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Abstract

This study investigated the mechanical behavior of tropical soils, specifically lateritic
clays (LG’) compacted under intermediate energy, with a focus on the analysis on resilient
modulus (RM) and permanent deformation (PD). A database was compiled including 20
Brazilian soils, comprising physical properties (maximum dry density, optimum moisture
content, particle size distribution, and MCT classification indices) and mechanical properties
data from repeated load triaxial tests. RM and PD regression parameters were evaluated
for different stress states, adhering to Brazilian regulations. RM results showed high
variability (mean: 351 MPa; CV: 42%), demonstrating a strong influence of deviatoric
stress, which significantly reduced the elastic response with increasing stress levels. PD
followed a log-normal distribution (mean: 0.635%; CV: 141%), with greater deformation
correlating to elevated stress states. Pearson’s correlation revealed associations between
RM and physical properties: positive with sand content and negative with clay content and
optimum moisture content. Kruskal-Wallis tests confirmed RM’s significant dependence on
geotechnical variables, whereas PD showed no statistically significant with these factors.
These findings underscore the importance of integrated physical-mechanical characterization
for predicting the structural performance of LG’ soils. Furthermore, they highlight PD’s high
variability and the necessity for global analyses to achieve more representative estimates
in mechanistic—empirical pavement design.

1. Introduction

expansion coefficients, high bearing capacity, medium to
high plasticity, and low mass loss by immersion (Medrado,

Due to its continental dimensions, Brazil exhibits a
wide diversity of tropical soils, which predominate across
much of its territory because of the prevailing climatic,
geological, and pedological characteristics. Through intense
decomposition and mineralogical transformation processes,
these soils acquire distinctive mechanical and hydraulic
properties (Carvalho et al., 2015). Given complexity and
specific nature of tropical soils, the Miniature, Compacted,
Tropical (MCT) is considered the most suitable classification
method for assessing their particularities. (Nogami & Villibor,
1995; Sousa et al., 2021; Coutinho & Sousa, 2021). This
methodology classifies soils as either lateritic or non-lateritic.
Within this framework, and highly relevant to pavement
engineering, soils belonging to the LG’ group are particularly
noteworthy. They are characterized by low permeability and

2009; Villibor & Alves, 2019; DNIT, 2023).

Owing to their favorable geotechnical properties, LG’
soils are ranked among the top three performing groups in
the MCT classification and are extensively used in road
paving, with proven practical effectiveness (Lima et al.,
2018; Freitas et al., 2020; Santos, 2020; Sousa et al., 2021;
Pascoal et al., 2023). Within pavement structures, compaction
is a fundamental geotechnical step because it significantly
alters soil’s physical and mechanical behavior, resulting
in greater structural stability, increased bearing capacity,
reduced permeability, and enhanced shear strength. These
benefits stem from the application of mechanical energy,
which promotes the rearrangement and densification of solid
particles, thereby reducing the void ratio (Crispim et al.,
2011; Carvalho et al., 2015).
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In Brazil, intermediate compaction energy is widely
adopted for the final layers of road subgrades. Characterizing
the elastic and plastic behavior of these materials is crucial for
implementing empirical-mechanistic pavement designs, such
as the National Design Method (MeDiNa). For this purpose,
repeated load triaxial tests are performed to determine both
the resilient modulus (RM) and permanent deformation
(PD), assessing the materials’ elastic and plastic responses
under varying load conditions (DNIT, 2018a; DNIT, 2018b).

For RM, the resilient parameters (k, k, and £,) are
determined post-test using the composite model proposed
by Pezo et al. (1992), which relates RM to the confining
stress (o,) and deviatoric stress (¢,) using experimental
data. Similarly, the Guimaraes model (2009) is used for PD,
yielding plastic parameters (y,, ¥,, ¥,, and y,) that relate PD
to 0, o, and the number of load applications (V).

While these RM and PD triaxial tests provide representative
mechanical results, their high cost and requirement for specialized
infrastructure limit their application in early project stages.

Consequently, predictive models utilizing statistical
regression and multivariate analysis have emerged as viable
alternatives. These models estimate mechanical behavior using
casily obtainable variables, such as particle size distribution,
compaction moisture content, California Bearing Ratio (CBR),
plasticity index, and data from in situ non-destructive tests
(e.g., DCP). (AASHTO, 2021; Sadrossadat et al., 2018;
Ikechukwu et al., 2019; Hanandeh et al., 2020; Onyelowe et al.,
2023; Indraratna et al., 2023; Shah et al., 2024; Khawaja et al.,
2024; Fan et al., 2024).

Considering this, numerous Brazilian studies have
investigated the relationship between MCT classification
and the results of repeated load triaxial tests for tropical
soils (Marangon, 2004; Guimaraes, 2009; Norback, 2018;
Dalla Roza etal., 2018; Dornelles et al., 2018; Gomes et al.,
2018; Lima et al., 2018; Freitas et al., 2020; Santos, 2020;
Pascoal etal., 2021; Sousa et al., 2021; Pascoal et al., 2023).

The present study contributes to this context by developing
and analyzing a database of compacted tropical soils, classified
by the MCT system and characterized by their deformability.
More specifically, from a dataset of 94 soils characterized in
accordance with current Brazilian standards for pavement
applications, the subset of lateritic clay soils (LG”) compacted
under intermediate energy was selected. Statistical analyses
were then carried out, focusing on the regression parameters
of RM and PD to assess the influence of different stress-strain
combinations on their respective elastic and plastic responses.
In addition, the physical and mechanical parameters included
in the database were correlated using Pearson’s method to
identify potential interrelationships within this soil group and
to support the reliability of mechanistic analyses.

2. Materials and methods

The database used in this study was compiled from
theses, dissertations, and peer-reviewed papers that reported

mechanical testing of Brazilian tropical soils in accordance with
the DNIT standards for resilient modulus (DNIT 134/2018a)
and permanent deformation (DNIT 179/2018b). Only studies
explicitly describing compaction under intermediate energy and
providing sufficient experimental information for regression
analysis were included. The selection focused on lateritic
clay soils (LG’), as defined by the Miniature, Compacted,
Tropical (MCT) classification system (DNIT 259/2023).

To ensure methodological consistency across the
different sources, all datasets were reviewed and harmonized
before integration. The following criteria were adopted:
only results obtained from repeated load triaxial tests with
controlled confining (0,) and deviatoric (o) stresses were
considered; all physical properties — including maximum dry
density (MDD), optimum moisture content (OMC), particle
size fractions, Atterberg limits, and MCT parameters (c’,
d', ey — were converted to standardized units (kN/m?, %).
When multiple replicates were available, mean values were
used to represent each soil. Missing mechanical parameters
were excluded from the correlation analyses but retained in
descriptive statistics to preserve representativeness.

Only datasets reporting compaction near the optimum
moisture (+ 1.0%) and maximum dry density obtained from
the intermediate Proctor test were accepted. Each sample was
compacted and cured according to DNIT recommendations,
typically at ambient temperature for 24 h prior to testing.
Differences between laboratories regarding test temperature,
equipment type, or sample preparation were qualitatively
documented but not used as exclusion criteria, given their
minor influence compared to applied stress conditions.

Mechanical behavior was described using the regression
parameters for resilient modulus (RM) — &, k,, k, — based
on the composite model proposed by Pezo et al. (1992),
and for permanent deformation (PD) — w,, v, v,, w, —
following Guimaraes (2009). Both models relate RM and PD
to confining and deviatoric stresses, and the corresponding
equations are presented below (Equations 1 and 2).

RM = ko3® O'dk3 1)

o 14} o &}
Po Po

RM: resilient modulus; o, confining stress; o,: deviator
stress; PD: specific permanent deformation; p,:
reference stress (atmospheric stress); N: number of
load cycles; k,: resilient modulus parameters; . :
permanent deformation parameters.
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With the RM and PD regression parameters compiled,
the values of resilience modulus and specific permanent
deformation were obtained for the stress trajectories
recommended by DNIT (2018a, b), as shown in Table 1.

Subsequently, frequency histograms were generated
for each dataset, and distribution analyses were performed
considering different stress pair configurations. This allowed
the determination of the minimum, maximum, mean, and
standard deviation values for the RM and PD of the 20 LG’
soils compacted with intermediate energy.

Furthermore, the database was processed for the application
of Pearson’s method to analyze the correlation relationships
among the various variables. Based on this analysis, a correlation
matrix was constructed. This matrix provides deeper insight into
the interactions and mutual influences between the physical and
mechanical properties of the tropical soils studied.

3. Results and analysis

3.1 LG’ soil database

The database consists of 20 LG’ soils collected from
eight distinct locations across Brazil, as shown in Figure 1.

This figure illustrates the spatial distribution of the samples
superimposed on the map of fine, sandy, and clayey soils lateritic
soils in Brazil, as proposed by Villibor & Nogami (2009). This
spatial contextualization highlights the representativeness of
the samples analyzed relative to the typical geological settings
where lateritic soils are commonly found in the country.

Table 2 presents the database, which includes key
physical and mechanical properties relevant to pavement
geotechnical studies, and the deformability behavior of the
materials. The table contains conventional classification
data alongside the MCT classification parameters (¢’, d’,
e’). Furthermore, mechanical parameters derived from the
regression analyses for the resilient modulus and permanent
deformation for each material are also provided.

Table 2 presents, among other data, the coefficients
of determination (R?) obtained from the regression analyses
for the RM and PD. For the RM, the R’ values ranged from
0.44 t0 0.95. For the PD, the range was from 0.860 to 0.990.
The dispersion in the RM R? values indicates that, for some
soils, the composite model by Pezo et al. (1992) provided
a limited fit to the observed variability in elastic behavior.
Particularly, cases with low R?, such as soil LG’ 14 (R* =
0.44), suggest that the predictive capacity of the model may

Table 1. Stress sequence for determining RM and PD for subgrade soils (DNIT, 2018a, b).

Tension pairs

Property (MPa) 1 2 3 4 5 6 7 8 9 10 11 12
Resilient o, 0.020 0.020 0.020 0.035 0.035 0.035 0.050 0.050 0.050 0.070 0.070 0.070
Modulus o, 0.020 0.040 0.060 0.035 0.070 0.011 0.500 0.100 0.150 0.070 0.140 0.210
Permanent o, 0.040 0.040 0.040 0.080 0.080 0.080 0.120 0.120 0.120 - - -
Deformation o, 0.040 0.080 0.120 0.080 0.160 0.240 0.120 0.240 0.360 - -
Stress ratio (g,/0.) 2 3 4 2 3 4 2 3 4 2 3 4

Sandy soils with lateritic behavior

oy
du

Clay soils with lateritic behavior

=
e

Other soils

-0

Location of study materials

n - City, State: Analyzed Samples

1 - Sinop, MT: LG' (02, 03, 04, 05, 06, 07);

2 - Sorriso, MT: LG' 01;

3 - Magé, RJ: LG' 16;

4 - Rio de Janeiro, RJ: LG' (09, 10, 11, 12, 13, 14, 15);
5 - Cruz Alta, RS: LG' (17, 20);

6 - Gravatai, RS: LG' 08;

7 - Sao Lourenco do Sul, RS: LG' 18;

8 - Pelotas, RS: LG' 19.

Note: Abbreviation of the Brazilian states used:
MT —Mato Grosso

RJ —Rio de Janeiro

RS — Rio Grande do Sul

Figure 1. Source locations of the LG’ soils investigated in this study.

Soil. Rocks, Sao Paulo, 2026 49(2):¢2026012425


https://creativecommons.org/licenses/by/4.0/

A study on the deformability behavior of clayey lateritic soils through statistical and correlational analysis

Table 2. Database of LG’ soil parameters.

. LG’ LG’ LG’ LG’ LG’ LG’ LG’ LG’ LG’ LG’
Material
1 2 3 4 5 6 7 8 9 10
Maximum dry density - MDD 16.58 15.99 16.25 15.65 15.34 14.34 15.43 16.77 17.75 16.52
(KN/m?)
Optimum moisture content - 19.9 20.6 20.5 22.5 22.5 28.7 23.5 21.4 17.8 21.5
OMC (%)
Particle size Silt-S 66 50 41 29 67 24 35 30 36 35
distribution (%) Clay-C 18 19 12 7 16 24 20 17 4 12
Sand-SC 15 31 47 63 16 51 45 53 60 53
Atterberg w, - - - - - - - 30 - -
w, - - - - - - - 50 - -
PI - - - - - - - 20 - 26
Classification AASHTO - - - - - - - A-7-5 - A-7-5
USCS - - - - - - - MH - -
MCT index c’ 2.24 2.18 2.24 2.2 2.66 2.66 2.31 2.4 2.94 2.84
d’ 60 85.7 102.5 68.8 291.7 142.9 75 40 89.3 49.6
e’ 1.2 1.1 1.1 1.2 1.0 1.0 1.1 1.1 0.6 0.7
RM - Regression k, 31545 207.60 309.97 147.52 370.71 123.74 283.04 268.53 424.17  363.01
parameters k, 0.32 0.15 0.34 0.19 0.30 0.36 0.28 0.13 0.23 0.38
k, -0.43 -0.40 -0.46 -0.56 -0.46 -0.66 -0.49 -0.23 -0.39 -0.44
R’ 0.50 0.47 0.68 0.63 0.56 0.63 0.63 0.45 0.95 0.60
PD -Regression v, 0.140 0.180 0.180 0.110 0.080 0.210 0.180 0.019 0.093 0.143
parameters v, 0.540 -0.570  -0.600 0.050 -0.220 0.450 0.000 0.957 0314  -0.221
v, 0.940 2.130 1.720 1.760 1.900 1.930 1.400 1.882 0.936 0.998
v, 0.050 0.020 0.040 0.050 0.040 0.040 0.050 0.116 0.045 0.066
R’ 0.930 0.920 0.980 0.970 0.950 0.990 0.960 0.920 0.940 0.890
Author Dalla Roza et al. Schreinert Lima
(2018) (2021) (2020)
. LG’ LG’ LG’ LG’ LG’ LG’ LG’ LG’ LG’ LG’
Material
11 12 13 14 15 16 17 18 19 20
Maximum dry density - MDD 17.05 16.65 16.51 18.16 17.59 16.75 16.25 16.85 17.6 15.9
(KN/m?)
Optimum moisture content - 21.3 22.5 20.5 11 17.8 20.5 25.6 20.1 18 26
OMC (%)
Particle size Silt-S 36 27 34 21 - 34 33 37 39 30
distribution (%) Clay-C 16 17 23 19 - 17 26 19 12 24
Sand-SC 46 56 43 37 - 48 41 36 43 46
Atterberg w, 40 19 20 20 22 24 44 20 32 41
w, 69 42 58 36 68 64 55 46 44 61
PI 29 23 38 16 46 40 11 26 12 20
Classification AASHTO A-7-5 A-7-6 A-7-6 A-7-6 - A-6 A-7-6 A-7-6 A-7-5 A-7-5
USCS MH CL CH CL - ML MH CL ML MH
MCT index c’ 2.2 2.19 2.35 2.05 - - 2.35 2.45 1.72 1.96
d’ 37.2 54 38.5 51.2 - - 67 43.8 56.3 37.7
e’ 1.0 0.9 1.1 1.0 - - 0.7 0.8 0.7 0.8
RM - Regression k, 153.4 118.4 122.1 109.6 531.5 109.4 739.2 826.7 1892.5  355.8
parameters k, 0.32 0.26 0.14 0.56 0.61 0.17 0.34 0.53 0.57 0.16
k, -0.73 -0.63 -0.55 -0.73 -0.73 -0.68 0 -0.11 0.03 -0.16
R’ 0.86 0.94 0.82 0.44 - 0.9 0.9 0.88 0.87 0.71
PD -Regression v, 0.146 0.583 0.162 0.136 0.094 0.359 0.083 0.179 0.109 0.083
parameters v, -0.585 1.022 0.321 -0.151 0.380 -0.090 0.699 1.074 0.726 0.529
78 1.776 0.628 1.318 1.078 0.946 1.215 0.517 0.739 0.615 1.244
v, 0.046 0.048 0.048 0.042 0.042 0.058 0.103 0.076 0.089 0.090
R? 0.930 0.960 0.980 0.970 - 0.960 0.930 0.860 0.960 0.970
Author Lima Lima et al. Norback  Pascoal Pascoal Santos
(2020) (2018) (2018) (2020) (2024) (2020)
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be insufficient for certain LG’ samples. This insufficiency
may be related to the material’s intrinsic variability or to
factors not captured by the model’s stress variables.

3.2 Resilient modulus

Using the resilient regression parameters, RM values
were calculated for the 12 stress pairs recommended by DNIT
(2018a). Table 3 displays the resulting 240 RM values for
the 20 LG’ soils.

The frequency histogram of these values is presented
in Figure 2 along with a normality assessment using a QQ-
plot with 99% confidence intervals. Although the histogram
visually suggests a normal distribution, the QQ-plot reveals
points outside the expected range, indicating that the raw
database values are not normally distributed. This is further
confirmed by the Shapiro-Wilk normality test (Shapiro & Wilk,

Table 3. Resilient modulus values in MPa for different stress pairs.

1965), which yielded a p-value of 1.69 x 1077, confirming
the non-normality of the dataset.

Analysis of these values reveals a dispersion range of
773 MPa between the minimum and maximum RM values.
The RM mean is 351 MPa, with a standard deviation of
approximately 145 MPa, yielding a coefficient of variation of
42%. This overall assessment, which considers all materials
and stress levels, demonstrates that the stress state significantly
influences RM results. Furthermore, high variability persists
even when comparing materials subjected to identical stress
conditions, suggesting that soils of the same classification
and compaction energy may exhibit considerable dispersion
in these parameters.

The elastic response of the evaluated soil group is strongly
influenced by deviatoric stress. For a given confining stress,
an increase in the deviatoric stress (and thus the stress ratio)
leads to a substantial reduction in RM values. This reduction

Tension pairs

Pairs (MPa)

Resilient Modulus (MPa) - Soil Classification: LG’

o 1 2 3 6 7 8

9 10 11 12 13 14 15 16 17 18 19 20

0’? d
0.020 0.020 485
0.020 0.040 360
0.020 0.060 302
0.035 0.035 456
0.035 0.070 339
0.035 0.105 284
0.050 0.050 439
0.050 0.100 326
0.050 0.150 273
0.070 0.070 423
0.070 0.140 314
0.070 0.210 264

693
504
418
634
461
382
599
435
361
567
412
342

400
253
194
338
214
164
304
192
147
275
174
133

644 407
458 346
376 315
572 383
407 326
334 297
531 369
378 314
310 286
495 356
352 303
289 276

552 496
418 360
356 299
480 463
364 337
309 280
439 444
333 323
283 268
404 426
306 310
260 257

627
425
339
510
346
276
447
303
242
395
268
213

TS0 00N kW~

—
[\

793
605
517
725
553
473
685
523
446
649
495
423

454
335
280
439
324
272
431
318
266
422
312
261

754
454
338
600
362
269
519
313
233
453
273
203

504
325
252
409
265
205
359
232
180
317
205
159

607
415
332
482
330
264
417
285
228
363 172 731
248 104 441
198 77 328

213
128
96
194
117
87
182
110
82

850
512
381
795
479
356
761
459
341

804
502
381
605
377
286
504
315
239
425
265
201

192
193
193
233
234
234
264
264
265
296
297
297

161
149
143
204
189
180
236
219
209
272
252
241

182 344
185 309
188 290
254 345
259 310
262 291
315 346
321 311
325 292
385 347
393 312
397 293

Stress ratio (51/03)

2 M inimum
3
4 77

0.003 4

0.002 1

Density

0.001 4

0.000 4

]

Resiliente Modulus (MPa)

Mean M aximum

850

350

o

Sample Quantiles
o

0 200 400 600 800

Resilient Modulus — RM (MPa)

Figure 2. Frequency histogram of RM.

3 2 1 0 i 2 3
Theoretical Quantiles N(0,1)
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reaches approximately 50% when comparing stress ratios of
2 and 4 in some materials, specifically soils 6, 11, 12, 14, 15,
and 16. Conversely, holding the stress ratio constant while
increasing only the confining stress results in only a slight
decrease in RM.

However, deviatoric stress does not always dominate
this behavior; some fine-grained soils, such as LG’17 and
LG’19, exhibit resilient responses predominantly governed
by confining stress. This phenomenon has been previously
documented by researchers investigating the resilient behavior
of compacted soils under intermediate and/or modified
compaction energies (Amare et al., 2025; Pascoal et al.,
2021; Santos, 2020; Schreinert, 2021).

Figure 3 presents the frequency histograms of the RM
values obtained for each stress pair. These histograms are
accompanied by the respective fitted frequency distribution
curves and the theoretical normal distribution curves, which
were calculated from the means and standard deviations of
the 12 pairs. This analysis allows for a clearer understanding
of the variation in RM values as a function of the different
applied stress state conditions.

It is observed that the stress pairs with a stress ratio
(0,/0,) equal to 2 (pairs 1, 4, 7, and 10), the presented
significantly higher standard deviation values compared to
those with stress ratios of 3 (pairs 2, 5, 8, and 11) and 4 (pairs
3,6,9, and 12). This is indicated by the wider ranges of the

1.[ 03=002]0d=002 | 2. 63=002(0d=0.04 |
0.0020 —
0.0015 0.003 4
0.0010 1 0.002 4
0.0005 0.0014[ 4 Sﬁ
0.0000 {2 - : 0.000 =L . :
250 500 750 200 400 600
5.[03=0.035 | 0d = 0.07 | 6.]03 = 0.035 | od = 0.103]
2‘ 0.005 ~ 0.0100 4
£ 0004 0.0075 4
8 0.003
002 - 0.0050 4
Z 0.0011 N, 0.0025 4
2 0000 . | 0.0000 B L L N
200 400 600 100 200 300 400 500
9.] 63=0.05|cd=0.15 | 10.| 63=0.07|ad =0.07
0.008 + 0.005 A
0.006 0.004
0,004 - 0.003 4
0.002 1
0.002 1 0.001
0.000 0.000

600
Resilient M

Empirical density curve

100 200 300 400 500 200 400

theoretical normal distribution curves. Furthermore, a trend
of decreasing standard deviations was noted as the stress
ratio increased, suggesting this soil class exhibits greater
RM variability when subjected to deviatoric stresses close
to the confining stresses.

As deviatoric stress increases, RM values display a
narrower range of variation, which results in greater reliability
in representing resilient behavior. This indicates that RM
variability becomes less pronounced under higher stress
ratios and elevated confining stress levels, thus allowing for
more consistent estimates of the elastic response.

However, it must be emphasized that the stresses acting
on lateritic clay soil layers do not always follow this pattern. In
certain situations, these layers may be subjected to relatively
low stress states that yield in high standard deviations. This
underscores the need for prior knowledge of the loading
conditions affecting these layers. Such an approach is
essential for establishing more accurate reliability parameters,
particularly when considering the intrinsic variability of these
materials under different loading conditions.

3.3 Specific permanent deformation

Table 4 presents the specific permanent deformation
values for the 20 LG’ soils. These values were calculated using

3.| 63=0.02|6d=0.06 4.[63=0.035|cd= 0.035|
0.006
0.0020 1
0.004 7 0.0015
0.002 0.0010 114/ \\
0.0005 - RS
0.000 =L 0.0000 15 : i :
100 200 300 400 500 2000 400 600 800
7.| 63=0.05| ad = 0.05 8. 63=005|ad=0.1 |
0.0100
0.003 1
0.0075 1
0.0024 0.0050
0.001 1 0.0025
0.000 1= : . _0.0000{C=LL L =T=
200 400 600 800 100 200 300 400 500
11.| 63=0.07 |cd=0.14 12| 63=0.07|cd=0.21 |
0.006 - il
0.004
0.004 0.003
0.002
") o
0.002 ol N
0.000 0.000

100 200 300 400 500 100 200 300 400

odulus — RM (MPa)
Theorical normal distribution curve

Figure 3. Frequency distribution of RM values (grouped for all 20 LG’ soils) for each of the 12 evaluated stress pairs.
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the regression parameters of the Guimaraes (2009) model and
the nine stress pairs specified in the DNIT (2018b) regulations.

Unlike the resilient modulus values, the frequency
distribution of the specific Permanent Deformation (PD)
dataset visually follows a log-normal pattern, as illustrated in
Figure 4. This figure presents both the frequency histogram
ofthe 180 values and a QQ-plot with 99% confidence bands,
which confirms adherence to a log-normal distribution.

To verify this, the Shapiro-Wilk test was applied to the
log-transformed PD dataset. The test yielded a p-value of 0.198,
which is higher than the significance level of 0.05. This indicates
the normality of the transformed data and, consequently, confirms
that the original values follow a log-normal distribution.

Given the log-normal distribution of the permanent
deformation (PD) dataset, the mean, standard deviation,
and coefficient of variation (CV) were calculated using the
logarithmically transformed data. Accordingly, the mean
PD value on the original scale is 0.635%, with a standard
deviation of 0.897% and a CV of 141.2%. This high variability
highlights the broad range of PD values exhibited by soils of
the same classification and compaction energy, emphasizing
both the stress state’s influence on deformability and the
significant intrinsic variability of these materials.

As previously discussed, an increase in deviatoric
stress significantly reduces the elastic response (RM). This
trend is reflected in deformability behavior: under higher
deviatoric stresses, lower elastic responses lead to greater
plastic responses (Table 4). Furthermore, increasing the stress
ratio (¢,/o,) from 2 to 4 can increase the average PD values
by more than seven times compared to a ratio of 2. Soil LG’
2 exhibited the largest increase, approximately ninefold, with
notable increases also seen in soils LG’ 5, 6, and 8.

Figure 5 presents the frequency histograms of the specific
permanent deformation values obtained for the nine stress

Table 4. Percent Permanent Deformation for Different Stress Pairs.

pairs recommended by DNIT (2018b). It is observed that
data distribution follows a log-normal trend, as evidenced
by the greater adherence of the experimental values to the
theoretical log-normal distribution curve compared to the
density curve fitted directly to the original data.

Moreover, for all stress pairs, a higher frequency
concentration is associated with low PD values, with
decreasing frequency as these values increase. However,
the curves for this dataset do not converge as satisfactorily
as those observed in the resilient modulus distributions.

This behavior highlights that the PD data, when
analyzed separately and grouped by stress pairs, tend to
exhibit greater dispersion and less defined patterns. This
reinforces the highly variable nature of PD in LG’ soils,
which is directly influenced by the stress state, and indicates
the need for integrated and global analyses (considering all
stress pairs) to achieve a more representative interpretation
of this parameter.

3.4 Correlation between database variables

The correlation matrix was constructed using the
Pearson correlation coefficient, considering only the
numerical variables from the experimental dataset. This
statistical method quantifies the strength and direction of
the linear relationship between two continuous variables.
Figure 6 presents the resulting correlation coefficients, which
illustrate the relationships between mechanical parameters
(i.e., resilient modulus and permanent deformation) and the
materials’ physical properties.

A strong negative correlation is observed between
MDD and optimum moisture content (OMC) (-0.84). This
is a well-documented and expected behavior in compacted
soils, where higher dry densities are typically associated

Tension pairs

Pairs (MPa)

Permanent Deformation, £, (%) - Soil Classification: LG’

4 1 2 3 4 5 6 7 8

9 10 11 12 13 14 15 16 17 18 19 20

0-3 d

0.040 0.040 0.1 0.1 00 0.0 00 0.1 0.0
0.040 0.080 02 03 01 01 01 02 0.0
0.040 0.120 06 0.7 03 02 03 04 0.0
0.080 0.080 02 02 01 01 02 02 0.0
0.080 0.160 07 0.7 04 03 07 06 0.1
0.080 0.240 1.6 1.5 09 07 16 1.1 03
0.120 0.120 03 04 03 02 05 04 0.1

13 1.2 09 06 19 1.1 05

0.120 0.240
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0.1
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0.1
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Figure 5. Frequency histograms of the specific permanent deformation values (grouped for all 20 LG’ soils) for each of the 9 evaluated

stress pairs.

with lower optimum moisture contents. Regarding particle  (0.48), suggesting that higher silt content may enhance elastic
size distribution, an inverse correlation is identified between  behavior, possibly due to improved interparticle structuring.
sand and silt contents (-0.79), reflecting the complementary Clay content, in turn, shows a positive correlation with
nature of these fractions. Moreover, silt content shows a ~ OMC (0.41) and a negative correlation with RM (-0.53),
positive correlation with both the d’ parameter (0.53) and RM  These results indicate that clay-rich soils generally require
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higher moisture levels to achieve maximum compaction and
tend to exhibit reduced elastic response, in agreement with
findings widely reported in the literature, Additionally, RM
displays a positive correlation with the ¢’ parameter (0.43),
associated with the MCT classification, suggesting that
intrinsic characteristics of this soil type influence its resilient
behavior, In the case of PD, lower correlation magnitudes were
observed overall, reinforcing the high variability previously
discussed for this dataset, Nevertheless, notable trends include
a negative correlation with MDD (-0.46), indicating that
higher densities tend to reduce plastic deformation, and a
positive correlation with OMC (0.37), suggesting that wetter
compaction conditions may promote greater accumulation
of permanent strain.

Figure 7 shows boxplots of RM for compacted LG’
soils, where continuous variables were stratified into
terciles to ensure balanced group sizes. Soils with higher
MDD exhibit slightly increased RM values, reflecting the
greater stiffness associated with enhanced particle contact.
Similarly, lower OMC is associated with higher RM, likely
due to drier, denser states that promote interparticle friction
and elastic response. For the silt fraction, the intermediate
range yields the highest RM, followed by a decreasing trend
as silt content increases. This suggests that excessive silt may
impair structural rearrangement and increase deformation
susceptibility. Lower clay contents are associated with
higher RM values, indicating that a high fines content may
reduce resilient stiffness. A slight positive trend with sand

content is also noted, although RM values remain relatively
uniform across terciles.

To assess statistically significant differences in RM across
groups defined by terciles of continuous variables such as MDD,
OMC, and particle size fractions, the Kruskal-Wallis test was
applied, This non-parametric method is used to compare three
or more independent groups without assuming data normality
or homogeneity of variances, The test is based on ranking the
data and comparing the sum of ranks across groups, making
it particularly suitable for datasets with skewed distributions
or the presence of outliers, which are common in soil strength
and deformability parameters, The test statistic (/) follows
a chi-square distribution, and p-values lower than 0,05 were
considered indicative of statistically significant differences
among the evaluated groups, The Kruskal-Wallis test results
confirmed that RM exhibits statistically significant variations
as a function of the physical properties of the analyzed soils,
Significant differences were identified among MDD groups (H
=8.77; p=1.25x1072) and OMC groups (H=11.40; p=13.34
x 107%), reinforcing the strong statistical association between
compaction density, moisture content, and resilient behavior.
The silt fraction showed a strong effect on RM (H=20.64; p =
3.29 x 107), as did the clay fraction, whose influence was even
more pronounced (H=30.19; p=2.78 x 107"), Sand content also
exhibited a significant impact (H=9.65; p=8.01x 107%), These
results reinforce that variations in gradation and compaction
conditions of LG’ soils are directly related to the stiffness
observed under repeated loading, Following the Kruskal-Wallis
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Figure 6. Correlation between parameters of LG’ soils.
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test, Dunn’s post-hoc comparisons with Holm adjustment were
performed to identify specific group differences,

Soils with high MDD exhibited significantly higher
RM values than those with low MDD (p = 0.0135). For
OMC, significant differences were found in both medium
vs. high and medium vs. low comparisons, reinforcing that
lower moisture content increases stiffness. Regarding fines
content, both the silt and clay fractions showed pronounced
contrasts: higher contents were consistently associated with
lower RM, particularly in low vs. medium comparisons (p
<0.001). Sand content also influenced RM, with significant
differences observed between the low vs. high and low vs.
medium groups (p < 0.05).

Figure 8 presents boxplots relating geotechnical variables
to PD, Kruskal-Wallis analysis revealed no statistically
significant differences among groups, MDD terciles yielded
H =491 (p = 0.0859), suggesting a moderate trend short
of the 5% threshold, OMC (p = 0.6802), silt (p = 0.9947),
clay (p=0.9455), and sand (p = 0.4241) show high p-values,
indicating no significant PD influence, Dunn’s post-hoc with
Holm adjustment found no significant pairwise PD differences
at the 5% level, The lowest adjusted p-value was 0.0918
(High vs, Medium MDD), indicating a non-significant trend,
All other adjusted p-values exceeded 0.58, confirming the

(a) by MDD Range

(b) by OMC Range

absence of contrasts, These findings align with the global
Kruskal-Wallis results and suggest that, in contrast to RM,
PD is not significantly influenced by individual geotechnical
variables.

4. Conclusion

The integrated analysis of the database, comprising
20 lateritic clay soils compacted under intermediate energy,
provided valuable insights into the interaction among physical
properties, MCT classification parameters, and mechanical
behavior under applied stress conditions. The characterization
demonstrated that, despite belonging to the same geotechnical
class, subtle variations in gradation, physical indices, and
compaction moisture significantly influence their elastic
and plastic responses, thereby highlighting the inherent
complexity of tropical soils.

The RM results exhibited a strong dependence on
the applied stress state. Higher stress ratios and increased
confining stress levels reduced RM variability, which improved
the reliability of resilient behavior representation. However,
the fact that some soils did not uniformly follow this trend,
even when classified as LG’ and compacted under the same
energy, underscores their intrinsic variability.
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Figure 7. Boxplots of RM values (all 240 values grouped) for compacted LG’ soils, stratified by terciles of continuous variables: (a)
MDD Range; (b) OMC Range; (c) Silt Content; (d) Clay Content; (e) Sand Content; and (f) Overall Distribution.
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Figure 8. Boxplots of permanent deformation values (all 180 values grouped) for compacted LG’ soils, stratified by terciles of continuous
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Pearson correlation analysis confirmed consistent
patterns, including the negative relationship between clay
fractions and RM and the positive influence of sand fractions
on the elastic response. Moreover, the inverse relationship
between maximum dry density and optimum moisture content
aligned with the classical behavior of compacted soils. These
findings reinforce that soil texture and compaction conditions
play a decisive role in material stiffness, and are strongly
associated with material stiffness, which is a key factor in
pavement layer performance under traffic loading.

Conversely, the Permanent Deformation (PD) results
exhibited substantial dispersion across the dataset, even
when grouped by stress pairs. This variability, although
partially inherent, may also stem from external factors
such as methodological differences between laboratories,
equipment calibration, sample handling procedures, and
operator influence. These factors emphasize the necessity
for strict standardization of testing methodologies and well-
established protocols to minimize experimental variability
and enhance result reliability.

The significant variability observed in the permanent
deformation (PD) results, even among soils of the same
classification and compaction energy, highlights intrinsic

limitations in global predictive models for this parameter.
Possible sources of this high dispersion may include external
factors not captured in the models, such as methodological
differences between laboratories, equipment calibration,
sample handling procedures, and operator influence.
Furthermore, while the statistical analysis identified strong
associations and significant influences of physical properties
on the resilient modulus (RM), the nature of the database
compilation (secondary data) and the statistical methods
used, such as Pearson’s correlation and Kruskal—Wallis tests,
do not establish a definitive causal link. Therefore, these
findings should be interpreted as reinforcing the importance
of integrated physical-mechanical characterization for
pavement design, recognizing the necessity for site-specific
experimental investigations to achieve the highest level of
reliability.

Therefore, understanding the mechanical behavior
of LG’ soils require a combination of detailed physical
characterization, representative laboratory testing, and
robust statistical analyses. The database developed advances
knowledge of compacted tropical soils and serves as a useful
tool to support future research and improve mechanistic-
empirical pavement design methodologies by providing
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parameters related to the variability of properties such as RM
and PD. These parameters can refine reliability-based analyses
but do not replace the need for site-specific experimental
investigations for each material to be effectively used.
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List of symbols and abbreviations

c’ Clay coefficients

d’ Correlation coefficient between specific mass and
humidity

e’ Laterization index

Resilient modulus parameters
Lateritic clay soils

MCT  Miniature, compacted, tropical
MDD  Maximum dry density

N Number of load cycles

OMC  Optimum moisture content

PD Permanent deformation

RM Resilient modulus

g, Specific permanent deformation

A Reference stress (atmospheric stress)
o, Confining stress

o, Deviator stress

v, Permanent deformation parameters
References

AASHTO T 307-99. (2021). Standard Method of Test for
Determining the Resilient Modulus of Soils and Aggregate
Materials. AASHTO - American Association of State
Highway and Transportation Officials, Washington.

Amare, M.D., Zoltan, T., Asaye, L.A., & Mahmood, Y.
(2025). Experimental study on the effect of stress and
water content on resilient modulus of unsaturated subgrade
soil: implications for pavement design. Arabian Journal
of Geosciences, 18(4), 100. https://doi.org/10.1007/
s12517-025-12246-w.

Carvalho, J.C., Rezende, L.R., Cardoso, F.B. da F., Lucena,
L.C. de F.L., Guimaraes, R.C., & Valencia, Y.G. (2015).
Tropical soils for highway construction: peculiarities and
considerations. Transportation Geotechnics, 5, 3-19.
https://doi.org/10.1016/.trgeo0.2015.10.004.

Coutinho, R., & Sousa, M. (2021). Analysis of the applicability
of USCS, TRB and MCT classification systems to the
tropical soils of Pernambuco, Brazil, for use in road paving.
In E. Tutumluer, S. Nazarian, 1. Al-Qadi, & I.I. Qamhia
(Eds.), Advances in Transportation Geotechnics IV (pp.
373-385). Cham: Springer. https://doi.org/10.1007/978-
3-030-77230-7_29.

Crispim, F.A., Lima, D.C., Schaefer, C.E.G.R., Silva, CH.C.,
Carvalho, C.C.B., Barbosa, P.S.A., & Brandao, E.H.
(2011). The influence of laboratory compaction methods
on soil structure: mechanical and micromorphological
analysis. Soils and Rocks, 34(1), 91-98. https://doi.
org/10.28927/SR.341091.

DallaRoza, A.E., Lima, C.D.A., & da Motta, L.M.G. (2018).
Avaliagao da correlagdo entre 0 mddulo de resiliéncia e
a classificagdo MCT de solos finos argilosos. In Anais
do 32° Congresso de Pesquisa e Ensino em Transportes
— ANPET (pp. 2064-2075). Gramado: ANPET.

DNIT 134. (2018a). Departamento Nacional de Infraestrutura
de Transportes: Pavimentagdo — Solos — Determinagdo
do modulo de resiliéncia — Método de ensaio. DNIT -
Departamento Nacional de Infraestrutura de Transportes,
Rio de Janeiro, RJ.

DNIT 179. (2018b). Departamento Nacional De Infraestrutura
De Transportes: Pavimentag¢do — Solos — Determinagdo
da deformagdo permanente — Instrugdo de ensaio. DNIT

Soil. Rocks, Sao Paulo, 2026 49(2):¢2026012425


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s12517-025-12246-w
https://doi.org/10.1007/s12517-025-12246-w
https://doi.org/10.1016/j.trgeo.2015.10.004
https://doi.org/10.1007/978-3-030-77230-7_29
https://doi.org/10.1007/978-3-030-77230-7_29
https://doi.org/10.28927/SR.341091
https://doi.org/10.28927/SR.341091

Gomes et al.

- Departamento Nacional de Infraestrutura de Transportes,
Rio de Janeiro, RJ.

DNIT 259. (2023). Departamento Nacional De Infraestrutura De
Transportes: Solos — Classifica¢do de solos finos tropicais
para finalidades rodovidrias utilizando corpos de prova
compactados em equipamento miniatura — Classificagdo.
DNIT - Departamento Nacional de Infraestrutura de
Transportes, Rio de Janeiro, RJ.

Dornelles, L.E., Santos, T.A., Oliveira, M.F., Damo, T.P,,
& Pinheiro, R.J.B. (2018). Analise comparativa entre a
classificacao MCT e o modulo de resiliéncia de solos da
regido de Santa Maria/RS. In Anais do 32° Congresso de
Pesquisa e Ensino em Transportes — ANPET (pp. 2076-
2087). Gramado: ANPET.

Fan, H., Zhang, J., & Zheng, J. (2024). Back-calculation
of nonlinear properties of subgrade using a new in situ
nondestructive testing approach based on loading sequence.
International Journal of Geomechanics, 4(10),04024235.
https://doi.org/10.1061/IIGNAL.GMENG-8699.

Freitas, J.B., Rezende, L.R., & Gitirana, G.F.N. (2020).
Prediction of the resilient modulus of two tropical subgrade
soils considering unsaturated conditions. Engineering
Geology, 270, 105580. https://doi.org/10.1016/].
enggeo.2020.105580.

Gomes, M.S., Guimaraes, A.R., & Marques, M.E.S. (2018).
Study of the influence of fines type on resilient behavior
of tropical soils for pavement use. /bero-American
Journal of Environmental Sciences, 9(5), 78-87. https://
doi.org/10.6008/CBPC2179-6858.2018.005.0008.

Guimaraes, A.C.R. (2009). Um método mecanitico-empirico
para a previsdo da deformagdo permanente em solos
tropicais constituintes de pavimentos [Doctoral thesis].
Federal University of Rio de Janeiro, Rio de Janeiro, RJ.

Hanandeh, S., Ardah, A., & Abu-Farsakh, M. (2020). Using
artificial neural network and genetics algorithm to estimate
the resilient modulus for stabilized subgrade and propose
new empirical formula. Transportation Geotechnics, 24,
100358. https://doi.org/10.1016/j.trge0.2020.100358.

Ikechukwu, A.F., Emeka, O., & Hassan, M.M. (2019). Resilient
Modulus Prediction of Subgrade Soil Using Dynamic
Cone Penetrometer. In S. Hemeda, & M. Bouassida (Eds.),
Contemporary Issues in Soil Mechanics, GeoMEast 2018,
Sustainable Civil Infrastructures. Cham: Springer. https://
doi.org/10.1007/978-3-030-01941-9 6.

Indraratna, B., Armaghani, D.J., Correia, A.G., Hunt, H., &
Ngo, T. (2023). Prediction of resilient modulus of ballast
under cyclic loading using machine learning techniques.
Transportation Geotechnics, 38, 100895. https://doi.
org/10.1016/j.trge0.2022.100895.

Khawaja, L., Muhammad, J.F., Usama, A., Loai, A., Ahmed,
B., & Alabduljabbar, H. (2024). Indirect estimation of
resilient modulus (MR) of subgrade soil: gene expression
programming vs multi expression programming. Structures,
66, 106837. https://doi.org/10.1016/j.istruc.2024.106837.

Lima, C.D.A., Morra, L.M.G., Guimardes, A.C.R., & Aragio,
F.T.S. (2018). Contribution to the study of Brazilian
tropical soils as pavement materials. In /3th ISAP
(International Society for Asphalt Pavements) Conference
on Asphalt Pavements, Fortaleza, Brasil. Milton Park:
Taylor & Francis.

Lima, C.D.A. (2020). Avalia¢do da deformagdo permanente
de materiais de pavimentagdo a partir de ensaios triaxiais
de cargas repetidas [ Doctoral thesis]. Federal University
of Rio de Janeiro, Rio de Janeiro, RJ.

Marangon, M. (2004). Proposicdo de estruturas tipicas de
pavimentos para regido de Minas Gerais utilizacdo solos
lateriticos locais a partir da pedologia, classifica¢do
MCT e resiliéncia [Doctoral thesis]. Federal University
of Rio de Janeiro, Rio de Janeiro, RJ.

Medrado, W.A. (2009). Caracterizagdo geotécnica de solo da
regido norte de Minas Gerais para aplicagdo em obras
rodovidrias [Master’s dissertation]. Federal University
of Ouro Preto, Ouro Preto, MG.

Nogami, J.S., & Villibor, D.F. (1995). Pavimentagdo de
baixo custo com solos lateriticos. Sdo Paulo: Villibor.

Norback, C. (2018). Caracterizagdo do modulo de resiliéncia
e da deformagdo permanente de trés solos e misturas
solos-brita [Master’s dissertation]. Federal University
of Rio de Janeiro, Rio de Janeiro, RJ.

Onyelowe, K.C., Ebid, A.M., Aneke, F.I., & Nwobia, L.I.
(2023). Different Al predictive models for pavement
subgrade stiffness and resilient deformation of geopolymer
cement-treated lateritic soil with ordinary cement
addition. International Journal of Pavement Research and
Technology, 16(5), 1113-1134. https://doi.org/10.1007/
s42947-022-00185-8.

Pascoal, P.T. (2020). Estudo da influéncia da compactagdo no
comportamento resiliente e deformagdo permanente de solo
lateritico do Rio Grande do Sul [Master’s dissertation].
Federal University of Santa Maria, Santa Maria, RS.

Pascoal, P.T., Sagrilo, A.V., Baroni, M., Specht, L.P., &
Pereira, D.D.S. (2021). Evaluation of the influence of
compaction energy on the resilient behavior of lateritic
soil in the field and laboratory. Soils and Rocks, 44(4),
€2021071321. https://doi.org/10.28927/SR.2021.071321.

Pascoal, P.T., Sagrilo, A.V., Baroni, M., Specht, L.P., &
Pereira, D.S. (2023). Lateritic soil deformability regarding
the variation of compaction energy in the construction of
pavement subgrade. Soils and Rocks, 46(3), €2023009922.
https://doi.org/10.28927/SR.2023.009922.

Pascoal, P.T. (2024). Deformabilidade de subleitos de trechos
monitorados da BR 116/RS considerando variacées de
umidade em laboratorio e campo [Doctoral thesis]. Federal
University of Santa Maria, Santa Maria, RS.

Pezo, R.F., Claros, G., Hudson, W.R., & Stokoe Ii, K.H.
(1992). Development of reliable resilient modulus test
for subgrade and non-granular subbase materials for
use in routine pavement design. Austin, TX: Center of
Transportation Research.

Soil. Rocks, Sdo Paulo, 2026 49(2):¢2026012425


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1061/IJGNAI.GMENG-8699
https://doi.org/10.1016/j.enggeo.2020.105580
https://doi.org/10.1016/j.enggeo.2020.105580
https://doi.org/10.6008/CBPC2179-6858.2018.005.0008
https://doi.org/10.6008/CBPC2179-6858.2018.005.0008
https://doi.org/10.1016/j.trgeo.2020.100358
https://doi.org/10.1007/978-3-030-01941-9_6
https://doi.org/10.1007/978-3-030-01941-9_6
https://doi.org/10.1016/j.trgeo.2022.100895
https://doi.org/10.1016/j.trgeo.2022.100895
https://doi.org/10.1016/j.istruc.2024.106837
https://doi.org/10.1007/s42947-022-00185-8
https://doi.org/10.1007/s42947-022-00185-8
https://doi.org/10.28927/SR.2021.071321
https://doi.org/10.28927/SR.2023.009922

A study on the deformability behavior of clayey lateritic soils through statistical and correlational analysis

Sadrossadat, E., Heidaripanah, A., & Ghorbani, B. (2018).
Towards application of linear genetic programming for
indirect estimation of the resilient modulus of pavements
subgrade soils. Road Materials and Pavement Design,
19(1), 139-153. https://doi.org/10.1080/14680629.201
6.1250665.

Santos, T.A. (2020). 4 influéncia da suc¢do na deformabilidade
de subleitos rodoviarios: efeitos da varia¢do de
umidade, método de compactagdo e génese dos solos
[Doctoral thesis]. Federal University of Santa Maria,
Santa Maria, RS.

Schreinert, G.G. (2021). Estudo do comportamento mecanico
de solos residuais para emprego em pavimentagdo
[Master’s dissertation]. Federal University of Rio Grande
do Sul, Porto Alegre, RS.

Shah, A., Thaker, T., Shukla, V., & Ranpura, P. (2024).
Efficient predictive modeling of resilient modulus in

stabilized clayed soil using automated machine learning.
Construction & Building Materials, 6, 137678. https://
doi.org/10.1016/j.conbuildmat.2024.137678.

Shapiro, S.S., & Wilk, M.B. (1965). An analysis of variance
test for normality (complete samples). Biometrika, 52(3-4),
591-611. https://doi.org/10.1093/biomet/52.3-4.591.

Sousa, M.A.S., Coutinho, R.Q., & Motta, L.M.G. (2021).
Analysis of the unsaturated behavior of compacted
lateritic fine-grained tropical soils for use in transport
infrastructure. Road Materials and Pavement Design,
24(1), 31-58. https://doi.org/10.1080/14680629.2021.
2009008.

Villibor, D.F., & Alves, D.M.L. (2019). Pavimenta¢do de
baixo custo para regides tropicais: projeto e constru¢do:
novas consideragées. Florianopolis: Tribo da Ilha.

Villibor, D.F., & Nogami, J.S. (2009). Pavimentos econémicos.
tecnologia do uso de solos finos. Sao Paulo: Arte & Ciéncia.

Soil. Rocks, Sao Paulo, 2026 49(2):¢2026012425


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/14680629.2016.1250665
https://doi.org/10.1080/14680629.2016.1250665
https://doi.org/10.1016/j.conbuildmat.2024.137678
https://doi.org/10.1016/j.conbuildmat.2024.137678
https://doi.org/10.1093/biomet/52.3-4.591
https://doi.org/10.1080/14680629.2021.2009008
https://doi.org/10.1080/14680629.2021.2009008

