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Abstract

Falling weight deflectometer (FWD) is widely used as one of the most reliable and cost-ef-
fective methods to assess the bearing capacity of a pavement structure and its separate
layers. Although FWD-based bearing capacity measurement and evaluation techniques were
fairly well developed over several decades, little attention was paid to roads with low traf-
fic flow. The applicability of existing techniques to evaluate bearing capacity of low-volume
road pavements is limited. Furthermore, the results of the analysis may be inconsistent with
the complete set of data, which includes visual pavement condition and structure material
sampling data. This leads to subjective treatment of research results and the risk of ques-
tionable decisions. This article reviews commonly used pavement bearing capacity analy-
sis techniques and presents the practice applied in Lithuania. Case studies on low-volume
roads highlight limitations and possible improvements in methodology to optimise the as-
sessment of the pavement condition of low-traffic roads and related decision-making.
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1 Introduction

Low-volume regional and local roads cover a significant part of the road network. The ap-
plication of maintenance, repair, and rehabilitation based on a reliable assessment of the
condition of the pavement structure leads to economically efficient road management and
ensures the condition of the infrastructure that meets public expectations. Widely applied
methods of assessing the condition of existing pavements, such as visual assessment of
pavement surface deterioration and coring, are time and money consuming and do not al-
low direct assessment of the essential aspect, the behaviour of the pavement structure un-
der traffic loads. For this purpose, the falling weight deflectometer (FWD) has been used
for several decades. Bearing capacity measurement and evaluation techniques based on
FWD are fairly well developed. They include direct FWD measurement data, i.e. analysis of
the deflection basin and its parameters, such as peak deflection, different deflection basin
parameters, back-calculation of the layer moduli for mechanistic analysis. However, practice
shows that existing techniques are more reliable for evaluating heavy-duty road pavement
structures. The applicability to the evaluation of low-volume road pavements is limited, and
the results of the analysis, especially the backcalculation, may be inconsistent with the full
set of data, which includes visual pavement condition and destructive test data. This leads to
subjective treatment of research results, based on experience, interpretations, and assump-
tions, which create uncertainties and the risk of questionable decisions.
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2 Review of existing techniques for assessing pavement structural
condition

The most widely applied, especially at the project level, is the indirect use of FWD measure-
ment data to calculate the residual life of an existing structure and for rehabilitation design
using a mechanistic-empirical approach. The process is based on an iterative calculation
of the moduli of each layer of the pavement structure and the subgrade from the deflection
measured by FWD. Despite the effectiveness of the method, it requires a deeper analysis and
knowledge-based judgment.

The results of backcalculation can be highly variable due to variability in pavement condi-
tion, subsurface condition, material properties, layer thickness along the road, and even the
software used [1]. Researchers also indicated non-linear behaviour of the subgrade and the
presence of a stiff interlayer as challenging aspects for backcalculation analysis [2-6]. Back-
calculation analysis is particularly complicated for low-traffic road pavements. In addition
to the factors mentioned above, thin asphalt and unbound base layers, the use of soft as-
phalt, cement-treated base layer, and other unconventional materials can be mentioned [7,
8]. Since the asphalt layer on low-volume roads is usually thin and is directly in the loading
zone, unreasonable values of the modulus of the asphalt layer are usually obtained. Rela-
tively reliable backcalculation analysis is generally considered limited to the thickness of the
asphalt layer of at least half the radius of the load plate [1]. Furthermore, researchers identify
challenging backcalculation analysis of structures with cement-treated base layers or stabi-
lised subgrade [9-11] due to the unusual stiffness profile of the structure. Cement treatment
is becoming a particularly popular technology on low-traffic roads as a complete or partial
replacement of unbound layers due to lower costs and relatively high bearing capacity.

One of the potentially best support tools for assessing structural condition is deflection
basin data analysis. Various deflection basin paremeters were derived for the preliminary
assessment of the condition of the pavement layers, the identification of homogeneous sec-
tions, anomalies, and target locations for a more detailed analysis. Table 1 summarises some
commonly used parameters of the deflection basin that have been reported to correlate with
the structural condition of the pavement and the stress and strain used for the mechanistic
analysis [12-15]. However, many regression analysis models are based on data generated
by multilayer linear elastic or finite element analysis and, therefore, are not widely used.
Especially considering the most important purpose of the deflection basin parameters as a
primary pavement condition analysis and decision support tool, rather than a way to replace
or oversimplify the mechanistic pavement design.

Table 1 Deflection basin parameters

Indication of structural

Structural condition index Equation o

conditions
d, _ Overall
Base Layer Index BL/ d-d. . Upper layer
Middle Layer Index ML/ d.,—de Base layer(s)
Lower Layer Index LL/ d,,—d Subgrade

00 900
6| dy +2d550 +2dg00 + 4,
AREA ( 0 390 600 900) Upper layer
dO

Area Under Pavement Profile 50p +20300 + 20500 + dgoo Ubper laver
AUPP % pper lay

Here, d is the normalised deflection at a distance i from the centre of the load plate.
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Some studies have focused on determining the reference values of the deflection basin pa-
rameters, helping to more easily assess the condition of the pavement. Horah et al. [16]
proposed a three-level benchmarking for the parameters d, BL/, MLI, and LL/, based on the
type of base layers, including granular, cementitious, and bituminous base. However, the
applicability of such a scheme is limited by different road construction practices of the coun-
tries and the most important aspects that the value of the parameter is determined not only
by the structural condition but also by the composition of the pavement. The same param-
eter value may be a typical indication of good condition for one structure, yet may indicate
deterioration for another. Therefore, benchmarking cannot be generalised to all structures.
In Lithuania, the methodology adopted from German practice is currently used for the initial
assessment of the condition of the pavement and the identification of possible structural
problems. The methodology is based on the compliance of two parameters M  and T, with the
reference limit values [17]. M, is the modulus of the unbound half-space and describes the
bearing capacity of the unbound layers and subgrdae. T is a dimensionless parameter that
determines the relative stiffness of the asphalt layers.

To calculate the unbound half-space modulus M, the deflection basin outside the load plate
is approximated from the measured normalised deflection. It is described by the theoretical
regression equation applied to a standard 300 mm diameter load plate:

d/’,r/':A'(ao e +‘72) M
where:
d,, —normalised deflection outside the load plate at distance r, from the centre of the load
plate [mm];
r, —distance from the load plate centre [mm];

a, = 0,392948; a, = - 0,398483; a, = 0,0137024;
A —regression parameter of the deflection basin [mm];

B - regression parameter of the deflection basin [mm~].

The unbound half-space modulus M is calculated according to the regression parameters of
the deflection basin and the applied load:

My =F- 2

| ®

where:

F - applied load [kN];

A —regression parameter of the deflection basin [mm];
B —regression parameter of the deflection basin [mm™].

The bearing capacity index T of the asphalt pavement is calculated according to the formula:

R -1000 )"
)

o
where:
R, - the radius of the deflection basin [m];

d, —normalised deflection under the load plate [mm].
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The radius of the deflection basin is calculated according to Eqn. (3):

-0,8
R :24’494(0’0 _d210) 599 3
where:
d, -—normalised deflection under the load plate [mm];
d,, — normalised deflection at the distance r = 210 mm from the centre of the load plate
[mm].

After determining the road design load, the bearing capacity parameters M, and T at each
test point are compared with the benchmark values associated with the design load as indi-
cated in Table 2. The design load intervals reflect the classification scheme of the standard
structures catalogue used in Lithuania.

Table 2 Benchmark values for flexible pavement structures used in Lithuania

Design ESAL [10°] 0,1 0,3 1 2 3 10 32 100
T[-] 0,15 0,17 1,48 2,38 2,67 3,02 3,65 4,35
M_[N/mm?] 125 125 150 150 150 150 150 150

By comparing the calculated bearing capacity parameters with the benchmark values, the con-
formity of the bearing capacity of the asphalt pavement and the unbound layers with the design
load is determined. Four condition categories are distinguished: 1) if both T and M, are higher
than the benchmark values, the bearing capacity of the entire pavement structure is sufficient;
2) if T is higher than the benchmark value and M, is lower, the asphalt pavement is relatively
stiff, but sensitive to stress due to the low bearing capacity of the base layers and/or subgrade;
3) if T is lower than the benchmark value and M, is higher, the stiffness of the asphalt pave-
ment is relatively low, but the bearing capacity of the base layers and subgrade is high.

The greater applicability of the method is determined by linking the bearing capacity pa-
rameters with the design load intervals, which allow identification of the inconsistencies of
the existing structure with the expected impact of the loads. Although practice has proven
that the methodology is consistent and reflects the condition of the pavement structures
designed for load greater than 1,0-10° ESAL, it shows contradictory results on low-volume
roads with a design load of up to 0,3:10° ESAL. Several case studies representing typical
situations have been selected to demonstrate the challenges and potential for improvement
of the methodology applied in Lithuania.

3 Case studies
3.1 Site description

Nine low-volume road sections with typical pavement structures were selected to demon-
strate the performance of the structural condition assessment methodology used in Lithu-
ania (Table 3). First, pavements with equally good condition but designed for different load
varying from 0,05-10¢ ESAL to 0,3-10° ESAL and resulting in variable layer thicknesses were
selected. Comparison of the deflection data of these pavements gives insight into the char-
acteristic deflection parameters of the undeteriorated pavements. Second, pavements de-
signed for load up to 0,05-10¢ ESAL were additionally selected, varying in visual condition.
The different visual conditions of the pavement allow one to evaluate the evolution of the
deflection parameters due to the effect of traffic loads.
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The pavement condition is defined by three levels: “Good”, “Moderate”, and “Severe” (Figure 1).
Good condition is considered if there is no distress indicating structural deterioration. A moderate
condition is considered if some fatigue cracks are present only to a minor degree, i.e., appear as
longitudinal or hairline cracks and have notyet formed an interconnected network. Severe condition
is considered when the pavement is dominated by alligator cracking and structural deformation.

B L

Figure1 Typical good (left), moderate (middle) and severe (right) pavement condition of the studied low-
volume roads

The trailer-mounted FWD “PRIMAX 2500” was used for measurements with deflection sen-

sors located at 0, 200, 300, 450, 600, 750, 900, 1200, 1500, 1800 and 2100 mm from the

150 mm radius load plate. A load of 50 kN was applied. The FWD test was performed in both

traffic lanes at a 25-50 minterval in the outer wheel path. During the test, the air, surface, and

pavement temperature was also recorded.

Table 3 Selected low-volume road sections

:ection ::::ig“ rayer thickness [mml Subgrade Pavement condition
o. [10 ESAL] HMA Base Subbase treatment
1 <0,05 49-62 100-234  65-182 - Severe to moderate to good
2 <0,05 49-56 119-198  140-245 - Severe to moderate to good
3 <0,05 62-85 150-246  347-400 - Moderate to good
4 <0,05 60 200 390 Stabilised Good
5 <0,05 60 250 350 Stabilised Good
6 <0,1 100 200 250 - Good
7 <0,1 100 200 350 - Good
8 <0,3 120 200 230 Stabilised Good
9 <0,3 120 200 330 Stabilised Good

3.2  Structural gondition assessment

To better understand the typical load response of pavement structures, sections or their
parts with equally good condition, but designed for different load and resulting in variable
layer thicknesses, were selected. Figure 1shows the bearing capacity parametersM_ and T of
selected section pavement structures, calculated according to Eqn. (1) - (4).

From Figure 1, it can be seen that the pavement structures have a significantly higher bearing
capacity than the benchmark values set in Table 3. All index T, values representing bearing
capacity of asphalt layers, are not lower than 0,42, which is 2,3 and 2,7 times higher than
the benchmark values of 0,17 and 0,15 at design loads of 0,3-10¢ ESAL and 0,1-10° ESAL,
respectively. Differences between structures with different thicknesses of asphalt pavement
are also visible.
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Figure 2 Deflection-based structural condition parameters of different pavement structures in good condition

In Sections 1-5, where the thickness of the asphalt pavement is 6-8 cm, the T values range
from 0,42 to 0,87 with the highest concentration at approximately 0,55-0,80. The values in
Sections 6-7 (10 cm asphalt pavement) are scattered between 0,80-1,13, and for Sections 8-9
(12 cm asphalt) pavement between 0,94 and 1,56, with the highest concentration at 1,13 to
1,37. It can also be seen that the modulus of the unbound half-space is mainly concentrated
around 150 N/mm? and is closer to the benchmark values of structures designed to loads
21,0 -10°. The M, below the value of 150 N/mm? is more characteristic of Sections 1-3, some
subsections of which are already characterised by structural deformations, which may indi-
cate a possible deterioration in subsections of good condition that has not yet occurred. This
could be identified by further section observations. Another possible reason for this could
be the fluctuating thickness of the layers, which can be observed from the data in Table 4,
which is only compiled from destructive tests on a limited scale and should be verified by
extended research.

To understand how the parameters M, and T, change during pavement deterioration, sec-
tions with similar pavement structures (designed for 0,05 -10° ESAL) were selected. It was
divided according to the condition into three general categories from “Good” to “Moderate”
and “Severe”. Figure 2 shows the bearing capacity parameters M  and T, of selected pave-
ment structures.
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Figure 3 Distribution of deflection-based structural condition parameters according to visual condition

It can be seen that the parameters M  and T overlap to some extent but show a certain ten-
dentious distribution according to the visual condition of the pavement, even when applying
arough general classification. T values in case of severe condition mainly concentrate up to
0,55. In the case of moderate visual condition, the T values are concentrated in the range of
0,47 t0 0,63. In good condition, the T values are scattered between 0,54-0,94.
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Even in the visually severe condition of the pavement, T does not reach the benchmark value
used so far. A rather significant shift of the M, data below the value of 150 N/mm? in severe
pavement conditions is also observed and the occurrence of extremely low values is charac-
teristic. This shows that the parameters of the structural condition M and T can potentially
identify the insufficient bearing capacity of the low-volume pavement structure. However,
more detailed studies are needed to explain the overlap and dispersion of the data.

4 Conclusions

A review of the most widely used pavement structural condition assessment techniques
shows that there is an untapped potential to improve the pavement assessment process by
incorporating deflection basin indices that can serve as a decision support tool alongside
widely used methods such as backcalculation and mechanistic analysis. In particular, these
indices would help in the assessment of low-volume road pavement structures bearing ca-
pacity and parameters of their separate layers, as the generally recognised backcalculation
methodology is complicated.

The case analysis on low-volume roads shows that the methodology, based on the bench-
marking of the asphalt layer bearing capacity index T, and the modulus of the unbound half-
space M, is potentially applicable to the assessment of the structural condition of low-volume
road pavement structures. However, the revision of benchmark values is needed. Compari-
son of the parameters T and M, between the different classes of pavement structures in
good condition generally shows a consistently different distribution, indicating the potential
to review the benchmark values used so far, especially by increasing the benchmark value
of the asphalt pavement bearing capacity index T, which seems to have been unreasona-
bly low. The comparison of parameters T_and M, between pavement structures of the same
composition with different visual conditions showed that both parameters show a trending
distribution through defined categories of visual conditions. However, even when the visual
condition is severe and indicates structural problems of the pavement, the parameters, es-
pecially T, are higher than the benchmark values and indicate the need for improvement of
the methodology.

As case studies only show the general potential to use the M —~T methodology to assess
structural condition in low-volume roads, extensive and more detailed research is necessary.
It should include a larger number of representative roads constructed with different mate-
rials, a detailed determination of the actual thickness of the pavement structure layers by
georadar, and destructive testing. This could explain the dispersion of data, the dependence
of parameters on the use of different materials.
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