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Abstract

Roads in forests are necessary for proper forest management and active protection of the
natural environment. They facilitate tourism and recreation and have a very important func-
tion in firefighting. The cost of building roads in forest areas is considerable, even when rela-
tively cheap materials such as aggregates of natural or anthropogenic origin are used. There-
fore, any road investment must be well prepared and executed. Bearing capacity and
compaction are among the most important and frequently used geotechnical parameters in
road construction. The aim of this study was to determine the possibility of predicting the
value of the secondary deformation modulus E, (obtained from measurements with a static
plate load test — PLT) based on measurements with a light falling weight deflectometer (LFWD)
Zorn, type ZFG 3000 GPS with a drop weight of 10 kg. The regression analysis included 245
results of bearing capacity measurements carried out on 46 forest road sections with various
road pavements. Different regression models were tested: linear, logarithmic, polynomial,
exponential and power models, excluding polynomials of fourth and higher degree. Prediction
of E, (PLT) values from dynamic deformation modulus E., (LFWD) values is possible. How-
ever, the reported unsatisfactory strength of the relationship between the two parameters is
associated with a high risk of error (r=0.73, R?=0.54, 5,=80.37 MN-m). Neither the use of
more complex non-linear regression models nor the use of multiple regression by introducing
an additional estimator in the form of the s/v ratio significantly improved the estimation re-
sults. The quality of the prediction of E, values is not constant. It varies depending on the type
of forest road pavements, the use of geosynthetic pavement reinforcements and the type of road
subgrade. The study also found that the quality of E, prediction can be improved by limiting
the range of tested E,, values upwards. It is advisable to continue this type of research, as the
results obtained could be the basis for developing national standards for the application of
LFWD to control the bearing capacity and compaction of forest road surfaces in the future.

Keywords: bearing capacity of forest road, static plate load test, PLT, VSS, LWD, LFWD,
PFWD

1. Introduction

Roads in forests are essential for proper forest man-
agement and active protection of the natural environ-
ment (Kaakkurivaara et al. 2015). Forest roads also
facilitate tourism and recreation and have a very im-
portant function in fire prevention (Queen et al. 1997,
Suzuki et al. 1998, Gumus et al. 2008, Termansen et al.
2008, 2013, Santiago and Loomis 2009, Keramati et al.

2020). Sustainable forest management is therefore not
possible without an adequate network of forest roads
classified as Low Volume Roads (LVR) (Uusitalo 2010,
Bitir et al. 2021). The definition of LVR includes roads
(together with public roads) with an average traffic
volume of <400 vehicles per day. Other characteristics
of these roads are low design speed and appropriate
geometry. Many of the LVRs, including forest roads,
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are single-lane roads with gravel or even native sur-
faces, whose load-bearing capacity varies greatly de-
pending on the weather and season (Coghlan 2000).

State Forests — National Forest Holding (the main
administrator of forest areas in Poland) takes care of
almost 107 thousand km of internal roads of different
rank in the communication networks of forest trans-
port areas (Grajewski 2022). The vast majority of them
have anative surface (71%). Surfaces of gravel, crushed
stone, cinders, cobblestones, etc. are found on about
20% of the total length of all forest roads, and bitumi-
nous/concreted surfaces account for only 9% of their
length (Grajewski 2022). Natural aggregates obtained
from the crushing of solid rock, with particle sizes of
0/4 mm, 4/31 mm, 31.5/63.0 mm (alternatively some-
what cheaper road aggregates with particle sizes of
0/31.5 mm and 0/63.0 mm) are most commonly used
for forest roads. Other natural aggregates such as
gravels, all-in aggregates (hoggins) and sands are also
commonly used. Certified substitutes for natural ag-
gregates from recycled bricks or concrete are increas-
ingly used for road surface design (Grajewski 2019).
At the same time, designers are increasingly interested
in using the undisputed advantages of modern planar
and spatial geosynthetics such as woven geotextiles,
biaxial or triaxial geogrids and geocells to reinforce
forest roads (Ashmawy and Bourdeau 1996, Latha et
al. 2010, Hegde 2017). Road sections that are exposed
to particularly high loads are built with much more
expensive but also more efficient bitumen and con-
crete technologies — poured or rolled concrete. An al-
ternative to these costly solutions are technologies
with prefabricated concrete elements or the surface
treatment of existing aggregate pavements with as-
phalt emulsions (Grajewski 2022).

The prospect of having to continue to invest heav-
ily in forest road infrastructure forces investors to look
for quick, relatively inexpensive and at the same time
reliable methods of assessing the quality of the con-
struction work. These are indispensable in any invest-
ment process.

Bearing capacity and compaction are among the
most important and most frequently used geotechni-
cal parameters in practise. Bearing capacity and com-
paction tests on most cubic and linear objects have
been carried out for many years with the static plate
load test (PLT), from diagnosing the subsoil to check-
ing the quality of the work. The basics of the PLT
method were developed in Switzerland and it is still
very popular in many countries, especially in Europe.
At the same time, it is one of the most frequently used
methods for measuring the bearing capacity parame-
ters of forest roads in Poland.
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Despite the obvious inconveniences (see Section
2.1), the PLT remains the basic method for assessing
the accuracy of road investments in Polish forests
(Trzcinski 2011, Grajewski 2019). It provides incontest-
able data on the condition of the studied area and the
quality of execution of road works at relatively low
cost. Equally important, this method is considered a
reference for other methods of bearing capacity testing
or determination of layer compaction.

The use of a light falling weight deflectometer
(LEWD) is increasingly being considered as a supple-
ment or even alternative to the static plate load test.
LFWD is also known as light weight deflectometer
(LWD), portable falling weight deflectometer (PFWD),
light drop-weight (LDW) or light drop-weight tester
(Livneh and Goldberg 2001, Sulewska 2004, Steinert
et al. 2005, Nazzal et al. 2007, Sabouri et al. 2022). The
concept of dynamic loading used in LFWD is also ap-
plied to another important piece of roadside device —
the falling weight deflectometer (FWD). This large and
heavy equipment is installed in trailers, vans or trucks.
The FWD is the most important device used in many
countries around the world to assess the physical
properties of road surfaces on motorways, local roads,
airport pavements, port areas, railway lines and else-
where. The loads and sensor sets used in the measure-
ments allow the diagnosis of entire pavement struc-
tures, including the road subgrade. A disadvantage of
this equipment is the considerable initial cost and the
one-off survey, which usually has to be planned well
in advance. The LFWD (in a sense a miniaturised ver-
sion of the FWD), on the other hand, is a much small-
er, lighter, cheaper, always portable and handy device.
Due to the generation of a relatively small pulse, the
LFWD can measure the stiffness of the upper layers of
the pavement without providing reliable predictions
for the deeper layers.

In contrast to the static plate, the advantages of this
device are that:

= itis small and does not require a counterweight

= the measurement can be performed in a very
short time

= the results are obtained immediately after the
measurement and are automatically stored in
the recording device that works together with
the plate, eliminating the risk of errors

= the test can be carried out in almost all condi-
tions, e.g. in narrow and deep excavations
where it would not be possible to set up a coun-
terweight for the PLT measurement
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= the large number of results allows not only a
more complete control of the object, but also a
statistical processing of the measurement results.

There is no doubt that LFWD is a useful device for
testing the stiffness and compaction of aggregates and
soils on the road. This has been demonstrated and re-
peatedly confirmed in numerous scientific studies
under laboratory conditions and in field tests for both
publicroads (e.g. Livneh and Goldberg 2001, Sulewska
2004, 2012, Alshibli et al. 2005, Fleming et al. 2007,) and
forest roads (Kestler et al. 2007, Kaakkurivaara et al.
2015, Zednik et al. 2015, Lehmann et al. 2020, Bitir et
al. 2022). There are many publications aimed at devel-
oping and improving LFWD test methods, searching
for and analysing factors that influence measurement
results, or establishing correlations between LFWD
results and other geotechnical parameters (e.g. Rafalski
1985, Shahid et al. 1997, Fleming 2000, Szpikowski et
al. 2005, Mooney and Miller 2009, Kavussi et al. 2010,
Stamp and Mooney 2013, Kamal et al. 2018). Great
success has been achieved in comparing LFWD with
falling weight deflectometer (FWD), dynamic cone
penetrometer (DCP), Benkelman beam or California
Bearing Ratio (CBR). The correlations obtained in the
measurement results, which are usually at least good,
mean that the instruments tested are interchangeable
(Steinert et al. 2005, Kestler et al. 2007, Nazzal et al.
2007, Horak et al. 2008, Kongkitkul et al. 2014,
Guzzarlapudi et al. 2016, Kamal et al. 2018, Sudarsono
et al. 2020). This provides an opportunity to signifi-
cantly accelerate and improve the survey service with
ongoing road investments (e.g. Livneh and Goldberg
2001, Steinert et al. 2005, Fleming et al. 2007, Kestler et
al. 2007, Nazzal et al. 2007, Horak et al. 2008).

Unfortunately, the number of studies on the rela-
tionship between LFWD and PLT is smaller and their
results are characterised by greater uncertainty in in-
terpretation (Table 1). Two factors seem to be the main
reasons for this. Firstly, the result of the LFWD mea-
surement does not only depend on the characteristics
of the tested layer, but may also depend to varying
degrees on a number of other factors related to both
the type of measurement and the design of the equip-
ment used, i.e.: the way the test site is prepared; the
number, type and position of the sensors measuring
the displacement of the load plate; the value of the
contact stress; the stiffness and the radius of the load
plate. Secondly, a clear assessment is not facilitated by
the different PLT test standards in different countries.
The differences include the maximum loads applied,
the number of stages of loading/unloading the plate,
the time of loading/unloading in each stage or the load
ranges used to calculate the modulus values (e.g.
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PN-5-02205:1998 vs. DIN 18134:2012-04). There is
therefore a need to continue research on a detailed
relationship between LFWD and PLT, which should
at least lead to the adoption of national standards for
the use of LFWD. Thus, there is a need to continue
global research to examine the relationship between
LFWD and PLT in detail. These should lead to resolu-
tions to determine the interchangeability of the two
types of instruments and the use of PLT parameter
prediction based on LFWD data. Furthermore, the re-
sults of such studies should lead to the establishment
of a solid basis for the development of at least nation-
al standards for the use of LFWD. Forest road con-
struction should be an area that requires special atten-
tion due to its specificity and usually weaker
regulations than those foreseen for public road con-
struction (Kaakkurivaara et al. 2015, Grajewski 2019).

The aim of the research was to determine the pos-
sibility of predicting the value of the secondary defor-
mation modulus from the static plate load tests based
on measurements with a Zorn light falling weight
deflectometer, type ZFG 3000 GPS with a drop weight
of 10 kg. The following research questions were for-
mulated as part of the project:

Does the use of the Zorn ZFG 3000 GPS LEWD
with a drop weight of ten kilogrammes enable a sim-
ple and accurate prediction of the value of the second-
ary deformation modulus when testing the bearing
capacity of various forest road pavements?

Whether the Zorn ZFG 3000 GPS LFWD with a
drop weight of ten kilogrammes has the same ability
to predict the values of the secondary deformation
modulus regardless of the type of forest road pave-
ment tested, the use of geosynthetic pavement rein-
forcement or the bearing capacity of the road sub-
grade?

Does the Zorn ZFG 3000 GPS LEWD with a drop
weight of ten kilogrammes achieve the same quality
in predicting secondary deformation modulus values
over the full range of dynamic deformation modulus
values obtained from LFWD bearing capacity mea-
surements of forest road pavements?

2. Materials and Methods

2.1 Assumptions for the Measurement of PLT
and LFWD

The static plate load test measures vertical dis-
placements (due to settlement) of the road subgrade
or pavement layer(s) occurring during a double pro-
cess of applying static pressure to a circular steel plate.
According to the Polish regulations, between two
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Table 1 Selected results of comparative studies of dynamic deformation modulus £, (LFWD) and secondary deformation modulus £, (PLT)

Author Type of LFWD tested Test site Type of materials tested Results
Prima 100 Field tests on Pavement layers and subgrades: crushed limestone base, £, = 0.69F,, + 20.90
Nazzal et al. . . . cement-treated base, cement-treated subbase, P
loading plate with 200 mm diameter motorway . o . R*=094
(2004) 10 ka dron weiaht sections lime-treated subbase, clayey silt soil, cement-treated soil, S — 2980
g rop weig lime-treated soil, blended calcium sulfate (BCS) e oY
Sulewska 2601 Laboratory E,=0.28F,+2.98
loading plate with 300 mm diameter Medium sand v
(2004) . tests R =091
10 kg drop weight
.. Prima 100 Clay, clayey silt, sand, cement-treated sail, crushed _ 0.006E
Alshipli et al. loading plate with 200 mm diameter Laboratory limestone, recycled asphalt pavement (RAP), sand-clay- b= 225256 v
(2005) . tests . R =090
10 kg drop weight gravel mix
‘o B&C 1. Incineration slag b= 12'4_4EZ +7.38
Ezsids loading plate with 163 mm diameter Field tests f =0.98
(2005) . I E,, = 0.64F, 4 19.80
11 kg drop weight 2. Silty fine sand R — 038
1. Crushed stone (dolomite) 0/31,5 mm subbase E,=2.10E,, + 71.68
— 2 __ ¥
Field tests on 2. Burned colliery shale 0/63 mm embankment :_g _:009754?7 I g'7986
Szpikowski ZFG 01 and ZFG 2000 the subbase or ’ rZ— 030 F}% — 009"
etal. loading plate with 300 mm diameter embankment . [
h 3. Burned colliery shale embankment E, = 0.73E,, + 57.52
(2005) 10 kg drop weight of the F— 037 =014
motorway 4. Non-burned colliery shale embankment E, = 0.73E,, + 48.79
r=056R =031
Szpikowski 7FG 01 and ZFG 2000 £ =167k, +8.24
. . f Laboratory . I r=094,R =0.89
etal. loading plate with 300 mm diameter Sand-gravel mix, medium sand % _
h tests E,* =161E, + 842
2005 10kgd h z ¥
(2005) g drop weight r =078, f = 061
Almassy and B&C ) -~ 5238
Subert loading plate with 163 mm diameter Mototr;/g;/ field Sandy-gravel subgrade 2 I¥ 8_9853%
(2006) 11 kg drop weight e
Kim et al. Loading plate with 300 mm diameter Fleml((i]tts;flsaon Silty sand subarade Eq=141E,-7.48
(2007) 10 kg drop weight v ¥ 9 R =077
subgrade
Laboratory and Pavement layers and subgrades: crushed limestone base,
Prima 100 . Y cement-treated base, cement-treated subbase, -
Nazzal et al. . . ) field tests on . . E, = 0.88F,,
loading plate with 200 mm diameter lime-treated subbase, clayey subbase, lime-treated 2
(2007) . motorway . R* =097
10 kg drop weight - subgrade, sand, blended calcium sulfate (BCS), recycled
sections
asphalt pavement (RAP)
1. Coarse and fine grained soils 1.E, = 0.90F,
2 _
Tompai . B&C . N 2. silty soils 2 I;_z - gggE
(2008) loading plate with 163 mm diameter Not specified ’ 'HZZ _ 0'25 v
10 kg drop weight 3. crushed stone subgrade 3.E,=0.93E,
R*=039
1. coarse and fine grained soils 1.E, = 158E,
R =055
Tompai Loading plate with 300 mm diameter . 2. silty soils 2.E, = 1.30E,,
(2008) 10 kg drop weight Not specified F =072
3. crushed stone subgrade 3.E, = 1.69,
R =067
Goraczko et ZFG 2000 ) _
al. loading plate with 300 mm diameter F'ilgn?rsgz(?sn Crushed stone 0/31.5 mm fz:oggifgfjg %J
(2014) 10 kg drop weight P = uee =0
Sulewska ZFG 3000 Laborator Crushed stone (dolomite) 0/31.5 mm subgrade comprised E, = 2.08E,—0.12
and Bartnik loading plate with 300 mm diameter tests y of layers: a reinforcement in the form of non-woven r=2086,R =075
(2017) 10 kg drop weight geotextile was laid on a layer of a weak soil subgrade relative error +25%
. ZFG 2000 ) _
WyroSlak loading plate with 300 mm diameter Field tests on Sand with an admixture of coarse dust _ Fy = ?1_0
(2017) . embankments r=0.95 A =0.90
10 kg drop weight
Decky et al LDD 100 Loamy soils, sand and gravel sails, mixed soils, gravel sand E — 245F
yetd. loading plate with 300 mm diameter Field tests pavement protection layers, crushed stones pavement 2
(2022) . . r=0.85
10 kg drop weight subbase layers, stony fill pavement subbase layers

* The values were calculated on the basis of the data provided by the authors of the publications
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cycles of loading of the plate, which are carried out
stepwise every 0.05 MN-m™ until the required final
value is reached, unloading is also performed in steps
of 0.1 MN'm™ (BN-8931-02:1964, PN-5-02205:1998).
The test starts with a preload (0.02 MPa) and setting
the dial gauges to the 0.00 mm position. Then a pres-
sure of 0.05 MN'm™ is applied to the tested layer and
the dial gauges are not read until the settlement has
stabilised. The pressure is increased in steps of
0.05 MN'm™ until the target level is reached, and the
dial gauges are not read until the settlement has stabi-
lised each time. The maximum final load is set to:

= 0.25 MN'm™ - when testing the subgrade or em-
bankment layer(s)

= 0.35 MN'm™ — when testing the improved sub-
grade layer(s)

= 0.45 MN'm ™~ — when testing the layers of the
pavement layer(s)

= 0.55 MN'm~ — when testing the entire road
pavement.

Based on the measurement results, the values of
two deformation moduli are calculated: the primary
deformation modulus E, (determined in the first load-
ing cycle of the plate) and the secondary deformation
modulus E, (also determined in the second loading
cycle of the plate) as well as the deformation index I,,.
The deformation moduli are calculated according to
eq. (1), while the value of I, [-] is calculated according
to eq. (2).

A
E, 3 5
4As

Where:

E; primary (E,) or secondary (E,) deformation
modulus, MN'm™

)

p load increase in the assumed interval:
P=Po1s—Poss for the subgrade test, p=p ,—p, 15 for
the improved subgrade and structural pavement
layers, p=p,35—p,.,5 for the entire road pavement,
MN-m™

s settlement increment corresponding to the load
increment: s=5 15—, 45 for the subgrade, s=s, 5515
for the improved subgrade and structural pave-
ment layers, s=5;35—5,25 for the entire road pave-
ment, mm

D plate diameter, mm.

E
I,=—=%
El

@)

Road pavement testing typically uses a 300 mm
diameter plate to which pressure is applied by means
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of a hydraulic cylinder, supported by a counterweight
of considerable mass — far greater than the force ap-
plied (Wyroslak and Ossowski 2016). The counter-
weight must allow the measuring device to be posi-
tioned at the test site and obtain meaningful
measurement results (Krawczyk et al. 2015). A further
complication of using static plates is the extended test
time. A minimum of 1.5 hours is required to perform
ameasurement at a test point of a pavement according
to the standard requirements (maximum load of
0.55 MN'm™), provided that the measurements are not
accompanied by surface deformations of more than
0.05 mm at two-minute intervals at each loading step/
stage. Maintaining the correct time interval between
loading and unloading steps is also very important to
obtain meaningful results (Mackiewicz and Krawczyk
2015). An argument that sometimes discourages the
use of this test method is also the need to secure suf-
ficient space, which quite often leads to a short-term
closure of the road section in question (Grajewski
2019).

During the LFWD test, the maximum displace-
ment of the measuring plate, caused by the weight
falling on it, is measured. The values of the displace-
ments and their velocities are recorded, and on their
basis the average values of the plate settlement (deflec-
tion of the tested surface) s [mm)], the velocity of the
plate settlement v [mm-s™'] and the ratio of these values
s/v [ms] as well as the value of the dynamic deforma-
tion modulus E,, [MN-m™] are calculated. Assuming
a uniform stress distribution under the loading plate,
the calculations of the dynamic deformation modulus
are carried out according to eq. (3).

E,=15r2 @3)
S

Where:
E,; dynamic modulus of deformation, MN-m™

¢ mean value of the load under the plate, for a
drop weight of 10 kg it is 0.1 MN'm™

s  mean settlement of the compression plate cal-
culated from the results of 3 impacts (measure-
ments) after 3 initial impacts, mm

r  radius of the loading force, 150 mm when using
a 300 mm diameter loading plate.

The s/v ratio, understood as the ratio between the
value of the settlement of the loading plate under im-
pact s and the settlement velocity v, can be interpreted
as a measure of compaction (Sulewska 2012). It is as-
sumed that the compaction of the tested layers is suf-
ficient if the value of s/v does not exceed 3.5 ms (Zorn
2014).
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2.2 Data Collection and Analysis

The values of the dynamic deformation modulus
E.4 the s/v ratio and the secondary deformation mod-
ulus E, were determined during bearing capacity mea-
surements with a light falling weight deflectometer
and static load plates. Over several years, 46 sections
of forest roads with various pavements in western and
central Poland were investigated (Fig. 1, Table 1). The
bearing capacity measurements were carried out with:

= a light falling weight deflectometer ZFG 3000
GPS, manufactured by Zorn Instruments with a
drop weight of 10 kg and a load plate with a
diameter of 300 mm

= a static load plate (VSS) HMP PDG Pro, manu-
factured by Priifgerdtebau GmbH, equipped
with 1 electronic displacement sensor and a load
plate diameter of 300 mm

= a static load plate VSS-3P-000 7408, manufac-
tured by Multiserw-Morek, equipped with 3
analogue displacement sensors and a load plate
diameter of 300 mm

= a static load plate VSS-3P, equipped with 3 elec-
tronic displacement sensors and a load plate
diameter of 300 mm.

The tests with static load plates were carried out in
wheel path in accordance with the applicable Polish
standards. Regardless of the type of road pavement,
the plates were loaded twice with a maximum pres-
sure of 0.55 MN'm™. Based on the obtained measure-
ment results, the E, values were calculated according
to eq. (1), assuming the incremental displacement of
the plate As corresponding to the pressure difference
Ap in the range of 0.25 to 0.35 MN-m ™.

The measurements of the LFWD were performed
according to the methodology recommended by the
plate manufacturer (Zorn 2014) and the Research In-
stitute of Roads and Bridges in Warsaw (Szpikowski
et al. 2005). The tests with a LFWD in the wheel path
were each carried out simultaneously with the mea-
surements with static load plates, with the measure-
ment points placed in close proximity to the PLT
points with a minimum distance of 1.0 m between
them.

The structure of the roadway was recorded and
geotechnical conditions were determined by open ex-
cavation of the pavement and geotechnical borings.

The office study included 245 paired E,, (s/v) and
E, values processed so that a PLT result corresponded
to the average of at least 3 measurements with a
LEWD. No outliers were removed from the database,
which refers to the bearing capacity measurements
carried out in practise. The data thus prepared were

Evaluation of Light Falling Weight Deflectometer for In Situ Measurement of Secondary ... (313-326)

¥ Szczecin
@

Bydgoszcz H

Borders of government administration
o Testing sections
Warszawa, Szczecin, Poznan, Stupsk... - main cities

100 5 0 100 200 400 km
O I SSS—

Fig. 1 Location of test road sections on administrative map of
Poland

subjected to regression analysis in CurveExpert
Professional 2.7.3 software (Hyams Development,
Chattanooga, TN, USA). In the first stage, a simple
regression with one independent variable (i.e. E, ;) was
used, while in the second stage a multiple regression
with an additional explanatory variable, the s/v ratio,
was applied. The modelling carried out in the different
data groups (Table 2) focused on finding the simplest
possible relationships between E 4 and E, that can be
used in engineering practise. However, in order to
obtain a more comprehensive assessment of the
relationship between the parameters studied, not only
linear models were tested, but also other models
(logarithmic, polynomial, exponential and power
models) — with the exception of fourth and higher
degree polynomials.

3. Results

There are statistically significant, moderate or
strong correlations (r > 0.40, Table 3) between E 4 and
E, values in the vast majority of the analysed variants
of the data sets. In the set of all collected results of the
bearing capacity tests (A), E,q and E, correlate strong-
ly with each other (r > 0.70, Table 3, Fig. 2A), while
showing poor model fit (R* < 0.60) and a significant
value of the standard error of the estimate (S, > 80).
The strongest correlations were found in the data set
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Table 2 Variants of data sets subjected to regression analysis, together with their number (n), mean values of dynamic deformation modulus

(E,.), s/v ratio (s/v) and secondary deformation modulus (£,)

Clazfi:‘;cr?;lon Data group description n Ey 0% E, s?,:%&
All types of forest roads tested 245 76.93 2.63 235 A
Forest roads with naim/srs\t;;f;z?rt(t;ggcrias;e\(/jeil]retnr?)ad, graded dirt road, 12 2764 374 86 oN

Forest roads with gravel or sand-gravel mix surface 11 49.94 2.98 149 Mix

Forest roads with surfaces made of optimal natural soil mixtures 13 83.06 2.56 302 Mo

Tégi;;;onatd Forest roads with a surface of aggregates laid in typical McAdam technology 81 72.41 2.54 212 McA
Forest roads with aggregated surfaces 4 69.07 2.72 177 CS

Forest roads with pavements stabilised with hydraulic binders 60 93.7 2.30 317 Stab

Forest roads with sursgﬁztsr :;?i(;i (rnlfJ t:f,ﬁgy,ctl)?s; E?Str)z?;tes (concrete rubble, 97 95.07 286 282 Rec

Forest roads with pavements not reinforced with geosynthetics 176 81.98 2.58 258 GeoN

Geomaterials

Forest roads with pavements reinforced with geosynthetics (non-woven

reinforcement : . ) 69 64.04 | 276 177 GeoY
geotextiles, woven geotextiles, geogrids, geocells)
Forest roads on G1 subgrades 184 82.30 2.56 255 G1
ngg(raa(cT;’ Forest roads on G2 subgrades 21 66.85 2.59 194 G2
Forest roads on G3 and G4 subgrades 40 57.48 2.98 169 G3/G4
Value of dynamic deformation modulus < 60 MN-m™ 45 40.64 3.38 122 Ey<60
Value of dynamic deformation modulus > 60 MN-m™ 200 85.09 2.46 261 E,q> 60
Value of dynamic deformation modulus < 65 MN-m™ 60 46.30 3.16 139 Ey<65
E. imit value? Value of dynamic deformation modulus > 65 MN-m™ 185 86.86 245 267 E,q> 65
k Value of dynamic deformation modulus < 70 MN-m™ 82 52.04 3.00 155 Ey<70
Value of dynamic deformation modulus > 70 MN-m™ 163 89.45 2.44 276 Eq>T70
Value of dynamic deformation modulus < 75 MN-m™ 120 58.82 2.84 175 Ey<T75
Value of dynamic deformation modulus > 75 MN-m™ 125 94.60 243 293 Eg>T75

' —type of road subgrade (CBR — California bearing ratio) G1: CBR > 10%, G2: 5% < CBR < 10%, G3: < 3% CBR < 5%, G4: 2% < CBR < 3% (classification according to Katalog. .. 2014)
2 _ the upper limits of the tested compartments were set at the maximum value considered authoritative by the equipment manufacturer, i.e. 70 MN-m (Zom 2014), plus two smaller and

one larger value at intervals of 5 MN-m™~

characterising the bearing capacity of pavements on
the weakest road subgrades (G3/G4: r=0.87, R*=0.75,
S.=41) and in the data set bounded from above by the
value E,4 = 65.00 MN-m~ (r = 0.84, R> = 0.70, S, = 31,
Table 3, Fig. 2B). The assumed value of 65.00 MN-m™
is slightly below the upper limit of the range of results
(70 MN'm™) considered crucial by the instrument
manufacturer for measurements with a 10 kg drop
weight (Zorn 2014). On the other hand, the weakest
relationship between E ; and E, was recorded for the
dataset describing the bearing capacity of pavements
made of optimal natural soil mixtures (M,,,) and pave-
ments on G2 subgrade.

The use of a regression model other than the linear

regression model does not always increase the correla-
tion r and the goodness of fit R*. The best effect of using

amore complicated regression model is expected in the
case of optimal natural soil mixtures (M,,), native (GN)
and gravel or sand-gravel mix (Mix) pavements.

A comparison of the E, values obtained during the
test (1;) with the predicted values (f;) using the best-fit
model is shown in Fig. 3. The relative error RE of the
prediction according to the linear regression model
described by the eq. E, =1.34 +2.97E,, determined by
eq. (4), is +£20% (Fig. 3).

RE = YY1l 100% )

i
The tests of the linear multivariate regression

models did not have the expected effect of increasing
the degree of fit of the model to the data collected
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a) For the entire data set included in the study (n = 245)
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b) For the data set limited to a maximum value of E,, < 65 Mn-m” (n = 60),

200

150

E, MN-m”

E, MN-m™
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50
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30 40 50 60 70
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Fig. 2 Linear regression for values of dynamic deformation modulus £, (LFWD, Zorn, type ZFG 3000 GPS, 300 mm diameter loading plate,
10 kg drop weight load) and secondary deformation modulus £, (PLT, 300 mm diameter loading plate)

Table 3 Dependencies of dynamic deformation modulus £,, (LFWD, Zorn, type ZFG 3000 GPS, 300 mm diameter loading plate, 10 kg drop
weight load) on secondary deformation modulus £,, tested with static load plate — simple regression (£, = f(E,q))

Linear model parameters

Best-fit model parameters

Data group* Form of linear function

r R S, r R S,
A E,=-1355+324-E, 0.73 0.54 80.37 0.73 0.54 80.62
GN E,=16.09 + 253 -£, 0.7 0.51 22.69 0.86 0.74 18.42
Mix E,=9270 + 112 -E, 0.61 0.37 14.92 0.71 0.51 14.90
My E,=189.60 + 1.36 - £, 0.22 0.05 51.83 0.46 0.22 52.02
McA E,=5105-222-F, 0.37 0.14 51.79 0.37 0.14 51.79
CS E,=18.80 + 2.30 - £, 0.73 0.53 35.74 0.76 0.57 34.88
Stab E, =314+ 335-£,4 0.64 0.41 112.53 0.65 0.42 113.08
Rec E,=1414 + 281 -F, 0.68 0.46 122.68 0.75 0.56 114.72
GeoN E,=-295+3.19-F, 0.71 0.51 89.14 0.71 0.57 89.39
GeoY E,=2739 +234-E, 0.59 0.35 4712 0.65 0.43 4494
G1 E,=-811+4+319-£, 0.69 0.48 89.36 0.69 0.48 89.53
G2 E,=11797 + 113 -EF, 0.23 0.05 46.61 0.23 0.05 46.55
G3/G4 E,=-2873 +344-E, 0.87 0.75 40.80 0.90 0.82 35.62
E, <60 E,=1.87 +295-F, 0.83 0.69 28.31 0.84 0.70 28.29
Eq> 60 E,=-2417 +3.35-£F, 0.63 0.40 87.97 0.64 0.41 88.08
E4<65 E, =134+ 297 -EF,4 0.84 0.70 30.52 0.84 0.71 30.63
Eq> 65 E,=-2451+335-E, 0.62 0.38 90.92 0.62 0.39 90.96
E,<70 E,=1.49 + 2.96-F, 0.76 0.57 42.22 0.76 0.58 42.55
Eq>T70 E,=-2337+3.34.EF, 0.61 0.37 94.06 0.61 0.38 94.03
Ey<75 E, =078+ 298-F, 0.72 0.52 48.08 0.72 0.52 48.08
Eq>T75 E,=-2131+333-£, 0.58 0.34 102.57 0.59 0.35 102.39

Description: * — abbreviations are explained in Table 2, r — Pearson'’s linear correlation coefficient (statistically significant values at p = 0.05 are in bold)
R* — coefficient of determination, S, — standard error
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Table 4 Dependencies of dynamic deformation modulus £,4 and ratio s/v (LFWD, Zorn, type ZFG 3000 GPS, 300 mm diameter loading plate,
10 kg drop weight load) on secondary deformation modulus £,, tested with static load plate — complex regression (£, = f(E, 4, S/V))

Data ; : Linear model parameters Best-fit model parameters
M Form of linear function
group r R? S, r R S,
A E,=4246 +3.05-EF,—15.88-s/v 0.73 0.54 80.27 0.75 0.57 78.99
GN E, = 4067 +2.25-E,—450-s/v 0.72 0.51 23.86 0.94 0.88 24.98
Mix E, = 134.47 + 0.88 -£,,— 9.99 - s/v 0.61 0.38 15.74 0.88 0.7 27.00
M, E,=-195.72 + 157 -E,,— 14331 - s/v 0.26 0.07 53.78 0.88 0.7 49.01
McA E,=310.48 +1.70-£,,—87.25-s/v 0.47 0.22 49.67 0.58 0.34 47.86
CS E,=76.43 + 1.98-E4—13.09-s/v 0.73 0.54 35.88 0.77 0.59 37.19
Stab E, = 83254 +3.05-£,—348.54 - s/v 0.71 0.5 103.63 0.73 0.53 108.18
Rec E,=31.78 +2.75-E,—4.07-s/v 0.68 0.46 125.19 0.77 0.59 129.43
GeoN E,=52.24 +3.01-£,-1592-s/v 0.72 0.51 89.12 0.74 0.54 86.44
GeoY E,=248.25+ 118 -E,4—53.19 - s/v 0.64 0.41 4517 0.70 0.49 44.40
G1 E,=68.29 +299-F,-2343-s/v 0.70 0.49 89.24 0.72 0.52 88.26
G2 E,=42949-0.15-£,—-87.25-s/v 0.38 0.14 45.59 0.64 0.41 48.39
G3/G4 E,=-16.90 + 3.36 - £,,—2.43 - s/v 0.87 0.75 41.33 0.91 0.82 38.42
E4<60 E,=2555+2.76-E,—462-s/v 0.83 0.69 28.57 0.85 0.72 29.62
£, > 60 E, = 264.85 + 3.18 - £, — 111.52 - s/v 0.66 0.44 85.41 0.68 0.46 84.95
E, <65 E,=24.48 + 2.78 -E,,— 4.57 -slv 0.84 0.70 30.73 0.84 0.71 31.08
E,> 65 E, = 269.84 + 3.19 - F,,— 114.04 - s/v 0.65 0.42 88.22 0.67 0.45 87.68
E <70 E,=9235+228-E,-1847-s/v 0.76 0.59 41.93 0.79 0.63 41.71
Eq>170 E, = 26059 + 3.23 - £,,—111.97 - s/v 0.63 0.40 91.80 0.66 0.44 91.07
E4<T75 E,=11732 + 218 -E£,— 2452 -s/v 0.73 0.53 47.55 0.76 0.58 45.16
E,>T5 E, = 280.04 + 3.27 - E,—121.91 - s/ 0.61 0.37 100.34 0.65 0.42 98.96
Description: * — abbreviations are explained in Table 2, r — Pearson’s linear correlation coefficient (statistically significant values at p = 0.05 are in bold)
R” — coefficient of determination, S, — standard error
(Table 4). The addition of a second explanatory vari- 0
able (s/v) increased the complexity of the regression
relationship but did not increase the value of r or R?, 250 TF20%
which sometimes had a negative effect on the value
of the standard error. The quality of the prediction
obviously increased when analysing the data set for 20
pavements on G2 road subgrade, aggregated pave- 2 i
ments in a typical macadam structure (McA) and Z 150
pavements with a layer stabilised by hydraulic bind- uf °

er (Stab). The use of a model other than the linear
multiple regression model has a stronger effect on
increasing the correlation and the degree of model fit
than the simple regression models (Table 3).

4. Discussion

The results of this study show that there are some
relationships between the values of the dynamic de-
formation modulus (LFWD) and the values of the sec-
ondary deformation modulus (PLT). However, in
most cases these appear to be too weak to be used in
practise without the risk of significant error. Therefore,

100

50

0 50 100 150 200

E, MN-m™

Fig. 3 Comparison of values of deformation modulus after the sec-
ond loading cycle from tests (£,) with predicted values (£,) of the
best linear regression model (£, = 1.34 + 2.97E,,) together with
cones of relative error (RE)
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previous research results in this field, some of which
were very promising, have not been confirmed (Nazzal
et al. 2004, 2007, Sulewska 2004, Alshibli et al. 2005,
Sulewska and Bartnik 2017, Wyroslak 2017, Table 1).

The potential difficulties of using a light falling
weight deflectometer for compliance purposes have
been pointed out much earlier, e.g. by Shahid et al.
(1997) or Kumor et al. (2013). Hildebrand (2003) in turn
even suggested that LFWD should not be used on
granular base courses. Later analyses of theoretical
mathematical models and experiences of other re-
searchers have even questioned the sense of looking
for close relationships between the two testing meth-
ods, pointing out that the differences between them
are too great (Adam et al. 2009, Krawczyk and
Mackiewicz 2016, Weglinski 2018). Among other
things, the static test differs from the dynamic test in
terms of the maximum extent of the loading effect. It
is estimated that the range of the static test is almost
37% greater than that of the dynamic test when testing
unimproved (native) road subgrade (measurements
in the range 0.00-0.25 MN-m?), when testing im-
proved road subgrade (measurements in the range of
0.00-0.35 MN-m?) the reported difference is more than
53%, while when testing road base course (measure-
ments in the range of 0.00-0.45 MN'm?) the differ-
ences can reach 67% (Weglinski 2018). This means that
the PLT range cannot be answered simply and unam-
biguously, as it depends on the type and nature of the
soil as well as the amount of applied load. At the same
time, the above facts indicate that the depth of the PLT
effect in load tests on forest roads can extend far below
the structural layers of the pavement (down to the
road subgrade), which is much less likely when LFWD
is used.

The strong correlations between LFWD and PLT
measurements shown by some researchers may be
due to the relatively thick and homogeneous layers of
road embankments used in the tests (Wyroslak 2017),
or to solid structural layers of highways or public road
pavements (Nazzal et al. 2004, Almassy and Subert
2006, Kim et al. 2007, Goraczko et al. 2014). Strictly
controlled laboratory conditions can also play an im-
portant role (Sulewska 2004, Alshibli et al. 2005,
Szpikowski et al. 2005, Sulewska and Bartnik 2017).
Forest roads are often built as thin-layered structures
on variable road substrates with sometimes unob-
served compaction standards and under different
moisture conditions in vertical and horizontal direc-
tions (Trzcinski 2011, Grajewski 2016, 2019).

The introduction of an additional explanatory vari-
able (s/v ratio) in the regression analysis did not sig-
nificantly increase the quality of the prediction of val-
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ues of the secondary deformation modulus (Table 3 vs.
Table 4). This did not confirm the earlier observations
of Sulewska (2012) and Sulewska and Bartnik (2017),
who considered the s/v ratio to be a very important
parameter in assessing compaction and bearing capac-
ity quality. It is also noted that the linear regression
models tested have a slightly lower predictive quality
than the parameters of more complex models (loga-
rithmic, polynomial, exponential, power). It seems
that the increase in model complexity is dispropor-
tionate to the benefits derived from its use.

The above results thus justify the discrepancies in
the values of the moduli determined by both methods
and the difficulties in unambiguously assessing the
bearing capacity of the embedded layers. The analysed
data, coming from 46 road sections, although grouped
among themselves, differ so much in terms of type and
physical condition of soils/road surface aggregate and
road subgrade, thickness of construction layers, pres-
ence or absence of reinforcement with different types
of geosynthetics, that it was not possible to determine
a universal LFWD-PLT relationship of satisfactory
quality for them.

In other cases, LFWD tests can be used both as part
of stage checks (acceptance of overbuilt and decayed
structures) and as a final control for a quick diagnosis
of geotechnical parameters (correctness of subgrade
preparation, construction of embankments or pave-
ment construction) that do not form the basis for

800

— a)E,=-1355+3.24E,

proposed linear regression model @
—-—-— b)E,=2E,
700 ~ simplified conversion from E,, to £, sometimes used in practise
.......... ¢) E, = 600In(300-(300 - E,)) )

formula proposed by Livneh and Goldberg (2001)

600 - In relation to bearing capacity measurements
made with a static plate
on 245 forest road O COC
500 sections S .

E, MN-m”

200

E,, MN-m™

Fig. 4 Estimation of static deformation modulus during secondary
compression (£,) based on values of dynamic deformation modulus
(Eoq)
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technical acceptance. Pending the development of na-
tional standards for the application of LFWD and the
interpretation of measurement results, they should
serve to highlight the weakest points where, in case of
doubt, other harmless tests can be carried out, e.g.
with a PLT.

In an ad hoc assessment of the quality of road
works, it can be assumed that less than 9% of the ob-
tained results of bearing capacity tests on forest roads
are smaller than the value of E, calculated by doubling
the value of E 4 (Fig. 4).

5. Conclusions

Based on the analysis of the results of 245 bearing
capacity measurements on 46 forest road sections with
various pavements, carried out with a Zorn light fall-
ing weight deflectometer (LFWD), type ZFG 3000
GPS, with a drop weight of 10 kg and static load plates
(PLT), the following conclusions can be formulated:

= prediction of secondary deformation modulus
values obtained from PLT measurements is pos-
sible based on LFWD tests. However, it should
be noted that, although a good correlation be-
tween the dynamic deformation modulus E,4
and the secondary deformation modulus E, has
been demonstrated (v = 0.73), the fit of the pro-
posed linear model is unfortunately unsatisfac-
torily poor (R* = 0.54) with a correspondingly
high value of standard error (S, = 80 MN-m?)

= the estimation results were not significantly im-
proved by using more complex nonlinear re-
gression models or multiple regression by intro-
ducing an additional estimator in the form of the
s/v ratio

= the quality of the prediction of the E, value is not
constant and changes depending on the type of
forest road, the application of geosynthetic
pavement reinforcement and the type of road
subgrade. A worse fit of the regression models
was obtained for roads with pavements made
of optimal natural soil mixtures (M,,,) and in
macadam technique (McA). A similar effect is
caused by the reinforcement of the pavement
with geosynthetics and subgrade of group G2
(G2)

= the quality of the prediction of E, can be in-
creased by limiting the range of the compared
E.q values even below the threshold value given
by the manufacturer of the device as the upper
limit for the reliability of the measurements of
the tested LFWD device

S. M. Grajewski

= despite the unsatisfactory results of the current
study, it is recommended to continue the inves-
tigation as the obtained results could be a basis
for the development of much needed national
standards for the application of the light falling
weight deflectometer to control the bearing ca-
pacity and compaction of forest road surfaces.
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