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Abstract: This article exposes one of the main engineering problems in the design and construction
of the upper reservoir of El Hierro hydro-wind plant, relative to the high settlement of the bottom
in the southeast area. The high settlements measured during the construction phase are consequence
of the geological-geotechnical settings of the site, a natural depression of a volcanic crater occupied
by highly deformable soils derived from the weathering of volcanic materials. Ground
improvement was carried out by partial preloading (mobile dune), preceded by the execution of a
trial embankment in the southeast area of the reservoir, where the greatest thickness of deformable
soils was identified.
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1. Introduction

On El Hierro island, in order to achieve energy autonomy through fully renewable energy
sources, the company Gorona del Viento El Hierro S.A. carried out a project consisting in the
implementation of a new energy model, combining wind and hydraulic energy. As the successful
bidder for the project, the company IDOM Consulting, Engineering, Architecture, S.A.U. carried out
the detailed engineering design of El Hierro hydro-wind plant, inaugurated in 2014. Among the
elements of this plant, highlights the upper water reservoir, located in the natural depression of an
inactive volcanic crater, “La Caldera”, whose bottom has been waterproofed by placing a PVC
geomembrane.

2. Geological Settings

El Hierro is the smallest, youngest (1.2 Ma) [1], and most isolated of the Canary Islands. These
involve a chain of volcanic islands located off the north-western coast of Africa, whose origins are
linked to a hot spot or plume. The formation of this island is due to the succession and stacking of
two important volcanic structures (Tifior and El Golfo), and a last stage of dorsal volcanism [2], with
three axes that give the island its characteristic “Y” shape.

The location of the upper reservoir is an inactive volcanic crater, with slopes that are made up
of competent and resistant volcanic rocks (“aa” lava flows). These rocks are basic to ultrabasic in
composition, and based on the Mg content classified as basalts and traquibasalts. Moreover, the
bottom is formed by a volcanic vent mainly filled with soils. The foot of the inner slopes of the crater
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is covered by colluvial deposits, derived from the action of erosion and gravity on the upper slopes
of the crater (Figure 1). Beneath these recent deposits, a large thickness of soils generated by intense
weathering of volcanic materials was identified. In the southeast of the reservoir, by geophysical
techniques (PSC-7 to 8 and TEC-1) and rotary boreholes (S-1 to 3), 46.5 m of maximum thickness of

soil was identified.
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Figure 1. Geological mapping of “La Caldera” place, with the location of site investigations.
3. Geotechnical Settings

3.1. Site Investigation and Laboratory Tests

The investigations carried out in the bottom of the upper reservoir are indicated in Table 1.

Table 1. Mechanical investigations and in situ tests.

SC/S SPT PR LG LF PC CC PSC TEC
Units 10 9% 25 1 9 9 11 9 2
Lenght (m) 346.35 127.9 540 465
SC/S: rotary boreholes with continuous core recovering; SPT: standard penetration test; PR:
pressuremeter test (Elastmeter-2, Model-4181, from Oyo Corporation, Tokyo, Japan); LG: Lugeon
permeability test; LF: Lefranc permeability test; PC: dynamic penetration (DPSH); CC: trial pit; PSC:
seismic refraction profile; TEC: electrical tomography profile.

12 samples of rock and paleosoil were taken in outcrops in La Caldera for their geochemical
analysis. Disturbed samples taken in trial pits and undisturbed samples and core samples taken from
boreholes were tested in the laboratory (Table 2).

Table 2. Laboratory tests.

DD WD GR IP UCS TCS L O GM XRD MP CBR DS
Units 37 8 59 59 1 5 1 28 12 7 6 3 3
DD/WD: dry/wet density; GR: granulometric size analysis; IP: Atterberg limits; UCS/TCS:
unconfined/triaxial compressive strength; L: Lambe; O: oedometer; GM: geochemical analysis (X-ray
fluorescence); XRD: mineralogical analysis (X-ray diffraction); MP: modified Proctor; CBR: California
bearing ratio; DS: direct shear.

3.2. Geotechnical Units

Based on the physical and mechanical characteristics of the soils that fill the crater, the
geotechnical units indicated in Table 3 were established. Excluding colluvial soils, the observed
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characteristics are typical of soils derived from weathering of volcanic materials, with very high void
ratios and low dry density [3,4].

The soil structure is line with the typical structure generated by weathering of volcanic materials:
the younger soils (the more superficial ones), have higher density, high content of silt and sand and
low clay content, while the older soils (the deeper ones) show an intense weathering, evidenced by
the decrease in the content in primary minerals, and are characterized by a lower density and
cementation and an increase in clay content [5].

Table 3. Geotechnical units filling the crater and geotechnical parameters.

Bottom

Unit Description F LL 1IP DD C @® Ep (MPa) Em
D(eTP;h (USCS) Lo %) o) gom) (P2 ) ——— ¢ (MP2)
5-6 Qc: coluvial (SP-GP) 5-9 15 38 8 1.45* 0 28 35
25-30 Lm: brown silt (MH-ML) 10-22 51 51 8 1.29 0-34 38 13 50 0.99 25
34-39 LN: black silt (MH) 0-13 83 57 7 0.9 34 39 9 23 2.27 14
39-46.5 La: sandy silt (ML) 7-35 39 36 4 1.24 10 49 1.44 19

USCS: Unified Soil Classification System; SPT: Naso from standard penetration test; F: fines content
(<0.074 mm); LL: liquid limit; IP: plasticity index; DD: dry density; C: cohesion; ®: friction angle; Ep:
pressuremeter modulus obtained from first load (FL) and reload (RL); eo: void ratio; Em: oedometric
modulus. * Calculated from wet density and water content.

4. Soil Improvement: Pre-Loading

Previous experiences in this type of residual volcanic soils had already been described on the
island of La Palma, where significant settlements had been occurred in the Barlovento water reservoir
(2.35 m estimated at the lowest point), resulting in the failure of the PVC geomembrane [6]. The high
deformability of the soils filling the crater La Caldera and the limitation, imposed by the
characteristics of the geomembrane, of a maximum postconstructive settlement of 10-12 cm, led to
propose a soil improvement by preloading.

The selected preloading method was a “mobile dune”, which consists in moving the total
volume of earth excavated in the work, to cover, in successive phases, the entire bottom of the
reservoir. This would simulate the conditions of the reservoir filled with water.

Previously to the mobile dune, in the southeast area of the deposit, a trial embankment of 10 m
height was built and monitored by eight settlement plates. This provided key information regarding
the behavior of these soils under the action of preloading, very useful for the design of the mobile
dune execution stages (Figure 2).

The behavior of the soils was mainly of plastic type, producing a maximum settlement of 0.98 m
in the center of the embankment (P-5 in Figure 2A) and a maximum rebound of the bottom when
removing the embankment of 8 cm (P-3 in Figure 2B) [7].

The settlements generated by the action of the mobile dune in the southeast area of the reservoir
were monitored by four settlement cells: C-10 to C-13 (Figure 2C). The settlement varied between a
minimum value of 0.42 m recorded in cell C-13 (near the edge of the crater) and a maximum value of
0.68 m recorded in cell C-11 (located towards the center of the crater).

The accumulated settlement in the lousy point of the southeast area of the upper reservoir
(Figure 2D), sum of those recorded during the execution of the trial embankment and the mobile
dune, reached a value close to 1.5 m.
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Figure 2. Maps of settlement distribution in the southeast area of the upper reservoir: (A) loading and
stabilization stages of the trial embankment; (B) unloading stage of the trial embankment (rebound);
(C) loading stage of the mobile dune; (D) accumulated settlement. (Mapping software: SURFER).

5. Conclusions

e  The soils that fill the crater “La Caldera” have been generated by the intense weathering of
volcanic materials, which increases with depth.

e  The high settlements in the southeast area of the upper reservoir were due to the fact that this
area may be the emission point of the crater, where greatest thickness of residual soils (up to 46.5
m) were identified. In addition, the geotechnical unit with greatest deformability, LN, has only
been identified in this area of the upper reservoir.

e The behavior of these soils during the preloading carried out for soil improvement (trial
embankment and mobile dune) was mainly of plastic type, producing an accumulated
settlement close to 1.5 m.
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