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ABSTRACT

Introduction. Tensile cracking can affect the stability and performance of geotechnical
structures, particularly when tensile failure mechanisms develop in soil masses. Objective.
To establish a correlation between oc and otin soils through laboratory testing and numerical
modeling. Materials and Methods. Unconfined compression and indirect tensile tests
were conducted on three predominantly sandy soils with different fines contents. Numerical
simulations were performed to reproduce the stress conditions of both tests, and statistical
analyses were applied to evaluate the relationship between oc and ot. Results. Tensile
strength (ot) was significantly lower than compressive strength (oc), ranging between
17% and 19% of oc. A positive linear relationship was identified between both parameters,
with high correlation and determination coefficients. Numerical simulations showed good
agreement with experimental data. Conclusions. A correlation equation between oc and ot
is proposed for the analyzed soils, allowing the indirect estimation of tensile strength from
compressive strength values. Its applicability is limited to soils with characteristics similar to
those studied.

RESUMEN

Introduccién. La formacién de grietas por traccién puede afectar la estabilidad y el
desemperio de estructuras geotécnicas, particularmente cuando se desarrollan mecanismos
de falla por traccién en masas de suelo. Objetivo. Establecer una correlacién entre la
resistencia a compresién (oc) y la resistencia a traccién (ot) en suelos, basada en ensayos
de laboratorio y modelacién numérica. Materiales y métodos. Se realizaron ensayos de
compresion simple y traccién indirecta en tres suelos predominantemente arenosos con
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INTRODUCTION

Because the tensile strength of soils (ot) is low compared to their compressive strength (oc), it is often neglected
in the development of geotechnical methods and studies. However, in recent geotechnical applications, well-
established reinforcement methods used in concrete have been adopted to improve the mechanical (strength)
and elastic properties of materials such as soils and asphalt mixtures. These methods include the incorporation
of reinforcements such as natural and synthetic fibers, as well as polypropylene macrofibers and microfibers” ),
primarily to increase ot, thereby reducing failures and associated effects, such as the initiation and propagation
of tensile cracks. In specific cases, ot must be explicitly considered®. One such case is slope stability involving
tension cracks. Prior to a landslide, structures may exhibit multiple fissures, foundation settlement, and
cracks on the slope surface that develop rapidly”. The evolution of landslides has been closely linked to the
development of tension cracks®. In engineering practice, it has been observed that, before failure, cracks tend
to appear in the upper part of embankments or slopes. These cracks allow rainwater infiltration, increasing
lateral tensile stresses and destabilizing effects. Current slope stability analysis methods may therefore require
revision, as the most critical conditions arise when tension cracks are considered”. Not only shear stresses but
also tensile stresses—which cannot be disregarded—contribute to the formation of the failure surface and the
development of tension cracks. Furthermore, tension cracks have been identified as a significant issue for slope

stability”).

The presence of tension cracks significantly increases the stresses within the soil mass and, consequently, slope
instability""". The tensile strength ot is commonly explained in terms of interparticle cohesion, which can be
divided into real and apparent cohesion, based on conventional tests and analytical developments, although
no explicit expression for ot is provided”?. In contrast, ot has been estimated by relating it to the uniaxial

compressive strength, thereby simplifying testing procedures?

). Similarly, ot has been assessed indirectly using
uniaxial compression testing equipment. To assess ot, both direct and indirect testing methods have been
employed. Direct methods require complex laboratory equipment available in very few facilities, whereas
indirect methods provide an alternative means for estimating this parameter. Direct testing methods typically
involve pneumatic suction techniques to generate vacuum conditions and induce tensile failure. Given the
difficulty of directly measuring ot, an alternative approach involves laboratory tests in which tensile stresses are
applied indirectly using equipment commonly available in soil mechanics laboratories. This involves indirect
compression or tensile tests to estimate ot. Another approach consists of employing numerical methods,

which are widely used in geotechnical engineering*~*”

, to simulate these tests and establish the required
correlations. The comparison of the mechanical and hydraulic behavior of soils in applied geotechnics—based
on laboratory and field tests (traditional and/or conventional methods)—with results obtained from numerical
models has become increasingly common in recent years, with extensive supporting literature available®.
Likewise, correlations of geotechnical parameters based on physical laboratory or field tests have been widely
reported”” . However, the estimation of soil mechanical or hydraulic properties through an integrated
experimental-numerical approach remains underdeveloped. Therefore, to provide novel, rapid, and reliable

tools for geotechnical analysis, this study addresses the following research questions: Are the values of oc and ot
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obtained from laboratory tests comparable to those derived from numerical modeling? Is it possible to establish

a reliable correlation between oc and ot?

To address these questions, and to incorporate ot (structural strength) into geotechnical analysis, this study
proposes the use of the unconfined compression test and the indirect tensile test. This approach enables the
establishment of correlations between compressive and tensile stresses for certain soils. The laboratory results,
once the mechanical behavior of the soil has been characterized, can be modeled to validate the compression-
tension relationship and extend its applicability to other soil types. The main scientific contribution of this
study lies in the development of correlation equations between oc and ot for the analyzed soils, based on
both experimental testing and numerical modeling within a deterministic framework. This demonstrates the
feasibility of an experimental-numerical approach for characterizing soil behavior. Furthermore, a general
procedure is proposed for establishing such correlations in soils with characteristics and properties different

from those considered in this study.
MATERIALS AND METHODS

Samples

To obtain a representative range of soils, samples were collected from three locations in Mérida State, Venezuela:
two in the Libertador municipality and one in the Sucre municipality. The selected sites were Alto Prado Sector,
Pie del Tiro Sector, and Lagunillas. (Table 1) presents the sampling locations, as well as the mechanical and

elastic properties of the soils.

Table 1. Sample location and mechanical and elastic properties of the soil

Sample 1 2 3
. Pie del .
Location Alto Prado Ti Lagunillas
iro
Particle size test
G (%) 0.00 0.00 24.71
S (%) 53.86 61.22 54.12
F (%) 46.15 38.78 21.71
Consistency limits
ol (%) 26.63 25.06 21.09
wp (%) 22.57 19.88 14.48
PI (%) 4.06 5.18 6.61
USCS SM SC SC
o (%) 11.00 11.00 7.00
w(lb/in3)  7.26x102  7.07x102  7.21x102
C (Ib/in?) 3.21 2.77 408
3 () 34.00 31.00 31.00
E (Ib/in 2) 2000.00 2000.00 2000.00
\Y 0.35 0.35 0.35

* G: percentage of gravel, S: percentage of sand, F: percentage of fines, wl: liquid limit, wp: plastic limit, PI: plastic index, USCS:
unified soil classification system, w: moisture content, yh: wet unit weight, C: cohesion of the material, &: angle of internal friction,
E: modulus of elasticity, v: Poisson’s ratio, respectively
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Experimental and Numerical Program

This study combined experimental testing and numerical modeling to evaluate the behavior of soils under
tensile and compressive stress conditions. Laboratory tests were used to obtain strength and elastic properties,
while numerical simulations were performed to reproduce the stress states of the specimens and support the

development of correlations between tensile strength and unconfined compressive strength.
Experimental evaluation of soil behavior under tensile and compressive stresses

A total of sixty (60) specimens were prepared for each soil type. Standard characterization tests were conducted
to determine mechanical and elastic properties, including unit weight, specific gravity, moisture content,
grain size distribution, and consistency limits. Soil classification was performed according to the Unified Soil
Classification System (USCS). Unconfined compression tests were carried out to obtain the compressive

strength (oc), while indirect tensile tests were performed to estimate the tensile strength (ot).
Statistical analysis

The statistical analysis was performed to evaluate the relationship between compressive strength (oc) and tensile
strength (ot). First, data normality was assessed using the Kolmogorov—Smirnov test at a significance level of
o = 0.05. Pearson’s linear correlation coefficient (rxy) was then calculated analytically and using R-Studio for
each soil sample and for the combined dataset. Finally, the coefficient of determination (R*) was obtained to

quantify the proportion of shared variability between oc and ot.
Numerical modeling of soil behavior

In geotechnical engineering, the Mohr—Coulomb failure criterion is widely used to represent soil behavior,
assuming an elastoplastic response. This criterion describes shear strength as a function of cohesion (C) and
the angle of internal friction (&), and defines failure when the shear stress () reaches the shear strength of the
material®*?. The Finite Element Method (FEM) enables the analysis of stress—strain behavior under complex
conditions and is commonly applied in geotechnical problems where traditional methods, such as the Limit
Equilibrium Method (LEM), present limitations. Applications include slope stability and foundation analysis.
In this study, the Mohr—Coulomb failure criterion and FEM were adopted as the primary modeling tools***>).
A cylindrical specimen was modeled using the commercial software Abaqus 6.13, based on FEM. The
mechanical and elastic properties obtained from laboratory tests were assigned to the model. An elastoplastic
Mohr-Coulomb constitutive model was defined, along with the corresponding analysis steps and increments.
The model was discretized through meshing, and appropriate boundary conditions were applied. Loads were

then imposed to reproduce the stress states of the laboratory tests, allowing the determination of compressive

and tensile failure stresses, corresponding to oc and ot, respectively.
Unconfined compression test model

The numerical model was subjected to stress conditions equivalent to those of the unconfined compression
test, where the minor principal stress was zero (o3 = 0) and the major principal stress corresponded to the

compressive strength (o1 = oc). For all samples, the cylindrical specimen used in the model had a diameter of
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2.07 in and a height of 4.07 in. The simulation results were obtained as contour plots (color maps), from which

the compressive strength (o4 = oc) was determined.
Indirect tensile test model

The model was subjected to stress conditions equivalent to those of the indirect tensile test, where the major
principal stress was zero (o1 = 0) and the minor principal stress corresponded to the tensile strength (o5 = ot).
For all samples, the cylindrical specimen used in the model had a diameter of 2.067 in and a height of 2.370 in.
From the numerical results, the stress distribution was obtained, and o5 was determined through parametric

relationships, corresponding to the tensile strength (ot).
Correlation between tensile and compressive strength

Soil behavior under tensile and compressive stresses was evaluated through laboratory testing and numerical
simulation. After performing unconfined compression and indirect tensile tests on the sixty (60) specimens
for each soil type, and completing the corresponding simulations, cc—ot relationships were established for
each material. Based on these results, correlation equations between tensile and compressive strengths were

developed.
RESULTS
Experimental strength results

The compressive strength (oc) and tensile strength (ot) were obtained from sixty (60) specimens tested for each

soil sample. The average values obtained from the laboratory tests are presented in (Table 2).

Table 2. Compressive and tensile strength of soil (average values determined in the laboratory).

o. ot Standard  Standard
Sample (kg/cm ?)/(Ib/in 2)  (kg/cm ?)/(Ib/in 2) o=%oc. deviation deviation
Average average (CA) (c9)

1 1.628 /23.156  -0.288/ -4.096  17.68 0.037 0.008
2 1.284/18.263  -0.221/ -3.143  17.21 0.030 0.006
3 1.596/22701  -0.291/ -4.139  18.19 0.035 0.007

The relationship between compressive strength and tensile strength for the different soil materials is shown in
(Figure 1). Based on the evaluation of different trend options, a linear trend line was selected as the best fit to
the observed behavior. Equation (1) presents the correlation between oc and ot for samples 1, 2, and 3, with
a coefficient of determination of R* = 0.9794. This correlation allows tensile strength to be estimated from

compressive strength for soils with similar characteristics, enabling its consideration in geotechnical analyses.
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Figure 1. Relationship between compressive strength (0°c) and tensile strength (0't) for samples 1, 2, and 3.
Equation 1 o = —(0.2059 g, + 0.04)

Statistical correlation analysis (oc—ot)

The normality analysis showed different distribution patterns among the soil samples and the grouped
dataset, as summarized in (Table 3). Pearson’s correlation coefficients between cc and ot were then calculated
for each sample and for the combined dataset, with the results presented in (Table 4). The corresponding
coefficients of determination (R*), used to quantify the proportion of shared variability between both
variables, are shown in (Table 5).

Table 3. Normality analysis using the Kolmogorov—Smirnov test (oc and ot)

Sample 1 2 3 1,2,and 3
p—vdlor(O'C) 0.96810 0.20530 0.00159 2.2x10'¢
pvalono,) 0.02632 0.06417 0.00023 2.2x101¢

Table 4. Pearson’s linear correlation coefficient between oc and ot

Sample 1 2 3 1,2,and 3
N 60 60 60 180
X 1.6283 1.2844 1.5964 1.5030
Y 0.2881 0.2211 0.2905 0.2666
Sx 0.0368 0.0345 0.0299 0.1588
Sy 0.0059 0.0062 0,0059 0.0327

Iy (1) 0.9257 0.8984 0.9145 0.9896
Iy (2) 1.0000 0.9999 1.0000 0.9997
Iy (3) 0.9257 0.8985 0.9144 0.9896

t 18.633 15.583 17.213 91.221
pvalor <2.2x107¢ <2.2x107¢ <2.2x10™"¢ <2.2x107"
a 0.05 0.05 0.05 0.05

*N: sample size, X: arithmetic mean of compressive strength, ¥: arithmetic mean of tensile strength, S : standard deviation of compressive
strength, S : standard deviation of tensile strength, r_ (1): Pearson’s linear correlation coefficient (direct scores), r_(2): Pearson’s linear
correlation coefficient (differential scores), r_ (3): Pearson’s linear correlation coefficient (standardized scores), t: test statistic for the
rejection region, p-value: area to the right of the test statistic, a: level of significance (error).
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Table 5. Coefficient of determination (R*) between oc and ot
I R? R? R?
amele ) @ @)
1 0.8569 0.9999 0.8569
2 0.8073 0.9998 0.8073
3 0.8362 0.9999 0.8362
1,2,and3 0.9794 0.9994 0.9794

Numerical modeling results

Unconfined compression test model

The numerical simulation results for sample 1, including the applied loads, mesh discretization, and resulting
stress distribution, are presented in (Figure 2).

Figure 2. (a)Applied loads (o3 = 0, 01 = oc¢); (b) mesh discretization; (c) resulting stresses. Unconfined
compression test, Sample 1 (Abaqus 6.13).

Indirect tensile test model

The numerical simulation results for sample 1 under indirect tensile conditions include the applied loads, mesh

discretization, and resulting stress distribution, as shown in (Figure 3).

Figure 3. (a) Applied loads (o3 = at, o1 = 0); (b) mesh discretization; (c) resulting stresses. Indirect tensile test, Sample
1 (Abaqus 6.13).

Comparison between laboratory and simulation results

After performing the simulations using the commercial modeling program, the compressive strength (oc)

and tensile strength (ot) obtained from both laboratory tests and numerical simulations are presented in
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(Table 6). Additional simulations were conducted under triaxial stress conditions for comparison purposes.
For compressive strength, 03 = 0 and o1 = oc were applied, whereas for tensile strength, o1 = 0 and o3 = ot were

considered.

Table 6. Compressive and tensile strengths obtained from laboratory tests and numerical simulations

Ot
Oe Oc 2 Ct _
(kg/em?) (b/in?) *&™) (bjiny =60
1 Laboratory 1.628 23.156 -0.288 -4.096 17.68

Simulation 1.633 23.230 -0.288 -4.096 17.63

Sample Mode

DISCUSSION

The soils analyzed are predominantly sandy, with the presence of silt and clay fractions. The specimens were
prepared at a moisture content that allowed the formation of tensile cracks to be visually identified during
the indirect tensile test. Regarding the results, (Table 6) shows that tensile strength is significantly lower than
compressive strength, with ot ranging between 17% and 19% of oc. This proportion is consistent across all
analyzed samples. The normality analysis (Table 3) indicates that, in most cases, the p-value is lower than the
significance level (a = 0.05), leading to the rejection of the null hypothesis (Ho). Therefore, the data do not
follow a normal distribution. This behavior is more evident when all samples are considered together to establish
a single correlation. The scatter plot in (Figure 1), corresponding to the combined dataset, shows a positive
linear relationship between oc and ot, although with some dispersion. This indicates that the relationship
is not perfectly linear, as some values deviate from the fitted trend. To quantify this relationship, Pearson’s
linear correlation coefhicient (rxy) was used. The results presented in (Table 4), show values greater than 0.9,
indicating a strong linear relationship between oc and ot. Additionally, in all cases, the p-values are lower than
the significance level (o = 0.05), leading to the rejection of the null hypothesis (rxy = 0) and confirming that
the variables are linearly related. The coefficient of determination (R*) further supports this relationship,
indicating that a high proportion of the variability in ot can be explained by oc. As shown in (Table 5), high R?
values are obtained both for individual samples and for the combined dataset. Based on these results, a single
correlation between compressive strength (oc) and tensile strength (ot) can be established using the combined
dataset of the three soil samples. This relationship is represented by Equation (1) and (Figure 1). The observed
proportion between ot and oc (17-19%) reflects the mechanical response of the analyzed soils and provides a
consistent basis for interpreting their behavior.

In this context, tensile strength in soils is generally much smaller than compressive strength and plays a key role

in crack initiation and propagation®**”). However, its determination remains challenging, as no consensus exists
regarding the most suitable testing method, and different experimental approaches may lead to significantly
different results®®. Conventional methods, such as direct tensile tests and Brazilian tests, present limitations
related to stress distribution, specimen preparation, and loading conditions, which can influence the measured

tensile strength values” . In addition, tensile strength has been shown to be strongly influenced by factors such
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as water content, soil microstructure, and deformation behavior, contributing to its variability*. Therefore, ot
is not only dependent on soil properties but also on the testing methodology adopted, any relationship between
ot and oc should be interpreted within the context of the material characteristics, testing methodology, and
experimental conditions considered in each study. The comparison between laboratory and numerical results
(Table 6) shows a close agreement between both approaches, with differences that are small relative to the

magnitude of the measured values.

Finally, it should be noted that the differences between the analyzed materials are relatively small and do not
significantly affect the proposed correlation for geotechnical applications. However, the applicability of the
proposed oc—ot correlation is limited to soils with characteristics similar to those analyzed in this study. Since
only three predominantly sandy soils with different fines contents were evaluated, additional tests on soils with
different gradations, plasticity levels, moisture conditions, and densities are required to extend the scope of the
correlation. Furthermore, the numerical results are influenced by the assumptions of the adopted constitutive
model; therefore, the proposed procedure should be validated under other soil types and testing conditions
before being generalized. These aspects are consistent with the variability reported in the literature and reinforce

the need to interpret the proposed correlation within its specific experimental framework.

CONCLUSIONS

Laboratory testing allowed the determination of compressive strength (oc) and tensile strength (ot) for
the analyzed soils. The results confirm that tensile strength is significantly lower than compressive strength,
although it becomes relevant in conditions where tensile failure mechanisms develop, such as the formation of

cracks in slopes.

The main contribution of this study is the establishment of a correlation between oc and ot (Equation 1)
for the analyzed soils, supported by both experimental results and numerical modeling. This relationship
enables the estimation of tensile strength from commonly obtained compressive strength values, facilitating

the incorporation of ot into geotechnical analyses when required.

The proposed correlation is applicable to soils with characteristics similar to those studied and should be used
with caution for different materials. In such cases, the procedure presented in this study can be followed to

obtain an appropriate correlation adapted to the specific soil conditions.

RECOMMENDATIONS

Due to the inherent variability of soils and their dependence on origin and formation conditions, the correlation
proposed in this study (Equation 1) is directly applicable to the analyzed soils and to materials with similar
characteristics. For soils with different properties, it is recommended to establish a specific correlation between
compressive strength (oc) and tensile strength (ot) based on experimental testing. This involves appropriate
field exploration, soil characterization, and the determination of oc and ot through standardized laboratory
tests, followed by regression analysis to define the best-fit relationship between both parameters. In addition,

numerical modeling can be used as a complementary approach to evaluate the relationship between cc and
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ot. The use of finite element methods, combined with suitable constitutive models and boundary conditions,
allows the simulation of both compressive and tensile tests and provides an alternative means for establishing
correlations between these parameters. Alternatively, triaxial modeling may be employed to estimate compressive
and tensile strengths under controlled stress conditions, which can also be used to derive oc—ot relationships

consistent with the material behavior.
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