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Abstract: This article presents an evaluation of the load-bearing capacity of a layer of compacted rock blocks, using shear strength
parameters obtained through the GSI geomechanical classification system. This approach allows for estimating the load-bearing
capacity of the soil-foundation system by applying established theoretical methods. The behavior of the rock material was assessed
through a plate load test, and the results indicated that the assumption of treating the compacted rock block layer as a rock mass
yielded a load-bearing capacity consistent with that determined from the plate load test. Furthermore, the geotechnical parameters
derived from the back-analysis of field test results aligned well with those obtained via the application of the GSI system. Therefore,
utilizing geomechanical classification systems is shown to be a viable methodology for designing shallow foundations on layers of
rock blocks.
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Resumo: No presente artigo ¢ apresentada a avaliagdo da capacidade de carga de uma camada de blocos de rocha compactados, cujos
pardmetros de resisténcia ao cisalhamento foram obtidos a partir do emprego do sistema de classificagdo geomecanica GSI,
permitindo a estimativa da capacidade de carga do sistema solo-fundag@o pelo uso de métodos tedricos consagrados. A avaliagdo do
comportamento do material rochoso foi feita a partir da realizagdo de ensaio de placa. Os resultados obtidos indicaram que a hipotese
da consideragdo da camada de blocos rochosos compactados como um maci¢o rochoso levou a uma capacidade de carga compativel
com aquela obtida no ensaio de placa realizado. Além disto, os parametros geotécnicos do material resultantes da retroanalise dos
resultados do ensaio de campo foram compativeis com aqueles obtidos na aplicagdo do sistema GSI. Portanto, o emprego dos sistemas
de classificagdo geomecanica apresenta-se como uma metodologia viavel a ser empregada no projeto de fundagdes rasas assentes
sobre camadas de blocos rochosos.

Palavras-chave: Capacidade de Carga; Classificagdo Geomecanica; Ensaio de Placa.

Received: 20/01/2025; Accepted: 08/04/2025; Published: 22/04/2025.



https://orcid.org/0000-0002-9639-7107
https://orcid.org/0000-0002-9951-4938
https://orcid.org/0009-0008-0601-3482
https://periodicos.ufrn.br/revistadoregne
https://doi.org/10.21680/2447-3359.2025v11n1ID38885

Lemos, B. L. da S.; Neto, S. A. D.; Francisco, G. M., Northeast Geociences Journal, Caicd, v.11, n.1, (Jan-Jun) p.634-645, 2025. 635

1. Introduction

The choice between shallow and deep foundations directly relates to the soil's bearing capacity at varying depths.
When soils at shallow depths exhibit good bearing capacity, shallow (or direct) foundations become the most suitable
solution (TEIXEIRA & GODOY, 1998; SILVA, 2023). Otherwise, it is necessary to resort to deep foundations or
improve the geotechnical properties of the soils in the superficial layers (FREITAS, 2016; PEREIRA, 2018). Numerous
techniques can be adopted for soil improvement, such as replacing existing material with soil-cement, compacted soil, or
other materials, provided these alternatives demonstrate better mechanical characteristics.

For instance, soil-cement can be an effective method, where adding a binder to the soil significantly enhances the
cohesive intercept of the material’s shear strength. This effect arises from mixing soil with cement followed by
compaction, which leads to enhanced mechanical properties (OLIVEIRA, 2011; OLIVEIRA, 2018; RICARTE, 2021).
According to Carneiro et al. (2019), compaction improves the geotechnical properties of the soil through mechanical
energy application, thereby increasing shear strength while reducing permeability and compressibility. However, both
methods necessitate detailed preliminary studies, including the proper selection of borrow materials, compaction tests,
and, in the case of soil-cement, the correct mix design, highlighting the complexity of implementing these techniques.

An alternative approach for shallow foundation projects involves replacing low-strength and highly deformable soils
with a material formed from interlocked and compacted rock blocks. This technique is believed to create a layer with
high shear strength and low deformability, which are desirable characteristics for shallow foundation installations.

To evaluate the bearing capacity of compacted or cemented soils, laboratory tests can define the cohesive intercept
and friction angle of their shear strength, or field tests like the Standard Penetration Test (SPT) and Cone Penetration
Test (CPT) can be employed (CINTRA, AOKI & ALBIERO, 2011; VELLOSO & LOPES, 2011). However, due to the
nature and dimensions of rock blocks, determining their shear strength parameters through testing presents challenges.
Tests like SPT and CPT are impractical for rocky materials due to their impenetrability, and laboratory equipment
necessary for large-scale testing is limited and costly.

Given the absence of established methods for determining the bearing capacity of soils comprising compacted rock
block layers, it's reasonable to assume that this material, a blend of rock blocks and cyclopean concrete, resembles a
highly fractured rock mass. According to Hoek and Marinos (2000), such a rock mass displays numerous randomly
distributed sets of discontinuities, with compact fillings and angular fragments. Under these conditions, the material's
shear strength parameters and deformability properties can be estimated utilizing geomechanical classification systems
from Rock Mechanics, such as the Geological Strength Index (GSI) proposed by Hoek et al. (2002), along with
knowledge of the intact rock properties of the constituent material.

Thus, this study evaluates the bearing capacity of a layer of compacted rock blocks, with shear strength parameters
obtained through the GSI geomechanical classification system. This approach enabled estimating the soil foundation
system's bearing capacity using well-established theoretical methods. The behavior of the rocky material was assessed
through a plate load test and a numerical back-analysis of the results, aiming to validate the methodology employed to
estimate the soil foundation system's bearing capacity in terrains composed of compacted rock blocks.

2. Materials and methods
2.1 Site description

The study was conducted at Residencial Brisas do Parque, located on Rua Professor Jacinto Botelho, Block 15, Lots
1 to 12, in the Guararapes neighborhood of Fortaleza, Ceara, Brazil. The site characterization was based on two borehole
tests (SM) between October and November 2023. All procedures followed the recommendations of the Brazilian
standard NBR 6484 (ABNT, 2020).

The results are presented in geotechnical-geological profiles, illustrating the stratification of the soil layers based on
boreholes SM-01 and SM-03. Figure 1 displays the site's stratigraphy as determined from the borehole data, highlighting
the three identified layers: silty-sandy clay with soft consistency, silty-sandy clay with hard consistency, and
conglomeratic sandstone.
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Figure 1 — Soil profile in the study area.
Source: Authors (2024).

Based on the borehole results, it was found that the allowable bearing pressure of 500 kPa, as specified in the design,
was not achieved at the planned foundation level of 4.04 m. According to Décourt (1992), the allowable bearing pressure
obtained was only 50 kPa due to the presence of a soft silty-sandy clay layer with gravel located between depths of 4.11
mand 2.11 m.

Therefore, the possibility of ground improvement was considered by removing the silty-sandy clay layer and
subsequently replacing it with a compacted mixture composed of approximately 75% pedra rachdo (crushed stone) —
with particle sizes ranging from 76 mm to 250 mm — and 25% cyclopean concrete. This mixture intends to achieve a
material with high frictional resistance due to the interlocking of granite rock blocks and significant cohesion provided
by the Portland cement in the concrete. As a result, the goal is to produce a material capable of sustaining the design
bearing pressure for the foundation soil.

2.2 Estimation of rock layer properties

Due to the inability to conduct laboratory and field tests on the mixture of rock blocks and concrete, its shear strength
properties were estimated by applying geomechanical classification concepts from the field of Rock Mechanics. The
mixture was deemed representative of a highly fractured rock mass. In this context, the crushed stone particles (pedra
rachdo) are analogous to a fracturing pattern characterized by numerous randomly distributed discontinuities.
Simultaneously, the concrete component provides cohesion similar to that found in rock masses, attributed to the
interparticle bonding forces between the minerals.

This study employed the geomechanical classification system proposed by Hoek et al. (2002), known as the
Geological Strength Index (GSI). This study utilized the geomechanical classification system proposed by Hoek et al.
(2002), known as the Geological Strength Index (GSI). Based on this methodology, GSI values were estimated according
to the fracturing pattern of the material and the quality of discontinuities between rock blocks. Additionally, values were
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defined for the uniaxial compressive strength (o;), the material constant of the intact rock (mi), which includes the
crushed stone particles, and the disturbance factor (D). With these parameters established for the compacted mixture,
estimating the cohesion and friction angle parameters of the material's shear strength was possible. These parameters
were then used to determine the bearing capacity of foundations on rock masses through established theoretical
approaches, such as those proposed by Brinch-Hansen (1961), Meyerhof (1963), and Vésic (1975).

According to NBR 6122 (ABNT, 2020), the bearing capacity of foundations may be estimated using theoretical
methods, enabling a grounded analysis based on soil conditions and foundation characteristics, such as geometry and
embedment depth. In this study, the bearing capacity of the soil-foundation system was estimated by considering the
settlement of a 45 cm diameter circular plate resting on the compacted rock block layer.

2.3 Direct load test

The plate load test, conducted in accordance with NBR 6489 (ABNT, 2019), enables the definition of the pressure—
settlement curve of the soil, simulating the loads transmitted by shallow foundation elements such as isolated footings. A
circular steel plate with a minimum diameter of 30 cm is used, placed at the base level of the footing. The test continues
until the applied pressure reaches twice the allowable bearing pressure for the soil or until the specified maximum
settlement is reached. The type of loading may vary depending on the purpose and design of the foundation and can be
rapid, slow, cyclic, or mixed (Monteiro et al., 2017; Alburquerque & Silva, 2023).

In the present study, the behavior of the in situ compacted rock block layer was evaluated through a slow-loading
plate load test, following the specifications of NBR 6489 (ABNT, 2019). Settlements were obtained by averaging the
values measured by dial gauges (deflectometers) attached to a plate with an area of 1,590.43 cm? (diameter of 45 cm).
Figure 2 shows the plate used in the test and the arrangement of deflectometers employed to measure settlements.

F iguré 2- C;';‘cz;lar stééZ blate usea;&m the load test.
Source: Authors (2024).

The loads were applied using a 50 tf capacity hydraulic jack, with a Doosan DX225LCA backhoe loader weighing
approximately 21,500 kg and serving as the reaction system.

The load test was conducted on a compacted rock layer approximately 0.89 m thick. This thickness is less than the
estimated depth of the stress bulb generated by the plate loading during the test. According to Cintra, Aoki, and Albiero
(2011), the stress bulb depth for rectangular footings can be estimated as 3B (three times the foundation base width), at
which the stress reduces to 10% of its initial value.
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The plate load test was performed in 10 loading stages, with pressure increments of 100 kPa, reaching a maximum
pressure of 1000 kPa. The unloading process was performed in 4 stages, with pressure reductions of 250 kPa at each
stage. Loads were maintained until displacement stabilization (slow loading test) in all phases.

During the loading phase, measurements were taken at intervals of 0 min, 1 min, 2 min, 4 min, 8 min, 15 min, and 30
min to monitor settlement stabilization. The final loading stage lasted at least 12 hours, provided there was no failure of
the ground. During unloading, measurements followed the same time intervals, with an additional reading taken 30
minutes after full load removal to detect any residual settlement. This process was repeated during the loading phase,
ensuring consistency in measurements for settlement monitoring.

2.4 Back analysis of the plate load test

The back-analysis of the plate load test was conducted to determine the geotechnical-geological parameters of the
compacted rock block layer and to compare them with the values obtained using the GSI geomechanical classification
system proposed by Hoek et al. (2002). This methodology allows for evaluating a material's behavior based on its
response to loading applied during a field test. The results from the plate load test were back-analyzed using RS2
software (by Rocscience), employing the finite element method (FEM) to solve the governing equations. The materials
were assumed to exhibit a perfectly elastic-plastic Mohr-Coulomb behavior in the numerical back-analysis. In this
material model, total strain is decomposed into two components: elastic strain, which is recoverable, and plastic strain,
which is permanent.

Regarding modeling and finite element mesh discretization (Figure 3), RS2 provides a standard option for automatic
mesh generation. Boundary conditions were defined by constraining the lateral edges from moving horizontally (x-axis).
Additionally, all nodes at the base of the soil layer were fixed, preventing any displacement.

Clayey sand
1
A 4
s Rocky layer Hard silty-sandy clay

Conglomeratic sandstone

=3

Figure 3 — Finite element mesh and boundary conditions utilized in the numerical modeling with RS2 software.
Source: Authors (2024).
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3. Results and discussion
3.1 Estimation of shear strength parameters using geomechanical classification

For the bearing capacity analysis, the foundation material, a compacted rock block mixture, was initially treated as a
highly fractured rock mass, with an estimated GSI of 15%, indicative of numerous randomly distributed discontinuities
among the crushed stone particles. Unlike other classification systems, Hoek et al. (2002) do not categorize rock mass
quality classes based on GSI values.

The uniaxial compressive strength (cci) was estimated at 50 MPa, based on field observations using a geological
hammer, where the rock particles required more than one blow to fracture. This justifies the assigned strength value,
which, according to ABGE Standard 109/2024 (ABGE, 2024), corresponds to category R4. The mi parameter,
representing the shear strength of the intact rock, was estimated at 15, characterizing the material as sandstone or
quartzite, as per Hoek & Brown (1980). This value is consistent with data provided by RocLab software (Rocscience),
derived from global case studies.

The disturbance factor (D)—necessary to estimate cohesion and friction angle using the Hoek et al. (2002)
methodology—was set at 0, assuming the fracture pattern of the compacted rock layer remains unchanged after
compaction. This is akin to excavation in a rock mass without explosives, leading to minimal disturbance.

The values of cohesion (c) and friction angle (¢) obtained using the Hoek et al. (2002) approach, based on the criteria
outlined above, were 1390 kPa and 23°, respectively. However, due to uncertainty in the estimated cohesion, a safety
factor of 10 was applied, reducing the cohesion value to 139 kPa. Considering the uncertainties related to the rock mass
properties, this safety factor was adopted and proved suitable when analyzing the results presented below. The unit
weight of the material, accounting for the nature of fragmented rock composites, was estimated at approximately 20
kN/m?.

3.2 In-situ plate load test

The results of the plate load tests (Table 1) revealed the settlement behavior of the ground under various levels of
applied pressure. Initially, with an applied pressure of 95 kPa, the observed settlement was -0.12 mm. As the pressure
increased to 984 kPa, the maximum settlement reached -2.68 mm. After unloading, a residual settlement of -1.85 mm
was recorded, indicating that a significant portion of the total deformation was plastic; thus, modeling the material as
perfectly elastic-plastic in the back-analysis proved appropriate.

The results demonstrated that the observed settlement remained within acceptable limits under the maximum applied
pressure during the plate test. According to Terzaghi et al. (1996), residential buildings can tolerate maximum absolute
settlements of up to 25 mm.

Figure 4 presents the pressure vs. settlement curve obtained during the plate load test. Based on the in situ results
shown in Figure 4, the relationship between the applied pressure and the resulting settlement was approximately linear
up to the maximum applied load, indicating no signs of failure under drained conditions.

The bearing capacity estimated through extrapolating the plate load test results using the Van der Veen (1953)
method was 2000 kPa. This method provided a satisfactory fit to the experimental data obtained, as shown in Figure 4.
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Table 1 — Results of the in-situ plate load test (slow loading).

Pressure (kPa) Settlement (mm)
0 0
95 -0,12
194 -0,32
293 -0,59
391 -0,87
490 -1,20
588 -1,48
687 -1,63
786 -1,91
885 -2,23
984 -2,68
736 -2,48
490 -2,37
243 -2,20
4 -1,85

Source: Authors (2024).

—6— In situ plate load test

—>— Van der Veen

0 10 20 30 40 50 60 70 80

Settlement (mm)

Figure 4 — Pressure vs. settlement curve from the plate load test and extrapolation using Van der Veen (1953).
Source: Authors (2024).
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3.3 Back analysis of the plate load test

Figure 5 presents the comparison between the pressure versus settlement curves obtained from the plate load test and
the back-analysis, from which the geotechnical-geological properties listed in Table 2 were derived. Initially, the results
show a satisfactory fit between the outcomes of the back-analysis and the data from the plate load test. When comparing
the maximum pressure values, the difference between the two methods is minimal—only 1.63%. The settlement obtained
in the back-analysis was 0.06 mm greater than that observed experimentally, which, from an experimental standpoint, is
considered negligible. The difference in residual settlement was slightly higher, with the back-analysis yielding a value
0.27 mm lower than the test. These discrepancies are deemed acceptable, considering that numerical analysis may not
capture all real ground conditions, along with the inherent variability in experimental procedures.

In this context, the criteria for peak shear strength—cohesion and friction angle—are considered, reflecting the initial
conditions of the soil as shown in Table 2. These criteria are compared with the values of the rock layer obtained through
geomechanical classification. The results indicate a satisfactory agreement between the estimated shear strength
parameters for the compacted rock block layer, based on the GSI geomechanical classification system, and the values
obtained from the back-analysis of the plate load test. This suggests that the methodology applied in this study for
estimating the shear strength properties of compacted rock block layers for shallow foundation settlements has proven
effective.

In this case, it is important to note that a safety factor of 10 was applied to the cohesive parameter obtained through
geomechanical classification. This reduction was deemed appropriate, considering that the mineral skeleton formed by
the compacted rock blocks does not exhibit the same cohesive forces between minerals as those found in a natural rock
mass. Additionally, the significant cohesion value obtained in the back-analysis can be attributed to the presence of a
cementing agent—specifically, the Portland cement used in the concrete mixture added to the rock blocks.

Pressure (kPa)

0 200 400 600 800 1000 1200
O’O 1 1 1 1 1

—@— Experimental
-1,0

-1,5

o
o

>

Settlement (mm)

Figure 5 — Comparison of pressure versus settlement curves obtained from the plate load and back-analysis.
Source: Authors (2024).

Table 2 — Parameters of strength and deformability derived from the back-analysis of the plate load test.

Specific

Material weight mozl{l(;flll r;g(lfPa) Poisson’s ratio 5;;21(()% C(()E;ZI)O n
(kN/m?)
Clayey sand 19 20000 0,35 12,4 79,7
21 20000 0,35 12,4 79,7

Silty-sandy clay
Rock layer 19 468000 0,49 23,0 110,0
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Conglomeratic sandstone 22 468000 0,49 20,0 40,0

Source: Authors (2024).
3.4 Evaluation of the load-bearing capacity of the rock layer

Figure 6 presents the pressure versus settlement curves derived from the plate load test, the results from its
extrapolation using the Van der Veen method (1953), which indicated a bearing capacity of 2000 kPa, and the curve
obtained from the numerical modeling of the in situ test (back-analysis). It is important to note that, once the
geotechnical-geological parameters of the foundation soil materials are established through the back-analysis of the plate
load test results, it becomes feasible to define a pressure versus settlement curve for various loading levels, as shown in
Figure 6.

3.500
3.000 -

1.500
1.000
500

—O— In situ plate load test

Pressure (kP

—A— Numerical extrapolation

—>— Van der Veen

0 20 40 60 80
Settlement (mm)

Figure 6 — Comparison of the load test curves, Van der Veen (1953) extrapolation, and numerical analysis, showing the
failure stress as a function of settlement.
Source: Authors (2024).

Figure 7 displays the bearing capacity results obtained through theoretical methods, extrapolation of the plate load
test using Van der Veen's method (1953), and the numerical model. Initially, there is strong agreement between the
bearing capacity results from the developed numerical model and the extrapolated plate load test. Conversely, the values
from the theoretical methods were significantly higher than those from the experimental methodology (plate load test),
yet comparable to the values from the numerical model for settlement levels of 40 mm. This indicates that the use of
shear strength parameters derived from geomechanical classification to predict the bearing capacity of the soil-
foundation system is appropriate.

The bearing capacity derived from the numerical model was initially based on a maximum settlement criterion of 40
mm, resulting in a value of 2500 kPa (Figure 6). However, adopting a stricter criterion of 25 mm maximum settlement
reduces the bearing capacity to approximately 2150 kPa. Van der Veen’s method (1953) yields values closer to those
from numerical extrapolation with settlement limited to 25 mm, as recommended by classical authors such as Terzaghi et
al. (1996). Nevertheless, these values remain lower than those predicted by theoretical methods, as illustrated in Figure 7.
This comparison emphasizes the importance of considering settlement criteria in the interpretation of the presented
results.
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Figure 7 — Comparison of the values obtained for the load-bearing capacity of the soil-foundation system.
Source: Authors (2024).
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4. Conclusions

This study examined of rock blocks as a ground improvement technique for shallow foundations. Based on the results
obtained, it was confirmed that this technique developed a material suitable for shallow foundation settlement with high
load-bearing capacity compared to naturally occurring soils with lower strength, while also maintaining settlements
within acceptable limits for residential constructions.

The two-dimensional numerical simulation facilitated the acquisition of a load-settlement curve that aligned closely
with the experimental results, validating the methodology used for estimating the bearing capacity of the foundation
material. This shows that numerical modeling was crucial for predicting the behavior of the soil-foundation system,
replicating the loading conditions imposed during the field tests, and enabling the determination of geotechnical
parameters, particularly those related to the rocky layer.

The application of the Van der Veen method (1953) achieved a satisfactory fit of the load-settlement curve from the
plate load test, thereby allowing for the determination of the soil-foundation system's bearing capacity. The curve derived
from the extrapolation of the field test results closely resembled that obtained from the numerical model, indicating that
both approaches effectively represented the behavior of the studied material.

Finally, predicting the shear strength properties of the compacted rock block layer using the geomechanical
classification system (GSI System) concepts to estimate the material's bearing capacity when utilized as a shallow
foundation layer proved satisfactory. However, it is recommended that the cohesive parameter obtained from applying
the concepts of the geomechanical classification system be divided by a safety factor of ten. Adopting this safety factor
for the cohesive parameter was consistent, ensuring a reliable estimate of the material's load-bearing capacity.

Although a plate load test was performed to assess bearing capacity, direct shear tests were not conducted to acquire
the shear strength parameters of the compacted rock block layer. Therefore, it is advised that this type of test be executed
to directly ascertain the shear strength parameters, thereby enhancing the reliability of the bearing capacity calculations.
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