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footings on three basanite facies from Senegal. Reduced-scale model tests on
rock blocks (150 x 150 x 75 mm and 100 x 100 x 50 mm) with square footings
(32 mm side length) and circular footings (32 mm diameter) were performed
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until fajlure, under centered and eccentric configurations. The results show that
experimentally, the allowable bearing capacity ranges from 16.27 to 37.32 MPa
(type A blocks) and from 14.63 to 35.24 MPa (type B blocks). Including eccentric
configurations, type A values reach up to 53.71 MPa. Circular footings exhibit
higher bearing capacity than square footings. Two failure mechanisms are ob-
served: punching-splitting (weathered basanites) and splitting (vacuolar and
healthy basanites). Numerical modeling using PLAXIS 2D with the Hoek-Brown
criterion validated the experimental trends, yielding a numerical-to-experimental
capacity ratio between 1.05 and 3.01, with the best agreement observed for vac-
uolar basanite. The combined approach constitutes a reliable and economical
alternative to in situ testing for foundation design in the Dakar region.

Keywords

Dakar Peninsula, Bearing Capacity, Basanite, Plaxis 2D, Square Footing,
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1. Introduction

Rock masses are generally considered safe materials for civil engineering construc-
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tion. The design of shallow foundations on rock requires a reliable estimation of
their bearing capacity, an essential parameter to ensure the stability of structures.
However, determining this capacity through in situ testing on rock masses proves
to be very costly, time-consuming, and technically difficult to implement. This
issue is particularly acute in regions such as the Cape Verde Peninsula in Senegal,
where increasing urbanization requires both economical and reliable foundation
solutions, justifying the development of alternative methods such as laboratory-
scale model testing.

Numerous experimental and numerical studies on reduced-scale models have
been conducted to estimate the bearing capacity of shallow foundations on rock.
De Beer et al. [1] studied the bearing capacity of sand under circular foundations,
while Meyerhof [2] developed a theoretical formulation for the bearing capacity
of rock and concrete blocks. The influence of rock discontinuities was examined
by Bishnoi [3] on Indian sandstones, resulting in a semi-theoretical expression for
circular and rectangular foundations. Von Kolnitz [4] investigated fractured rock
blocks, and more recent studies by Bindlish e a/ [5] and Raizamzamani Md Zain
et al. [6] analyzed the capacity of concrete blocks and their failure mechanisms.

Despite these advances, the mechanical behavior of basalts specific to the Cape
Verde Peninsula remains poorly documented. In particular, no study has system-
atically investigated the combined influence of footing shape, block thickness, and
rock alteration state for these specific materials, nor validated reduced-scale
model results through Hoek-Brown-based finite element simulations. The present
work addresses these gaps.

This study aims to fill these gaps by experimentally and numerically evaluating
the allowable bearing capacity of shallow footings on basalts from the Cape Verde
Peninsula. The objectives are to experimentally determine the allowable bearing
capacity of three basalt facies under square and circular footings, in centered and
eccentric configurations, to analyze the influence of block thickness and footing
shape, to observe failure mechanisms, and to validate experimental results through
numerical modeling with Plaxis 2D according to the Hoek-Brown criterion. By
combining experimental and numerical approaches, this study will provide essen-
tial quantitative data for the design of shallow foundations in the Dakar region,
while proposing a reliable and economical alternative methodology to in situ test-

ing.

2. Materials and Methods
2.1. Rock Block Specimens

The rock specimens analyzed are olivine basalts from the Tertiary and Quaternary
periods of the Cape Verde Peninsula [7]-[9]. These rock blocks were cut using a
saw equipped with a 50 mm diameter diamond blade. Two types of block sizes
were prepared: type A, measuring 150 mm X 150 mm x 75 mm, and type B, meas-
uring 100 mm X 100 mm x 50 mm (Figure 1).

Uniaxial compressive strength (UCS) and tensile strength were obtained from

DOI: 10.4236/0jce.2026.162018

350 Open Journal of Civil Engineering


https://doi.org/10.4236/ojce.2026.162018

M. Sawadogo et al.

direct laboratory tests performed on cylindrical specimens cored from the same
blocks. Cohesion and internal friction angle were derived from the Mohr-Cou-
lomb linearization of the Hoek-Brown failure envelope. Three facies were identi-
fied and characterized.

Weathered basanite has a uniaxial compressive strength ranging from 18 to 28
MPa with a unit weight between 24 and 26.67 kN/m®. Vacuolar basanite exhibits
a uniaxial compressive strength between 24.27 and 30 MPa and a unit weight var-
ying from 24.26 to 29.51 kN/m®. Healthy basanite shows compressive strengths
ranging from 30 to 45 MPa with unit weights between 21.67 and 30.10 kN/m”.
The physical and mechanical properties of these different rock types are summa-
rized in Table 1.

b ' 1

Figure 1. Pictures of specimens of rock blocks, types A (150 mm X 150
mm X 75 mm) and B (100 mm x 100 mm x 50).

Table 1. Physical and mechanical parameters of rock blocks.

Natural . Internal
. Block K Compressive . . L.
Samples N Sige Unit Strength Tensile Cohesion Friction
P Sampling (mm) Weight (MPi; Strength (MPa) Angle ¢
(kN/m?) )
A0l 24.00
Ao POX o667 28.00 1.12 2.98 65.92
150 x
Weathered AOII 75 26.02
Basanite AO0IX 26.63
Bovil 100x 2500 18.00 0.72 1.92 65.92
100 x
BOVIII 26.63
AOIV 29.51
Aov 150X 5500 24.27 0.96 2.57 66.01
150 x
Vacuolar AOVI 75 27.80
Basanite A0X 24.26
Boir  100x 2933 30..00 1.20 3.20 65.92
100 x
BOIV 50 30.25
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Continued
AOVIL o0 21.67
AOVIII 150 x 25.69 45.00 1.80 4.80 65.92
Healthy — pox;p 75 27.74
Basanite
Bov  100x 3070
100 x 32.00 1.28 3.41 65.92
BOIII 50 24.26

2.2. Loading Press and Displacement Measurement Device

The experimental setup consists of a uniaxial hydraulic press with a maximum
capacity of 1500 kN (Figure 2(a)). The press frame is composed of two rigid steel
platens maintained parallel by four steel columns, ensuring axial load application
without eccentricity. The applied load is measured by a load ring (accuracy of £0.5
kN) mounted in series between the jack and the distribution beam. Displacements
are recorded using a precision displacement gauge with a resolution of 0.01 mm
per division. The gauge needle is attached to a non-deformable steel plate to en-
sure accurate measurements. A dedicated mounting device was introduced to
hold the displacement gauge (Figure 2(b)). During loading, as the footing pene-
trates the rock surface, the bracket maintains gauge contact with the reference
plate, enabling continuous and uninterrupted settlement monitoring throughout
the test. All tests were conducted using rigid steel footings to prevent any defor-

mation during loading.

- e Footing
o SRR Rock blocks
ﬁ* ------------- P Level
Tt Lower plate
(b)

Figure 2. Experimental setup: (a) loading press, (b) displacement measurement system.

2.3. Test Program

All tests were conducted using rigid steel square footings (32 mm side length) and
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circular footings (32 mm diameter). Two series of tests were performed (Figure 3).
The first series involved footings centered on the rock block (Figure 3(a)), while
the second series examined footings placed eccentrically on different blocks (Fig-
ure 3(b)). This experimental design aims to investigate the influence of footing
eccentricity on bearing capacity, as well as the effects of block height and footing
shape. In the eccentric configuration, the footing was offset from the block center
by a distance e = 16 mm along the longitudinal axis of the block, corresponding to
a normalized eccentricity e/B = 0.5, where B is the footing side length (32 mm).

32 mm
2 e

75 mm

(a)

32 mm

75 mm

(b)

Figure 3. Example schematic representation of footing configurations applied on the rock
block type A. (a) centered footing configuration: from left to right, front view showing
the centered footing on the block, top view of a centered square footing, and top view of
a centered circular footing; (b) eccentric footing configuration: from left to right, front
view showing the eccentric footing position on the block, top view of an eccentric square
footing, and top view of an eccentric circular footing.

2.4. Ultimate and Allowable Bearing Capacity Determination

The applied load was measured using a 1500 kN capacity load ring, while displace-
ments were recorded with a displacement gauge having a 10 cm measuring range
and an accuracy of 0.01 mm. The testing procedure began by gradually bringing
the upper press plate, which holds the footing, into contact with the rock surface
using discs placed beneath the lower plate. Once contact was established and all
gauges were set to zero, load was applied incrementally to the footing until com-
plete rock failure. Each load increment was maintained until settlement stabilized,

at which point displacement was recorded from the gauge.
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As loading progressed, initial punching of the rock beneath the footing was ob-
served, followed by crack propagation indicating impending failure. The load at
which the rock could no longer sustain additional loading was considered the ul-
timate bearing capacity, determined from the load-displacement curve [10]. The
allowable bearing capacity (g,) is the maximum pressure that can be safely applied
to the rock under service conditions [11]. It is computed as:

9. =09,/F

In the present study, F = 3 is adopted, consistent with standard geotechnical
practice for shallow foundations on rock [11] [12].

2.5. Numerical Modeling with Plaxis 2D Studies

Numerical simulations were performed using Plaxis 2D [13], which incorporates
the Hoek-Brown constitutive law for rock behavior and plate elements for foot-
ings [14] [15]. The rock blocks used for numerical modeling are weathered, vac-
uolar, and healthy basanites with no major joints present. Furthermore, these rock
blocks are considered isotropic and homogeneous. An intact rock constant mi =
25 was adopted for basalt [16]. The disturbance factor D = 0 was used throughout
(specimens obtained by sawing, no blasting). The model geometry matched the
tested block dimensions exactly. Square footings were modeled under plane strain
conditions; circular footings under axisymmetric conditions. Boundary condi-
tions consisted of horizontal fixity on the vertical sides of the model and full fixity
at the base. Interface conditions assumed a rough contact between the footing and
the rock surface. Finally, 15-node triangular elements were selected after sensitiv-
ity analysis showed 6-node elements overestimated the allowable bearing capacity.
A very fine mesh was adopted after convergence analysis between fine and very
fine meshes. The geometric model and mesh are shown in Figure 4.

Y

L

Figure 4. Example of the geometric model and a very fine mesh type.

3. Results and Discussions

3.1. Experimental Results

The experimental bearing capacity-displacement curves obtained for centered
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footings (Figure 5) and eccentric footings (Figure 6) show distinct behavioral
patterns for each facies. The initial stiffness decreases with increasing alteration.
Healthy basanites exhibit the steepest load-displacement response, whereas weath-
ered basanites display a more gradual curve with greater displacement before
failure. For weathered basanites (samples AOII, AOI, AOIII, AOXIII, BOIV, and BOII),
initial punching of the footing is observed at the beginning of load application,
characterized by a slight concavity in the bearing capacity curves. As loading pro-
gresses, transverse cracks develop, eventually separating the rock block into two
parts. The fracture inclination angles g range from 15° to 55°, well below the
theoretical Mohr-Coulomb angle (6 = 45° + ¢/2 = 78°), confirming that tensile
splitting rather than shear failure governs the collapse. The failure mechanism is
punching-splitting (Figure 5(a)-(b)). For the vacuolar basanites (samples AOVI,
AO0IV, A0V, A0X, BOIV, and BOII), the allowable bearing capacity curves show a
short clamping phase, followed by linear and then non-linear response before
sudden failure through a single transverse crack parallel to the block sides (Figure
6(c)-(d)). Measured inclination angles S = 20° - 50°. The failure mechanism is
identified as cleavage fracture. The tensile character of failure is again confirmed
by angles falling well below 78°. In the healthy basanites (samples AOVII, AOVIII,
AO0IX, AOXII, BOIIL, and BOVIII), two distinct behavioral modes are observed.

30 —@— AOVI
E 25 —@— Fch.BOVII
- —e— A0l -
& o5 AOVIL E —@— Ech.BOIII
i ’ = 20 Ech.BOIV
S 20 3
& g 15
o 2
g 15 £
E 210
% 10 %
S S
= z S
L2 5 =
= <
0 = 0
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Figure 5. Allowable bearing capacity-displacement curves for centered footings: (a) square
spread footing, type A specimen; (b) square spread footing, type B specimen; (c) circular
spread footing, type A specimen; (d) circular spread footing, type B specimen.
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Coarse-grained specimens show concavity followed by linear behavior until fail-
ure. In contrast, fine-grained specimens display rapidly increasing deformation
with increasing load, culminating in sudden brittle failure. Fracture occurs by

splitting, with inclination angles varying between 22° and 55° (Figure 7(e)-(f)).
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Figure 6. Allowable bearing capacity-displacement curves for eccentric footings (type A
specimens): (a) square spread footing; (b) circular spread footing.

Displacement (m)

ey

specimen A (b) Weathered Basanite specimen B

(f) Healthy Basanite specimen B

(e) Healthy Basanite specimen A

Figure 7. Failure mechanisms of rock block (a, b, and c: failure by punching and splitting;
d, e, and f: failure by splitting).
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Quantitative results are summarized in Tables 2-4 for square-centered, circu-
lar-centered, and eccentric configurations, respectively, presenting allowable
bearing capacity. The results demonstrate that bearing capacity is significantly in-
fluenced by rock block thickness, footing shape, and alteration state. T'ype A spec-
imens (150 x 150 x 75 mm) exhibited 15% - 40% higher capacities than type B
specimens (100 x 100 x 50 mm), confirming that larger rock volumes mobilize
greater resistance. Circular footings outperformed square footings by 35% - 53%,
with experimental capacities reaching 24.88 - 37.32 MPa for type A blocks com-
pared to 16.27 - 27.66 MPa for square footings, consistent with theoretical solu-
tions where axisymmetric stress distribution reduces edge effects. In the case of
eccentric footings on type A specimen (Table 4), the bearing capacity ranges from
21.15 to 53.71 MPa for square footings and 29.02 to 45.61 MPa for circular foot-
ings. It is noteworthy that for the healthy basanite, the eccentric allowable bearing
capacity (53.71 MPa) exceeds the centered footing capacity (27.66 MPa). This re-
sult is attributed to asymmetric confinement. This effect is most pronounced for
high-strength intact rocks and should not be extrapolated to field conditions

where discontinuities reduce the total allowable bearing capacity [3] [4].

3.2. Numerical Results

The numerical allowable bearing capacity-displacement curves are presented in

Figure 8 for type A rock blocks and in Figure 9 for type B.

Table 2. Square-centered footing allowable bearing capacity results.

Specimens Type A Specimens Type B
Rocks N 1 E al N 1 E 1
. umerical Experiment umetica Xperimenta
Facies P Ratio P Ratio
(MPa) (MPa) (MPa) (MPa)
Weathered
. 28.50 16.27 1.75 25.19 14.63 1.72
Basanite
Vacuolar
. 24.02 22.78 1.05 27.29 19.53 1.39
Basanite
Healthy
. 63.16 27.66 2.28 47.13 15.62 3.01
Basanite
Ratio = Numerical/Experimental.
Table 3. Circular centered footing allowable bearing capacity results.
Specimens Type A Specimens Type B
Rocks
. Numerical Experimental Numerical Experimental ,
Facies Ratio Ratio
(MPa) (MPa) (MPa) (MPa)
Weathered
. 45.50 24.88 1.82 35.15 22.80 1.54
Basanite
Vacuolar
. 34.59 31.10 1.11 27.37 24.80 1.10
Basanite
Healthy
. 65.29 37.32 1.74 57.34 35.24 1.62
Basanite

Ratio = Numerical/Experimental.
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Table 4. Eccentered footing allowable bearing capacity results (type A specimens).

Square Footing Circular Footing
Rocks
Facies Numerical Experimental Ratio Numerical Experimental Ratio
(MPa) (MPa) (MPa) (MPa)
Weathered
. 30.88 21.15 1.46 40.36 29.02 1.39
Basanite
Vacuolar
. 27.47 26.04 1.05 34.51 33.17 1.09
Basanite
Healthy
. 56.67 53.71 1.05 56.71 45.61 1.24
Basanite

Ratio = Numerical/Experimental.
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Figure 8. Allowable bearing capacity for block type A.
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Figure 9. Allowable bearing capacity for block type B.
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The allowable bearing capacity from numerical simulations is summarized in
Tables 2-4, alongside the experimental values for comparison. Table 2 presents
the allowable bearing capacities obtained with centered square footings. Weath-
ered basanites exhibit capacities of 28.50 MPa and 25.19 MPa for type A and type
B specimens, respectively. In vacuolar basanites, the corresponding values are
24.02 MPa and 27.29 MPa. Healthy basanites provide significantly higher capaci-
ties, reaching 63.16 MPa in type A specimens and 47.13 MPa in type B specimens.
The numerical results obtained for centered circular footings (Table 3) indicate
an overall increase in bearing capacity. Allowable bearing capacity for weath-
ered basanites ranges between 35.15 MPa and 45.50 MPa, depending on speci-
men type. Vacuolar basanites show values from 34.59 MPa and 27.37 MPa in
type A and type B specimens, respectively. The highest capacities are again ob-
served in healthy basanites, with values reaching 65.29 MPa and 57.34 MPa. For
eccentric footings on type A specimens (Table 4), the allowable bearing capacity
for square footings is 30.88 MPa in weathered basanite, 27.47 MPa in vacuolar
basanite, and 56.67 MPa in healthy basanite. For eccentric circular footings, the
values are 40.36 MPa, 34.51 MPa, and 56.71 MPa, respectively. The numerical-
to-experimental allowable bearing capacity ratios range from 1.05 to 3.01, de-
pending on the rock facies. The closest correlation is obtained for vacuolar bas-
anites, with ratios between 1.05 and 1.11. This strong agreement indicates that
the Hoek-Brown elasto-plastic criterion is most appropriate for moderately al-
tered rocks exhibiting progressive failure.

The total displacement fields obtained from numerical simulations for type A
and B rock blocks are presented in Figure 10 and Figure 11 for weathered, vacu-
olar, and healthy basanites, respectively. For Type A blocks (150 x 150 x 75 mm),
maximum displacements range from 5.58 x 107 to 5.99 x 10™* m for healthy bas-
anite, increase to 6.64 x 107* - 1.05 x 107> m for vacuolar basanite, and reach 1.29 x
107 - 2.23 x 107 m for weathered basanite.

A similar trend is observed for Type B blocks (100 x 100 x 50 mm), although the
displacement levels are generally lower, ranging from 3.94 x 107 - 4.93 x 10™*
m for healthy basanite, 7.29 x 107 - 7.42 x 10™* m for vacuolar basanite, and
7.29 x 107 - 1.29 x 10 m for weathered basanite. This behavior reflects the
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(a) centered square footing (b) centered circular footing
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Figure 10. Total displacement types A rock blocks (a - b: weathered basanite; ¢ - b: vacuolaire

basanite; e - f: healthy basanite).
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Figure 11. Total displacement types B rock blocks (a - b: weathered basanite; ¢ - b: vacuolaire
basanite; e - f: healthy basanite).

progressive degradation of rock stiffness with increasing weathering and the ad-
ditional stress concentration induced loading. Numerical results indicate a punch-
ing failure mechanism in all configurations, characterized by total displacement
contours concentrated directly beneath the footing and the absence of extended
shear zones propagating toward the free surface, which are typically associated
with general shear failure. This localized deformation pattern is consistent with
the brittle failure behavior of intact rock, as described by Wyllie (1999).

4. Conclusions

This study investigated the bearing capacity of shallow footings on Cape Verde
Peninsula basanites through experimental scale model testing and numerical sim-
ulations with Plaxis 2D.

The following conclusions are drawn:

1) Footing shape and block size: Circular footings outperformed square foot-
ings across all facies and block types, with the largest advantage for weathered
basanites (ratio = 1.82). The axisymmetric stress distribution beneath circular
footings mobilizes a larger failure volume. Circular foundations are recommended
for marginal rock conditions in the Dakar region. Additionally, Type A (150 x 150
x 75 mm) specimens exhibited higher bearing capacities than Type B (100 x 100
x 50 mm) specimens, which is qualitatively consistent with Meyerhof’s observa-
tion that bearing capacity increases with the block thickness-to-footing width ra-
tio (H/B).

2) Failure mechanisms: A Punching-splitting mechanism governs the failure
of weathered basanites; cleavage fracture governs vacuolar and healthy basanites.
The observed fracture angles (15° - 55°) fall well below the Mohr-Coulomb theo-
retical value (78°), confirming that tensile splitting, rather than shear, controls fail-
ure.

3) Numerical model: The Hoek-Brown-based Plaxis 2D model validates exper-
imental trends satisfactorily for vacuolar basanites, yielding numerical-to-experi-

mental ratios between 1.05 and 1.11 but overestimates bearing capacity for intact
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healthy basanites (ratios up to 3.01), reflecting the limitation of continuum mod-
els for brittle rock fracture.

Further research should investigate joint scale effects using larger block assem-
blies, examine the impact of footing eccentricity on bearing capacity, and develop
3D numerical models to properly simulate the geometric effects of square foot-
ings. Additionally, specific design charts should be established for Cape Verde
basanites to incorporate joint spacing as a third parameter alongside UCS and
GSIL
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