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Abstract

:

Climate changes are inducing a modification of environmental loads on historical sites, requiring new actions towards their conservation. In the paper, the results of an experimental work on sustainable improvement of a pyroclastic soil belonging to the Orvieto cliff (Central Italy) have been investigated in the perspective of its preservation from degradation. The slightly coherent facies of Orvieto Ignimbrite (pozzolana) was treated with hydrated lime and the subsequent chemo-physical evolution was investigated by means of a multi-scale analysis. The beneficial effects obtained from the improvement in terms of mechanical behaviour were interpreted and correlated to the chemo-physical evolution of the system. Microstructural analyses, X-ray diffractometry, thermo-gravimetric analyses (DTG), SEM observations, mercury intrusion porosimetry performed on raw and treated samples, showed that the pozzolanic reactions develop since the very beginning in the system and that the observed mechanical improvement of the treated soil is mainly due to the formation of calcium silicate hydrates (CSH) and calcium aluminate hydrates (CAH). In the paper, the mechanical improvement is put in evidence by comparing the results of oedometer tests performed on both raw and treated samples.
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1. Introduction


Over the last decades, the geotechnical research has significantly contributed to the preservation of historical sites. It is more recent the awareness that the impact of climate changes is causing an increasingly rapid degradation of the landscape and monumental heritage, requiring new actions towards its conservation, within the integral respect of its material and formal consistency. The geotechnical aspects of heritage conservation require the most advanced methodologies and techniques to be implemented for sustainable mitigation of new challenges introduced by climate changes. In Italy, the case of Orvieto cliff [1] is paradigmatic in this sense. The stability of the cliff is linked to morphological features of the rock mass, but degradation of materials has been increased by the increasing intensity of environmental loads. Wetting and drying cycles of the rock mass surface are mainly responsible for its destructuration [2], causing a progressive degradation of the original cementing bonds. For a sustainable and durable conservation, the countermeasures should respect the materic feature of the rock mass and improve its mechanical resistance to face erosion and progressive degradation of the layers most exposed to environmental loads. In this experimental study, the hydro-mechanical improvement of the slightly coherent facies (pozzolana) of Orvieto Ignimbrite induced by addition of hydrated lime has been studied. The subsequent chemo-physical evolution has been investigated by means of a multi-scale analysis.



Recent studies focused on the appropriateness and usefulness of lime treatment of pyroclastic soils [3,4,5,6], investigating the function played on the engineering features by different parameters, such as lime per cent by weight, type of binder (CaO or Ca(OH)2), water content and curing time. The mechanical improvement is found to depend on different processes, i.e., short-time cation exchange between dissolved calcium ions and the clay minerals surface and hence, the development of pozzolanic reactions depending on the availability of calcium, aluminium and silicon in the system; it follows a microstructural reorganization derived from a redistribution of charges on clay particles in highly alkaline environment [7,8]. Cambi et al. (2016) [9] evidenced that in the case of volcanic soils with low amount of exchanging minerals, cationic exchange only plays a secondary role. Nevertheless, the contribution of each of the mentioned processes should be evaluated along with the mineralogical composition of the natural soil. Guidobaldi et al. (2017) [10] developed an experimental study aimed at investigating the microstructural modifications due to lime addition on a zeolitic pyroclastic soil (rich in Chabazite) belonging to a deposit of the Orvieto cliff in the Umbrian Region (Central Italy). The study showed the high reactivity of the system exhibited by the quick precipitation of hydrates as tangible products of the pozzolanic reactions and clearly responsible for the improvement of the mechanical response of the material upon shearing, which has been found to depend on confining stress, quantity of lime - percentage as well as curing time. In particular, upon shearing, the behaviour of such treated soil is fragile and dilatant; the soil brittleness increases with larger lime contents and longer curing times. For the investigated curing time intervals, the frictional aliquot of shear strength of the lime treated soil appears to be not influenced by the quantity of added lime and the amount of secondary phases, because of their low degree of crystallization.



Starting from these considerations, the main objective of the present paper is to further investigate the link between the chemo-physical evolution detected at particle level and the macroscopic behaviour of the treated pyroclastic soil through the multi-scale analysis approach. The studied soil, whose samples have been retrieved from the base of an outcrop in Orvieto (TR, Italy), is particularly rich in chabazite, belonging to the mineralogical group of zeolites [11], identified as fundamental promoters of the reaction between Ca2+ ions and pozzolanic soil. Conventional 1D restrained-compression tests (oedometer tests) were performed on reconstituted samples of raw and lime treated soil in order to detect any modifications in the compressibility properties of the material. The modification of compressibility properties has been directly linked to the formation of physical bonding between grains due to precipitation of hydrates after lime addition, as detected by means of different microstructural investigations. As a result, lime treated pyroclastic soil showed an increased yield stress and an improved compressive strength.




2. Material and Methods


The investigated material belongs to the Northern part of the Roman Magmatic Province in the Vulsini district (Central Italy), locally known as the Orvieto-Bagnoregio Ignimbrite [12]. A polyphasic eruptive pattern characterized the volcanic activity of the Vulsini District: a first strombolian and effusive activity, followed by caldera-forming eruptions associated with ignimbrite deposits and a final eruptive phase characterized by strombolian magmatic and hydromagmatic events [13]. The average thickness of the ignimbrite deposits in the studied area is about 10 meters, but it reaches a maximum value of 60 meters in the town of Orvieto, sited on the top of a small plateaux resulting from intense erosion processes. These deposits exhibit two facies, a weak rock material (tuff facies) and a slightly coherent pozzolana facies. The investigated soil, here denoted as OR soil (identified as PWD4 by Gentili et al. (2014) [11]), belongs to the pozzolana facies (Figure 1) and it is largely enriched in zeolites.



The raw OR soil was crushed and the fraction passing to the sieve 450 μm selected and oven-dried for 24 h at 60 °C. Mineralogical and chemo-physical properties of OR natural soil (raw material) are described in Guidobaldi et al. (2017) [10]. The OR-soil is characterized by a relevant presence of Ca-chabazite and iron-enriched altered amorphous phase, both clearly identified by SEM observations (Figure 2a,b). The prominent presence of chabazite is furtherly confirmed by all the used investigation techniques. X-Ray powder diffraction also allowed the identification of minor phases such as: sanidine, augite, K-feldspar, analcime and biotite (see Section 3.2, raw material).



Samples preparation of lime-treated samples was carried out identically for mechanical, microstructural and chemo-mineralogical tests: the 5% of lime (by dry weight of soil) was firstly mixed to the soil; then, once obtained a homogenous powder, the 20% of distilled water (by dry weight of soil) was added to the soil-lime mixture. The hydrated lime used for treatment is composed of more than 95% by Portlandite. Reconstituted samples were compacted in three layers. After compaction, the specimens were stored before testing in order to avoid environmental contamination and drying. Microstructural investigation was carried out for a wide range of curing times, from 24 h to 90 days, while mechanical testing was performed until 28 days of curing. Several investigation techniques and analyses were performed to gain an insight of the microstructural features of raw and lime treated OR soil.



At the micro-scale of investigation, the experimental programme consisted overall of mineralogical and thermogravimetric analyses (XRD, DTG), as well as scanning electron microscopy analyses (SEM).



XRD analyses were carried out using a Brucker AXS D8 Advance Diffractometer with CuKα (λ=0.154 nm) radiation and a step size of 0.021° on crushed and randomly oriented powders.



A quantity of 50–100 mg of finely ground material was used for thermogravimetric analyses and heated at a rate of 10 °C min−1, from lab-room temperature up to 1000 °C. A Netzsch STA 449F3 Jupiter instrument was used, equipped with a mass spectrometer; Netzsch Proteus software was used for results interpretation. Further details are given in Guidobaldi et al. (2017) [10].



Mercury Intrusion Porosimetry (MIP) on the raw and lime treated samples was carried out by means of the Micromeritics AutoPore III, which allows to detect pore diameters from 0.07 μm to 300 μm (max Hg pressure respectively 0.20685 MPa and 206.85 MPa).



With regard to laboratory geotechnical tests, an oedometer conventional apparatus was adopted. Vertical stress was conventionally applied in subsequent steps (Δσv/σv = 1). Samples were tested in unsaturated conditions, without performing suction measurements before and during testing. The applied stress levels during loading and unloading stages ranged between σv = 25 kPa ÷ 6400 kPa. Vertical displacements were measured by means of micrometer dial gauges with an accuracy of 0.001 mm.




3. Results and Discussion


3.1. Physical Properties of Raw Samples


OR raw soil presents a partial saturation characterized by Sr = 47% and initial average water content of about 15%. The material used for sample preparation is classified as a silty sand with max. grain dimensions, Dmax = 0.425 mm; the grain size distribution is shown in Figure 3. In Table 1, physical properties of OR soil in its natural state and the initial physical properties of the investigated samples are reported.



Finally, during the present study, the hydraulic properties of OR material have been preliminary estimated. It is very well known that several mathematical equations have been proposed in the literature to describe the soil-water retention curve (SWRC), provided that the grain size distribution is known. Arya and Paris (1981) [14] originally proposed such approach in the field of soil physics; the method still seems to be very effective in predicting the SWRC for different soils, including stabilized soils, as well as being very advantageous for its simplicity [15]. In the Arya and Paris model (AP model), the fundamental assumption is that the pore diameter, di (pores are assumed as cylindrical capillary tubes) can be related to the mean grain (spherical) diameter (Di,) for each ith particle-size class, according to:


   d i  =  D i     [  2 e    n i   (  1 − α  )   3   ]     1 2     



(1)




and


   s i  =   4  T w     d i     



(2)




where ni, e and si represent respectively the number of spherical particles per unit sample mass, the voids ratio and suction (which is related to pore diameter di). The quantity Tw is the surface tension of water (Tw = 7.27 × 10−2 N/m at 20 °C), while α is a constant parameter, generally larger than unity (1.38); the value of parameter α is comparable with the one evaluated for other typical pyroclastic weak rocks and coarse-grained soils of Central Italy [16,17]. The resulting soil water retention curve is reported in Figure 4.




3.2. Chemo-physical Characterization of Lime-Treated Samples


The X-ray diffraction patterns of OR soil treated with 5% by weight of Ca(OH)2 is shown in Figure 5. The mineralogical evolution of the system was monitored over time, from 24 h to 90 days of curing. The main phases added through lime are portlandite and a small fraction of calcite. Calcite is steadily detected until 90 days of curing, meaning that it is not involved in the ongoing reactions. Portlandite actively promotes and participates to the reactions taking place in the system and it is quickly consumed. Signals ascribable to portlandite are never detected, thus suggesting that it is entirely consumed within 24 h after the addition.



Figure 6 shows the DTG curves of raw and lime treated OR samples at increasing curing times. Orvieto DTG natural curve is mainly affected by Chabazite-Ca. The characteristic double peak of dehydration of Chabazite (between 50 °C and 250 °C) plausibly indicates the presence of molecular water absorbed in two different sites [18]. Immediately after lime addition, the two peaks of chabazite quickly smoothen. The main peak of portlandite dehydroxilation at around 450°, is just slightly visible after 1 day of curing. It completely vanishes for longer curing times. The signal of decarbonation CaCO3 → CaO+ CO2 [19] decreases in time as well. After 90 days, there is still no sign of hydrates formation for temperature ranging around 300 °C, typical of C-S-H. Nevertheless, it is clearly detectable in the interval 1–90 days a constant increase of the % mass loss around 100 °C.



MIP of raw OR soil samples allowed the identification of three main classes of pores (Figure 7). The first two classes are mainly composed of inter-particles voids while the main contribution to the smaller pore population is mainly given by the intrinsic porosity of the altered iron-enriched amorphous phase. Differently from soils formed by exchanging clay minerals, no microstructural reorganization is detected after the addition of lime. Treated samples show a bimodal distribution, with similar modal sizes. In the smallest pore range (entrance diameter < 0.1 μm) an increase of frequency is observed in the very short term (24 h of curing), indicating the formation of a new pore class due to precipitation of secondary hydrates phases in form of gel. Increasing the curing time, a progressive filling of cavities and voids is due to the precipitation of secondary phases, with the progressive decrease of frequency of each class, even if the modal size of the two main classes of pores is not relevantly changed. This observation is evident for 0.3–3 μm pore entrance diameters within the first 28 days of curing. The filling is less relevant for 3–12 μm pore entrance diameters. The precipitation of hydrates is congruent with the formation of the smallest class of pores, particularly evident after 28 days of curing.




3.3. Lime Treatment Effects on the Soil Compressibility


For a quantitative assessment of the mechanical improvement induced by lime addition, some results of 1D-oedometer tests are herein presented and discussed in terms of compressibility properties; the obtained results (axial strain εv vs. vertical stress, σv) are reported in Figure 8. The initial state of raw samples is characterized by voids ratio in the range e0 = 0.86 ÷ 0.88, similar to the other values estimated for pyroclastic soils from Central Italy [21]. The initial response of intact samples of this material on first loading (< 100 kPa) is moderately stiff. Large volumetric strains occur for vertical stresses higher than about 200 kPa. Nevertheless, the maximum stress level upon loading is low from reaching a single normal compression line. First loading induces a gradual transition (yielding) between reversible to irreversible behaviour of the sample with the increase of vertical stresses, with relevant volume changes even before major yield. The influence of curing time is very clear. As already observed for other pyroclastic soils [3], the effect is mainly due to the development of stable bonds between aggregates deriving from the products of pozzolanic reactions. The increase of one dimensional stiffness becomes relevant longer curing times (at least 7 days), but a certain improvement is observed also for treated samples cured for short time (24 h after compaction).



Therefore, lime addition undoubtedly leads to an improvement in the mechanical response within the first month, by reducing the compressibility and increasing the yield stress. This mechanical response can be then interpreted based on the results obtained from the investigation at the microstructural level. In fact, the microstructural analyses of the treated pyroclastic soil showed the high reactivity of the system to lime addition and the rapid development of pozzolanic reactions.





4. Conclusions


In the paper, the results of an extensive experimental work on sustainable improvement of a pyroclastic soil belonging to the Orvieto cliff (Central Italy) have been investigated in the perspective of its preservation from degradation. The suitability of Orvieto pyroclastic soil to lime treatment has been analysed by means of a multi-scale analysis. The link between chemo-physical evolution of the soil-lime-water system (microscale level) and mechanical behaviour of treated samples (macroscale level) has been thoroughly investigated. The main findings allow the following conclusions to be drawn, at different scales of investigation:




	
portlandite, chabazite and amorphous phases are the main phases involved in pozzolanic reactions induced by lime addition;



	
by comparing diffractometer and thermogravimetric analyses, it is evident that secondary hydrated phases, mainly C-A-H and C-S-H, are formed since the very short time;



	
the observed compressibility upon loading in oedometer conditions is relevantly affected by the formation of hydrated secondary phases; the reduction of compressibility and the increase of yield stress are directly linked to the amount of newly formed hydrated phases, in turn depending on the amount of added lime and duration of curing time.
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Figure 1. The Orvieto southern cliff. The samples were retrieved at the base of the outcrop. 
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Figure 2. Micrographs at different magnification factors: (a) Chabazite crystals surrounded by altered amorphous phase, (b) glassy amorphous phase, altered in its external surface. 






Figure 2. Micrographs at different magnification factors: (a) Chabazite crystals surrounded by altered amorphous phase, (b) glassy amorphous phase, altered in its external surface.



[image: Applsci 10 00899 g002]







[image: Applsci 10 00899 g003 550] 





Figure 3. Grain size distribution of the investigated OR raw soil used for lime treatment. 
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Figure 4. Soil water retention curve of OR raw material (SWRC). 
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Figure 5. X-ray diffractograms obtained for raw and lime treated OR soil at increasing curing time (from Guidobaldi et al. (2017) [10]). 
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Figure 6. OR-soil: results of thermogravimetric analyses (DTG) on 5% lime treated samples for different increasing curing times (from Guidobaldi et al. (2017) [10]). 
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Figure 7. Pore size distribution evolution for raw and lime treated OR soil at increasing curing time (adapted from Guidobaldi et al. (2018) [20]). 
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Figure 8. Compressibility curves from conventional oedometer tests on raw and lime-treated OR samples at increasing curing time. 
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Table 1. Physical properties of natural OR deposit (in situ) and OR laboratory samples.
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