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Transport infrastructure involves the use of large volumes of compacted geomaterials, leading to significant
economic and environmental impacts that need to be addressed in all stages of the project. A new laboratory
procedure to estimate the stiffness of embankments, subgrades, granular bases and subbases is proposed. The
utilization of well-established and simple equipment results in an easy-to-conduct and cost-effective method that
combines the compaction procedure of a Modified Proctor test with the loading scheme of a repetitive static plate
load test, adapted to the reduced geometry of this new ‘miniature plate load test’ (mPLT). This enables the
estimation of the compaction characteristics and the vertical strain modulus in a single test. Subsequently, the
elastic modulus needed for analytical design is derived through back-calculation using a numerical model. Soil
specimens were tested using different gradations, compaction energies and moisture contents to generate various
regression surfaces that correlate the variables of interest. Furthermore, the laboratory strain modulus obtained
from this test was compared with full-scale static plate load tests conducted in the field. The results show that this
methodology could become a valuable reference test to aid in the design and quality control of compacted fills for
civil infrastructures.

Introduction Pavement design is a complex iterative process in which solid connec-

tions between design, construction and service stages are required.

Transport infrastructure involves the use of large volumes of com-
pacted geomaterials for the construction of embankments, subgrades,
and granular bases and subbases of pavements that represent a sub-
stantial part of the total project cost. If the terrain is rugged, they can
account for up to 40 % of the necessary investment [1], in addition to
leading significant environmental impact. These issues need to be
addressed in all stages of the project, especially through design opti-
mization, for which it is necessary to make accurate predictions of the
mechanical properties of the geomaterials.

The practice of pavement and subgrade design is based on both en-
gineering principles (analytical component) and experience (empirical
component). Thus, current trend is the use of the so-called Mechanistic-
Empirical approach, where pavement response (i.e. stresses, strains and
deflections) is calculated analytically and the mechanical properties and
failure conditions of the materials are obtained experimentally.
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During the design stage, different models can be used to determine
pavement response in the mechanistic analysis. It is well known that
most pavement materials are heterogeneous, present several levels of
anisotropy and exhibit non-linear behaviour, including the viscoelastic
performance of bituminous materials and the influence of moisture
conditions on the subgrade response. However, it is still common
practice to model flexible pavements as elastic layered systems with
infinite lateral dimensions including the subgrade, which can be formed
itself by different layers of soils (natural and/or stabilized) where the
deepest is treated as an infinite half-space following Boussinesq’s theory.
Despite its shortcomings, the use of elasticity theory adequately simu-
lates the global behaviour of compacted granular geomaterials subjected
to limited stresses and strains (i.e. resilient response), which signifi-
cantly simplifies the calculation process and resources [2,3].

The linear-elastic model requires two elastic constants as input
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parameters for analytical design, typically Young’s modulus (E) and
Poisson’s ratio (v). However, the prediction of such soil elastic proper-
ties is a formidable task due to not only the many variables involved,
most of them unknown at design stage, but also to the existence of in-
terrelations and coupling effects between them. In addition to this,
compacted fills and embankments are normally in a partially saturated
state, (i.e. unsaturated soil mechanics principles) further increasing the
complexity of said predictions. Although this topic has been subject to
controversy [4], it is generally accepted that field stress—strain soil states
due to traffic loading are best simulated using cyclic triaxial laboratory
tests. Current M—E Pavement Design Guide [5] uses the resilient
modulus (Mg) as an input in analytical design. Its related laboratory test
arose to bridge the gap between theory and experience after the AASHO
Road Test [6], but although some improvements have been made [7],
this test is still relatively time-consuming and difficult to conduct.

In the construction stage the methods to control the level of
compaction, bearing capacity and stiffness of compacted fills are well
regulated by technical specifications, following procedures based on
laboratory and field testing. In the laboratory, the California Bearing
Ratio (CBR) test is one of the most widely used. This test was introduced
in 1929 to overcome some of the difficulties of field loading tests,
providing a simple and rapid method for comparing the bearing capacity
of compacted geomaterials [8]. The importance of density and its re-
lations with soil type, compaction energy and moisture content in
earthwork construction can be traced back to the first studies on soil
compaction carried out by Ref. [9-11]. Recently, further significant
developments such as intelligent compaction technologies have come
into scene to enhance quality and uniformity [12].

From a compaction quality assurance perspective, the so-called
density-based methods have traditionally been wused although
modulus-based methods have also been implemented in most trans-
portation agencies specifications. The existence of both methods is
explained by the fact that satisfying density and moisture content cri-
terion on its own does not necessarily imply adequate stiffness and,
conversely, meeting stiffness criterion alone does not guarantee the
long-term stability of the construction [13,14]. Consequently, suitable
in-place density and moisture content, or more appropriately degree of
saturation [15,16], along with sufficient stiffness are of paramount
importance in the behaviour of compacted geomaterials used in trans-
port infrastructure.

Thus, it is of practical interest to develop new methods that allow the
evaluation of the relations between the stiffness properties and the soil
state variables. Moreover, stiffness characteristics are important not
only from a compaction quality perspective but also from a design point
of view, as they allow for the prediction of the elastic modulus used in
the mechanistic design. Different studies have been carried out to
evaluate the relationship between strain modulus and its influencing
factors, which can be broadly divided into state and loading factors.
Focusing on the state factors, a highly significant effect of moisture
content on the strain modulus has been demonstrated. Conversely, a
solid correlation between strain modulus and dry density has not been
confirmed, which it is thought to be a consequence of the complex
interaction among dry density, moisture content, and degree of satura-
tion in partially saturated compacted fills [13]. It is known that for a
given soil there is not a unique value of strain modulus as it depends on
the state conditions for which it is determined [17]. This leaves the door
open for the development of new procedures to estimate the elastic
moduli of compacted geomaterials required in analytical design that can
accurately simulate the stress—strain performance during the service life
of the infrastructure.

In this context, bearing plate devices have been used since the very
beginning in pavement research [18,19] and their use for quality
assessment of compacted geomaterials (i.e. modulus-based control) is
widely spread. There are different variants of field plate load tests (PLT)
which can be grouped in static and dynamic, and non-repetitive and
repetitive tests depending upon the nature of the loading and the
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number of loading cycles applied, respectively. Repetitive static PLT is
standardised in many countries for compaction control [20-22]. Secant
vertical strain moduli (Ey) in both a first and a second loading cycle are
calculated from the stress-settlement curve. The second cycle strain
modulus (i.e. reloaded modulus) along with the ratio between the sec-
ond and first cycle moduli (Ey, / Ey1) are used as compaction control
parameters by many transportation agencies.

PLT can also be used for the estimation of the elastic modulus of
pavement components required in design through back calculation
process [23]. The analytical formula derived from the theory of elas-
ticity for the determination of the theoretical settlement under a circular
loaded area can be used for trial determinations of the ‘surface modulus’
(also called ‘equivalent modulus’) of layered systems.

However, both the static field PLT and the cyclic triaxial laboratory
test previously mentioned, are time-consuming and costly. The former
(in situ test) cannot usually be performed at the design stage. The latter
requires complex equipment and is difficult to conduct for purely
granular soils due the absence of cohesion, which is relevant because
granular soils are the more frequently used for subgrades, subbases and
bases of pavements.

Due to the extensive experience accumulated with the CBR test,
many studies have attempted to establish empirical correlations be-
tween the CBR index, a bearing capacity parameter, and different
properties related to material stiffness. Some of them have been widely
used [24-26]. Several studies have shown that there is no unique rela-
tionship between the Young’s modulus and CBR due to the influence of
the deviator stress [27]. A recent study has compiled the many corre-
lations between the resilient modulus and the CBR index proposed for
different soil types around the world [28]. This shows that there is no
universal correlation between modulus and CBR, but that it must be
obtained specifically for each soil type and even for certain soil state
conditions. Despite its well-known limitations, the CBR test is still
widely used to characterize the materials and to correlate with the
stiffness of the subgrade at the design stage by certain agencies [29]. In
this line, some authors have proposed using the laboratory CBR test to
predict the resilient modulus from the stress-strain curve under elasto-
plastic behaviour before failure with the aid of elastic numerical
models simulating the test [30]. Others have also suggested determining
the elastic modulus by searching relationships between the CBR and
static plate load tests [31-36]. However, interpreting the PLT results for
unsaturated soils remains problematic due to the influence of suction
[37], and the existence of scale effects [38,39].

Consequently, there is a need for further research on simpler,
quicker, but sufficiently precise and more affordable empirical proced-
ures to reliably assess the stiffness properties of the geomaterials, which
will subsequently allow the optimisation of compacted earthworks
analytical design and thus, contribute to improve their quality and
reduce their significant cost and environmental impact.

With respect to the analytical part of the design, numerical methods
using multilayer models are widely used. The most common is the Finite
Element Method (FEM) due to its versatility but it requires the dis-
cretization of the entire domain. The Boundary Element Method (BEM)
reduces the dimension of the problem by limiting it to the boundary,
which it is advantageous for certain problems [40]. Pavement design is
based on the theory of infinite-dimensional multilayer masses (i.e. un-
bounded domains), for which the application of BEM is beneficial [41].
When a Green’s Function for an infinite horizontally multilayered half-
space [42] is used in the BEM, only the plate-soil interaction needs to be
discretised.

In the present study, a methodology to assess the stiffness properties
for the optimum design of earthworks (embankments, subgrades,
granular bases and subbases) with compacted granular geomaterials in
transport infrastructures is proposed. This research covers the following
aspects:
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a) Development of a new two-stage laboratory test, which combines the
same procedure of a Modified Proctor (MP) test with the loading
scheme of a repetitive static plate load test, adapted to the reduced
geometry of this new ‘miniature plate load test’ (mPLT). This way,
not only moisture content — dry density couples but also their cor-
responding secant vertical strain moduli are obtained.

b) Laboratory testing of extensive series of soil specimens using
different gradations, compaction energies and moisture contents, as
the first step to validate the proposed methodology.

c) Study of relations between stiffness indexes and soil state properties
based on the empirical results.

d) Geometrical representation of the results in a 3D-space (moisture
content — dry density — strain modulus) using non-linear regression
surfaces to facilitate the analysis of the phenomenon and allow for
strain modulus estimation and correlation for different state
conditions.

e) Derivation of the Young’s modulus required for analytical design
from the laboratory modulus through back-calculation with the aid
of numerical modelling.

f) Preliminary correlation between the strain modulus provided by this
new laboratory test and field static PLT modulus.

Methodology
Materials and laboratory testing

This study was based on soil samples taken from a construction site
located in the north-west of the island of Gran Canaria, Canary Islands
(Spain). Geologically, this material consists of olivine-pyroxene basalt
and plagioclase lavas (B-OP-M), with subordinate trachybasalt (TB). A
detailed classification for construction applications of volcanic geo-
materials was proposed by Ref. [43], showing that they can be charac-
terized using commonly used geotechnical methods and tests.

Four soil gradations were produced with the geomaterial mentioned
above, namely NAT20, SEL20, TOL20 and NAT10, where the number
indicates the maximum particle size (mm). Thus, most of soil gradations
were limited to sieve #20 mm as usual in Modified Proctor (MP) and
CBR tests. Gradations labelled with ‘NAT’ represent the natural soil
obtained directly from site. ‘SEL’ and ‘TOL’ were modified gradations
that reproduce the so-called ‘select’ and ‘tolerable’ soil gradations, ac-
cording to the soil classification system of the Spanish specifications
[44], to simulate different soil types frequently encountered in com-
pacted fills. Most tests in this work used soil gradation NAT20 (Fig. 1a)
and its laboratory results were used to correlate with field results. The
main characteristics of the different soil gradations according to Euro-
pean standards are shown in Table 1. The grading curves are shown in
Fig. Al (Appendix 1).
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Table 1
Main characteristics of the geomaterials tested.

Characterization property Soil gradation

NAT20 TOL20 SEL20 NAT10
Gradation [EN ISO #20 (mm) 100 100 100 100
17892-4] #10 (mm) 85.17 95 70 100
#4 (mm) 59.61 85 42 70.73
#2 (mm) 43.27 81 28.5 50.68
#0.5 (mm) 13.62 40.5 15 17.32
#0.08 (mm) 5.96 5.96 5.96 5.96
Uniformity Cu 19.1 10 36.8 18.7
Curvature Cc 1.7 0.78 3.6 1.7
Specific Gravity [EN Gs 2.85 2.85 2.85 2.85
1SO 17892-3]
Plasticity [EN ISO LL 30.6 30.6 30.6 30.6
17892-12] PL 26.8 26.8 26.8 26.8
PI 3.8 3.8 3.8 3.8
Compaction [EN OMC (%) 9 10.3 8.5 -
13286-2] MDD (g/ 2.22 2.1 2.2 —
em®)
Bearing Capacity [EN CBR (100 % 66 62 67 -
13286-47] MP)
Chemicals [CEN / TS OM (%) 0.23 0.23 0.23 0.23
17685-2]
[UNE 103205:2019] SS (%) 0.31 0.31 0.31 0.31
Soil Classification USCs SW-SM  SP-SM GP- SW-SM
GM
AASHTO A-1-a A-2-4 A-1-a A-2-4
(USA)
PG-3 (Spain) ADE TOL ADE ADE

(NAT) Natural soil; (TOL) Tolerable soil type; (SEL) Select soil type; (ADE)
Adequate soil type; (Cu) Coefficient of uniformity; (Cc) Coefficient of curvature;
(Gs) Specific gravity of solid particles (related to water density); (LL) Liquid
limit; (PL) Plastic limit; (PI) Plasticity index; (MP) Modified Proctor; (OMC) MP
Optimum moisture content; (MDD) MP Maximum dry density; (OM) Organic
matter; (SS) Soluble salts.

Multiple soil specimens were prepared for each of the four soil gra-
dations allowing to conduct a series of 92 ‘miniature plate load tests’
(mPLT). These tests were grouped as follows: 66 NAT20, 8 NAT10, 9
TOL20 and 9 SEL20. This new laboratory test procedure consists of a
small-scale version of the standard in-situ static plate load test (PLT) but
using laboratory equipment commonly used in geotechnical practice.
This procedure may be viewed as an extension of a Modified Proctor
(MP) compaction test where a loading stage like the repetitive PLT is

EEEEY

(b) | ©

Fig. 1. Laboratory miniature plate load tests (mPLT): (a) Soil fractions (gradation NAT20); (b) Compacted soil specimen under loading process; (c) Compacted soil

specimen demoulded just after loading.
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added.

The minimum number of specimens per compaction energy for soil
gradation NAT20 was determined based on a 95 % confidence level
assuming a standard deviation for the second cycle modulus of 50 MPa
within a group (i.e. same compaction effort) and a maximum margin of
error of 10 MPa. This assumption was later checked with calculated
standard deviations.

The mPLT test was divided into two stages, namely compaction stage
and loading stage. In the first stage, soil specimens were compacted
following the same procedure of a MP test but at varying compaction
energies (25, 50, 75, 100 and 125 % with respect to the MP test) and
moisture contents (2 % to 12 %). These were selected to cover a wide
range of state conditions (i.e. dry density and moisture content), from
normal to extreme. Specimens were compacted using CBR moulds with
spacer discs (@mould = 152.5 mm). Discounting the height of the spacer
disc, the specimen height is 127 mm. In the second stage, each soil
specimen was loaded using a CBR piston (@piston = 50 mm) but without
any surcharge around the piston (Fig. 1b) and following a similar pattern
to that utilized in a repetitive static PLT according to Spanish code UNE
103808 which is technically equivalent to DIN 18134 and/or ASTM
D1195/D1195M-21 standards.

Because the state properties of each specimen are determined right
after the loading stage, it is possible to stablish empirical relationships
between moisture content, dry density and strain modulus without any
significant alteration in the conditions. It is known that the difference
between the moisture content at compaction and during testing in-
fluences the modulus result more than the moisture content at the time
of compaction [45].

The loading process consists of preloading, first loading cycle,
unloading and second loading cycle (reloading). These cycles are in turn
divided into steps (seven steps for the first loading cycle, three steps for
the unloading and six steps for the second loading cycle). The load was
held constant during 60 s in each step. The whole loading process was
programmed in an automatic loading machine.

A maximum force of 5.9 kN was applied after a preloading force set
between 0.1 and 0.2 kN. These parameters were selected based on the
stress values stated in the standardised static PLT for the 300 mm, 600
mm and 762 mm diameter plates, which were extrapolated to the piston
diameter (50 mm) using a non-linear regression fitting.

This stress level may be excessive for soil specimens compacted at
low energies or highly deformable, so it was necessary to establish a
complementary stress-based criterion to adjust the maximum applied
stress to facilitate the laboratory procedure. Since a theoretical rela-
tionship between the applied stress and the CBR index for different
penetration values can be derived from the CBR standard, this same
relationship was used to set the criterion which is represented in Fig. 2.
Following this criterion, maximum applied forces between 7.9 kN and
12 kN would be necessary to produce penetrations of 2.5 mm and 5 mm
respectively (for the CBR values between 60 and 70 of this soil, Table 1).

The first and second loading strain moduli (Eppr11, Emprr2) and the
k-ratio between them (k = Eypr12 / Empri1) Were calculated in line with
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Fig. 2. Applied stress adjustment for mPLT based on CBR test standard.
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current PLT standards (Eq. (1), from the secant lines between 30 and 70
% of the maximum applied stress and their related settlements in each
cycle as shown in (Fig. 3). This formula is a simplification derived from
the general expression that gives the settlement of a perfectly rigid cir-
cular plate subject to a uniform load located at the surface of a homo-
geneous and isotropic elastic half-space, assuming a certain value for the
Poisson’s ratio [46].
EmPLT = ISrE (1)
As
where: Eppir = strain modulus from mPLT (MPa); r = plate’s radius
(mm); Ac = stress increment (MPa); As = settlement increment (mm).
Soil samples were extracted from each compacted specimen after the
loading process (Fig. 1¢) for moisture content determination using the
oven-dry method (24 h in an oven). Dry density, saturation ratio, and
void ratio were derived by using theoretical relationships frequently
used in Geotechnics.

Numerical model

The experimental mPLT moduli were calculated using the same
equation usually employed for the full-scale PLT [Eq. (1)]. This equation
is derived from the well-known Boussinesq’s half-space theory. How-
ever, the mPLT has an additional confinement effect due to the mould. In
order to quantify this effect and stablish relationships for use in the
practical application of the present methodology, a numerical model
was implemented.

The linear-elastic solver MultiFEBE [47] and the mesh generator
Gmsh [48] along with auxiliary Matlab® codes were used. The model
uses the boundary element method (BEM), for which only the dis-
cretization of the boundaries of the domain was required. This domain
represents the soil specimen inside the cylindrical mould (152.5 mm in
diameter and 127 mm in height). The loaded area corresponds to the
CBR piston (50 mm in diameter). Fig. 4a shows the boundary element
mesh together with the boundary conditions assumed as follows:
imposed displacement in Z-direction below the CBR piston; traction-free
to the top surface; null displacement to the bottom; and a combination of
null displacements (X- and Y-directions) and traction (Z-direction) to the
side wall. A comparison between friction and frictionless wall may lead
to differences from 1.7 up to 12 % depending on the Poisson’s ratio. The
results of this comparison can be found in Table A.1.2 in Appendix 2.

Normal stress, ¢ (MPa)

0 1 2 3
0.0 . T e ;

I -o-1st Loading Cycle
05 -e-Unloading Cycle

L ‘ -e-2nd Loading Cycle

=
o
T

Settlement, s (mm)
N =
o wn

2.5

3.0 -

Fig. 3. Calculation of mPLT strain modulus: example of experimental stress-
settlement curve.
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The boundary elements were quadratic, and a mesh size of 5 mm was
selected. An illustrative example of the bulb of pressure generated below
the plate is shown in Fig. 4b.

An analytical relationship between the Young’s modulus and the
Emprr modulus was derived numerically, based on the problem of a
perfectly rigid plate subject to an imposed vertical displacement. Due to
the linear elastic nature of the theoretical model, the following dimen-
sionless group which only depends on the Poisson’s ratio can be defined:

_EAs
T rAc

f) ®)
The explicit form of this function was obtained by curve fitting, ac-
cording to the analytical values shown on Table A.1 in Appendix 2,
obtaining the following theoretical relationship:

A
E=1.37-(1+0.3250 — 2.631%)-r--2

r As 3

which is analogous to that of the well-known half-space problem, but for
the confined domain in the mPLT. This also allows relating the Epnprr
modulus with the Young’s modulus as:

E=0.913:(1+0.325-v — 2.63-1%)-Epprr 4

This relationship allows to determine the Young’s modulus for use in
analytical design (i.e. multilayered elastic model) from the corre-
sponding experimental Epp;r modulus. The Young’s modulus needs to
be consistent with the Poisson’s ratio assumed in design. A graphical
representation of this relation for practical applications can be seen in
Fig. 10.

Results and discussion
Statistical analysis

An exploratory data analysis was performed to evaluate the quality
of the data and whether the tests performed are sufficient from a sta-
tistical point of view. Outliers were detected by observing box and
whisker plots. Q-Q plots were used to graphically assess data normality
to decide whether to use parametric or non-parametric statistical tests.
Other assumptions about data distribution were checked when appro-
priate (e.g. homoscedasticity). Table A.2 in Appendix 3 summarises the
main statistics of laboratory tests.

Oxe=0y;= 0, =0
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(b)

Fig. 4. mPLT numerical model: (a)Boundary mesh (BEM); (b) Simulated bulb of pressure under the loaded area.

The results of the correlation analysis are shown in Table 2. This type
of analysis helps to see whether there is any relation between variables
and if so, how strong this relation is. Correlations that are statistically
significant have been flagged. Values very close to the unit obey to the
existence of known theoretical relations between them. Focusing on
factors affecting the strain modulus, the moisture content (MC) is the
one that affects the strain modulus the most, among the variables ana-
lysed (i.e. Spearman’s correlation coefficients show a significant rela-
tionship: rho =-0.658, p-value < 0.001). In contrast, the effect of the dry
density (DD) does not seem to be so significant.

A Kruskal-Wallis test (i.e. non-parametric version of ANOVA) was
performed (Table 3) to study whether there were any significant dif-
ferences between the means of all the groups (i.e. data grouped by
compaction energy [CE] level, expressed as a percent of the energy for a
MP test). The main assumptions (independent variable must be cate-
gorical, groups should be independent, there should be no significant
outliers, data should be approximately normally distributed and there
should be homogeneity of variance) were checked. The test showed that
CE has a significant effect on the following variables: DD, (e), Empr1 and
Emprr2. Dunn’s post hoc testing revealed that there are significant dif-
ferences between the following groups: 25-75 (CE, in % with respect to
MP test) and 25-100 groups for DD; 25-50, 25-75 and 25-100 for (e);
25-50, 25-75, 25-100 and 50-100 for Eypr1; 25-75 and 25-100 for
EmprT2-

Relations between stiffness and state properties

Various relationships between variables based on experimental data
have been plotted in Fig. 5. In a similar way as stated by Ref. [49] for
sandy soils, the dry density (DD) has a general tendency to firstly
decrease as the moisture content (MC) increases (for low MC) due to the
capillary tension effect (i.e. suction, that inhibits the tendency of the soil
particles to move around and be compacted densely). The capillary
tension in the pore water has a significant effect on the stiffness of
coarse-grained soil [50]. After this first decrease, the DD then increases
to a maximum value with further increase of MC, dropping again beyond
the OMC (Fig. 5a).

Apparent correlations between the MC (Fig. 5¢), or the saturation
ratio (S;) (Fig. 5d), and the second loading cycle strain modulus (Eppr2)
are observable. Although experimental points grouped by fixed CE are
not in the same plane either, there is a stronger influence on the stiffness
due to the MC or the S; than due to the dry density (DD), as shown by the
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Table 2
Correlation matrix among the different properties.
Variable MC (%) DD (g/em®) S; (%) e Emprr1 (MPa) Emprr2 (MPa) k = (Emprr2 / Emprr1) As; (mm) Asy (mm)
MC (%) —
DD (g/cm®) 0.602%** —
S (%) 0.945%** 0.805%** —
e —0.600%** —0.999%** —0.805%**
Enprr1 (MPa) 0.056 0.401** 0.174 —0.408%** —
Emprr2 (MPa) —0.658*** —0.229 —0.574%** 0.226 0.446%* —
k = Emprr2 / EmpLT1 —0.251* —0.519%** —0.369** 0.526* —0.954*** —0.209 —
Asy (mm) —0.057 —0.402%** —0.175 0.409%** —1.000%** —0.446%** 0.954%** —
Asy (mm) 0.662%** 0.229 0.577*** —0.226%** —0.463%** —0.996%** 0.224 0.462 —

(MC) Moisture content; (DD) Dry density; (S,) Saturation ratio; (e) Void ratio; (Ep,prr1) First loading cycle secant strain modulus from mPLT; (Epprr2) Second loading
cycle secant strain modulus from mPLT; (As;) First loading cycle settlement increment; (As,) Second loading cycle settlement increment.

Levels of significance: (*) p < 0.05; (**) p < 0.01; (***) p < 0.001.

Table 3
Kruskal-Wallis test results.

Variable Kruskal-Wallis Test Dunn’s post hoc comparisons
p-value CE (% related to MP test) z Wi W;j p-value

DD (g/cm®) <0.001 100—75 1.584 40.219 30.607 0.113
100—50 1.754 40.219 29.571 0.079
100—25 4.421 40.219 12.846 < 0.001%***
75—50 0.165 30.607 29.571 0.869
75—25 2.781 30.607 12.846 0.005**
50—25 2.619 29.571 12.846 0.009%*

Empi1 (MPa) <0.001 100—75 0.920 38.875 33.286 0.357
100—50 1.661 38.875 28.786 0.097
100—25 4.262 38.875 12.462 < 0.001%**
75—50 0.717 33.286 28.786 0.473
75—25 3.257 33.286 12.462 0.001%**
50—25 2.554 28.786 12.462 0.011*

Emprr2 (MPa) 0.068 100—75 —0.146 33.688 34.571 0.884
100—50 1.166 33.688 26.607 0.244
100—25 2.240 33.688 19.808 0.025*
75—50 1.270 34.571 26.607 0.204
75—25 2.309 34.571 19.808 0.021*
50—25 1.064 26.607 19.808 0.288

k = (Emprr2 / EmprT1) <0.001 100—75 —1.100 19.250 25.929 0.272
100—50 —1.582 19.250 28.857 0.114
100—25 —4.068 19.250 44.462 < 0.001%**
75—50 —0.467 25.929 28.857 0.641
75—25 —2.899 25.929 44.462 0.004**
50—25 —2.441 28.857 44.462 0.015

(z, Wi, Wj) Dunn’s post hoc comparison statistics; (DD) Dry density; (Exprr1) First loading cycle secant strain modulus from mPLT; (Eyprr2) Second loading cycle secant

strain modulus from mPLT.
Levels of significance: (*) p < 0.05; (**) p < 0.01; (***) p < 0.001.

correlation matrix in Table 2. Apparent parabolic trends are observable,
which may be explained by the suction effect (an increase in S; or MC
will typically decrease the matrix suction, and hence the modulus, but
the same effect is observable if S, or MC are excessively low). Moreover,
when the MC is well below the optimum, the compacted soil structure is
extremely sensitive to collapse and thus, a drop in stiffness.

On the contrary, the relation between DD or void ratio (e) and Eppr12
does not show a clear pattern (Fig. 5b and Fig. 5e), which is possibly due
to the coupling effects with other variables [45]. In the DD — Eypr1o
plane it must be understood that each group of experimental points
represented for the same CE are not coplanar, because during compac-
tion only the CE and MC of the soil can be controlled, but the DD and
consequently, void ratio (e) are results. This is consistent with previous
research, in which a strong correlation between modulus and density is
not observed [51,52]. However, the present study shows that if the
experimental points are plotted in a MC — DD — Eppi12 ‘3D-space’, re-
lations can be observed when sections at constant MC are taken (see next

section).

As expected, the lower the CE the bigger the strain moduli k-ratio (k
= Emprr2 / Emprm1) (Fig. 5f). This is caused by a “hardening effect”
during the loading process, which becomes more relevant for lower CE
as specimens are more sensitive to re-compaction under the same stress
level.

Correlations between k-ratio vs. MC and vs. DD apparently show a
minimum value for certain state conditions. (Fig. 5g and h). The mini-
mum k-ratio seems to be located closer to the OMC at each CE.

There are substantial differences in terms of settlement for different
CE during the first loading cycle due to the sensitivity to the level of
stress. However, these differences decrease in the second loading cycle.
The lower the CE the sharper the difference, especially for CE = 25 %
(Fig. 5i and 5j).

The empirical relationships between Epp; 12 and the soil state vari-
ables in a constant interval are also shown in Fig. A3 (Appendix 4). As
already explained, due to the coupling between the state properties,
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Fig. 5. Experimental relations between the soil characteristics for various compaction energies: (a) Moisture content vs. Dry density; (b) Second loading cycle strain
modulus vs. Dry density; (c) Second loading cycle strain modulus vs. Moisture content; (d) Second loading cycle strain modulus vs. Degree of saturation; (e) Second
loading cycle strain modulus vs. Void ratio; (f) Second loading cycle strain modulus vs. First loading cycle strain modulus; (g) Strain modulus ratio vs. Dry density; (h)
Strain modulus ratio vs. Moisture content; (i) Second loading cycle strain modulus vs. settlement increment; (j) First loading cycle strain modulus vs. settlement
increment; (k) Dry density — Moisture content — Strain modulus (different gradations); (1) Second loading cycle strain modulus vs. Dry density (gradation NAT20 vs.

NAT 10 comparison).

which makes that the plotted points are non-coplanar, it was also not
possible to determine adequate fittings in these representations, which
can be determined when plotting them in a three-dimensional space (see
next section).

The effect of soil gradation is shown in Fig. 5k and 5 1. In Fig. 5k, the
numbers indicate the second loading cycle strain modulus (Epprr2) in
MPa for each (MC — DD) point. Soil gradation referenced as “SEL” rep-
resents a high-quality gradation (i.e. well graded and small amount of
low plasticity fines) based on the Spanish specifications, whereas “TOL”
is a low-quality gradation. It is observed that a more selected gradation
increases the maximum modulus. However, at MC near the optimum
this trend is inverted (Fig. 5k). Moreover, a lower maximum particle size
slightly increases the maximum modulus, contrary to reported by
Ref. [53], but this stiffness is more critical to MC variation (Fig. 51).
Nevertheless, it should be noted that the effect of gradation on the

stiffness also varies with the CE [54].
Geometrical interpretation: mPLT surfaces

The relations between the different parameters are represented in
three-dimensional spaces using polynomial regression for soil gradation
NAT20. Laboratory strain modulus (Epprr2) is plotted as a function of
MC and DD generating a surface embedded in a 3D-space, to capture its
dependency on both state properties (MC and DD), which cannot be
decoupled due to the existence of interactions between them. For a given
soil, the Eppr 1o surface provides the values of the strain modulus for all
possible MC-DD combinations within a domain. This surface is bounded
by a vertical plane passing through the higher DD that was obtained in
the laboratory for this soil and by the vertical surface representing the
zero-air void line (S; = 100 %). Note that unlike the zero-air void, which
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is a physical limit, the maximum experimental DD boundary defined is
only a practical limit. This could be extended to the plane corresponding
to the maximum DD that minimises the void ratio, which does constitute
a physical limit (i.e. any MC — DD point located beyond this plane would
imply a change in soil gradation).

The Epprre surface is plotted in Fig. 6a (R% = 0.63) and its related
contour plot is shown in Fig. 6b. As it can be seen, strain modulus seems
to increase towards the source of all the isosaturation lines, which rep-
resents the maximum theoretical DD (i.e. at MC = 0 and e = 0). At a
fixed S;, the stiffness raises with increasing DD, similar to the results
observed for the shear modulus by Ref. [55]. In the present study, the
strain modulus shows a relative maximum with MC variation for a
constant DD.

At the theoretical point of absolute maximum DD, the soil
—understood as a 3-phase system— becomes an ideal solid without any
voids. In practice, this situation is not physically possible because
reaching extremely high DD with extremely low MC would imply
increasing the compaction energy (CE) to disproportionately high levels,
making the process rather inefficient as well as causing a significant
change in the soil structure (i.e. fracture of solid particles).

The Epprr2 surface provides, for a given soil and a specific CE, the
combinations of MC — DD values that offer the maximum strain modulus.
As can be seen in Fig. 6b, the maximum strain modulus does not coincide
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with the point of maximum dry density (MDD) and optimum moisture
content (OMC) for each CE. The highest moduli tend to be located on the
dry side of the MP curve. Fig. 6¢ shows that for a constant DD, the
modulus presents a relative maximum for a certain MC. The same ap-
plies to the saturation ratio (S;) (Fig. 6e). However, for a constant MC the
variation trend of the modulus with the DD depends on the moisture
content (Fig. 6d), so that only when S; is constant the modulus is
increasing with DD (Fig. 6f).

Fig. 7a shows a general view of the polynomial regression model for
the k-ratio = Eppr1a / Emprr1 (RZ = 0.57). The surface is bounded by the
same limits as the Eprro surface. For each CE, the minimum Kk-ratio
value tends to be in a region closer to the line of optimums (the line
connecting MDD — OMC points for increasing CE) as observed in Fig. 7b.
This stands to logic, since the higher DD the more likely it is that the
modulus of the first loading cycle will be closer to that obtained in the
second cycle. This trend can also be seen in the corresponding cross-
sections Fig. 7c and d (i.e. cutting planes at DD = constant or MC =
constant, respectively).

As observed, the maximum moduli are located on the dry side of the
MP compaction curves. However, soils compacted to low MC can be
susceptible to collapse settlements. This confirms the need of simulta-
neously fulfil requirements in terms of sufficient modulus, limited k-
ratio, and MDD — OMC conditions for field compaction quality control
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Fig. 6. Moisture Content — Dry Density — Strain Modulus ‘3D-space’: (a) Eyprr2 surface and boundaries; (b) Eqprr2 surface contour lines on the MC — DD plane; (c)
Enprre surface sections at constant DD; (d) Epy 1o surface sections at constant MC; (e) E,p; 12 VS. Saturation ratio (S,) at constant DD; (f) Ey,pr2 vs. DD at constant S,.
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specifications.

Correlation between laboratory strain modulus and field strain modulus

A set of field static plate load test were conducted on a road
embankment built using the same material (i.e. NAT20 gradation but
with particles up to 100 mm in size). Field moisture content and dry
density were measured. Fig. 8 presents the results of the empirical cor-
relation between the second loading cycle strain modulus (Ey2) obtained
in the field using static plate load test (300 mm in diameter) and the
second loading cycle strain modulus (Eypr72) obtained in the laboratory
test, for the same moisture and density conditions previously measured
in the field. This last correction was possible by using the analytical
expression of the Ejp; 1o surface.

The correlation between the static field PLT strain modulus and the
laboratory mPLT strain modulus fits well with a linear model, being the
values of the latter slightly greater than the values of the former. In this
case, the confinement effect of the mPLT mould, which has an influence
on the magnitude of the related settlement, is partially compensated due
to the use of Boussinesq’s formulation for the half-space (unconfined
situation) in the calculation process of the experimental mPLT modulus,

200

T y=0.9646x

R? = 0.9968
1 1 J
175 200
Enpir2 (MPa)

Fig. 8. Correlation between laboratory mPLT modulus (Emprr2) and field PLT
modulus (Ey»).

which physically corresponds to a confined situation.

Practical application of this method

At the design stage of embankments, subgrades, and granular bases
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and subbases of pavements, the following procedure to estimate the
elastic modulus of a certain compacted granular geomaterial required
for analytical and computational design is suggested:

1. Perform a Modified Proctor (MP) test, as specified in the technical
standards, for each type of soil to be used in the embankments or
granular layers of the pavement.

2. Conduct a mPLT immediately after the compaction of each MP lab-
oratory specimen following the loading scheme described in section
"Materials and laboratory testing". The preloading and the maximum
applied force should be adjusted depending on the soil type and CBR
value. As a result of the mPLT, the strain modulus corresponding to
each pair of dry density (DD) — moisture content (MC) values will be
known.

3. Obtain the range of foreseeable values of the Eyp;ro modulus within
the validity zone (i.e. target area according to specifications of the set
of DD — MC values, Fig. 9a). As design modulus, select the one
considered more suitable from those in the validity zone, depending
on the quality-control level during construction and the factor of
safety specified by the design codes. The designer may consider
possible changes in the soil moisture content during the service life of
the infrastructure. It must also be verified that the soil state condi-
tions (DD — MC values) that correspond to the selected modulus
provide a k-ratio (Fig. 9b) that does not exceed the maximum limit of
the technical specifications for this type of compacted fill.

4. Convert this laboratory strain modulus (Epprre) into an elastic
modulus for use in analytical design (i.e. multilayered elastic model)
by using Fig. 10. As an alternative, the analytical expression given by
Eq. (4) can be used. This Young’s modulus needs to be consistent
with the Poisson’s coefficient assigned in design.

The mPLT may also be used as a reference test to meet compaction
quality control requirements during the construction phase, by
providing an optimum MC range within which strain modulus (Fig. 9a),
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Fig. 9. Practical application of the relations obtained through mPLT test: (a)
Estimation of the E,p;.r2 modulus within the (MC — DD) region bounded by the
technical specifications; (b) Verification of the k-ratio within the same region.
(Note: CEX% is the compaction curve corresponding to a compaction energy
level of X% with respect to the energy specified for a MP compaction test. StrX%
is the isoline corresponding to X% of saturation).
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Fig. 10. Estimation of Young’s modulus for use in analytical design from the
experimental E;p;1o modulus for various Poisson’s ratios (v).

k-ratio (Fig. 9b) and DD requirements are satisfied.
Conclusions

Based on the experimental results and on the ‘miniature plate load
test” (mPLT) surfaces presented in this study, the following conclusions
may be drawn:

e The second loading cycle strain modulus increases towards the point
that represents the maximum theoretical dry density, where all the
isosaturation lines converge.
For a constant dry density, the modulus presents a relative maximum
for a certain moisture content, whereas for a constant moisture
content the variation trend of the modulus with the dry density de-
pends on such moisture content. When the moisture content is low,
the soil is further away from full saturation and therefore an increase
in dry density is also reflected in an increase in stiffness; on the
contrary, with high moisture contents, above certain dry densities
the stiffness decreases with increasing the dry density, as the soil
conditions are closer to saturation. Only if the saturation ratio is
constant the modulus is increasing with the dry density.
For a given soil and compaction energy, there is a combination of
moisture content — dry density that maximises the strain modulus.
This point does not coincide with the point of maximum dry density
(with optimum moisture content) of the related Modified Proctor
(MP) compaction curve, being located on its dry side.
Similarly, for a given soil and compaction energy, there is also a
combination of state conditions (moisture content — dry density) that
minimises the k-ratio. This minimum k-ratio also seems to be on the
dry side but closer to the maximum dry density for each MP
compaction curve.
The proposed procedure predicts the strain modulus of compacted
granular fills, by means of a low-cost and easy-to-conduct laboratory
test that uses simple and well-known equipment. This test correctly
captures the effect of any variation in the soil state conditions on the
soil stiffness.
e The applied numerical model allows to correlate the experimental
laboratory strain modulus with the Young’s modulus needed for
analytical design considering the differences in geometry and
boundary conditions between the proposed laboratory test and the
standard in situ test.
Since the three properties of the compacted soil are obtained in the
same test, the relationship between the state properties (moisture
and dry density) and the expected strain modulus can be determined
using this method, which makes it possible to optimize the analytical
design and thus, contributing to improve the quality and reduce costs
and environmental impacts.

e For field compaction quality control, the analysis of the second
loading cycle strain modulus and k-ratio surfaces experimentally
confirmed the need of simultaneously fulfil requirements in terms of
sufficient stiffness, limited k-ratio, and maximum dry density —
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optimum moisture conditions. The mPLT procedure could also be
used during the construction phase as a reference test to ensure this is
met by providing an optimum moisture content range within which,
strain modulus, k-ratio and dry density requirements are satisfied.

This new methodology, that we propose to name ‘Canarian mPLT’,
is not intended to be a substitute for on-site full-scale field plate load
tests or laboratory cyclic triaxial tests, but a complementary and cost-
effective tool to assist in the design process and during construction.
For practical applications, it is recommended to apply this test to com-
pacted specimens at energy levels and state conditions (moisture content
and dry density) in which the loads applied do not cause excessive de-
formations, as specified in the PLT standards. For this reason, an
adjustment to the maximum applied stress is suggested in this study.

As further research, it is suggested extending this study to other soil
types to confirm whether the proposed surfaces maintain the observed
global trends. A comparison between the results obtained with this new
laboratory test and the cyclic triaxial tests is of interest. The study of the
variation of the modulus with time and the implementation of non-
destructive methods to monitor moisture content would also be of
great practical interest. It is also suggested to explore the influence of
soil microstructure on stiffness. In addition to this, the research on nu-
merical models that consider important aspects such as non-uniformity,
anisotropy and non-linearities would be interesting to explore. In this
sense, a more comprehensive study on the influence of different pa-
rameters (e.g. boundary conditions, loading) would also be beneficial.
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Appendix 2. . Numerical model

Table A1

Average stress below the loaded area for an imposed unit settlement (1 mm) and a reference
Young’s modulus of 50 MPa (Frictionless mould side wall).

Poisson’s ratio, v

Average stress, A¢ (MPa)

(E*1mm) / (A6 * 1)

0.10 1.4485
0.15 1.4779
0.20 1.5237

1.3807
1.3533
1.3126

(continued on next page)
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Table A1 (continued)

Poisson’s ratio, v Average stress, A¢ (MPa) (E*1mm) / (A6 * 1)
0.25 1.5915 1.2567
0.30 1.6902 1.2833
0.35 1.8359 1.0894
0.40 2.0600 0.9709
0.45 2.4327 0.8221
0.50 3.1474 0.6354
Table A.1.2
Comparison between settlements of a rigid plate for friction and frictionless mould side wall based on a reference Young’s modulus
of 50 MPa.
Poisson’s ratio, v As (mm) As (mm) Difference (%)
(Frictionless side wall) (Friction side wall)
0.20 0.7875 0.6933 11.97
0.25 0.7540 0.6739 10.62
0.30 0.7100 0.6475 8.80
0.35 0.6536 0.6118 6.40
0.40 0.5825 0.5620 3.51
0.45 0.4933 0.4850 1.67

Appendix 3. . Statistical analysis

Table A2
Main statistics of laboratory tests for NAT20 soil gradation.

Variable CE N Median Mean SEM SD Ccv MAD S-w p-value

MC (%) 125 7 7.16 6.83 1.18 3.13 0.46 2.12 0.971 0.905
100 16 7.50 7.32 0.67 2.67 0.37 2.17 0.975 0.91
75 14 7.34 7.17 0.75 2.81 0.39 2.27 0.967 0.832
50 14 8.47 7.86 0.78 291 0.37 2.25 0.957 0.675
25 13 8.13 7.71 0.85 3.08 0.40 2.85 0.965 0.83

DD (g/cms) 125 7 2.14 2.15 0.03 0.09 0.04 0.06 0.97 0.902
100 16 2.12 211 0.02 0.08 0.04 0.07 0.962 0.699
75 14 2.04 2.06 0.02 0.09 0.04 0.08 0.92 0.217
50 14 2.03 2.05 0.02 0.07 0.04 0.07 0.9 0.112
25 13 1.94 1.95 0.02 0.07 0.04 0.06 0.956 0.699

Sy (%) 125 7 66.40 63.17 12.69 33.56 0.53 30.32 0.881 0.229
100 16 65.12 62.90 7.08 28.32 0.45 26.77 0.923 0.189
75 14 51.89 56.57 7.90 29.57 0.52 21.54 0.918 0.204
50 14 60.01 60.29 7.48 27.99 0.46 26.75 0.941 0.433
25 13 51.03 49.82 6.83 24.62 0.49 23.93 0.943 0.501

e 125 7 0.33 0.33 0.02 0.05 0.16 0.04 0.969 0.89
100 16 0.35 0.35 0.01 0.05 0.14 0.04 0.956 0.596
75 14 0.40 0.39 0.02 0.06 0.15 0.06 0.917 0.201
50 14 0.41 0.39 0.01 0.05 0.13 0.05 0.907 0.141
25 13 0.47 0.46 0.02 0.05 0.12 0.04 0.963 0.797

Emprr1 (MPa) 125 7 28.50 34.83 8.22 21.75 0.62 17.20 0.95 0.729
100 16 56.00 55.31 6.30 25.18 0.46 21.75 0.904 0.093
75 14 48.15 47.11 7.32 27.37 0.58 27.45 0.902 0.122
50 14 35.95 37.44 4.49 16.78 0.45 12.15 0.95 0.56
25 13 17.40 16.24 2.19 7.89 0.49 5.10 0.95 0.6

Emprr2 (MPa) 125 7 141.40 145.54 15.40 40.73 0.28 28.50 0.947 0.703
100 16 154.25 149.08 6.43 25.70 0.17 14.30 0.927 0.216
75 14 153.50 149.06 7.12 26.62 0.18 14.15 0.927 0.276
50 14 138.80 139.30 7.16 26.80 0.19 12.50 0.934 0.347
25 13 124.10 130.18 5.22 18.83 0.15 13.20 0.919 0.24

(continued on next page)
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Table A2 (continued)

Variable CE N Median Mean SEM SD (4% MAD S-w p-value
k = Emprr2 / EmpLT1 125 7 5.49 6.02 1.63 4.32 0.72 2.40 0.851 0.125
100 16 2.57 3.39 0.46 1.84 0.54 0.50 0.774 0.001
75 14 3.19 4.39 0.68 2.56 0.58 1.34 0.881 0.06
50 14 4.11 4.97 0.89 3.31 0.67 1.53 0.78 0.003
25 13 7.13 11.25 2.30 8.29 0.74 2.60 0.815 0.01
As; (mm) 125 7 1.58 1.97 0.57 1.49 0.76 0.66 0.85 0.124
100 16 0.81 1.10 0.18 0.73 0.66 0.24 0.778 0.001
75 14 0.94 1.44 0.27 0.99 0.69 0.41 0.852 0.024
50 14 1.25 1.84 0.52 1.95 1.06 0.31 0.566 < 0.001
25 13 2.59 3.67 0.63 2.25 0.62 0.89 0.821 0.012
Asy (mm) 125 7 0.32 0.33 0.04 0.11 0.34 0.08 0.878 0.219
100 16 0.29 0.31 0.02 0.07 0.23 0.04 0.767 0.001
75 14 0.29 0.31 0.02 0.07 0.23 0.03 0.795 0.004
50 14 0.33 0.34 0.02 0.09 0.26 0.03 0.751 0.001
25 13 0.36 0.35 0.01 0.05 0.15 0.03 0.929 0.329

(CE) Compaction energy as percent relative to Modified Proctor test; (N) Sample size; (SEM) Standard error of mean; (SD) Standard deviation; (CV) Coefficient of
variation; (MAD) Mean absolute value; (S-W): Shapiro-Wilk normality test; (MC) Moisture content; (DD) Dry density; (S;) Saturation ratio; (e) Void ratio; (Enpr1) First
loading cycle secant strain modulus from mPLT; (Ey,prr2) Second loading cycle secant strain modulus from mPLT; (As;) First loading cycle settlement increment; (Asg)
Second loading cycle settlement increment.

Fig. A2 shows the variation of the variables of interest between groups of soil specimens prepared at same CE. MC was taken as a controlled
parameter so little overall variation between groups exists (Fig. A2a). As expected, the DD clearly decreases together with the CE, although the
difference between 75 % and 50 % groups was relatively low (Fig. A2b). The void ratio (e) also shows a clear pattern, increasing with a decrease in CE
(Fig. A2c). The saturation ratio (S;) trend responds to the theoretical relationship between MC and void ratio (Fig. A2d). The first cycle strain modulus
(EmprT1) decreases as the CE decreases (Fig. A2e). The second cycle strain modulus (Eppr12) does not show a constant trend, with low difference
between 100 % and 75 % groups (Fig. A2f). The moduli k-ratio presents a high difference between the 25 % group and the rest as it is much more
susceptible to the level of stress applied (Fig. A2g). The same may be stated for the settlement increment during the first loading cycle (As;) vs. the CE.
It can be deduced that when the degree of compaction is lower, the sample exhibits a large plastic deformation at the first loading cycle (Fig. A2h). The
settlement increment in the second loading cycle (Asy) also tends to increase as CE decreases, but this trend is much less abrupt (Fig. A2i).
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Fig. A2. Box and whisker plots of soil characteristics grouped by compaction energy (CE), expressed as a percent relative to Modified Proctor test [Note that 125 %
value is excluded due to the small sample size]: (a) Moisture Content (MC); (b) Dry Density (DD); (c) Void Ratio (e); (d) Saturation ratio (S;); (e) 1st loading cycle

strain modulus (Epprr1); (f) 2nd loading cycle strain modulus (Epprr2); (8) Moduli k-ratio; (h) First loading
tlement (Asy).

Appendix 4. . Relations between stiffness and state properties
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Fig. A3. Experimental relations between the second loading cycle strain modulus (Eppr72) and the soil state properties (DD, MC and S,) in a constant interval.
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Data availability

Data will be made available on request.
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