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ABSTRACT: Experimental soil mechanics has evolved through a continuous and reciprocal interaction with theory and geotechnical
practice. This paper reviews that evolution as a history of ideas, highlighting how theoretical advances have driven new experiments
and how improved testing techniques have reshaped theory. Starting from the limited tools available around 1925, we trace key devel-
opments up to 1950 and the emergence of Critical State Soil Mechanics, which unified deformation and failure and transformed data
interpretation. Rather than providing an exhaustive inventory, we focus on eight major areas of progress since the 1950s: control of
general stress and strain states, soil fabric, partially saturated soils, small-strain stiffness, strain localization, coupled thermo-hydro-
chemo-biological processes, experimental micromechanics, and X-ray tomography. We conclude with some final reflections.
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1 INTRODUCTION

Experimental soil mechanics has developed in continuous in-
teraction with theory and geotechnical practice. This short pa-
per reviews that development — not as a complete list of devices
or contributions, but as a reflection on the ideas that drove ma-
jor experimental advances and, in turn, the ideas that arose from
them. The main theme is this circular relationship: new theoret-
ical insights lead to new experimental questions and technical
needs, while new apparatus and measurement techniques reveal
behaviours that challenge and reshape theory. Each drives the
other.

We begin by recalling the state of the art around 1925. At
that time, the experimental tools available to the soil mechani-
cian were essentially limited to the direct shear apparatus, the
oedometer, and the permeameter. According to Arthur Casa-
grande (1932), the principles of oedometer testing had been in-
troduced by Karl Terzaghi. For shear strength, Terzaghi himself
carried out unconfined compression tests on moulded soil cubes
(Terzaghi, 1925). These tests were interpreted within a frame-
work in which deformation and failure were treated as two sep-
arate domains.

We then review the main experimental developments be-
tween 1925 and 1950. It was during these years that the foun-
dations of the classical soil testing apparatus were established.
The 1950s mark a milestone, as this period saw the emergence
of Critical State Soil Mechanics (CSSM), often described —
rightly — as a paradigm shift in soil mechanics. As nicely ob-
served by Muir Wood (1990), its central message is that volume
changes must be considered together with changes in effective
stress in order to understand soil behavior.

Already before CSSM, testing techniques improved signif-
icantly, but the prevailing conceptual framework still treated
deformation and failure as separate phenomena. CSSM unified
these aspects and generated new experimental demands, such
as stress-path control beyond conventional triaxial compres-
sion, accurate measurement of volume change, and awareness
of state variables. It did not represent a technical revolution in
experimental methods, but rather a conceptual shift in how ex-
perimental programs are designed and their results are inter-
preted. By removing the distinction between deformation and
failure, it changed the meaning of experimental data and had a
lasting influence on experimental practice.

As noted above, this paper does not seek to provide an ex-
haustive inventory of experimental contributions or laboratory
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apparatus. We do not address in detail index tests (e.g., Atter-
berg limits), 1g or centrifuge model testing, nor the extensive
body of national and international standards (e.g., ASTM, BS,
DIN) that formalize laboratory procedures and data interpreta-
tion. These topics are referred to where relevant, but they are
not the primary focus of the present work. For more compre-
hensive treatments, readers are encouraged to consult mono-
graphs devoted specifically to experimental soil mechanics, alt-
hough such texts are relatively few. Notable examples include
the pioneering book The Measurement of Soil Properties in the
Triaxial Test by Bishop and Henkel (1957), as well as the books
by Head (1986), Bardet (1997), Fratta et al. (2007), and Lade
(2016). In addition, the Bishop Lectures and other activities or-
ganized by TC 101 (Laboratory Stress—Strain—Strength Testing
of Geomaterials) of the ISSMGE provide valuable state-of-the-
art perspectives on experimental soil mechanics.

Rather than attempting to list all technical developments
since the 1950s, we focus on six areas that, in our view, have
seen significant progress and merit particular attention: control
of general stress and strain states, soil fabric, partially saturated
soils, small-strain stiffness, strain localization, coupled thermo-
hydro-chemo-biological processes, experimental micro me-
chanics, and X-ray tomography. For each of these areas, we em-
phasize early contributions rather than the most recent ones.
Where appropriate, we briefly mention some later studies and
provide references to review papers or books that offer compre-
hensive coverage of the latest experimental developments. A
short concluding section presents our final thoughts.

2 STATE OF THE ART AROUND 1925

About one century ago, only a few experimental devices were
available and they were largely disconnected: the permeameter,
the oedometer, the direct shear box, and early, primitive triaxial
devices — at that time, uniaxial (unconfined) compression tests
remained the dominant practice.

The permeameters used at that time were relatively simple
laboratory devices designed to determine the coefficient of per-
meability under controlled flow conditions, based on Darcy’s
work on flow through porous media (see Fig. 1). For coarse-
grained soils, constant-head permeameters were employed, in
which a steady hydraulic head was maintained across the spec-
imen. These early devices typically consisted of metal or glass
cylinders fitted with porous stones at both ends to ensure uni-
form flow through the sample. For finer soils, falling-head per-
meameters were used, where the decrease in water level in a
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standpipe was measured over time (Fig. 2). Interestingly, Ter-
zaghi (1925) emphasized the importance of proper saturation,
elimination of air bubbles, and careful control of boundary con-
ditions to obtain reliable results, since small errors in head
measurement could significantly affect the calculated permea-
bility for low-permeability clays and silts.
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Figure 1. Measurement of sand permeability in a column apparatus
by Darcy (after Brown, 2002, from Darcy, 1856).
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Figure 2. Measurement of permeability for fine-grained soils (after
Terzaghi, 1925).

One-dimensional compression apparatus (oedometers) were
used to determine the compressibility of fine-grained soils. The
term oedometer derives from the Greek word oidnua (oidéma),
meaning “swelling,” reflecting the use of the device in measur-
ing soil compression and swelling under vertical loading and
unloading. According to Casagrande (1932), the principles of
oedometer testing were introduced by Terzaghi to verify his
one-dimensional consolidation theory — the analytical frame-
work linking effective stress changes to time-dependent soil de-
formation. Early consolidation apparatus consisted of simple
loading frames with confined rings and porous stones. Fig. 3
shows a section of the oedometer used in Terzaghi’s laboratory
in Vienna.

The first modern direct shear apparatus, including sche-
matic drawings and a testing procedure that closely resembles
what later became standardized as the ASTM D3080 configu-

ration, was developed by Casagrande in 1932 at Harvard Uni-
versity. Interestingly, Casagrande explicitly acknowledged and
cited the earlier direct shear device developed by Krey (1926),

see Fig. 4.
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Figure 3. Section of an oedometer apparatus in the laboratory of
Terzaghi (after Casagrande, 1932).
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Figure 4. Load-controlled shear box apparatus by Krey from
1926 (after Krey, 1936), also cited by Casagrande (1932).

The emergence of the triaxial apparatus in soil mechanics can-
not be attributed to a single, clearly defined invention date, but
rather to a developmental phase spanning the late 1920s and
early 1930s, primarily associated with the experimental work of
the Vienna and Harvard schools. An early triaxial compression
device is commonly attributed to von Karman (around 1910);
however, it was designed for testing rocks and other brittle ma-
terials rather than soils (see Fig. 5). Although the apparatus em-
ployed lateral confinement, it did not incorporate measurement
of volumetric changes and was not conceived within the frame-
work of soil mechanics. Around 1925, soil strength was pre-
dominantly investigated using uniaxial (i.e., unconfined) com-
pression tests on moulded soil cubes, as reported by Terzaghi
(1925).
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Figure 5. Triaxial apparatus by von Karman from 1910 used for
rocks (after Vasarhelyi, 2010)
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3 1925 TO 19508

It was during this period that the fundamental principles under-
lying the classical soil-testing apparatus were established. Ren-
dulic (1935) designed the first triaxial apparatus capable of ei-
ther allowing pore water to drain from a soil specimen or meas-
uring excess pore water pressure when the drainage line was
closed. Using this device, Rendulic conducted experiments in
Vienna and Berlin on clay (1936, 1937). These results are
widely regarded as experimental confirmation of the principle
of effective stress proposed a decade earlier by Terzaghi (see
Fig. 6).
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Figure 7. “Modern” triaxial apparatus since 1950s (after Skempton
and Bishop, 1950).

The triaxial apparatus introduced in the early 1950s by Skemp-
ton and Bishop (see Fig. 7) constituted an incremental yet sig-
nificant refinement of the original system developed by Rendu-
lic. The principal advances were mechanical and metrological
rather than conceptual, including improved measurement accu-
racy for axial strain, volume change, and pore water pressure,
as well as enhanced control of saturation and drainage condi-
tions. These developments substantially reduced measurement
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uncertainty and minimized system compliance effects, thereby
increasing the reliability and repeatability of experimental re-
sults.

In the 1930s, it became evident that not only the peak fric-
tion angle of soils, but also the residual friction angle — i.e., the
friction angle mobilized at large shear strains — was of signifi-
cant interest, particularly for applications such as slope stability
analysis. The conventional direct shear apparatus, which had by
then evolved into a form largely consistent with its modern con-
figuration (see Fig. 8), was inherently limited in this respect, as
it permitted only relatively small shear displacements. To over-
come this limitation, the concept of the ring shear test was de-
veloped in the 1930s. Early experimental work on torsional
shear devices for soils, including ring-shaped specimens, was
conducted in 1933 in Versuchsanstalt fiir Wasserbau und
Schiffbau in Berlin (Tiedemann, 1937), which inspired
Hvorslev to develop a torsional shear apparatus in Vienna
(Hvorslev 1937) — see Fig. 9. Independently, based on the pro-
posal by Gruner and Haefeli (1934), Haefeli constructed a sim-
ilar device at ETH Zurich in 1935 (Haefeli, 1938). Another ap-
proach was reported by Cooling and Smith (1935), who devel-
oped an unconfined ring (torsional) shear apparatus. A compre-
hensive overview of the subsequent development and construc-
tion details of the ring shear apparatus is provided by Bishop et
al. (1971).
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Figure 8. “Modern” shear box apparatus since 1950s (after
Skempton and Bishop, 1950).

Interestingly, it was during the same period that the idea of an
ultimate or critical state was conceived by Casagrande (1936),
referring to the condition in which soils subjected to sufficiently
large shear strains reach constant shear stress, normal stress,
and volume, well before its formalization by the Cambridge re-
search group in the 1950s, when it became central to what is
now known as Critical State Soil Mechanics, with the designa-
tion “critical” directly reflecting the underlying concept.

Although simple shear apparatus were mainly developed
later (see Section 5), primarily to investigate soil behavior un-
der principal stress rotations and to study soil response under
cyclic loading, the first concepts of a simple shear device al-
ready appeared in the 1930s. Designed by Kjellman in Stock-
holm (Kjellman, 1935, 1951), the apparatus was introduced to
overcome some limitations of the direct shear box by promoting
a more uniform shear strain distribution within the specimen,
rather than concentrating deformation along a predefined shear
plane (see Fig. 10).

We conclude this section by briefly noting the early exper-
imental studies on time effects, rate effects, viscosity, and creep
in soils. Buisman (1936) observed that even after the dissipation
of excess pore-water pressure (referred to as “primary consoli-
dation”), soils continue to deform under constant effective



stress — a phenomenon he termed “secondary compression.” In
other words, Buisman clearly demonstrated that time-depend-
ent deformation cannot be explained solely by classical consol-
idation theory, as soils exhibit viscous or creep behavior even
under constant effective stress. The Buisman’s logarithmic
creep law is still considered fundamental for the modeling of
soil creep. Subsequent experimental studies in the 1940s further
showed that the shear strength of soils increases with increasing
strain rate, confirming the importance of rate-dependent behav-
ior (e.g., Casagrande and Shannon, 1948).
|

Figure 9. Top: Ring shear apparatus in Versuchsanstalt fiir
Wasserbau und Schiftbau in Berlin (Tiedemann, 1937) inspired
Hvorslev in 1933 to build a similar one in the Terzaghi’s
laboratory in Vienna and also Haefeli in 1935 to construct it at
the ETH Zurich. Bottom: the ring shear apparatus developed by
Hvorslev (1937).

Figure 10. The first simple shear by Kjellman in Stockholm (after
Kjellman, 1935).

4 THE REVOLUTION OF CSSM

Testing reconstituted saturated clay soils in direct shear tests,
Hvorslev (1937) established a relationship between the soil
state — defined by the effective normal stress and void ratio —
and the peak shear strength. However, in his analyses of the
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shear zones within the specimens, the soil behavior prior to the
peak was not considered. Consequently, predicting the peak
stresses from the initial state of the soil was not possible.

q
60— £
qlbfsq.in.
40 |- o
/
e
#°
20 /
g p Ib/sq.in,
0 1 T i |
0 20 40 60 80
u
\
%[
25 \?
ab \
X NORMAL CONSOLIDATION
»l \ CURVE.,
w% e ’\
22 F “No
'\_ ~
21 | “Ne -
20 | R
9 F .
p 1b/sqin.
8 1 ] "
) 20 40 60 8

Figure 11. Critical state from undrained triaxial tests on Wald clay
(after Roscoe et al., 1958).
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Figure 12. Critical state observed in simple shear tests on steel balls
(after Roscoe et al., 1958).

Roscoe et al. (1958) investigated reconstituted clay, silt,
sand, and ballotini (steel and glass) using triaxial and simple
shear tests. They demonstrated experimentally the existence of
a critical state line in the three-dimensional space defined by



stress (p’—q) and void ratio (Figs. 11 and 12), which is inde-
pendent of the initial state. This line acts as an attractor for soil
behavior at large shear strains, where the soil deforms at con-
stant volume and constant stresses. Their findings provided the
missing link between the initial and failure states of soil and
soon led to the theoretical framework of Critical State Soil Me-
chanics (CSSM) (Schofield and Wroth, 1968; Muir Wood,
1990).

The emergence of CSSM represents a genuine paradigm
shift in soil mechanics, accompanied by a fundamental rethink-
ing of soil mechanical behavior. Before CSSM, the conceptual
framework of soil mechanics largely treated deformation and
failure as separate phenomena: deformation was considered
merely a precursor to failure or was analyzed only in relation to
soil behavior far from the failure state. CSSM revolutionized
this perspective by recognizing that soil deformation — particu-
larly volume change — is as fundamental as stress changes.

CSSM did not bring about a technical revolution in exper-
imental methods — there was no sudden leap in instrumentation
or apparatus design. Rather, it represented a radical shift in the
interpretation of experimental results. By abandoning the artifi-
cial distinction between deformation and failure, it became nec-
essary to relate state variables, such as void ratio and effective
stresses, throughout the entire test. This new perspective de-
manded a more general approach to experimentation: stress-
path control instead of conventional triaxial compression, pre-
cise measurement of strains, and careful assessment of the soil
initial state.

The conceptual foundation of CSSM also laid the ground-
work for advanced modeling approaches, such as hardening
plasticity, which quickly integrated the critical state framework
into constitutive modeling (Schofield and Wroth, 1968).

The apparent limitations of CSSM soon became evident.
Since it was based on reconstituted specimens, the natural soil
fabric could not be taken into account. Shear strain localization
within triaxial specimens contradicted the assumptions of ele-
ment tests. Doubts also arose as to whether the critical state
could be defined for stress states beyond axial symmetry. These
and other issues stimulated both experimental and theoretical
research in soil mechanics, contributing to its rapid develop-
ment in the following years.

5 CONTROLLING GENERAL STRESS AND STRAIN
STATES

Cylindrical specimens, often obtained using rotary boring and
sampling techniques, are a staple of soil experiments. Conse-
quently, standard tests in oedometer or triaxial apparatus are
conducted on soil cylinders under axially symmetric stress and
strain conditions. While it is convenient to consider only verti-
cal (axial) and horizontal (radial) directions, these axisymmet-
ric conditions restrict the stress state and mask aspects of the
general three-dimensional behavior of soils.

Many geotechnical problems can be idealized as plane
strain conditions, where the two horizontal stresses are not
equal. What implications does this have for the shear strength
of soil? Does it remain the same as in standard triaxial tests on
cylindrical specimens? To address this question, Cornforth
(1964) designed a plane strain apparatus for testing the shear
strength of sands under non-axisymmetric stress states (see Fig.
13). Using prismatic specimens, he demonstrated that the shear
strength in plane strain is higher than under axial symmetry.
The concept of his apparatus was later modified by Vardoulakis
et al. (1978) for studying shear banding in soils.
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Figure 13: Plane strain apparatus designed by Cornforth (1964)

Under plane strain conditions, the stress in the direction of zero
strain is not controlled, so the stress states in the deviatoric
plane remain confined to a narrow band. To achieve arbitrary
stress states, a “true” triaxial apparatus is required. The corre-
sponding mechanical principle was proposed by Hambly in
19609, inspiring other researchers such as Goldscheider (1972),
Arthur and Menzies (1972), Lade (Lade and Duncan, 1973),
and Matsuoka (1974), see Figs. 14 and 15.

A major limitation of the true triaxial apparatus was the
relatively small magnitude of soil deformation it could accom-
modate, so most tests were performed on sands. To address this,
Hambly (1972) developed a plane strain apparatus as a special
case of his true triaxial device. His concept was later success-
fully adopted by researchers such as Topolnicki et al. (1990).
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Figure 14. True triaxial apparatus by Goldscheider (1972)

Although true triaxial apparatus allow for general stress states,
the directions of the principal stresses remain fixed during the
tests or can only interchange with one another. In many field
situations, however, the principal stresses gradually rotate — a
process that cannot be reproduced in a true triaxial test. One
alternative is the simple shear test, where a continuous rotation
of the principal stresses occurs. Nevertheless, stress rotation
cannot be controlled in this setup, and the specimen deforms
under plane strain conditions. Consequently, the simple shear
test is primarily intended for the study of (only apparently) ho-
mogeneous shear deformation.

This is where the hollow cylinder apparatus becomes rele-
vant. As early as 1935, Cooling and Smith used hollow cylinder
specimens to test shear strength, although under zero radial
stress. Broms and Casbarian (1965) described the first hollow
cylinder apparatus capable of applying different pressures in-
side and outside the cylinder, thereby independently controlling



axial, radial, and circumferential stresses. Subsequent develop-
ments of such devices were presented, e.g., by Ishihara and Ya-
suda (1975), Lade (1981), and Hight et al. (1983).
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Figure 15. True triaxial apparatus by Lade (after Lade and Duncan
1973).

Hollow cylinder testing systems are designed to apply complex,
three-dimensional stress states to (hollow) cylindrical soil spec-
imens, allowing for the generation of rather intricate stress
paths. This capability has been utilized, for example, in hollow
cylinder experiments conducted as part of the competition on
the predictive performance of advanced constitutive models un-
der general stress states (Saada and Bianchini, 1987).
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Figure 16. Hollow cylinder cell by Ishihara and Yasuda (1975).

In any testing apparatus, the ability to fully control strain paths
can help reveal fundamental features of soil behavior. By ap-
plying proportional strain paths to sand in a true triaxial test —
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i.e., maintaining a constant ratio between the principal strain in-
crements — Goldscheider (1972) observed that the resulting
stress paths are also proportional. Moreover, when the initial
stress state lies outside such a proportional stress path, contin-
ued deformation along the imposed strain path eventually leads
the stress state to reach that path, which is then followed there-
after. Analogous results were obtained by Topolnicki et al.
(1990) for clay using a plane strain apparatus. Strain paths can
also be investigated using a standard triaxial device (Chu and
Lo 1994). The asymptotic states associated with proportional
strain paths were termed “swept-out memory” (SOM) by Gude-
hus et al., (1977) and later became an important component of
advanced constitutive models. Interestingly, SOM behavior
was also observed during plane strain deformation of PVC rods
in the 1y2¢ apparatus (Ibraim ef al., 2010; see also Section 11).

6 FABRIC ENTERS THE SCENE

The particles rearrangement in soil defines its fabric (or struc-
ture), which plays a decisive role in determining the mechanical
response of soil. This was already recognized in the nineteenth
century. In his report on earth pressure experiments, Darwin
(1883) observed that a “historical element” — that is, the stress
or formation history — should be taken into account. Later, the
innovative experiments conducted by Reynolds (1885) on wa-
ter-saturated sand demonstrated the phenomena of dilatancy
and contractancy, depending on the initial state.

Casagrande (1932) explained the differences in the behav-
ior of natural and remolded clays by their distinct fabric (Fig.
17). Bjerrum and Rosenqvist (1956) observed that clay sedi-
mented in fresh water and in salt water exhibited different re-
sponses, and they attributed this discrepancy to variations in
clay structure induced by the sedimentation environment.
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Figure 17. Fabric of a natural clay (after Casagrande, 1932).

In laboratory testing, it became increasingly evident that the
method of specimen preparation plays a crucial role. Kol-
buszewski (1948) investigated the limiting densities of sand and
demonstrated the influence of sample preparation (Fig. 18).
Bishop and Henkel (1957) introduced certain standards by de-
tailing the procedures for preparing triaxial specimens. How-
ever, it was Oda (1972) who first analyzed fabric in a rigorous
manner. Using two different compaction methods for dry sand
in a mold — tapping on the mold and tamping the sand directly
— he fixed the resulting fabric with a liquid resin and, after the
resin hardened, cut thin plane sections in both vertical and hor-
izontal directions. By describing the frequency of grain orien-
tations and contact planes relative to the coordinate system (Fig.
19), he established an approach to fabric description that is still
in use today. Based on triaxial tests of sand specimens with dif-
ferent fabrics, Oda (1972a) demonstrated that the initial fabric
influences not only the initial stiffness but also the shear
strength.



If the frequency distribution of grains and/or grain contact ori-
entations in space is non-uniform, the resulting fabric is aniso-
tropic. To systematically investigate the effect of initial anisot-
ropy on shear strength, Arthur and Menzies (1972) developed
an ingenious method for creating specimens with varying ori-
entations of bedding planes (see Fig. 20). These specimens were
then tested in their true triaxial apparatus.

The initial fabric does not remain fixed during defor-
mation. In an innovative experiment, Wiendieck (1967) placed
flat elements resembling grains between two glass plates and
described the anisotropy of structure through the orientation of
the contact planes, in a manner similar to Oda (1972a) for real
sand. Wiendieck observed that the initial anisotropy of the 2D
specimen could be completely rotated under sufficiently large
deformation in the direction perpendicular to the majority of
contact planes. His findings were later confirmed in triaxial ex-
periments by Oda (1972b).
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Figure 18. Different preparation methods to create a loose fabric in
sand (after Kolbuszewski, 1948).
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Figure 19. Orientations of grains and of contact normals for the
fabric characterization (after Oda, 1972a).
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Figure 20. Preparation of a sand specimen with a specific anisot-
ropy (after Arthur and Menzies, 1972).

Fabric changes occur not only through the rearrangement and
reorientation of grains but also through modifications in the
grain size distribution. Despite the generally high stiffness and
strength of soil grains, the elevated stresses at grain contacts can
lead to abrasion of grain edges and even complete grain break-
age under moderate external loads. The significance of grain
breakage for the behavior of coarse-grained soils was recog-
nized in the 1960s. Bishop (1966) attributed the non-linear
strength envelope of coarse-grained soils to grain crushing. Fur-
ther detailed analyses were often driven by the construction of
large earth dams (Marsal, 1967; Lee and Farhoomand, 1967).
Triaxial tests were performed under various conditions, and
changes in the grain size distribution were determined by siev-
ing before and after testing (see example in Fig. 22). The results
were quantified using a breakage measure, which later evolved
into the parameter known as breakage potential (Hardin, 1985).
This observation inspired Einav (2007) to develop a thermody-
namically consistent framework for crushable granular materi-
als, known as breakage mechanics.

Figure 21. Experiments on the evolution of contact fabric during
loading (after Wiendieck, 1967).

For many decades, the description of the fabric of fine-grained
soils remained largely empirical. Fabric was studied indirectly
through the macroscopic response of specimens prepared in dif-
ferent ways and qualitatively related to microscopic (SEM) im-
ages (Barden and Sides, 1971; Collins and McGown, 1974).
The evolution of fabric during deformation was also considered
(Delage and Lefebvre, 1984). Additionally, pore size distribu-
tion obtained from mercury porosimetry provided another val-
uable source of information (Diamond, 1970).
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Figure 22. Change in the soil gradation due to grain breakage in
triaxial compression tests (after Lee and Farhoomand, 1967).

Today, the clay fabric (microstructure), its evolution, and the
accompanying interparticle forces are studied across multiple
scales. A brief overview of available experimental techniques
can be found, for example, in Pedrotti et al. (2023). By combin-
ing tomographies at different resolutions with scanning electron
microscopy and dynamic light scattering, the clay fabric across
a wide range of particle sizes can be characterized (Birmpilis et
al., 2022). It has been shown that, during stress probing, the
strain fields obtained via Digital Volume Correlation (DVC)
from tomography of a clay specimen in a miniature triaxial cell
closely match global measurements (Birmpilis ef al., 2023). Fi-
nally, nano-CT techniques can capture differences in the clay
fabric influenced by the chemistry of the pore water (Casarella
etal., 2026).

X-ray tomography (see Section 12) has opened up tremen-
dous new opportunities for studying and understanding soil fab-
ric in three dimensions. Nevertheless, methods developed in the
past show that creative approaches can achieve remarkable re-
sults even with “primitive” technologies.

7 PARTIALLY SATURATED SOILS

Although to a limited extent, soil as a three-phase material was
already addressed in Terzaghi’s Erdbaumechanik (1925),
where issues such as the capillary rise of water in sand and the
drying of clay due to evaporation are discussed. Unconfined
compression tests on partially saturated soils indicated a linear
relationship between soil strength and suction — the difference
between air and water pressures, referred to as “pressure defi-
ciency” by Aitchison (1957). With Bishop’s proposition of an
effective stress definition for partially saturated soils (Bishop,
1959), it became possible to connect these findings to experi-
mental results on two-phase soils (dry or fully saturated). How-
ever, experimental verification soon revealed that such a simple
definition of effective stress has significant limitations (Jen-
nings and Burland, 1962). Some of them can be overcome by
considering suction as an additional independent state variable
(Fredlund and Morgenstern, 1977; Alonso et al., 1990).
Laboratory experimental mechanics for partially saturated
soils began to develop in the 1950s and 1960s, approximately
thirty years after the establishment of experimental mechanics
for saturated soils. Early ideas on testing partially saturated
soils can be found in Bishop and Henkel (1957). In drained tri-
axial tests, they measured the volume changes of partially satu-
rated specimens by monitoring the change in the cell water vol-
ume — an approach later adopted by others, for example
Wheeler (1988). Building on this, Bishop and Donald (1961)
proposed a triaxial experimental setup for partially saturated
soils with controlled air and water pressures in the pores (Fig.
23). The 1961 Conference on “Pore Pressure and Suction in
Soils” in London synthesized these early studies, highlighting
significant advances in the measurement and control of suction.
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Figure 23. Triaxial testing of partially saturated soils with con-
trolled air pressure and water pressure in the pores (after Bishop
and Donald, 1961).
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tion curve of sand (after Havli¢ek, 1971).
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Although the importance of suction for soil mechanics was ex-
plored only later, its role in soils was recognized as early as the
1950s in the soil physics and agricultural engineering commu-
nities (Croney, 1952). Experimental determination of water re-
tention curves — also known as soil-water characteristic curves
(SWCCs) — at various soil states soon became an integral part
of studies on partially saturated soils. Beginning with relatively
simple tests suitable for sands, as illustrated in Fig. 24, a variety
of techniques for determining SWCCs were developed to ac-
commodate the wide range of suction values observed in differ-
ent soils.

To control suction at high negative water pressures, the
axis translation technique was introduced (Hilf, 1956). By in-
creasing the air pressure, the pore water pressure could be main-
tained within a readily measurable range. This ability to meas-
ure and control suction subsequently motivated further investi-
gations into the behavior of partially saturated soils.

Escario and Saez (1986) developed a direct shear test ap-
paratus with controlled suction (Fig. 26) and demonstrated that
shear strength increases with applied suction. Similar results
were obtained by Ho and Fredlund (1982) using a triaxial appa-
ratus for partially saturated soils. Building on the Bishop defi-
nition of effective stress, Khalili and Khabbaz (1998) high-
lighted the importance of the air entry value, as determined
from the SWCC. Their proposed relationship between the
Bishop effective stress parameter and normalized suction be-
came widely used for predicting the shear strength of partially
saturated soils.
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The field of partially saturated soil mechanics has expanded sig-
nificantly since the 1990s, with major experimental contribu-
tions, among many others, from research groups led by Romero
at UPC, Spain; Laloui at EPFL, Switzerland; Delage at La-
boratoire Navier, France; and Tarantino at the University of
Strathclyde, UK. Modern experimental apparatus have been de-
veloped to study phenomena involving coupling with high tem-
peratures (e.g., radioactive waste disposal) or physico-chemical
processes (e.g., CO: sequestration). Interested readers are re-
ferred, for example, to edited volumes that compile laboratory
methods, suction measurement and control, and mechanical
testing across contributions by multiple authors (e.g., Tarantino
et al., 2005; Schanz, 2007).

A further qualitative shift in understanding the role of ca-
pillary bridges in partially saturated soils has been enabled by
the application of X-ray tomography (e.g., Milatz et al., 2022;
Higo and Kido, 2025).

8 FROM RESONANT COLUMN TO SMALL STRAIN
STIFFNESS

The repeated occurrence of devastating earthquakes, combined
with the need to ensure the stability of machine foundations and
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the development of densification techniques, directed research-
ers’ attention to soil dynamics at an early stage. Soon, new ap-
paratus designed for soil testing were developed. Casagrande
and Shannon (1948) reported on numerous techniques for dy-
namic soil testing, including a pendulum apparatus (Fig. 27), a
falling beam apparatus, and an adapted triaxial apparatus. In the
latter case, coarse-grained specimens were tested under confin-
ing pressure applied by vacuum, i.e., without the conventional
pressure chamber. The influence of loading rate on soil strength
was of particular interest. Subsequent fast-loading triaxial tests
were conducted by Whitman (1957), who also measured transi-
ent pore water pressures and, using a specially designed impact
device, attempted to determine the velocity of wave propaga-
tion through soil.
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Figure 27. Pendulum apparatus for dynamic testing of soils (after
Casagrande and Shannon, 1948).

Assuming that soil behaves elastically under dynamic loading,
the resonant column (RC) technique began to be widely used
(Richart et al., 1970). In this test, a cylindrical soil sample en-
closed in a rubber membrane is subjected to an oscillating tor-
sional moment, and the corresponding wave velocity — and thus
the shear stiffness — can be determined from the frequency spec-
trum. The shear stiffness values obtained in this way were sub-
stantially higher than those measured in static triaxial compres-
sion tests. On the other hand, stiffness values calculated from
wave velocities measured in situ (e.g., Abbis, 1981) were com-
parable to the RC results. It became common to distinguish be-
tween dynamic and static stiffness for soils, although early stud-
ies suggested that the difference could be attributed to the dif-
ferent strain levels in dynamic versus static tests (Hardin, 1965).

In a critical reevaluation of triaxial testing, Jardine et al.
(1984) highlighted numerous sources of error in measuring the
specimen axial strain, including extraneous movements such as
deflections caused by the compliance of the loading and meas-
urement systems, as well as sample bedding effects (see Fig.
28). Consequently, the soil stiffness, when determined from ex-
ternal measurements of specimen shortening, can be signifi-
cantly biased.

With the rapid development of electronics in the 1980s,
more precise sensors for a wide range of applications became
available. Several research groups began measuring axial dis-
placement using specially designed sensors attached directly to
triaxial specimens — this was the season of local strain transduc-
ers (Burland and Symes, 1982; Jardine et al., 1984; Clayton and
Khatrush, 1986; Goto et al., 1991). It was also the season of
bender elements, which became widely used in the 1980s to



measure shear wave velocity and small-strain stiffness in soils
(see, e.g., Viggiani and Atkinson, 1995). From these experi-
mental campaigns, expressions were derived to describe the
variation of soil stiffness at small strain (denoted GO) as a func-
tion of the current state, particularly in terms of stress level and
overconsolidation ratio. In short, these were the years of “Small
is Beautiful,” echoing the title of the 9th Bjerrum Memorial
Lecture delivered by Burland in 1986 (Burland, 1989) — a pe-
riod well remembered by those who attended the 10th
ECSMGE in Florence, Italy, in 1991.
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Figure 28. Sources of errors in external strain measurements (after
Jardine et al., 1984).

It became clear that, under monotonic or cyclic loading, the
“static” soil stiffness at small strains is very high but decreases
rapidly with increasing shear strains (Burland, 1989; see Fig.
29). Furthermore, the stiffness at small strains is strongly influ-
enced by the recent stress history (Atkinson et al., 1990). By
performing local measurements across different apparatus, the
“myth” of a distinct “dynamic” stiffness could be convincingly
dispelled (Tatsuoka et al., 1995).

Figure 29. Evolution of soil stiffness in various shear tests (after
Tatsuoka et al., 1995).

The maximum stiffness governs soil behavior at very small
strains, where the response can generally be considered elastic.
In soil modeling, it was tempting to remain within an elastic
framework by assuming a decay in stiffness with increasing
shear strain (Fig. 29). Indeed, many researchers succumbed to
this temptation, and numerous models have been proposed fol-
lowing this approach. However, such nonlinear elasticity fails
to capture the experimentally observed dependence of stiffness
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on recent deformation history — most simply illustrated by the
difference in stiffness between loading and unloading. Recog-
nizing this limitation, the experimental demonstration of the
strongly nonlinear dependence of soil stiffness on shear strain
and loading history sparked an intensive development of ad-
vanced constitutive models, such as plasticity with kinematic
hardening and hypoplasticity. This made it increasingly im-
portant to properly define the initial state of the soil and to track
its evolution during deformation. On the other hand, many new
models introduced abstract additional state variables, which
continue to pose challenges for experimentalists to this day.

The characterization of soil behavior at small strains has
secured its firm position in modern soil mechanics. Numerous
factors influencing small-strain stiffness have been extensively
investigated, substantially improving the understanding of the
relationships between the micro- and macro-scale behavior of
soils (Santamarina, 2001). Numerical analyses of earthquake
response, liquefaction, or cyclic loading — for example in wind
turbines or traffic-related structures — are today inconceivable
without accounting for small-strain stiffness. High-quality ex-
perimental databases are now freely available for the evaluation
and further development of constitutive models (Wichtmann
and Triantafyllidis, 2016).

9 STRAIN LOCALIZATION

It is commonly observed that the deformation of a soil specimen
subjected to laboratory testing is often non-uniform — some-
times markedly so. This is the well-known phenomenon of
shear banding, in which shear strains progressively concentrate
within a narrow region, known as a shear band. Until roughly
the late 1960s, it was generally assumed — more or less implic-
itly — that such non-uniform deformation was attributable, on
the one hand, to possible material heterogeneity and, on the
other, to the inevitable imperfections of the experimental appa-
ratus. In other words, it was not considered that strain localiza-
tion phenomena could arise within a “perfectly” homogeneous
volume element, even under “perfectly” imposed boundary
conditions.

Only in the 1970s did the idea emerge that shear bands in
soils (as well as in many other materials) could be interpreted
as a bifurcation problem in continuum mechanics (e.g., Rice,
1976; Rudnicki and Rice, 1975). A comprehensive review of
the theoretical developments is provided in the monograph by
Vardoulakis and Sulem (1995).

In parallel with major theoretical and numerical advances,
several experimental research programs were specifically de-
signed to investigate the occurrence and characteristics of shear
bands in soils — the one developed by Vardoulakis at Karlsruhe
is shown in Fig. 30. Notable contributions, mainly concerning
sands, include the studies of Roscoe (1970), Arthur et al.
(1977), and Vardoulakis and co-workers (e.g., Vardoulakis,
1976, 1978; Vardoulakis et al., 1978). In the 1980s and 1990s,
important experimental work was carried out in Japan (e.g.,
Tatsuoka et al., 1986, 1990), France (see Desrues and Viggiani,
2004, for a comprehensive synthesis), and the USA (e.g., Finno
et al., 1996, 1997; Alshibli et al., 2000). These studies enabled
quantitative visualization of the onset and development of strain
localization during tests, initially by means of False Relief Ste-
reophotogrammetry (FRS). As an example, Fig. 31 shows a se-
quence of incremental strain fields obtained through FRS dur-
ing a plane strain compression test on dense Hostun sand.
Desrues and Viggiani (2004) present a comprehensive over-
view of two decades of research on strain localization in Gre-
noble, conducted using FRS.



