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A B S T R A C T   

The dynamics of soil structure is caused by biotic and abiotic processes, with the onset and magnitude of 
deformation controlled by soil rheological and mechanical properties. Quantification of such properties is 
challenging because soil behaviour changes with soil moisture, but common rheological tests are not applicable 
over all consistency ranges. Here, we combine oscillation shear rheometry with spherical indentation mechanical 
measurements of soil to obtain greater characterization over a broader range of water contents. The elastic 
modulus could be measured with either approach, with good agreement found for measured silt and clay 
textured remoulded agricultural soils. For shear rheometry, plastic viscosity, complex modulus and shear yield 
stress were also obtained. The spherical indentation provided measurements of hardness and yield stress. 
Although yield stress was correlated between approaches, the values were orders of magnitude greater for the 
indenter (0.54 ± 0.33 kPa vs. 34.4 ± 31.2 kPa), presumably because of different loading and failure conditions. 
At drier water contents, yield stress varied more between the two tests on the clay soil, which corresponded with 
brittle fracture creating artefacts in shear rheometry measurements. Spherical indentation has not been widely 
applied to the testing of soils, but the good agreement over a wide water content range between elastic modulus 
obtained from spherical indentation measurements (0.66 ± 0.27 MPa in wetter zone to 4.45 ± 2.53 MPa in drier 
zone) and shear rheometry (0.47 ± 0.11 MPa in wetter zone to 2.02 ± 0.98 MPa in drier zone) is promising. 
Moreover, spherical indentation can be applied to materials varying from brittle to viscous and allows testing on 
structurally intact soil aggregates. The geometry of a spherical indenter may more closely mimic contacting soil 
aggregates, so scope exists to extend the approach to explore the slumping of aggregated seedbeds produced by 
tillage.   

1. Introduction 

Soil tillage affects 12 million km2 of the world’s agricultural land 
with the aim to produce a mechanically loosened and ordered structure 
that improves crop productivity. However, the structure produced by 
tillage is short-lived, due to slumping and disaggregation over time, 
mainly caused by wetting and drying cycles (Bresson and Moran, 1995). 
These weathering processes break down soil fragments resulting in a 
smoother soil surface and fewer discrete soil fragments (Hallett et al., 
1998; Carminati et al., 2007; Vogel et al., 2010). As soil aggregates 
coalesce and macropores shrink, significant changes in mechanical and 
hydraulic properties of soil occur (Bresson and Moran, 2004). These 

changes in soil structure can influence water infiltration, surface runoff, 
evaporation, and root growth with potentially large impacts on agri-
cultural production and on the environment (Pires et al., 2008; Logsdon 
et al., 2013). Although soil structure of arable land is known to change 
drastically between tillage and harvest, the underlying processes that 
lead to these alterations are poorly quantified. 

Nevertheless, there have been several attempts to incorporate soil 
structure changes over time in crop models (Roger-Estrade et al., 2009) 
and hydrological models (Chandrasekhar et al., 2018; Nimmo et al., 
2021), including physically-based models of hydromechanical behav-
iour (Or et al., 2006). However, the complex array of weather and 
bio-geo-chemical processes in soil structure dynamics, coupled with 
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mechanical behaviour that varies from viscous processes in wet soils 
(Ghezzehei and Or, 2001; Carminati et al., 2008) to brittle elastoplastic 
behaviour in dry soils (Hallett and Newson, 2005; Yoshida and Hallett, 
2008) presents challenges. Consequently, most Earth system models 
generally assume soil structure to be static and the models are often 
parameterized with data collected at one time point (Fatichi et al., 
2020). 

Aggregate coalescence in wet soils is governed by viscoelastic pro-
cesses that result from a combination of overburden pressure, gravity, 
and water potential gradients. Water intrusion, swelling, and shrinking 
can cause micro-cracking which facilitates further coalescence (Bresson 
and Moran, 1995; Ghezzehei and Or, 2000; Hallett and Newson, 2005). 
However, mechanical characterization of soil aggregate coalescence 
through viscous (Ghezzehei and Or, 2000) or elastoplastic (Yoshida and 
Hallett, 2008) processes typically relies on tests on remoulded soils 
where the inherent soil structure is lost. Remoulding of soil disrupts 
particle bonds, greatly reducing its mechanical stability compared to 
intact soil aggregates (Khaidapova et al., 2016). For wet soils, the 
samples are formed into pastes for rheological testing. Drier soils use 
samples formed into defined geometries with controlled crack sizes 
(Hallett and Newson, 2005). 

At the wet end, rheological measurements with a shear rheometer 
acquires shear modulus, plastic viscosity, and shear yield stress (Ghez-
zehei and Or, 2000). Most of these studies have tested soil pastes, with 
an aim to explore properties that affect rheological behaviour such as 
organic matter (Stoppe and Horn, 2017), texture (Markgraf et al., 2006), 
clay mineralogy (Barré and Hallett, 2009) or biological exudates 
(Naveed et al., 2017). Tests with a parallel plate shear rheometer have 
been conducted on intact soils, sampled carefully from the field and 
trimmed to several millimetres thickness so that applied stresses were 
distributed through the sample (Pértile et al., 2018; Holthusen et al., 
2019). Such a thin sample would be constraining if testing larger scale 
processes, such as interaggregate contact and deformation following 
tillage. Moreover, although shear rheometers have been used over a 
broad range of water contents, at the ductile to brittle transition, 
behaviour becomes erratic (Holthusen et al., 2017) and experimental 
error can increase due to poorer contact between the rheometer plates 
and the soil. 

An alternative approach suitable to both the wet and dry end could 
be a spherical indenter, albeit with more limited material characteri-
sation than a shear rheometer. A spherical indenter provides mechanical 
measurements of elastic modulus, hardness, and yield stress over a small 
contact area in repeated load-unload cycles akin to soil inter-aggregate 
contacts. Tests with a spherical indenter are commonly conducted on 
particle agglomerates like ceramics (Chen et al., 2016) and more 
recently on repacked soils (Naveed et al., 2018). 

It is common to use more than one testing method to characterize the 
micromechanical behaviour of biomaterials (Canovic et al., 2016; Polio 
et al., 2018; Orbach et al., 2019; Lau et al., 2020), but these combined 
approaches have yet to be applied to characterise the micromechanical 
behaviour of soils. By deploying both shear rheometry and spherical 
indentation tests several micromechanical parameters can be obtained. 
Moreover, on both wet and dry soils, tests are needed that can accom-
modate intact specimens without complications from sample geometry, 
although surface roughness of aggregates at drier soil water contents 
will potentially affect the measurements. Indentation tests can be 
applied at the millimetre scale, which could enable measurements on 
intact soil aggregates. However, the indentation test on soils has not 
been evaluated against other measurement types of soil micro-
mechanical behaviour, such as shear rheometry. 

Common measurements of both shear rheometry and a spherical 
indenter are elasticity (often expressed as Young’s modulus) and 
strength. But with a shear rheometer, greater characterisation of rheo-
logical behaviour, such as viscosity and the storage (elastic) and viscous 
(loss) modulus describes soil structure in greater depth. As described 
previously, the soil needs to be wet enough to flow for shear rheometry 

to be relevant, and remoulded samples are often tested. By combining 
shear rheometry with a spherical indenter, a “dual-platform” approach 
broadens the range of water contents that can be tested, with the 
spherical indenter allowing a comparison of shear rheometry to intact 
specimens and small-scale spatial measurements. 

Here we evaluate this “dual-platform” characterization of mechani-
cal properties. We apply oscillatory shear rheometry and spherical 
indentation measurements over a wide range of soil water contents, 
primarily putting emphasis on combining the testing methods for 
greater soil mechanical characterization. We hypothesize that Young’s 
elastic moduli (E) obtained from shear rheometry and spherical inden-
tation are similar, providing a pivotal parameter to link the testing 
platforms. In addition to greater mechanical characterisation from the 
“dual-platform” approach, another aim is to compare mechanical pa-
rameters that can be estimated by both methods (e.g., yield stresses) 
where there is overlap between approaches. Tests are limited to 
remoulded soil samples in this study to accommodate both oscillatory 
shear rheology and spherical indentation measurements. If both tests 
provide similar values for micromechanical parameters, there will be 
greater confidence to apply spherical indentation to intact soil fragments 
and soil aggregates at different scales where the mechanical soil struc-
ture index can be related to different soil structure types (Khaidapova 
and Pestonova, 2007). We use two soils with different texture and 
organic matter content over a range of water contents spanning viscous 
to elasto-plastic behaviour. 

2. Materials and Methods 

2.1. Soils 

Spherical indentation and oscillation shear rheometry tests were 
conducted on soils sampled from two experimental arable fields near 
Uppsala, Sweden with different textures and organic matter contents 
(Table 1). The soils were sampled in April 2019 from the top 5 cm after 
seedbed preparation. After air drying at 40 ◦C, the soil was passed 
through a 1 mm sieve to minimise particle interlocking that may affect 
shear rheometry measured with parallel plates (Ghezzehei and Or, 
2001). Sieved soil samples were then mixed with water to produce 
remoulded soils with gravimetric water contents (WC) within the range 
of 20–40 % (22, 24, 29, 32, 35, 37 %), which corresponds to a water 
potential range from − 200–0 hPa (Fig. S1). After thorough mixing to 
improve homogeneity, the soil samples were stored for 2–4 h in a fridge 
(4 ◦C) for equilibration to improve soil-water equilibrium (Likos and Lu, 
2004; Matsushi and Matsukura, 2006; Salager et al., 2013). 

Soils were tested as remoulded pastes of about 2.5 mm thickness, 
either smeared directly onto the lower platen of the rheometer or onto a 
petri dish for indentation tests. The paste was spread gently with a 
spatula and allowed to relax for 5 min before testing so that pore water 
would redistribute. The applied stress from the spatula was small 
enough to not cause water to drain from the soil matrix. No specific 
compaction was applied on samples before testing although inherent 
impacts from the testing setup such as axial force in the rheometer or 
indentation depth might affect the local bulk density. The data for bulk 
density are available for each sample (Table 2). During the tests, soil 
samples at different water contents were weighed immediately before 
and after the test, with the final water content verified by oven-drying 
for 24 hrs. The average soil water content reduction was limited to 

Table 1 
Clay, silt, sand, and organic matter composition for Krusenberg “clay” loam and 
Säby “silt” loam soils.  

Soil Texture Class 
(Name) 

Clay 
(%) 

Silt 
(%) 

Sand 
(%) 

Organic Matter 
(%) 

Clay Loam (Krusenberg) 36 38.85 25.16 2.37 
Silt Loam (Säby) 26.76 54.5 18.8 3.66  

R. Hosseinpour-Ashenaabad et al.                                                                                                                                                                                                           



Soil & Tillage Research 223 (2022) 105467

3

0.3–1 % within the testing period. 

2.2. Rheometry 

Amplitude oscillation sweep tests under controlled shear strain were 
conducted on a HR-3 Discovery Hybrid Rheometer (TA Instruments, 
New Castle, DE, USA). The rheometer was fitted with 40 mm diameter 
hatched steel parallel platens to minimize slippage. Temperature was 
controlled at 20 ◦C by a Peltier module attached to the lower platen and 
by housing the rheometer in a controlled temperature room. 

A layer of remoulded soil sample was placed on the lower platen and 
then the upper platen was lowered to a 2.5 mm gap distance. Any excess 
material was trimmed with a spatula. Tests were carried over the six soil 
water contents described in Section 2.1, enabling regression analysis. 
Axial stress was adjusted to + 0.7 N (~ +1 kPa) to produce initial 
confining conditions (Chen et al., 2010). During testing, the gap distance 
was maintained, and axial force was recorded. All tests were conducted 
under a constant angular frequency of 0.16 Hz based on ascending shear 
rate and total material deformation. Oscillation shear rate for 
strain-controlled measurements also varied from 0 to 1 (sec− 1) providing 
a suitable range of shear rates for Bingham model parameter calcula-
tions. There were 10 points recorded for axial stress and strain during 
the deformation strain ramp of 0.001 %− 120 % at a data sampling time 
of 3 s. These tests took approximately 20 min per sample. Drying from 
the small soil surface area at the edge of the platens was minimal and 
checked by measuring water content at the end of the test (Aguiar et al., 
2018; Polio et al., 2018; Ettehadi et al., 2020; Holthusen et al., 2020). 
For our tests, shear storage modulus (elastic moduli) G’, shear loss 
modulus G’’ (viscous moduli), and complex shear modulus G* were 
derived from the oscillation amplitude sweep. 

2.3. Indentation testing 

A spherical indenter with a 1.5 mm radius was fitted to a ZN5 test 
frame (Zwick Roell, Ulm, Germany). A 100 N load cell accurate to 0.1 % 
of applied load measured applied force, which was recorded with 
displacement on testXpert III software. Soil pastes approximately 
2.5 mm thick were brought into close contact with the spherical 
indenter and then loaded at a constant displacement rate of 10 µm s− 1. 
To facilitate comparison of small strain elastic moduli between small- 
strain micro-indentation and shear rheology, we used a low indenta-
tion rate to provide quasi-static loading conditions during the experi-
ments, as soil mechanical properties are typically strain rate-dependent 
(Stoppe and Horn, 2017; Holthusen et al., 2017; Polio et al., 2018; 
Naveed et al., 2018; Lau et al., 2020). There were 10 loading-unloading 
cycles in each test, with the indenter depth increasing by 0.1 mm at each 
cycle so that the final maximum depth was 1 mm. These tests took 
approximately 15 min. Drying was minimised by placing the sample 
beneath a petri dish lid that had a small hole cut in the middle for the 
indenter. Water contents were checked at the end of the test by oven 
drying. From the indenter measurements we derived hardness, unload-
ing elastic modulus, and tensile yield stress. 

2.4. Dual-platform mechanical characterization 

The various mechanical properties of soil derived by shear rheometry 
and spherical indentation are illustrated in Fig. 1. Elastic modulus, E, is 
the parameter that was obtained from both testing methods and is 
therefore used here to provide a direct comparison between rheometry 
and indentation tests. A good correlation of E modulus between the two 
testing methods, when applied to remoulded soils, would provide con-
fidence of the indentation test. 

3. Determining soil micromechanical properties 

3.1. Oscillation shear rheometry complex shear modulus G∗ and the 
linear viscoelastic (LVE) range 

The linear viscoelastic (LVE) range was determined from the G’ 
curve, which is the most reliable modulus for the purpose as it is 
completely recoverable (elastic). Here we selected the tolerance range of 
deviation of G’ from the value at low shear strain (initial plateau phase) 
with the TRIOS analysis software and the data table where we applied a 
± 10 % strain deviation. From the end of the linearity limit of the LVE 
range, strain values corresponding to yield were extracted and the cor-
responding G’, G’’, and G* were then calculated. Due to a very close LVE 
range extent of G’ and G* modulus values, the LVE range of G’ was used 
to calculate the averaged LVE G* values (Aguiar et al., 2018; de Cagny 
et al., 2019; Holthusen et al., 2020). 

3.2. Young’s elastic modulus extracted from oscillation shear rheometry 

Young’s elastic modulus for the rheometer, Erheo can be calculated 
indirectly from the LVE plateau’s G*(averaged over the LVE range) by: 

Erheo
∗ = 2G∗(1+ ν) (1)  

where ν is the Poisson ratio. We assumed that ν equals 0.33, as is 
commonly measured for loam soils. Values tend to be higher for clay 
soils (0.35–0.45) and smaller for silt and sandy soils (0.20–0.33) (Berli 
et al., 2006; Keller et al., 2016; Chen et al., 2018). 

3.3. Plastic viscosity and rheometer yield stress calculation 

Rheometer yield stress from shear rheometry was calculated using 
the Bingham viscoplastic model. Parameters of the Bingham model, 
namely plastic viscosity ηp and rheometer yield stress τy, were extracted 
from the quasi-plastic characteristic flow curves, where the intercept of 
the tangent at the inflection point of the shear stress curve provides τy, 
while the inverse of the slope of the tangent provides ηp. Eqs. 2 and 3 
were used to calculate τy from shear stress τ and shear strain rate 
dγ
dt curves. ηp was calculated from η∗ instantaneous viscosity, which is 
equal to G∗ (Eq. 4) times the angular frequency, ω (Ghezzehei and Or, 
2001): 

dγ
dt

=
τ − τy

ηp
(2)  

η∗ = ηp +
τy

dγ/dt
(3)  

G∗ = ωη∗ (4)  

3.4. Soil hardness and Young’s elastic modulus derived from indentation 

Soil hardness, H measures the resistance to plastic deformation and is 
given by the maximum force measured at the end of each loading 
cycle, Fmax divided by the contact area of the indenter, Ac. It was ob-
tained by first estimating the surface deformation depth hs: 

Table 2 
Dry bulk density of both soils are reported here for 6 tested water contents 
measured after each test.  

Dry Bulk Density (g/cm3) Rheometer Indentation 

Water Content Silt Loam Clay Loam Silt Loam Clay Loam 

22 % 1.3 1.23 1.11 1.17 
24 % 1.72 1.58 1.63 1.73 
29 % 1.55 1.57 1.76 1.48 
32 % 1.46 1.54 1.46 1.4 
35 % 1.54 1.41 1.53 1.52 
37 % 1.49 1.24 1.43 1.36  
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hs = ε Fmax

S
(5) 

from Fmax, the unloading stiffness (S) and a geometric constant ε that 
is equal to 0.75 for a spherical indenter. From this the contact depth (hc)

can be calculated by: 

hc = hmax − hs (5)  

where hmax is the maximum measured deformation depth. Using hc 
and the indenter tip radius R, Ac can be derived as: 

Ac = π hc(2R − hc) (7) 

leading to the calculation of H: 

H =
Fmax

Ac
(8) 

Young’s elastic modulus for the indenter Eind was derived by first 
calculating the reduced elastic modulus, Er: 

Er =
S

̅̅̅
π

√

2β
̅̅̅̅̅
Ac

√ (9)  

where β is the tip geometry correction factor of 1 for a spherical 
indenter, and then: 

Eind = Er(1 − ν2) (10)  

where ν is assumed to be 0.33, as for the rheometer tests. 

3.5. Indentation yield stress calculation 

Yield stresses were extracted from the loading stress–strain curves at 
each loading cycle. The averaged axial yield stress over the first four 
indentation cycles provided the average indenter yield stress (σy) at each 
soil water content (Figs. 1 and 2). The method used here to extract the 

critical yield stresses is a combination of visual inspection and the 
method of 2nd derivative of the force – displacement curves within the 
viscoelastic region. Whereas τy and Erheo derived from the rheometer are 
dominated mainly by oscillation shear deformation, σy and Eind from the 
indenter can involve compressive, shear or tensile deformation 
depending on indenter depth and plasticity. 

3.6. Data analysis 

Regression analysis explored the relationship between mechanical 
properties and water content, fitting trends using 6 water contents and 1 
replicate. Linear regression provided the best fit for most parameters, 
apart from yield stress, where there was a distinct exponential fit. In 
preliminary research on 3 replicates at a single water content, the co-
efficient of variation of mechanical properties was < 5 % for either soil, 
reflecting the sieved, homogenous samples that were used to test the 
approach. The relationship between mechanical properties obtained 
with shear rheometry and spherical indentation was also assessed by 
regression analysis. All data analyses were conducted with TRIOS soft-
ware and Excel Microsoft. 

4. Results 

Fig. 2 provides an overview of the mechanical behaviour of the 
samples at different water contents for both oscillation shear rheology 
and spherical indentation. Each figure is plotted with strain on the X- 
axis, with the nonlinearity beyond a critical displacement evident for 
both tests. For oscillation shear rheology, the LVE range at low oscilla-
tion strain provides reliable measurements of G’, G” and G*, with de-
viation from this plateau at greater strains providing yield stress and 
flow properties. In the indentation tests, shallower indentation cycles 
(<0.5 mm) produced similar Hu, which we depict here as an LVE range 
as loading and unloading slopes remained constant. Consequently, we 
did not use the data from indentations > 0.5 mm. 

Fig. 1. Framework of a dual platform micromechanical characterization of soil with the pivotal parameter of elastic modulus as the link between the rheometer and 
the indentation test. 
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4.1. Rheometry – plastic viscosity 

ηp decreased with increasing soil water content for both soils 
(Fig. 3a). Generally, the correlations between plastic viscosity (ηp) and 
water content were strong, although the spread in the data for the clay 
soil was large at low water contents. 

4.2. Yield stress values comparison between rheometer and indentation 
tests 

Yield stresses derived from indenter and rheometer measurements 
are plotted together in Fig. 3b where for clay soil σy and τy were 
∼ 0.8to1.2 kPa at soil water contents of 20–24 % with indentation yield 
stress larger in this drier water content range and then they dropped to 

∼ 0.2 kPa at high water contents of 32–40 % showing similar value 
ranges for both yield stress measurements. For both tests the correlation 
with water content was strong. For silt soil σy and τy were significantly 
higher ∼ 1.5–3 kPa at soil water contents of 20–24 % with rheometer 
yield stress τy being larger in this drier water content range and then the 
values dropped to ∼ 0.1–0.4 kPa range at high water contents of 32–40 
% where again τy value ranges were higher than indentation yield 
stresses σy by two folds. For both tests the correlation with water content 
was strong. 

4.3. Indentation hardness 

H as a function of water content is presented for both soils in Fig. 4. 
As with the other mechanical properties reported thus far, there is a 

Fig. 2. Representative data from oscillation shear rheology (top) and spherical indentation tests (bottom) of Säby silt loam (silt soil) at a range of water contents. 
Three regions are defined for shear rheometry test outputs highlighting linear, nonlinear yield zone, and nonlinear failure zone, while two regions of equivalent linear 
viscoelastic and non-linear viscoelastic zones are defined for the indentation results. The photographs illustrate failure from brittle to viscous flow as water content 
increases in shear rheometry tests. The failure in indentation tests is very local. 
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correlation between H and water content, with dry soils being about 10 
times harder than wet soils and two soil types provide similar results. 

A strong correlation between H and σy was found (Fig. 5), making it 
possible to have an initial estimate of σy from H instead of complex 
analysis from the force – displacement curves. The ratio of H/σy is along 
2:1 ratio line for silt loam soil and along 3:1 ratio line for clay loam soil. 
Despite the strong trends that could be explored in between rheometer 
yield stress and soil hardness, hardness values were between 40 and 60 
times larger than rheometer yield stress values. This was also depicted in 
Fig. 3b, where the yield stress values between indenter and rheometer 
are orders of magnitude different. 

4.4. Relationship between indenter and rheometer measurements 

Similar trends of elastic modulus versus soil water content were 
found for both methods (Fig. 6) resulting in a correlation between the 
two techniques that approached a 1:1 relationship (Fig. 7). At drier 
water contents this trend deviated, and clay soils consistently had 
greater Eind than Erheo. 

σy and τy were also correlated (Fig. 3), albeit with different trends 
depending on the soil and substantially weaker stresses measured with 
the rheometer. Whereas the slope of σy and τy was almost parallel to the 
1:1 relationship for clay soil, it deviated for silt soil. 

5. Discussion 

5.1. Young’s elastic modulus – relationship between the rheometer and 
the indenter 

Shear rheometer and indentation tests on soil pastes were compa-
rable for common mechanical parameters, particularly Young’s Elastic 
Modulus where the relationship was close to 1:1. For both tests these 
data were obtained at strains within the LVE range. The relationship 
between indenter and rheometer derived Young’s Elastic Modulus was 
closer to 1 for wetter than drier soils, likely because shear deformation 
(e.g., shear bands and liquid flow) dominated (Chan and Lawn, 1988; 
Vaidyanathan et al., 2001). Tests on other materials (e.g., hydrogel 
polymers, lung tissues etc.) have also shown strong correlations between 

Fig. 3. Rheometer measurements of (A) Plastic viscosity and (B) yield stress as functions of water content for the two investigated soils. Yield stress trends for the 
indenter and rheometer are plotted to provide a comparison. 
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elastic modulus acquired from indentation and oscillation rheometer 
tests (Polio et al., 2018; Lau et al., 2020). The results suggest that 
indentation tests can provide reliable measurements of Young’s Elastic 
Modulus at the small-scale. 

The similarity of Young’s Elastic Modulus between the rheometer 
and indenter tests is encouraging. Our data complements Naveed et al. 
(2018) by confirming that a spherical indenter provides accurate me-
chanical measurements that are comparable to larger scale tests within 
the LVE range. Erheo was larger than Eind for the clay loam soil, whereas 
the relationship was more scattered for the silt loam soil. The coarser 
particle size distribution of the silt loam soil likely increased particle 
interlocking that produces variability in micromechanical measure-
ments obtained with a shear rheometer (Stoppe and Horn, 2017). As the 
soil dried, E measured with either testing approach also increased more 
for silt loam than clay loam soil (Fig. 6). This was likely driven by the 
combined effects of less lubrication by interlayer water and greater 
capillary stresses at a given water content for silt loam compared to clay 
loam soils (Fig. S1). 

Given the geometry and small-scale of the spherical indenter versus 
the parallel plate rheometer, such a close similarity may be unexpected 
due to differences in deformation processes (Ghezzehei and Or, 2001; 
Naveed et al., 2018; Polio et al., 2018). Erheo and Eind have been found to 
be similar on other materials (e.g., hydrogels, lung tissue and brain 
tissue) where the elastic modulus measurements were closely related by 
1–3x differences for lung and brain tissue measurements. These differ-
ences were attributed to microstructure differences and heterogeneity 
between tested samples, like here for soil. There are various sources of 
experiment error for both approaches. Particle interlocking has already 
been described, which would affect rheometer more than indenter 
measurements because of the confined testing conditions. For the 
indenter, the initial deformation has been found to be dominated by 
shear strains (e.g., shear bands) and affected by surface roughness and 
moisture in powders (Taylor et al., 2004; Stepniewska et al., 2020; Zafar 
et al., 2021). This was also evident in soil pastes tested at varying water 
contents where soil pastes behaviour varied from dry powder charac-
teristics to fluid-like hydrogel characteristics. This shift from brittle to 
viscous behaviour of soil with water content makes it difficult to have a 
general multi-method characterization approach for soils. However, the 
promising initial results of Young’s Elastic Modulus as compared be-
tween rheometry and indentation, for similar strain frequency and 
testing conditions, clears the path for exploring other micromechanical 

parameters between methods. 

5.2. Yield stress relationship between the rheometry and indentation 

Although, studies on other materials than soils (e.g., tissues, hydro-
gels, polymers) have found that elastic moduli are correlated between 
indenter and rheometer tests to a certain extent (Canovic et al., 2016; 
Polio et al., 2018; Orbach et al., 2019; Lau et al., 2020), there has been 
little focus on the correlation of yield stresses between these measure-
ment methods. In this work, we can also compare yield stresses between 
rheometer and indentation tests of soils at a range of critical water 
contents. As yielding occurs outside of the LVE range, a one-to-one 
correlation would be unlikely as indentation results in a more complex 
deformation processes (involving both shear and compression) and tip 
friction (Lee and Radok, 1960; Vaidyanathan et al., 2001) likely 
contributed to the larger σy values compared to the rheometer τy values. 
Moreover, determination of σy from the 2nd derivative of the force – 
displacement curves within the viscoelastic region for the indenter may 
be less reliable than obtaining τy from G’ in oscillating shear rheometry 
tests or from the Bingham viscoplastic model. The H/σy ratio between 
1.7 and 2.5 for silt loam soil deviates from that predicted by the Tabor 
relation of 3, but H/σy of 2.4 and 3.2 for clay loam soil matches well 
(Koch and Seidler, 2009). The Tabor relation is mainly applicable to 
perfectly plastic materials. Therefore, the deviations from the ratio value 
of 3 might be associated with the contribution of elastic and viscoelastic 
soil deformations at higher water contents (Baltá-Calleja et al., 2004; 
Cheng et al., 2005; Fecarotti et al., 2012). The correlation between soil 
hardness and the indentation yield stress was strong and close to Tabor’s 
relation of 3. Therefore, the discrepancy between rheometer yield stress 
τy and indenter yield stress σy likely arose from different boundary 
conditions, driven by compression and shear, between testing methods. 

With the indenter, compressive/tensile yielding and shear yielding 
stress are combined as bulk yielding (Vachhani et al., 2013; Pathak and 
Kalidindi, 2015; Chang et al., 2018; Polio et al., 2018; Lau et al., 2020) 
whereas with the rheometer the controlled loading conditions impose 
mainly shear-based deformations (Ghezzehei and Or, 2001; Barré and 
Hallett, 2009; Sun et al., 2017). In conventional geotechnical tests on 
larger soil samples, the ratio of undrained shear strength to pre-
compression stress varies from 0.2 to 0.3 for clay soils and 0.001–0.1 for 
sand-silt mixtures (Bro et al., 2013; Vardanega and Bolton, 2013; Pers-
son, 2017). From the rheometer and indenter tests we found that this 

Fig. 4. Soil hardness measured with the indenter for Säby silt loam and Krusenberg clay loam at water contents ranging between 20 % and 40 %.  
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ratio was between 0.1 and 0.2 for clay loam and 0.02–0.03 for silt loam 
soil (Fig. 3b). The difference due to soil texture was likely driven by the 
greater shear cohesion provided by clay versus silt and sand particles. 

For both the rheometer and the indenter, yield stress increased with 
decreasing water content as many others have found for rheometer tests 
(Fig. 3b) (Ghezzehei and Or, 2001; Or and Ghezzehei, 2002; Yun et al., 
2007; Transtrum and Qui, 2016; de Cagny et al., 2019). At the relatively 
large water contents tested, this would be partly driven by capillary 
cohesion by pore water pressure (Likos and Lu, 2004; Carminati et al., 

2008). Based on pore water pressure alone, however, the yield stress of 
the clay soil (Fig. 3b) should increase more abruptly as the soil dries due 
to its water retention characteristics compared to the silt soil (Fig. S1). It 
is also evident that the indenter yield stress deviates more from the 
rheometer yield stress for silt rather than clay soil, suggesting further 
evidence that particle interlocking of the coarser silt soil could affect 
rheometer measurements. 

In Fig. 3 it can be observed that τy followed a similar trajectory for 
clay loam and silt loam soil down to a water content of 0.26 kg kg-1 

Fig. 5. The correlation between soil hardness and soil yield stress from indentation and rheometer tests for the range of soil water contents of the two tested soils. 
The dotted lines in the top figure show the 0.5, 1:1, 2:1 and 4:1 ratio between Soil Hardness and Yield Stress from the indentation tests. 

R. Hosseinpour-Ashenaabad et al.                                                                                                                                                                                                           



Soil & Tillage Research 223 (2022) 105467

9

where the clay loam deviated. From oscillation shear ramp data (not 
shown), failure through brittle fracture occurred at these smaller water 
contents, so the soil no longer behaved as a visco-plastic paste that is a 
criterion for rheological measurements (Ghezzehei and Or, 2001). 
Indentation tests can be applied to viscous, plastic, and elastic materials 
(Chan and Lawn, 1988; Amidon and Houghton, 1995; Vaidyanathan 
et al., 2001; Taylor et al., 2004; Cheng et al., 2005) and a deviation in 
the trend of σy with water content was not observed in drier specimens. 

5.3. Outlook 

Therefore, combining both approaches has given confidence that the 
spherical indenter obtains realistic measurements, providing scope for 
its use on intact and dry specimens that cannot be tested with a shear 
rheometer. One potential application of spherical indentation is the 
testing of small-scale mechanical properties of soil aggregates or spatial 
measurements near the root-soil interface as suggested by Naveed et al. 

(2018). Although greater testing would be required to verify, the 
indenter has a geometry that likely reflects complex deformation be-
tween contacting soil aggregates better than oscillation shear tests with 
a rheometer. Where soil pastes are tested, the use of both a rheometer 
and an indenter, as a dual-platform characterization method, provides 
greater soil micromechanical characterization capability that will 
benefit the understanding and modelling of soil structure dynamics 
where shear, compressive and tensile components can be elaborated 
upon. 

The rheometer provides many more mechanical properties derived 
from loading and unloading behaviour. Of particular use is ηp to char-
acterise flow behaviour and model soil structure deformation over time. 
Our tests imposed cyclic loading and unloading cycles with the indenter, 
which should be explored further to derive rheological properties (Cseh 
et al., 1998). Although the rheometer can provide many more me-
chanical parameters related to elasticity, plasticity and viscosity, the 
reliability of these parameters needs greater scrutiny. 

Fig. 6. Young’s elastic modulus for the silt and clay soil acquired from amplitude sweep-oscillation shear rheology and steady-rate spherical mechanical indenta-
tion tests. 
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There are two potential limitations to the approach. Plate contact, 
particle locking in the thin specimen and a deviation from gel-like (flow) 
behaviour produces experimental errors (Ghezzehei and Or, 2001). 
Moreover, if pastes are tested, remoulding of soil disrupts the inherent 
structure of the soil, so the results may deviate considerably from 
undisturbed/structured soils. Holthusen et al. (2019) successfully used a 
parallel plate rheometer to test intact specimens. Future research could 
combine this approach with a spherical indenter that would be less 
constrained by sample geometry. 

Certainly, the indenter has benefits in terms of testing small sample 
areas akin to inter-aggregate contact points. A weakness of the indenter 
method is the impact of rough soil surfaces affecting contact of the 
spherical indenter. At wet water contents this may be less of a problem 
due to initial plastic deformation, but below 24 % water content our 
tested aggregates had brittle fracture mechanical failure patterns. Sur-
face roughness impacts on stress concentration requires further inves-
tigation, but similar impacts may occur in the field between contacting 
aggregates under stress from machinery or overburden. Other processes 
to explore include strain hardening under repetitive loading and 
weakening of soil under rapid wetting. 

6. Conclusion 

A very good correlation was found between shear rheometer and 
spherical indenter measurements, particularly for elastic modulus 
derived at small strains within the LVE range. However, the different 
loading conditions produced large differences in yield stress and other 
mechanical parameters at greater strain values within the nonlinear 
viscoelastic zone. Although indenter tests are more complicated to 
analyse and interpret, they have several advantages over a rheometer. A 
rheometer is limited to viscoelastic materials that flow, such as wet soils, 
but an indenter can be applied across a broad range of water contents 
including dry soils that fail by brittle fracture. Rheometers also require 
testing of pastes, whereas an indenter could be used on intact soil 
aggregates. 

There is great scope to extend this research further. Deformation 
processes from an indenter on soils over a broad range of water contents 
need greater investigation to understand the loading and failure con-
ditions. Differences in mechanical behaviour between soil pastes and 
intact specimens also needs to be explored. The dual approach could be 
applied to unravel processes involved in seedbed coalescence and 
aggregate stability, exploring impacts of texture, organic matter, 

hydrological stresses, and biology. Derived parameters will remove the 
elusiveness of soil hydromechanical processes that drive aggregate 
coalescence and breakdown, providing valuable information for 
process-based models of soil structure dynamics. 
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