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Abstract

The mechanistic-empirical (E-M) design of pavement structures requires knowledge of the elas-
tic modulus of the layers comprising the structure. The necessary cyclic (dynamic) triaxial
testing is expensive and cumbersome for low-volume forest and agricultural roads. Opiyo (1995)
developed a method called cyclic CBR (cCBR) to determine the resilient modulus (M,) of granu-
lar road construction materials using CBR testing equipment. The present study tested the CCBR
method on silty, fine sand stabilised with lime and a lime-cement mixture. For the test, 24 test
specimens were prepared by adding 3, 5 and 7% pure lime and a 70-30 lime-cement mixture at
the targeted 8-23% water content. Three metrics were used to express the bearing capacity of
the specimens: (1) the commonly used CBR% value, (2) the M, value calculated as a function of
load force and elastic deformation determined as a result of the cCBR test, and (3) the resilient
modulus calculated from the CBR value. The experimental results showed that the initial water
content had a greater effect on the bearing capacity than the binder dosage. The present study
found the cCBR procedure to be feasible. The test results were converted to a resilient modulus
value using the formula developed by Opiyo and Molenaar, respectively. The calculated resilient
modulus values from the CBR value exhibited a wide variation. Uzan’s formula provided simi-
lar results to those calculated by Molenaar’s formula. A 250 m long experimental road section
was also constructed to verify the laboratory data. Based on the laboratory tests, five different
50 m long stabilisation layers were built. The bearing capacity data measured with the handheld
BC-1 LFWD and KUAB-FWD equipment verified Molenaar’s formula.

Keywords: cyclic CBR, resilient modulus, load bearing capacity, mechanistic-empirical design,

soil stabilisation, FWD

1. Introduction

Forest areas opened by low volume, unpaved
roads pose a major challenge for foresters as weather
heavily influences the ability to transport timber on
these roads. This is particularly true in Hungary in the
light of climate change where the decreasing number
of frosty days renders roads largely unfit for transport
during the logging season. Paving — macadam or as-
phalt — a conventional dirt road requires a significant
financial investment, which is not always available.
Therefore, foresters continuously search for cost-effi-
cient road structure solutions that significantly extend
the trafficable period.

Using local materials can significantly reduce the
construction costs of pavement structures. Adding a

binder with the correct physical properties can make
local soils workable and load bearing. When soils are
stabilised, the water absorption of the cohesive layer
mixed with the binder is reduced, making the stabi-
lised soil less susceptible to water. This means that a
stabilised layer with a higher bearing capacity can du-
rably support the pavement layers, regardless of
weather conditions. Different soil types require differ-
ent binders to achieve technically appropriate and
optimally producible soil stabilisation. Quicklime
binders are the most favourable for cohesive soils such
as clays and silts, while cement is optimal for sandy
soils. The choice of binders must consider technical,
economic, and environmental aspects (Ahnberg et al.
2003). However, the cost of the binder is one of the
main deciding factors for low-volume roads.
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Therefore, several types of binders should be tested,
especially for intermediate soils. The literature recom-
mends hydraulic road binders produced from a
cement and quicklime mixture for the so-called inter-
mediate soils between granular and cohesive soils
(Solanki et al. 2010, Szendefy 2017). Sirivitmaitrie et al.
(2011) investigated the resilient modulus of lime and
lime-cement stabilised expansive soils at three test
sites. The resilient modulus test results show that com-
bined lime-cement treated soils have yielded the high-
est M, enhancements when compared with lime-treat-
ed and control soils. In several cases, soils treated with
lime alone did not fall far below the lime-cement mix-
ture. The reason for this is that we cannot be sure that
cement, or rather lime, will work better as a binder in
intermediate soils (Ahnberg et al. 2003).

The load-bearing capacity of stabilised local soil is
not considered in conventional public road construc-
tion, but in forest road construction it is frequently
considered as the load-bearing part of the road struc-
ture. Therefore, particular attention should be paid to
the design and construction of economical, low-cost
road structures. The low construction costs of forest
roads compared to public roads are generally insuf-
ficient to cover the high design costs. In his review
article, Heinimann (2021) summarised the develop-
ment and main challenges of pavement design sys-
tems for forest roads. With the development of com-
puter technology and the increasing knowledge of
materials, designers can now employ the novel me-
chanical-based pavement design method using precise
material parameters instead of the empirical CBR
(California Bearing Ratio) methods. This rational de-
sign method models the pavement structure with a
system of superimposed elastic plates (or layers). The
response of the plate system to a load can be calcu-
lated as a function of the material parameters describ-
ing the elasticity of the plates and the relationship
between the plates (Ioannides and Khazanovich 1998).
A key point of rational pavement design is to deter-
mine the bearing capacity of the subgrade with suffi-
cient accuracy. Therefore, Heinimann (2021) high-
lights the need to improve the conversion of simple
soil bearing capacity, such as CBR, to the elastic mod-
ulus.

Cyclic (dynamic) triaxial testing can directly deter-
mine the material parameters required for mechani-
cally based pavement design, but the test is complex
and requires expensive equipment (Araya et al. 2010).
Several authors have attempted to recalculate the re-
sults of simpler tests (CBR, unidirectional compression
testing), but the recalculated results revealed signifi-
cant differences. Opiyo (1995) advanced this field by

developing the cyclic CBR procedure, which allowed
CBR equipment to determine the elastic (resilient) be-
haviour of soil samples. The method can greatly con-
tribute to the cost-effective mechanical-based design
of stabilisation pavement structures for low-volume
roads (Sevelové et al. 2021). Therefore, this study com-
pares the strength parameters of a soil stabilisation
base course ascertained in the laboratory by cyclic CBR
with the field results of a real experimental road sec-
tion.

2. Materials and Methods

2.1 Theoretical Background

In Hungary, the pavement design method is based
on a catalogue system of pavement structures. The
original AASHO (American Association of State High-
way Officials) method implemented in 1961 has been
adopted in forest road design where the bearing ca-
pacity of the soil is considered via the CBR value. This
value is a ratio that shows the bearing capacity of the
material being tested compared to the bearing capac-
ity of a standard crushed stone roadbed. The bearing
capacity is defined as the force required to press a
50 mm diameter metal cylinder in 2.5 mm depth at a
speed of 1.27 mm/sec into the soil sample prepared to
the standards. From the measured force, the CBR can
be calculated using Eq. (1).

F F,
CBR, ;% = %x 100 and CBR; (% = ﬁ x100 (1)

Where:
F,5 force required for 2.5 mm penetration, kN
Fs, force required for 5.0 mm penetration, kN.

The higher of the two CBR values is used according
to the standard. Performing the test requires a load
frame and a force and displacement gauge. These tools
are available in most soil and road laboratories and are
used routinely.

An alternative pavement design method that al-
lows for a mechanics-based design was developed in
Hungary in 2018 (Téth and Primusz 2020). The elastic
modulus of the pavement layer material is required as
an input parameter. For soils, the elastic modulus E,
which can be considered under dynamic loading, is
well estimated by the M, resilient modulus. The resil-
ient modulus can be described as the ratio of the de-
viator stress to the elastic deformation, the magnitude
of which depends on the lateral pressure. In addition
to the stress state, the value of the resilient modulus is
also significantly influenced by the water content and
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temperature distribution of the subgrade, for which
several methods have been developed (Zapata et al.
2007).

The resilient modulus is determined directly by us-
ing cyclic (dynamic) triaxial testing equipment. Dur-
ing the test, the specimen is subjected to a rapid (0.1 s)
cyclic axial load with constant cell pressure. This al-
lows for the realistic loading modelling of the pave-
ment structure where fast-moving vehicles load a
point on the structure for a similarly short period. The
equipment used for this test is expensive and more
complex to use than CBR equipment and is, therefore,
less widely applied. To determine the resilient modu-
lus for mechanics-based design, it seemed straightfor-
ward to look for a correlation between the easily de-
termined CBR% and the value of the M, resilient
modulus. Researchers have developed several models
to convert the CBR value into a resilient modulus val-
ue. Three types of models have been applied:

= linear

= exponential

= polynomial.

Table 1 presents the conversion formulae. It is im-
portant to note that the application of the formulae is
proposed for specific soil types and CBR ranges; thus,

the resilient modulus values calculated by the models
sometimes show a large variance.

In the classical CBR test, the test specimen under-
goes both plastic and elastic deformation under one
load. Therefore, Opiyo (1995) assumed that elastic
properties cannot be purely inferred from this one
value, i.e., the CBR value cannot be reliably converted
into elastic modulus. In 1995, Opiyo developed the
cyclic CBR test method to determine the elastic modu-
lus of soils and granular road construction materials
using simple existing tools. Other researchers have

Table 1 Various conversion formulae from CBR to resilient modulus

P. Primusz et al.

successfully applied the test to cohesive and stabilised
soils (Sas et al. 2012, Sas and Gtuchowski 2013).

Additional load repetitions are recommended after
the first step of the CBR test (2.5 mm penetration at a
speed of 1.25 mm/min) (Fig. 1). Repetitions should be
performed at the maximum load achieved in the first
step (Nagula et al. 2016). With repeated loads, the ma-
terial undergoes progressively lesser permanent de-
formation. The load repetition cycles should theoreti-
cally be continued until the specimen shows only
elastic deformation. In practice, it is appropriate if the
combined permanent deflection of the last five cycles
is less than 2% of the total permanent deflection. This
condition is typically reached after 50-100 load cycles
(Araya 2011, Molenaar 2011, Hao and Pabst 2020),
though in other studies 10 cycles were enough
(Nagula et al. 2016). Elastic deformation is well-char-
acterised by the deformation measured in the last load
cycle and the force that induces it. Researchers have
developed several equations to determine the resilient
modulus using these two variables and some auxil-
iary parameters. Eq. (2) presents the original relation-
ship of Opiyo (1995).

M = 0'0~d{H+d(L—H)

=D D (2)

Where:

M, resilient modulus, MPa

average compressive stress, MPa
diameter of load bearing surface, mm
elastic deformation, mm

height of sample, mm

height of cone, mm

sample diameter, mm.

oD s RS

Type Developer of the model

Conversion formula Range

Heukelom and Klomp (1962)

M,=10.340 - CBR 10-20 CBR%

Linear -
Ohio DOT (2008)

M,=8.274 - CBR

Green and Hall (1975)

M,=37.268 - CBR™™" 2-200 CBR%

Paterson and Maree (1978)

M,=20.670 - CBR'®

) Powell et al. (1984) M.=17.616 - CBR"**® 2-12 CBR%
Exponential
Uzan (1985) M.=91.226+0.017 - CBR?
Webb and Campbell (1986) M.=21.470 - CBR""®
Hopkins (1994) M.=17.914 - CBR"*"
ol o Kenya Road Design Manual (1987) M.=0.0162 - CBR®-0.5454 - CBR*+10.062 - CBR
olynomia
/ Mukabi (2016) M.=0.0022 - CBR®-0.1273 - CBR*+6.4261 - CBR <170 CBR%
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Total permanent deformation after Cycle 50

Elastic deformation in Cycle 50

Fig. 1 Schematic force-displacement chart of cyclic CBR test

When the angle of load propagation is assumed to be
a=45°, the value of H will be equal to 0.5 (D-d)=50 mm.
Molenaar (2011) developed an improved version of
Opiyo’s (1995) Eq. (3) by considering the friction be-
tween the soil and the mould.

1513(1-4"™)o, -

r
01.012

M

Where:
M, resilient modulus, MPa
u Poisson’s ratio, -
0, average compressive stress, MPa
v elastic deformation, mm
radius of load surface, mm.

For a precise interpretation of the variables used in
this context, see Fig. 2.

2.2 Sample Area

The soil stabilisation studies were conducted in the
framework of a comprehensive study for which the
Egererd6 Forestry cPlc. provided the site. Cohesive
soils, which are unfavourable for road construction,
characterise the company’s forestry in Paradfiirdd. For
the laboratory tests, 300 kg of soil sample were taken
from a problematic road section of the »Globuszi« for-
estry road. Fig. 3 depicts the exact location of the sam-

pling.

1
A
1

2.3 Laboratory Tests

2.3.1 The Soil Tested

The soil was subjected to the soil mechanics tests
needed for soil identification. The soil liquid limit (W)
was 40.71%, the plastic limit was (W;) 22.85%, and the
plasticity index (IP) was 17.86%. Fig. 4 shows the

CBR plunger

o

lF - Cyclic loading

CBR surcharge weights

CBR modul

127 mm

Sample soil

L=

D =152 mm

Fig. 2 Interpretation of dimensions used in processing cyclic CBR
test (Opiyo 1995)
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Fig. 3 Soil sampling and location of experimental test sections

grain-size distribution curve of the soil. The plasticity
index identified the tested soil as lean clay, while the
grain-size distribution curve identified it as silty, fine
sand. The soil is most compactable at a water content of
15.8%, with a maximum bulk density of 1.81 g/cm’.
Based on literature data, the expected resilient modulus
of the soil is in the range of 60-100 MPa (Drumm et al.
1990, Bandara and Rowe 2003).
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Fig. 4 Grain-size distribution curve of tested soil
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2.3.2 Preparation of Test Specimens

The soil sample was air-dried and ground for labo-
ratory testing. Twenty-four mixtures were produced
from the prepared soil by adding binder and water
according to Table 2. Based on the particle composition
and the plasticity index of the soil, both lime and lime-
cement mixtures were considered binders. The pre-
liminary experiments were conducted after three days
of resting, and the soil showed that the lime-cement
mixture resulted in 15-20% higher bearing capacity;
therefore, more specimens of this type of binder were
tested. The soil mixtures were prepared in CBR
moulds (diameter=152 mm, height=127 mm). The mix-
tures were compacted in five layers in a Proctor com-
pactor with 25 strokes per layer. Finally, the samples
were left to stand in a vapour barrier for 28 days.

2.3.3 Cyclical CBR Testing

After resting, the upper plane of the CBR specimens
was loaded with a 50 mm diameter steel cylinder mov-
ing at a speed of 1.25 mm/min with the Multiensayo
universal loading device until a penetration depth of
2.50 mm was reached (Fig. 5a). After unloading, 50
load cycles were applied with the maximum force re-
quired for penetration. During the test, the displace-
ment of the load head was recorded as well as the force
required to displace it. The maximum force F mea-
sured in the first cycle was used to calculate the CBR%
of the samples using Eq. (1). Depending on the v elas-
tic deformation measured in the last cycle and the
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Fig. 5 Cyclic CBR test equipment (a) and force-displacement test chart (b)

loading force, Opiyo’s resilient modulus was calcu-
lated by Eq. (2), while Eq. (3) was used to obtain Mo-
lenaar’s resilient modulus.

2.3.4 Conversion of CBR to M, Value

The literature presents several formulae which, ac-
cording to the authors, can be used to convert the CBR
value into a resilient modulus value. These conver-
sions have been performed on the experimental results
to compare them with the results of the formulae that
also consider the elastic parameters. The expected
value of M, was calculated using the ten different for-
mulae presented in Table 1.

2.4 Field Tests

2.4.1 Experimental Road Section

In addition to preliminary studies, a 250 metre-
long experimental road was built on the site. Based on

250 m

the laboratory tests, five different 50-metre stabilised
sections were built:

= 3% lime at 40 cm thickness

= 6% lime-cement mixture at 40 cm thickness

= 6% lime-cement mixture at 30 cm thickness

= 6% lime at 40 cm thickness

= 6% lime at 30 cm thickness.

A 70-30% ratio was used for the lime-cement mix-
tures. The sections were built to 4 metre width. A
Wirtgen WR 2400 remixer mounded the soil and
mixed the binders. The aim was to determine the vari-
ation in the bearing capacity of the subgrade due to
the stabilisation of the pilot pavement structures.
Therefore, the bearing capacity of the subgrade was
measured with a BC-1 (LWD, Light Weight Deflectom-
eter) type hand-held falling weight device before the

Hydraulic binder stabilised layers T

| 50m

4m

Profile
view
Road shoulder %

................. 2@5@
_._._._._._._._._._Q_._._._._._._._._._ Plan
KUAB-FWD 3 BC-1 ew

1 4
10m 10m 10m 10m 10m
50m

Fig. 6 Schematic diagram of measurement locations and points for dynamic load tests
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subgrade stabilisation. It is important to know the wa-
ter content of the soil to stabilise the top 30—40 cm sub-
grade layer with binder. Hence, based on laboratory
tests, soil samples were taken from the subgrade soil
at depths of 10-15 and 30—40 cm. The thickness and
water content of the five sections were checked by
hand drilling after construction. Finally, the bearing
capacity of the finished stabilised subgrade was re-
corded using BC-1 and KUAB-FWD (Falling Weight
Deflectometer) equipment three days after construc-
tion, in immediate succession. The location of the mea-
surement sites was the same for all five sections (Fig.
6). Five measurement sites were established for each
section with a geometry that allowed the towed
KUAB-FWD measuring equipment to be positioned
at the set points. The BC-1 device was preloaded with
three drops at each measurement location, followed
by three measurement drops resulting in a total of
5x3=15 measurements per road section. For the KUAB-
FWD, on the other hand, only one preload and one
measurement load was applied, which resulted in five
measurements per section.

2.4.2 KUAB-FWD Equipment

The KUAB-type FWD equipment (Fig. 7a), which
operates by pulse, drops a given mass from a given
height to a 30 cm diameter plate with a buffer, using
the energy of the position. The loading plate is seg-
mented and divided into four equal parts to provide
the best possible fit for the current pavement deforma-
tions. During loading, geophones measure the deflec-
tion with micrometre precision below the loading
plate and 200, 300, 450, 600, 900, and 1200 mm from it
along the vehicle axis, thus producing the so-called
deflection basin. At least two drops are performed at
each measuring point during the measurement, the
first of which is a conditioning drop. The equipment
records both drops, but only the second drop is used
for calculations. The characteristic bearing capacity of
the investigated structure is the so-called equivalent
surface modulus, which is calculated according to the
well-known Boussinesq approximation using Eq. (4).

f (1 - u? )0'011
E =———r 4
e do ( )
Where:
E. equivalent surface modulus, MPa

f correction factor, value depends on assumed dis-
tribution of load force, -

u Poisson’s ratio, -

0, load stress, kPa

a radius of loading plate, mm

d, deflection under loading plate, mm.

Since the KUAB plate is segmented, a correction
factor of /=2 was applied, assuming a uniform stress
distribution typical of flexible plates. In addition to
the measurement results of the falling weight deflec-
tometer with the data of the pavement structure
(type and thickness of the layers), a backcalculation
procedure can be applied to calculate the load-bear-
ing modulus of the pavement structure layers from
the measurement data. The backcalculation-based
methods generally use mechanical calculation meth-
ods developed for multi-layer pavement structures,
starting from known data, and iteratively determin-
ing the pavement structure characteristics that best
approximate the measured deflection basin (Fig. 7b).
PAVBACK v6 software was chosen to process the
measured deflection data because of its ability to cal-
culate layer moduli and layer thicknesses or a com-
bination of both.

2.4.3 BC-1 (LWD) Equipment

As shown in Fig. 8, in Hungary, static and dy-
namic plate load test devices are used to assess the
bearing capacity of subgrade. The latter is also typi-
cally referred to as light falling weight measurement.
Therefore, in addition to the KUAB-FWD device, a
BC-1 type small-plate (3163 mm) deflection testing
device was used, which records the maximum verti-
cal displacement d, under the action of a falling
weight of 10 kg. The advantage of this device is that
it can be used to collect bearing capacity data quick-
ly and in large numbers. From the measured vertical
displacement, the required modulus value is also
calculated using Eq. (4), with the difference that the
correction factor f=m/2 corresponding to the rigid
plate is now applied. The range of dynamic modulus
measured with the small-plate BC-1 equipment
agrees with the static plate (PT) test results. It differs
when the dynamic effect can be applied to the gran-
ular material, and its grains can be displaced.

3. Results and Discussion

The cyclic loading of the specimens resulted in a
force-displacement chart (Fig. 5b), as per the literature
(Opiyo 1995). The example shows that the material
under test suffered a permanent deformation of about
3 mm and an elastic deformation t=0.5 mm at the end
of Cycle 50.

Table 2 lists the CBR% measured during the ex-
periment and the M, values calculated using relations
(1) and (2). The statistical metrics of the laboratory data
reported in Table 2 are not interpreted for each ex-
perimental configuration, but for the soil tested. The
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Fig. 7 KUAB-FWD equipment (a) and (b) matching measured and calculated deflection basins (adapted from EVERSERIES 2005)

CBR% values of the samples varied from 13 to 70%,
with an average CBR value of 46.5% and a standard
deviation of 14.4%. The average of the resilient mod-
uli calculated by the Opiyo formula was 40 MPa (stan-
dard deviation: 11.1 MPa), while the average of those
calculated by the Molenaar formula was 140.5 MPa
(standard deviation: 38.8 MPa). When examining the
M, values calculated from the elastic deformation, the
close correlation between the two datasets is striking,
but the Molenaar formula gives a value three times
higher than the original Opiyo formula. The two cor-

Fig. 8 Plate load test devices

b) German large-plate (BP-LWD) device
(source: Anix GmbH)

relations were developed for different soils and mould
sizes, which may explain the disparate results.

When designing the laboratory experiment, it was
assumed that the stabilisation bearing capacity de-
pends on the type of binder, binder dosage, and water
content of the soil. Data analysis revealed that the
binder dosage only slightly affects the average CBR%
and M, values of the samples. In contrast, the water
content of the soil seems to have a greater effect on the
bearing capacity than the amount of binder. This is in
agreement with the results of Lu et al. (2020),

c) B&C (SP-LWD) small-plate device
(source: Andreas Kift)
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Table 2 CBR values of soil mixtures and resilient moduli calculated using Opiyo and Molenaar formulae (w% = water content after 28 days

m/m %)
No. Binder type Nom. | Binder dose, % w,% | u,mm Fys kN CBR,:, % M. (Opiyo), MPa M. (Molenaar), MPa
01 LL 3 13.3 0.27 4.61 349 35.6 124.6
02 LL 3 16.5 0.58 6.0 455 411 142.5
03 LL 3 19.3 0.37 5.92 448 36.9 128.8
04 LL 5 13.8 0.24 4.70 356 32.7 115.6
05 Lime 100% LL 5 16.6 0.19 5.06 38.3 36.6 1279
06 LL 5 19.1 0.33 5.84 447 32.2 1141
07 LL 7 12.7 0.16 2.79 21.1 26.2 95.50
08 LL 7 16.0 0.38 5.89 446 35.2 123.4
09 LL 7 19.6 0.31 6.06 459 374 130.4
10 LC 3 10.0 0.50 475 36.0 32.1 117.5
" LC 3 12.8 0.64 7.91 59.9 429 152.3
12 LC 3 15.3 0.77 7.66 58.1 34.6 122.4
13 ) LC 5 8.90 0.57 5.51 41.7 335 119.2
g | HmeT0% e 5 120 | 048 | 7.43 56.3 53.7 191.4
cement 30%
15 LC 5 14.0 0.62 8.72 66.1 48.8 173.4
16 LC 7 7.90 0.54 5.19 39.3 33.3 118.6
17 LC 7 10.3 0.51 8.35 63.3 56.9 202.4
18 LC 7 12.5 0.51 9.50 72.0 64.7 230.0
19 LC 3 17.8 0.58 717 54.3 429 152.4
20 LC 3 20.7 0.56 6.57 49.8 40.7 1448
21 | Lime 70% + LC 5 18.8 0.56 8.64 65.4 535 190.3
22 cement 30% LC 5 214 0.50 3.93 29.8 27.3 97.20
23 LC 7 20.1 0.51 7.36 55.8 50.1 178.4
24 LC 7 227 0.41 1.80 136 14.1 56.60

who stated that moisture content has the most sig-
nificant effect on the dynamic resilient modulus of
lime-treated expansive soil. As moisture content in-
creases, the dynamic modulus of elasticity decreases
significantly.

This effect of water content becomes evident by
plotting the CBR% versus moisture content (w%)
(Fig. 9). The maximum bearing capacity was achieved
at w=15% for the lime-cement mixture, and at w=18%
for lime. This water content was close to the opti-
mum compaction water content of the untreated soil
(15.8%). Lime binder specifically reduces the bearing
capacity of treated soil below w=15% moisture con-
tent. The reason is that the lime additive dries the soil
first, so the chemical bonds cannot form later due to
reduced moisture content. The resulting loose, gran-
ular material has less internal cohesion than untreat-
ed material. With lime stabilisation, there is only a

3% difference between the w% values for the maxi-
mum CBR% bearing capacity (18%) and the limit of
the reduction in load bearing capacity (15%).

The effect of binder amount on the load-bearing
capacity could only be clearly demonstrated for lime-
cement mixtures. The fitted parabolic curves on the
data series show the trend of the load bearing capac-
ity variation. The trend lines converge at 22-23% mois-
ture content, which means that the type and amount
of binder no longer play a key role in the achievable
bearing capacity. Nevertheless, the treated samples
still show a significant additional CBR% (~15%) com-
pared to the untreated soil (~3%).

The series of experiments also aimed to investigate
a potential correlation between CBR and the value of
the resilient modulus. Using the relationships pre-
sented in Table 1, the estimated resilient modulus val-
ues were calculated from the measured CBR% data. It
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was found that the results of the formulae exhibit a
significant variance. Compared to the Opiyo formula,
the calculated resilient moduli from CBR% are at least
three times larger. In contrast, there was a conversion
formula that showed agreement with the M, values
calculated with the Molenaar formula. The model of
Uzan (1985) was the closest to the 45° line (Table 1).
Based on the measured data, the result of the M, values
calculated with the Molenaar formula would have to
be multiplied by 0.28, as shown in Fig. 10, to obtain the
resilient modulus value determined by the Opiyo for-
mula in the present experiment. However, this modi-
fication should not be applied until the results ob-
tained from the Opiyo formula have been verified.

Finally, based on the laboratory data, the parame-
ters of Uzan's (1985) model were further refined. The
least-squares method was used to find the best fitting
parameters (R*=0.91) for the M, values calculated by

Eq. (3).
M, =62.63 +0.1582 - CBR™ ®)

The empirical model (5) can be applied to soil sta-
bilisation between 13-70 CBR% when it is not possible
to perform a cyclic CBR test.

Field measured bearing capacity data was used to
verify the lab results. Based on BC-1 type measure-
ments on the untreated subgrade, it was found that the
measured E values were adequate for the bearing ca-
pacity required to construct the pavement structure
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Fig. 10 M, calculated from CBR% vs M, calculated with Opiyo
formula

(~40-50 MPa). Water content of the subgrade soil was
28%, which was nearly 5% above the water content of
the plastic limit. After soil treatment, the water content
of samples taken from 10-15 cm and 3040 cm depths
decreased to 15-17% closer to the surface, and it de-
creased to 18-22% in deeper parts. The slaking of the
ground quicklime and aeration of the soil when the
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Table 3 Elastic modulus calculated from laboratory results and field
bearing capacity measurements for each stabilisation test section

Sec. KUAB, MPa BC-1, MPa Laboratory, MPa
ID E

o 5 E E, E, | M, | Nom. | B%
81 | 127 | 4 58 | 47 | 128 LL

3

84 | 118 | 42 | 70 | 41 | 122 LC 6
72 1120 | 43 | 55 | 36 | 122 LC 6
6

6

79 | 125 | 50 | 52 | 50 | 118 LL
74 1119 | 55 | 60 | 53 | 118 LL

gl B WO N -

binder was mixed in caused the reduction in water
content. The stabilisation of the upper 30—40 cm layer
of the subgrade with binder due to the reduced water
content creates more favourable conditions for com-
pactibility, which is expected to result in higher bear-
ing capacity.

Fig.11 summarises the bearing capacity data for the
untreated and stabilised subgrades in each test section.
No measurements were made with the KUAB equip-
ment on the untreated subgrades, only on top of the
finished stabilisations. Therefore, the original bearing
capacity of the subgrade was recalculated from the
deflections. It is evident that the measured BC-1 bear-
ing capacity values on the top of the untreated sub-
grades are well approximated by the KUAB backcal-
culated E, results. A larger discrepancy is only found
in the equivalent surface modulus E, determined at
the top of the finished stabilised subgrade. On aver-
age, the KUAB device showed a 30% higher bearing
capacity value than the BC-1 device. One explanation
for this is that the BC-1 has a plate diameter of only
163 mm, while the KUAB-FWD uses a 300 mm plate.
The effective depth of the measuring devices is ap-
proximately twice the plate diameter. Another reason
is that the BC-1 device works with a dynamic load
under plate 0,=0.35 MPa, while the KUAB-FWD works
with a dynamic load under plate 0,=0.70 MPa. The
largest increase in bearing capacity was shown in test
section 2, where a 6% lime-cement stabilisation was
constructed at a thickness of 40 cm.

From the deflection data recorded with KUAB-
FWD, the untreated subgrade and the stabilised layer
modulus for all test sections were calculated. From the
M, resilient modulus values measured in the labora-
tory, the expected bearing capacity values for each test
section were calculated by interpolation as a function
of binder dosage (B%) and moisture content (w%). The
field moisture content was assumed to be w=20% on
average based on the samples collected. Table 3 re-
ports the results. According to the table, the calculated

E, modulus values of the sections and the laboratory-
determined M, resilient modulus of stabilisation are
in order of magnitude. Based on the E, values, the larg-
est increase in bearing capacity was observed in test
section 1, where a 3% lime stabilisation was built at a
thickness of 40 cm. Unfortunately, due to the high
moisture content and low curing time, no differences
could be detected between the mixtures, and thus be-
tween the test sections, based on the type and amount
of binder. However, the effect of the thickness of the
stabilised layers, albeit small, was visible in the results.
Based on the data, the test sections (1, 2 and 4) con-
structed with a 40 cm thick stabilisation showed the
highest increase in bearing capacity.

Von Quintus and Killingsworth (1997), in their re-
search report, proposed a seed modulus of 140 MPa
for the lime-stabilised and 350 MPa for the cement-
stabilised soil layer for FWD back calculation method.
Qubeain et al. (2000) proposed a value of 165 MPa for
the resilient modulus of the lime stabilized layer. The
authors of the present study, based on their previous
road experiment, calculated the modulus of the lime-
stabilised layer of 500 MPa in a strongly cohesive clay
soil (Péterfalvi et al. 2015). AUSTROADS recommends
that the modulus of the modified subgrade should be
between 20-280 MPa (Bartley Consultants Ltd. 1998),
while the Queensland State Design Guidelines require
a design modulus of 210 MPa for a lime-stabilised sub-
grade (Queensland Government 2021). Therefore, it
can be concluded that the values of resilient modulus
presented in this paper are similar to those published
in the field, even if they are largely determined by the
properties of stabilised soil.

Based on the field measurements, it was concluded
that the M, values calculated with the Molenaar for-
mula provide a good estimate of the expected bearing
capacity of the stabilisation layers. However, the load
bearing capacity of stabilisation structures varies con-
tinuously over time. Thus, long-term observations are
needed to verify these conclusions. In any case, the
following design process can be proposed based on
the experience gained so far:

= identification of the untreated subgrade soil

= determining the target water content (w,,%) of
the untreated subgrade

= determining the type and dosage (B%) of binder

= calculating the design water content: w,,,% =
Wy, % + B%

= preparing the stabilisation test specimen in a

CBR mould on wy,,%

performing cyclic CBR test after 28 days of rest

calculating the resilient modulus based on Eq.

3).

I}
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In cases where it is not possible to perform a cyclic
CBR test, it appears to be appropriate to estimate the
M, value from the CBR% for a 2.5 mm penetration us-
ing Uzan's (1985) equation.

4. Conclusions

The results show that, at the time of preparation,
water content affected the load-bearing capacity of the
soil stabilisation tested more than the binder dosage.
In addition, the optimum water content could be de-
termined where the CBR and M, were the highest.
Some of the experiments do not allow for long-term
conclusions, but the results suggest that keeping the
water content of the soil at the optimum level is a more
important consideration for load-bearing capacity
than the exact binder dosage when preparing soil sta-
bilisation.

The cyclic CBR test appears to be a promising
method to determine the elastic behaviour of different
types of stabilisation. The test can be easily performed
with existing CBR testing equipment, and the results
can be used to calculate the resilient modulus. The cal-
culated resilient modulus values from the results of
the cyclic CBR test were found to be in the order of
magnitude as expected, and the calculated modulus
values varied more or less regularly with the variation
of the mixture properties. Molenaar's Eq. (3) gave re-
sults of the same order of magnitude as the CBR-M,
conversion formulae found in the literature. It is advis-
able to perform dynamic triaxial testing of the mix-
tures to select the more useful one among the present-
ed calculations and possibly to prescribe a model that
is more accurate than the previous ones.

In line with previous experience, the bearing ca-
pacity measurements on the pilot pavement sections
constructed clearly demonstrated that weather-inde-
pendent transportation on dirt roads with cohesive
and intermediate soils can be greatly improved with
soil stabilisation using different binders. These binders
provide adequate support for the thin, well-graded,
crushed stone pavement layers built on a soil stabilisa-
tion pavement base. As a comparison, the experimen-
tal pavement sections should be complemented in the
future with structures using geotextile, geogrid and
crushed stone or sandy gravel and crushed stone as
subgrade. After the construction of the pilot sections,
the changes in conditions due to traffic will be moni-
tored by determining the load-bearing capacity and
surface deformation. To this end, the traffic volume
will be monitored and, depending on that volume,
bearing capacity measurements will be performed
twice a year or at least annually.
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