequen-
cy, allows determining static pavement response by 
calculating the function for frequency equal naught  
(Fig. 3). 

Provided dynamic FWD loading is defined in that 
manner, inverse analysis can use static pavement models. 
Pavement model using finite element method was em-
ployed for identification calculations. Bearing in mind 
experiences described in the paper (Kim, Lee 2011), a 
simplified version of universal model was used for mod-
elling subbase pavement layers resilient moduli:

  (5)

Fig. 2. The modulus of elasticity and the modulus 
of deformation
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where: Mr – resilient modulus; C, n – backcalculated co-
efficients; σ – bulk modulus in the case of aggregate lay-
ers modelling and deviator stress for subgrade and cement 
stabilization layers; pa – reference pressure (0.1 MPa).

Finally having identified values of moduli from de-
flection basin measurements, the core step of presented 
methodology follows. The plate bearing test is simulated 
for selected pavement layer (subgrade/improved subgrade 
or base course) by building pavement models adequate to 
searched for parameters. Depending on investigated pave-
ment layer – in line with previously referenced standard – 
the value of modulus of deformation Ev2 is calculated 
from formula (3) for the following ranges:

 – Subgrade: ∆q = 0.05÷0.15 MPa;
 – Improved subgrade: ∆q = 0.15÷0.25 MPa;
 – Aggregate Base: ∆q = 0.25÷0.35 MPa.
Presented concept has been verified in subsequent 

items.

4. Validation of layers condition assessment  
procedure using the test section data 
4.1. The test section characteristics 
Comparative analysis was carried out using test results 
for typical polish heavily trafficked flexible pavement 
solution. The study used a uniform road section with a 
length of 245 m. To a depth of 1 m below the bottom of 
the pavement structure, there was no groundwater table. 
Sandy clay was found in test section subgrade. The sub-
grade was improved through both soil stabilisation and 
mechanically stabilised crushed aggregate technology. 
Mean depth of stabilised layer was 22 cm and obtained 

strength classified as C1.5/2.0. The next layer was built 
from mechanically stabilised crushed aggregate 40 cm 
thick and 0/63 mm granulation. The base course (22 cm 
deep) was produced as single layer, also mechanically 
stabilised crushed aggregate base course with continu-
ous granulation. The package of asphalt concrete layers 
consists of HMAC courses 25 cm thick and SMA surface 
course 4 cm thick.

FWD tests were carried out in-situ at each stage of 
road pavement construction (Fig. 4). On particular layers 
of analysed pavement, the researches were carried out 
by SPB method, in an amount of 10 tests per each layer.

In the same places, starting from the Level: “0” un-
til to the surface of the SMA wearing course, FWD tests 
were also performed (Fig. 5). 

4.2. Inverse analysis
Listed below are key parameters assumed for purposes of 
identification by inverse analysis. 

 – Level: 0 (CRUSHED AGGREGATE BASE 
COURSE), 3 force drops, target force F = 30 kN*, 
seed modulus for inverse analysis 400, 100, 20 (MPa); 

 – Level: I (HMAC BASE COURSE–STAGE 1), 
3 force drops, target force F = 50 kN, seed modulus 
for inverse analysis 15000, 400, 100, 20 (MPa);

 – Level: II (HMAC BASE COURSE–STAGE 2), 
three force drops, target force F = 50 kN, seed modulus  
for inverse analysis 15000, 400, 100, 20 (MPa);

 – Level: III (HMAC WEARING COURSE), 3 force 
drops, target force F = 50 kN, seed modulus for in-
verse analysis 15000, 400, 100, 20 (MPa); 

Fig. 4. Analysed pavement structure with marked test points (SPB tests and FWD measurements)

Fig. 5. Surfaces of layers prepared for FWD testing: 
a) Crushed aggregate base course; b) HMAC base course

Fig. 3. “Static” and “dynamic” deflection basins 
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 – Level: IV (SMA SURFACE COURSE), 3 force 
drops, target force F = 50 kN, seed modulus for in-
verse analysis 15000, 400, 100, 20 (MPa).
*) Target force was reduced to 30 kN only for FWD 

tests on Crushed Aggregate Base Course. It stems from 
measuring range of FWD geophones, which according to 
technical specification is +/– 2 mm. 

Inverse analysis results of identification routines for 
all FWD testing locations are displayed in Table 1.

Table 2 displays averaged values of identified C and 
n coefficients for pavement subgrade across the entire test 
section, collated according to subsequent FWD testing 
locations. 

Subgrade bearing capacity could be misjudged look-
ing at values of the resilient modulus (Table 1), should 
stresses dependency be neglected. The greater the bitu-
minous layer thickness the lower stresses span across the 
subgrade in stress sensitive layers, thus the higher value 
of the E modulus.

4.3. SPB test simulation – Ev2 values
Due to non-zero values of the n parameter, the simplest 
formula which partially factors in realistic material char-
acterizations in subgrade is the value of the modulus of 
deformation Ev2. In line with tested methodology, identi-
fied pavement layers’ parameters were used to build static 
models in order to simulate plate bearing test conditions 
(Fig. 6).

4.3.1. Subgrade condition analysis
Test section plate bearing tests concluded (Fig. 7) that 
across the entire analysed section values of the sub-
grade moduli Ev2 ∋ < 8 ÷ 30 > (MPa). Vector of load 
was q = (0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35) MPa. 
For substantial subgrade subsidence (for Ev2 ≤ 15 MPa), 
the maximum applied loading during testing was  
0.25 MPa. 

Following the methodology, identified subgrade pa-
rameters were used to build static, elastic half-space mod-
els simulating plate bearing test conditions. The moduli 
were obtained by assuming mean C and n subgrade pa-
rameters as per Table 2, for individual values of vector 
of load q in stress sensitive layers model. Integral form 
of load given by below equation was employed – model 
load as per plate bearing test:

 . (6)

Load-displacement curves describing subgrade deforma-
tion under second cycle of loading, compared with ex-
treme results of in-situ plate bearing test are shown in 
the Figure 8. 

Values of the Ev2 for subgrade were comput-
ed (Fig. 9) after theoretically determined were load- 
displacement curves for each instance of test location 
(Level: 0, I, II, III, IV). Calculations using the relation-
ship (3) were confined to ∆q = 0.05÷0.15 MPa. 

4.3.2. Improved subgrade and aggregate base courses 
condition analysis
For purposes of the next layers condition assessment, 
Figure 10 displays other analytical values of Ev2. Re-
sults were produced by plate bearing test simulation for 
the following layers which were tested in-situ: 

 – Level: 0, (CRUSHED AGGREGATE BASE 
COURSE), tests on base course 22 cm thick;

 – Level: -I, (IMPROVED SUBGRADE – 
STAGE 2) measurements on crushed aggregate 
mechanically stabilised course 40 cm thick;

 – Level: -II, (IMPROVED SUBGRADE – STAGE 1), 
measurements on cement stabilised soil course  
22 cm thick.
Table 3 displays identified mean coefficient values 

for stress sensitive layers included in analysed model.
Test points for plate bearing tests are also shown 

on Figure 4. Values of Ev2 for concrete-stabilised and 
crushed aggregate base courses were calculated in 
line with previously given assumptions, at peak load 
q = 0.35 MPa.

5. Results and discussion

Improved subgrade with analysed here pavement structure 
has to satisfy the condition Ev2 ≥ 120 MPa (Fig. 4, Level: -I)  
in accordance with Polish design guidelines. The prob-
ability of achieving required moduli value on surface of 
improved subgrade is P(Ev2 ≥ 120 MPa) = 0.65 (normal 
distribution N [137, 32]), based on quantile assessment of 
SPB test results (Fig. 11). 

Minimum required value of modulus of deformation 
on the surface of Crushed Aggregate Base Course (Fig. 4, 
Level: 0) is 150 MPa. Tests carried out on that layer, 
produced again the probability P(Ev2 ≥ 150 MPa) = 0.65. 
Then the normal distribution parameters are N [167, 44]. 
Confidence intervals determining reliability of in-situ 
SPB testing results are relatively wide. On the other hand, 
values of Ev2 based on FWD testing results on individual 
layers of analysed pavement fluctuate around required, 
in-situ measured SPB test values. The distance between 
FWD testing surface and surface of identification also 
has a notable influence on modulus of deformation. In 
general, the greater the distance between FWD testing 
surface and the surface modulus of deformation is calcu-
lated against, the lower is its value.

All analytical values of the modulus of deformation 
calculated based on FWD deflection data fall within 90% 
confidence interval determined by the plate bearing test 
results. The minimum modulus of deformation condi-
tion on improved subgrade course is satisfied looking at  
Figure 10b illustrations and given the values produced 
by function approximating Ev2 measurements. However, 
subgrade moduli of deformation based on FWD testing on 
the SMA Surface Course (Fig. 4, Level: IV) had values of 
bottom confidence interval bounding curve. Hence, related 
mean value of Ev2 does not satisfy the minimum bearing  
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Table 1. Inverse analysis parameters identification results of selected pavement layers based on deflection basin measurements

FWD 
measurements 

location

Subgrade 
Cement Stabilised Course 

C1.5/2.0, (Improved 
Subgrade)

Crushed Aggregate Base 
Course 0/63 mm RMS

Parameter →
C n E C n E C n E

Km ↓
Level: 0 CRUSHED AGGREGATE BASE COURSE (22 cm), F = 30 kN

1 0+150 30.1 –0.36 62.9 132.3 –0.07 152.3 265.2 0.09 200.3 2.17
2 0+160 39.6 –0.33 74.7 218.9 –0.21 325.6 316.1 0.29 181.7 4.03
3 0+180 123.3 –0.13 155.1 104.6 –0.50 247.8 260.7 0.15 189.2 3.53
4 0+200 47.6 –0.29 81.5 317.5 –0.21 465.5 236.8 0.26 156.4 5.66
5 0+247 41.5 –0.32 77.1 210.0 –0.23 325.3 311.4 0.27 184.3 5.81
6 0+297 31.9 –0.29 58.2 197.2 –0.16 273.3 279.7 0.20 181.2 3.44
7 0+320 31.2 –0.35 64.7 112.8 –0.13 147.1 209.9 –0.03 218.1 6.21
8 0+344 29.3 –0.34 61.3 68.1 –0.06 77.4 259.8 –0.03 271.8 5.65
9 0+366 27.4 –0.32 55.4 113.2 –0.08 134.6 250.8 –0.02 257.8 4.70
10 0+390 41.9 –0.25 68.8 175.9 –0.17 244.9 215.3 0.13 163.3 3.92

Level: I HMAC BASE COURSE (9 cm), F = 50 kN
1 0+150 28.0 –0.43 65.6 178.9 –0.03 189.6 169.0 0.02 160.5 0.87
2 0+160 33.9 –0.40 75.5 193.6 –0.09 231.1 207.7 0.02 197.1 0.85
3 0+180 39.2 –0.37 80.1 209.2 –0.18 294.2 181.2 0.02 173.4 1.22
4 0+200 32.6 –0.42 73.9 193.7 –0.11 239.1 182.9 0.04 166.6 2.31
5 0+247 36.3 –0.38 77.2 225.3 –0.14 296.0 245.8 0.04 222.6 0.36
6 0+297 37.8 –0.35 72.7 191.2 –0.11 233.8 168.8 0.02 161.2 1.64
7 0+320 41.2 –0.32 76.7 183.5 –0.23 284.2 179.9 0.06 157.2 0.95
8 0+344 31.9 –0.35 64.5 164.9 –0.02 171.5 198.0 0.09 155.0 0.46
9 0+366 38.3 –0.31 71.4 221.2 –0.11 274.8 172.6 0.05 153.6 0.78
10 0+390 32.1 –0.38 68.9 166.3 –0.10 202.6 236.0 0.14 164.4 0.66

Level: II HMAC BASE COURSE (17 cm), F = 50 kN
1 0+150 37.6 –0.39 87.3 201.0 –0.14 270.8 198.6 0.05 173.9 1.37
2 0+160 34.3 –0.43 88.8 190.9 –0.08 227.3 280.1 0.12 197.5 1.16
3 0+180 32.9 –0.43 84.0 262.5 –0.17 378.4 203.2 0.10 159.2 1.33
4 0+200 31.3 –0.46 85.9 190.3 –0.19 287.1 185.2 0.08 150.8 1.62
5 0+247 36.1 –0.40 87.1 243.1 –0.11 308.7 206.9 0.05 181.3 1.06
6 0+297 34.3 –0.39 79.4 178.3 –0.03 190.0 223.6 0.10 167.8 2.47
7 0+320 34.3 –0.37 78.6 126.9 –0.13 169.1 196.1 0.05 167.8 1.40
8 0+344 32.5 –0.38 76.1 131.0 –0.06 149.5 226.4 0.10 164.9 1.48
9 0+366 34.5 –0.36 76.9 146.0 –0.05 162.9 198.7 0.06 164.8 1.70
10 0+390 36.5 –0.36 82.5 137.5 –0.07 160.8 233.5 0.07 185.2 1.14

Level: III HMAC WEARING COURSE (8 cm), F = 50 kN
1 0+150 37.8 –0.41 110.4 98.2 0.00 98.2 240.1 0.08 176.9 2.70
2 0+160 33.9 –0.43 110.2 78.3 0.00 78.3 255.7 0.02 231.2 2.70
3 0+180 36.1 –0.41 108.1 81.3 0.04 71.1 201.1 0.06 157.6 1.82
4 0+200 39.0 –0.40 113.9 88.3 0.02 82.5 251.9 0.02 228.6 3.15
5 0+247 37.9 –0.41 113.5 86.0 0.00 86.0 229.2 0.08 168.0 1.94
6 0+297 33.3 –0.38 93.1 92.7 0.05 77.7 260.2 0.11 177.8 0.52
7 0+320 31.5 –0.44 105.4 72.2 0.04 63.0 236.8 0.10 158.3 0.90
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Table 2. Mean values of C and n coefficients identified 
for purposes of plate bearing test simulation on pavement 
subgrade

FWD 
measurements 

location, Level: 

Mean values of identified parameters

C n
0 35.60 –0.3167
I 35.13 –0.3710
II 34.43 –0.3970
III 35.03 –0.4060
IV 34.74 –0.4910

Fig. 6. The general path of analysis in proposed method

8 0+344 31.8 –0.40 96.8 89.5 0.04 77.6 278.2 0.08 205.2 3.05
9 0+366 36.9 –0.35 97.0 88.6 0.06 71.7 289.9 0.06 220.0 1.75
10 0+390 32.1 –0.43 107.7 69.2 0.07 54.4 244.5 0.12 158.2 0.63

Level: IV SMA SURFACE COURSE (4 cm), F = 50 kN
1 0+150 32.4 –0.51 134.6 65.9 –0.04 73.6 261.3 0.18 135.4 0.59
2 0+160 33.6 –0.50 141.4 89.1 0.02 83.1 196.5 0.12 126.8 0.93
3 0+180 32.8 –0.55 161.4 46.6 –0.02 49.4 164.5 0.16 91.5 1.03
4 0+200 32.1 –0.53 145.3 86.0 0.04 74.9 194.2 0.18 102.7 0.61
5 0+247 39.2 –0.53 179.7 57.6 0.15 34.7 189.9 0.18 94.9 0.69
6 0+297 34.6 –0.51 142.4 58.8 0.04 51.5 158.0 0.15 92.2 0.92
7 0+320 44.0 –0.36 122.7 89.4 0.06 72.4 233.9 0.14 136.6 1.03
8 0+344 31.2 –0.52 145.6 48.5 0.08 36.7 219.4 0.23 90.6 0.64
9 0+366 35.3 –0.45 132.8 61.1 0.09 44.6 153.9 0.11 44.5 0.69
10 0+390 32.2 –0.45 120.6 55.0 0.02 51.3 222.4 0.10 146.6 0.51

FWD 
measurements 

location

Subgrade 
Cement Stabilised Course 

C1.5/2.0, (Improved 
Subgrade)

Crushed Aggregate Base 
Course 0/63 mm RMS

Parameter →
C n E C n E C n E

Km ↓

Continued of Table 1

Fig. 7. Extreme plate bearing test results for pavement 
subgrade of the test section: 0+150.00÷0+395.00 km.

Fig. 8. Curves describing subgrade deformation based on 
model with stress sensitive layers moduli and extreme 
deformation curves determined by in-situ plate bearing testing 
across the entire length of test section
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Table 3. Mean values of C and n coefficients identified 
for purposes of plate bearing test simulation for Cement-
Stabilised Course and Crushed Aggregate Base Course

FWD 
measurements 

location, 
Level:

Mean values of identified parameters
C n

CemStab AggBase CemStab AggBase

0 171.8 260.5 –0.147 0.129
I 192.8 194.2 –0.112 0.050
II 180.7 215.2 –0.103 0.078
III 84.4 248.8 0.032 0.073
IV 65.8 199.4 0.044 0.155

Fig. 10. Ev2 modulus values for both, analytical model (based on mean C and n values, identified from deflection basin 
measurements) and in-situ SPB test measurements: a) Level -II: Cement-Stabilised Course – STAGE 1; b) Level -I: Crushed 
Aggregate Improved Subgrade Course – STAGE 2; c) Level 0: Crushed Aggregate Base Course

Fig. 11. Histogram of the modulus of deformation values 
identified using plate bearing test results on crushed aggregate 
base course (Fig. 4, Level: -I) including continuous and 
discrete distribution function

capacity condition for improved subgrade in this case. The 
required value of the modulus of deformation located in 
lower parts of the confidence interval bounding curve 
was P(Ev2 ≥ 120 MPa) = 0.18 as per cumulative distribu-
tion function plotted for values of the improved subgrade 
moduli of deformation, based on FWD test points on the 

surface course (Fig. 12). As far as Ev2 for Crushed Aggre-
gate Base Course is concerned, the same applies to plate 
bearing test results and simulations. 

It could be concluded that in case of FWD testing 
on asphalt concrete layers, the maximum total pavement 
layer thickness which would guarantee mean values of 
plate bearing test simulation being consistent with actual 
plate bearing test results, should not exceed 25 cm. 

Quantile analysis of Ev2 values from FWD meas-
urements (Fig. 4, Level: IV), produces probability 
very much similar to related improved subgrade SPB 
test results. The probability we get in such a case is 
P(Ev2 ≥ 120 MPa) = 0.64. Bearing in mind heteroge-
neity of the material, estimated distribution parameters 
N[123, 11] seem acceptable for purposes of PMS engi-
neering practices. 

From quantitative standpoint values of Ev2 from 
FWD measurements on Levels: 0, I, II (Fig. 4) are  
acceptable. They are highly consistent with plate bearing  
test results both for Improved Subgrade Course and 
Crushed Aggregate Base Course, based on obtained prob-
abilities.

6. Practical application perspective

The proper pavement diagnosis in PMS procedures 
should guarantee the selection of effective preventive 
maintenance. Anyway, as long as the country-specific 

Fig. 9. Ev2 values calculated for assessment the subgrade 
condition based on values of C and n parameters in a model 
factoring in stress sensitive layers moduli at different FWD 
testing locations
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technical specifications do not define the requirements 
for limit values of such indicators as e.g. BCI, BDI or, 
the critical pavement response is the result of imported 
fatigue criteria usage, search parameters with strong em-
pirical underpinning is highly justified. As well as meth-
ods involving the use of DBPs, the proposed method can 
be the basis of information on the technical state of the 
pavement subgrade or base courses condition. 

The inclusion of Ev2 parameter, to a comprehen-
sive visualization of the technical condition of the lower 
layers of road (Fig. 13), gives to managers a reference 
quantity, which is the basis for making decisions when 
building the new pavement structures.

The proposal could be particularly useful in coun-
tries where the criterion of minimum value of bearing 
capacity is given by the secondary deformation modulus 
parameter.

Conclusions

The main task in this work was to evaluate the basis of 
alternative to existing nowadays methods that will allow 
the road managers use PMS databases more efficiently 
to a broader extent. Making use of PMS’s databases con-
taining all related pavement information including the 
deflection basin results, this objective can be obtained in 
the following steps:

 – The identification of resilient/stiffness moduli in 
each layer of pavement model, on basis of inverse 
analysis and deflection basin measurements.

 – Performing the proper pavement model for SPB test 
simulation considering that all model parameters 
are known from previous step (resilient and stiff-
ness moduli). 

 – The Ev2 computation by making use of country spe-
cific standard’s Eqn (3).
The further following conclusions were drawn from 

described numerical and on-site experiment:
 – The analytical value of the modulus of deformation 
for subgrade/improved subgrade and aggregate base 
course pavement layers based on theoretical stiff 
plate bearing test simulation is consistent with in-
situ test results provided error level is acceptable in 

PMS engineering practice.
 – Parameters of subgrade/base pavement layers have 
to be identified using relationships factoring in im-
pact of stress on values of the stress sensitive layer 
moduli in order to correctly model the plate bearing 
test. Two parameter subgrade and base course model 
produced satisfactory results.

 – Since the method uses the generally accepted en-
gineering tools for pavement mechanics analysis, 
method is not site specific.

 – The advantage of using presented method for evalu-
ating subgrade/base pavement layers condition for 
purposes of PMS is substantial practical experience 
of using the plate bearing test all over the world. 
Therefore, reliable criteria for limit states of both 
subgrade and base courses can be formulated. 

 – The proposal could be particularly useful in coun-
tries where the sanctioned legal criterion of mini-
mum value of bearing capacity is given by the sec-
ondary deformation module, thereby giving the PMS 
road’s administrators a reference engineering quan-
tity, which is the basis for making decisions when 
building the new pavement structures.

 – Limited the analysis to that presented in the paper, 
mean value of Ev2 based on FWD deflection data 
decreases as asphalt concrete layers package thick-
ness increases. Although the thicker package of  
asphalt concrete layers decreases the accuracy of the 
identification of Ev2, the error is not in excess of 
35 MPa.

 – The maximum total asphalt concrete pavement lay-
er thickness which would guarantee mean values of 
plate bearing test simulation being consistent with 
actual plate bearing test results, should not exceed 
25 cm. 

 – In the case when PMS includes the pavements of 
e.g. Macadam type, to assess their condition one can 

Fig. 13. Pavement condition analysis (Rydzewski, 
Sztukiewicz 2005) – e.g. the green colour may well indicate 
the road sections with reduced bearing capacity of subgrade 

Fig. 12. Example of deformation curve plotted for improved 
subgrade course (compared against several sample curves 
based on in-situ SPB test) including cumulative distribution 
function for values of the modulus of deformation (discrete 
and continuous)
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also use the method outlined in the paper. FWD 
measurements were also taken from the surface 
of crushed aggregate base course. Then the root-
mean-square error RMSE – used in inverse analysis 
to control accuracy of parameter identification – of-
ten exceeds 2%. Anyway, values of secant modulus 
of deformation for subgrade, improved subgrade 
and crushed aggregate base course are strongly 
correlated with plate bearing test results, provided 
design conditions remain as per this paper.
In summary, the overarching conclusion is that pro-

posed here plate bearing test simulation methodology 
allows to reliably estimate value of the subgrade and 
base course modulus of deformation based on FWD de-
flection data such as taken from PMS databases. Tak-
ing into account stress-moduli characterisation for sub-
grade/base pavement courses, plate bearing test results 
are most consistent with values of Ev2 calculated using 
FWD deflection data.
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