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In Brazil and various regions globally, the initiation of landslides is frequently
associated with rainfall; yet the spatial arrangement of geological structures
and stratification considerably influences landslide occurrences. The multi-
faceted nature of these influences makes the surveillance of mass movements
a highly intricate task, requiring an understanding of numerous interdepen-
dent variables. Recent years have seen an emergence in scholarly research
aimed at integrating geophysical and geotechnical methodologies. The con-
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joint examination of geophysical and geotechnical data offers an enhanced
perspective into subsurface structures. Within this work, a methodology is
proposed for the synchronous analysis of electrical resistivity geophysical
data and geotechnical data, specifically those extracted from the Light Dy-
namic Penetrometer (DPL) and Standard Penetration Test (SPT). This study
involved a linear fitting process to correlate resistivity with N10/SPT N-values
from DPL/SPT soundings, culminating in a 2D profile of N10/SPT N-values
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predicated on electrical profiles. The findings of this research furnish inva-
luable insights into slope stability by allowing for a two-dimensional repre-
sentation of penetration resistance properties. Through the synthesis of geo-
physical and geotechnical data, this project aims to augment the comprehen-
sion of subsurface conditions, with potential implications for refining landslide
risk evaluations. This endeavor offers insight into the formulation of more
effective and precise slope management protocols and disaster prevention
strategies.

Keywords

Geophysics, Geotechnical Data, Electrical Resistivity Method, Standard
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1. Introduction

In Brazil, as well as in other parts of the world, while many landslide events are
triggered by rainfall, the distribution of geological structures and layers plays a
fundamental role in landslide occurrence. This complexity makes the monitor-
ing of mass movements extremely challenging, as the processes leading to
landslides are intricate and dependent on numerous variables for a comprehen-
sive understanding. Consequently, extensive research has focused on integrating
geophysical and geotechnical methods [1]-[10] and utilizing registered software
tools [11]-[17] to address these challenges.

In geotechnical studies, direct methods for site investigations are more wide-
spread. These methods include boring boreholes, taking undisturbed and/or
disturbed samples, and conducting field and laboratory tests. In general, these
techniques involve punctual analyzes along the depth and are used to determine
soil parameters.

In order to have a complete understanding of the dynamics involved in mass
movements, the use of indirect methods, such as geophysical investigation, is
advantageous. These methods provide a spatial distribution of the subsurface
and, in combination with direct methods, can be used to estimate the soil para-
meters in a faster way, eliminating the limitations of both methods. [3] [4] [5]
[6] used the results of geophysical tests to improve the interpretation of the geo-
logical-geotechnical profile of a mass movement. Overall, the data obtained al-
lowed well definition of the instability zone depth.

Evaluating the Standard Penetration Test (SPT) associated with geophysical
investigations, [1] emphasizes that the electrical resistivity tomography method
showed great potential for extrapolating data from SPT surveys, remedying the
deficiency in the complete structural characterization in civil engineering projects.
[8] obtained a strong correlation between NSPT values and electrical resistivity,

which indicates that variations in the electrical resistivity of soil are directly re-
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lated to soil stiffness. [10] identified a linear correlation between electrical resis-
tivity and NSPT in the investigation of a bridge foundation site. The correlation
performed from the simple linear regression showed that the fitted linear slopes
were influenced by the lithology and the clay content.

Within this framework, the present project introduces the development of a
methodology designed for the collaborative analysis of geophysical data, derived
from electrical resistivity surveys, and information from the Light Dynamic Pe-
netrometer (DPL) and Standard Penetration Test (SPT). The combination of
geophysical and geotechnical data aspires to afford exhaustive insights into slope
behavior and the underlying mechanisms precipitating mass movements. This
integrative approach anticipates contributing to the refinement of landslide risk
assessments and the bolstering of readiness for potential hazards, thereby ele-
vating safety protocols and decision-making in the administration of landslide-
susceptible zones such as those in Campos do Jorddo. Such advancements are
instrumental in augmenting our comprehension of mass movement processes
and enriching the knowledge possessed by the Cemaden Operational Room op-
erators monitoring the slopes. The specific area of focus for this project is Cam-
pos do Jordao, identified as one of the critical regions with available geotechnical
data.

2. Study Area—Campo do Jordao/SP

Campos do Jordao, situated in the state of Sdo Paulo, is a high-altitude munici-
pality beleaguered by multiple landslide-prone regions. The city’s tropical locale,
aggravated by impromptu urban expansion, has induced geological vulnerabili-
ties, heightening its susceptibility to landslides. Anthropogenic activities, com-
pounded by the region’s intense rainfall, contribute to slope instability. A syner-
gistic effect of soil characteristics, water pore pressure, vegetative cover, and cli-
matic conditions cultivate an environment with pronounced landslide potential.
Urban growth acceleration has augmented the risk, primarily driven by con-
struction activities and alterations in soil conditions via excavation and em-
bankments. A total of 97 events between 1999 and 2013, inclusive of 51 landslides
across 43 city districts, have motivated the compilation of an extensive disaster
database. The intersection of geographic factors, climatic conditions, and urba-
nization dilemmas necessitates vigilant landslide monitoring and risk assessment
to preserve the welfare and safety of Campos do Jordao’s populace. An anticipa-
tory strategy is essential for efficacious disaster management and preclusion with-
in the region.

In the municipality, surveys were conducted at two proximate locations, se-
parated by less than 500 m in the Vila Britania neighborhood (Figure 1(a)). Study
Site 1 encompassed an Electrical Resistivity Tomography (ERT) profile extend-
ing 17.75 m, coupled with three survey points employing the Light Dynamic Pe-
netrometer (DPL) method, reaching depths of up to 3 m at 10 cm intervals along
the profile line (Figure 1(b)). Conversely, Study Site 2 involved an ERT of 170
m, supplemented by a Standard Penetration Test (SPT) sounding (Figure 1(c)).
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Figure 1. Geophysical and geotechnical survey sites are depicted for the Vila Britdnia
neighborhood in Campos do Jordio (a), with zoom views of Study Site 1 (b) and Study
Site 2 (¢).

3. Geotechnical Methods: DPL and SPT

Among the vital instruments for evaluating landslides, Geotechnical Investiga-
tions stand out prominently, encompassing both field tests and laboratory expe-
riments. These investigations yield precise data and ascertain soil characteristics
across the designated study area. Although widely applied and characterized by
reliable results, these methods do carry certain disadvantages, such as being de-
structive, necessitating ground boring, and being restricted to specific points [8].

The Dynamic Penetrometer Light (DPL), as modified by [18], is a tool re-
nowned for its simplicity and lightweight design, conferring exceptional mobili-
ty. According to [19], the DPL test yields results in the form of the number of
blows required for every 10 cm of penetration. These values, which vary with
depth, indicate soil strength along the profile, analogous to the interpretation
provided by the Standard Penetration Test (SPT).

In comparison to other field tests, the DPL is advantageous for its ease of
transport and its suitability for installation in confined spaces. Moreover, it is
recognized for being environmentally benign. Unlike a sampler, the DPL cone is
solid, excluding the containment of air, water, or soil, thereby facilitating an ob-
jective resistance measurement [19].

In the current study, the field test was conducted with some variations from
the procedure recommended by [20]. Specifically, the test was initiated without a

predrilled hole, measuring 12 cm in depth and 5 cm in diameter. The DPL was
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assembled and aligned using a polyurethane cushion. A metal clamp affixed to a
rubber placed on the surface of the guide rod ensured a consistent drop height
for the hammer, limiting the drop to a maximum of 50 cm. The DPL was driven
to a depth of 3 meters, with the number of blows counted every 10 cm of driving,
denoted as N10.

The Standard Penetration Test (SPT), a common in-situ test within Geotech-
nical Investigations, serves to delineate soil layers, pinpoint water level positions,
and obtain the N value, representing the cumulative number of blows required
for 0.3 meters of penetration. The test involves driving a split-barrel sampler at
the base of the borehole to procure a representative, though disturbed, soil sam-
ple for identification purposes and to measure the soil’s resistance to sampler
penetration [21].

In geotechnical studies, the NSPT value is used as an indicator of soil shear
strength and stiffness. Although some deficiencies, SPT is the most dominant
in-situ test for soil investigation in Brazil and many other countries in South
America [1].

Within the framework of this study, three Dynamic Penetrometer Light (DPL)
surveys were conducted, reaching depths of up to 3 meters along the corres-
ponding geophysical profile (Figure 2(a)). Concurrently, the Standard Penetra-
tion Test (SPT) was performed until a depth of 24 meters, where an encounter

with impenetrable material halted further progression (Figure 2(b)).

4. Geophysical Method: Electrical Resistivity

In this study, the electrical resistivity geophysical method was utilized as a non-
invasive technique for probing subsurface conditions, based on the inherent elec-
trical properties of ground materials. Recognized for its applications in diverse

fields including environmental and engineering research, hydrogeology, mineral

Figure 2. Photographs of the Dynamic Penetrometer Light (DPL) surveys (a) and Stan-
dard Penetration Test (SPT) surveys (b) conducted in the city of Campos do Jordao.
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exploration, and archaeological investigations, this method concentrates on de-
termining the distribution of electrical resistivity beneath the surface. The pro-
cedure entails the injection of a controlled electric current into the earth using a
pair of electrodes functioning as the current source. An additional set of elec-
trodes, termed potential electrodes, are positioned at a determined distance from
the current source to gauge the voltage resulting from the injected current. By
implementing varying electrode configurations and placements, a collection of
data points is acquired, enabling the construction of 1D/2D/3D electrical resis-
tivity images that depict the subsurface resistivity pattern. Specifically, within the
scope of this research, two Electrical Resistivity Tomography (ERT) surveys were
carried out to create a 2D profile.

The initial profile (Study Site 1) was executed utilizing a dipole-dipole array
with a spacing of 0.25 m between electrodes, facilitated by a Syscal Pro resistivity
meter outfitted with a 72-channel intelligent electrode system. This arrangement
spanned a total length of 17.75 m (Figure 3(a)). The subsequent profile was
conducted with the Syscal Pro resistivity meter as well, though without the in-
corporation of intelligent electrodes. This configuration employed a dipole-dipole
array, encompassing three overlapping profiles with electrode spacings of 5 m,

10 m, and 20 m, culminating in a total electrode opening of 180 m (Figure 3(b)).

5. Applied Integration Methodology

The integration approach developed within this research is designed to formu-
late a correlation between the electrical resistivity values gathered from the geo-
physical survey and the N10 (DPL) and N-values (SPT). To establish this con-
nection, a curve fitting is performed, with one axis depicting the decimal loga-
rithm of the electrical resistivity values, and the other axis representing the cor-
responding N10 or N-values. The use of the decimal logarithm for electrical re-
sistivity is a deliberate choice to temper the broad range of values inherent in
this property. This decision was informed by the fact that resistivity values can
span two decimal places, whereas N10 values exhibit fluctuations on a far more
limited scale, varying by only a few units. The procedure initiates with the soft-
ware determining the electrical resistivity along the profile at each geotechnical
measurement point. This comprehensive integration strategy ensures a cohesive
synthesis of data, resulting in an equation that effectively links the information
extracted from the geophysical and geotechnical surveys.

For the purpose of validating the method, three DPL soundings were con-
ducted at Study Site 1 along the geophysical profile at distances of 5 m, 10 m,
and 13 m. Utilizing this dataset, a curve was fitted to facilitate the calculation of
N10 values based on the resistivity of each element within the geophysical mod-
el. In order to evaluate the capability of the methodology, soundings at 5 m and
13 m were employed to derive the fitting formula, with the outcomes then com-
pared to data gathered at a depth of 10 m. The fitting curve was obtained
through two methodologies: Smooth Polynomial and Piecewise Linear, the re-
sults of which are detailed below.
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Figure 3. Acquired ERT profiles. In (a) the ERT profile at Study Site 1, and in (b) the ERT profile at Study Site 2.

5.1. Order Six Polynomial Fitting

The Smooth Polynomial fitting of order six was chosen for its superior perfor-
mance among various polynomial fittings tested. Figure 4(a) illustrates the fit-
ting process using data from the 5 m and 13 m positions, clearly indicating that
the fitting was carried out efficiently, in harmony with the characteristics of the
selected polynomial approach and mindful of data dispersion. Figure 4(b) dis-
plays the N10 values response for this equation (black dots), applying resistivity
values from equivalent positions of the DPL sounding at the 10 m location (red
dots). The graph in Figure 4(b) emphasizes the feasibility of deriving N10 values
through resistivity, using a dataset that was not part of the curve fitting procedure.
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Figure 4. Sixth-Degree Polynomial fitting results. In (a) resistivity vs. N10 and the fitting curve obtained using the Sixth-Degree
Polynomial and in (b) the predicted values compared with the measured data at the 10 m position (RMS = 2.32).

In this specific instance, the indirectly obtained values appear as a more uniform
representation of the N10 values ascertained from the DPL sounding at 10 m,
resulting in a Root Mean Square (RMS) value of 2.32.

The formula facilitates the construction of a two-dimensional model of N10
values from the geophysical profile (Figure 5). This represents a significant ad-
vancement in evaluating the mechanical strength of soil, particularly in regions
susceptible to mass movements. Figure 5 demonstrates that the variations in
N10 values achieved with the polynomial approach are highly consistent, re-
flecting the results previously detailed. Figure 6 offers a juxtaposition between
the N10 values obtained directly through DPL soundings (at the 5 m, 10 m, and
13 m positions) and those calculated indirectly by employing the methodology
developed in this study. The comparison clearly reveals that the calculated values
closely mirror the actual data, though they present a more even pattern of fluc-

tuation.

5.2. Piecewise Linear Fitting

Figure 7(a) illustrates the results achieved utilizing the piecewise linear fitting
method. Owing to the inherent characteristics of this method, it facilitates a
more accurate reflection of pronounced variations within the N10 parameter, as
delineated in Figure 7(a). Figure 7(b) offers a side-by-side comparison between
the actual DPL data acquired at the 10 m position (denoted by red points) and
the predictions generated by the newly developed methodology (indicated by
black points). It becomes clear from this comparison that the derived formula is
more adept at mimicking the abrupt fluctuations observed in the N10 values, as
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Figure 5. Two-dimensional N10 value model derived through the utilization of the Sixth-Degree Polynomial fitting formula.
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Figure 6. Comparison between the N10 values acquired through DPL soundings and those indirectly obtained using the
Sixth-Degree Polynomial fitting method, at the positions of 5 m (a), 10 m (b), and 13 m (c).

opposed to the smoothed curve yielded by the prior method. In this instance, the
Root Mean Square (RMS) value was 2.54, demonstrating an alignment congru-
ent with the results produced from the preceding formulation.

Figure 8 displays the 2D model of the N10 values as they correspond to the
piecewise linear fitting. In this case, the model demonstrates noticeably sharper
variations in the N10 parameter compared to the previous scenario. This is more
reflective of the fluctuations that were actually observed in the data gathered on

site. Since the survey took place within an urban area known for its variations, a
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(b) the predicted values compared with the measured data at the 10 m position (RMS = 2.54).
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Figure 8. Two-dimensional N10 value model derived through the utilization of the Piecewise Linear fitting formula.

considerable fluctuation in N10 values at the location is expected. This depic-
tion, therefore, provides an enhanced visualization of the site’s local heterogene-
ities.

Figure 9 offers side-by-side comparative graphs of the DPL soundings conducted
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Figure 9. Comparison between the N10 values acquired through DPL soundings and those indirectly obtained using the Piecewise

Linear fitting method, at the positions of 5 m (a), 10 m (b), and 13 m (c).

at the 5 m, 10 m, and 13 m positions along the profile, alongside the values pre-
dicted by the suggested methodology. Notably, in the cases of the 5 m (Figure
9(a)) and 13 m soundings (Figure 9(c)), an ideal alignment is observed. This
correlation is attributed to these specific soundings being the ones utilized in the
fitting algorithm. However, a true evaluation of the method’s performance in
this case necessitates an analysis of the 10 m sounding. Clearly, the piecewise li-
near fitting method excels in capturing the abrupt discontinuities encountered,

thereby leading to a more accurate representation of the N10 curve’s shape.

6. Standard Penetration Test (SPT)

Utilizing the methodology previously described, the goal was to ascertain the
distribution of SPT N-value values from a geophysical profile performed at the
location of an earlier conducted SPT sounding. As with the DPL case, resistivity
values were gathered at the same locations as the SPT data, aiding the adjust-
ment process. Figure 10 illustrates the results of the SPT N-value values for both
the Sixth-Degree Polynomial fitting method (a) and the Piecewise Linear fitting
method (b), set alongside the actual data. In this situation, the Sixth-Degree Po-
lynomial method once again succeeded in accurately tracing the data curve, al-
beit more smoothly, yet delivering a satisfying fit. Reflecting the nature of the
technique, the Piecewise Linear approach provided an optimal alignment with
the data points.

Figure 11 depicts the 2D model of the SPT N-value as determined by the
Sixth-Degree Polynomial method. Echoing the DPL case, the polynomial adjust-
ment seems to lessen the variations in SPT N-values, producing a smooth curve
that represents penetration resistance. Figure 12 introduces the two-dimensional

model derived from the piecewise linear method, unveiling a more complex pat-
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tern marked by substantial fluctuations in the SPT N-value magnitudes, and ex-

hibiting the existence of smaller-scale irregularities.
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Figure 10. Comparison between the SPT N-values obtained using the Sixth-Degree Polynomial fitting method (a) and
the Piecewise Linear method (b) against the actual data from the SPT sounding.
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Figure 11. Two-dimensional SPT N-values model derived through the utilization of the Sixth-Degree Polynomial fitting formula.
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7. Discussion

The methodologies employed to derive both N10 and SPT N-value parameters
have demonstrated remarkable robustness, producing results congruent with
those obtained in the field, while maintaining simplicity in application. Although
the polynomial fitting approach adeptly aligns with data curves, it is less adapta-
ble to sudden variations in penetration resistance values. In contrast, within the
context of the study outlined, the Piecewise Linear fitting method emerged as the
more favorable technique. This method not only provides an excellent fit to the
data but also adeptly captures abrupt fluctuations in both N10 and SPT N-values.
While the bi-dimensional models presented have inherent limitations due to
their indirect derivation, they afford an enriched understanding of the subsur-
face attributes by portraying them in two dimensions. This representation tran-
scends the simplifications of a layered approximation, signifying the models’
considerable potential across diverse research fields, thereby underscoring their

contribution to more intricate investigations.

8. Conclusion

This paper introduces an efficient methodology for obtaining geotechnical in-
formation through the utilization of the electrical resistivity method. The extrac-
tion of geotechnical parameter distributions via geophysics furnishes a substan-
tial edge by enabling a more nuanced discretization of the subsurface. The so-
phisticated visualization capabilities inherent in geophysical surveys facilitate a
more meticulous and accurate portrayal of subsurface conditions. This leads to

an enriched comprehension of slope behavior and significantly augments landslide
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risk assessments. Through the integration of geophysical and geotechnical data,
the gap between isolated point information and a complete subsurface picture
can be bridged, yielding essential insights for engineers and planners to make
enlightened decisions and avert potential risks. Overall, the synergy between
geophysical methods and conventional geotechnical investigations shows great
promise in enhancing both the efficiency and precision of slope stability evalua-
tions, thereby contributing to the overall safety and success of civil engineering

endeavors.
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