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Abstract. The mechanical response of soils under non-isothermal conditions
determines the behavior and performance of a large number of engineering
applications with more or less notable consequences for the daily life of people.
Over the past fifty years, a substantial amount of research has been devoted to
investigate such a response for applications including shallow and deep geothermal
systems, nuclear waste repositories, and underground thermal energy storage
systems. Despite the previous investigations and the accumulated knowledge about
this subject, various challenges currently remain to be addressed. Looking at such
challenges, the aim of this paper is twofold: (i) to provide an introduction about
unresolved challenges related to the thermo-mechanics of soils from a perspective
that considers their solution as a means to establish engineered earth materials; and
(ii) to expand the fundamental analysis of the previous challenges that aims at
pushing the boundaries of the current knowledge on the thermo-mechanics of soils.
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1. Introduction

Over the past fifty years, a substantial amount of research has been carried out to address
the mechanical response of soils under non-isothermal conditions, given its importance
in the analysis and design of shallow and deep geothermal systems, nuclear waste
repositories and other applications at the interface between geomechanics and energy. In
this context, particular attention has been devoted to fine-grained soils because of the
higher sensitivity of their response to temperature variations compared to coarse-grained
soils [1]. However, temperature variations can affect the deformation and strength of all
types of soils [2]. These phenomena can be reversible or irreversible and may induce, for
example, volumetric deformations that are associated with changes in the material
porosity, and thus, density. As a consequence, the stiffness, hydraulic conductivity and
thermal conductivity of the material can change, with a potentially significant impact on
the related behavior (e.g., thermo-hydro-mechanical).

Based on the previous considerations, addressing the perturbation of soils caused by
temperature variations is paramount for ensuring an adequate behavior, performance and
resilience of structures that are constructed on, in or with such materials. In particular,
understanding the physical variables that govern the mechanical response of soils under
non-isothermal conditions across scales and being capable to control them appears
paramount to achieve earth materials that may be tailored for any engineering application.
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Currently, various experimental and theoretical investigations offer an
understanding of the mechanical response of soils under non-isothermal conditions (see,
e.g., [3, 4]). Despite the available knowledge, various fundamental aspects of the
mechanical response of soils under non-isothermal conditions remain poorly understood
and challenges that govern both fundamental and applied problems in science and
engineering remain to be addressed. In regard to those lasting problems, this paper
provides (i) an introductory description of unresolved challenges related to the thermo-
mechanics of soils and (ii) a summary of a fundamental analysis of those challenges for
pushing the boundaries of the current knowledge about this subject.

2. Thermally induced volumetric response of soils

Among the aspects of the thermo-mechanics of soils whose understanding is currently
limited, the volumetric response of such materials appears to be characterized by
unresolved and sometimes conflicting features. In fact, heating and cooling respectively
induces an expansion and contraction of all of the soil constituents, proportional to their
thermal expansion coefficient and to the applied temperature variation. However, during
drained heating paths, both expansive and contractive strains of soil matrices can be
observed. Historically, this evidence has been shown experimentally for fine-grained
soils to depend on the stress history, e.g., measured in terms of the overconsolidation
ratio, OCR [5]. Nevertheless, more recent experimental evidence suggests that the same
phenomenon can characterize coarse-grained soils depending on both the stress history
and stress state, e.g., measured in terms of the relative density, Dy [6].

Two bounding responses can characterize soils: (i) expansion upon heating and
reversible contraction upon cooling for overconsolidated fine-grained soils and very
dense coarse-grained soils; and (ii) contraction upon heating (i.e., leading to the so-called
thermal collapse phenomenon) and partly irreversible contraction upon cooling for
normally consolidated fine-grained soils and loose coarse-grained soils. In between the
two bounding responses, opposite responses have been shown to characterize slightly
overconsolidated fine-grained soils and dense coarse-grained soils: while the former
initially expand and then contract upon drained heating, the latter initially contract and
then expand upon drained heating (in both cases, contraction is observed upon cooling).
A summary of the aforementioned phenomena is depicted in Figure 1.

3. A novel approach to address the thermo-mechanics of soils across scales

While well-established constitutive models and theoretical frameworks are available to
describe at the continuum scale the two bounding volumetric responses of soils to
temperature changes [1], the interpretation of the phenomena governing these responses
remain phenomenological and the understanding of the fundamental processes and
variables controlling them appear to be missing. Moreover, the response of soils to
temperature changes in intermediate conditions cannot be interpreted in a unified
framework with current constitutive models.

The understanding of the fundamental physical variables that control the different
mechanical responses of soils subjected to temperature variations is expected to lie at the
scale of the solid particles that constitute the material structure. That is because the
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response of soil matrices at the continuum scale and their equilibrium are governed by
the physical and/or chemical interactions that develop at the scale of the particles.

In this context, analyses addressing microscopic phenomena such as the topological
reorganization of the material structure under the application of temperature changes are
underway to exhaustively address the volumetric mechanical response of soils under
non-isothermal conditions. The goal of these investigations is threefold: (i) to provide
additional insights into the thermo-mechanics of soils, (ii) to offer novel information for
the microscopically-informed enrichment of constitutive models, and (iii) to develop
comprehensive multi-scale and multi-physical analyses of problems involving soils.
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Figure 1. (a) Volumetric thermal expansion coefficient of soils for different values of OCR and Dy, (data from
[6-8]); and (b) Volumetric strain-temperature change relationship for slightly overconsolidated fine grained
soils and dense coarse-grained soils (data from [9] and [6]). Expansion is negative.
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