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Abstract Granular materials are of interest in var-

ious fields of engineering and science and they

commonly display rough morphologies which govern

their constitutive behavior. One of the emerging

applications of granular materials is their use as

proppants in hydraulic fracturing and the present study

provides an investigation into the normal contact

behavior of three types of proppant simulants using

micromechanical-based experiments. As the complex

processes in hydraulic fracturing necessitate accurate

modeling of the order of nano-to-micrometers of

displacements, a micromechanical investigation of

grain contact response accounting for extremely small

ranges of deformations is necessary to provide insights

with potential applications in contact mechanics

modeling. The proppant simulants used in the present

study are composed of quartz sand grains from

different origins with variations of their local surface

morphologies and nano-to-micro scale roughness.

Based on their local radii, which govern the contact

behavior of non-conforming surfaces, the proppant

simulants would approximately correspond to mesh

16/30–20/40. In view of their global radii, these grains

would be considered on the upper bound of potential

sizes used in hydraulic fracturing. In terms of normal

contact response, the data were fitted using two

contact mechanics models and a discussion is elabo-

rated on their applicability in simulating the normal

load–displacement behavior of grains at their contacts.

It is shown that surface asperities play an important

role in the constitutive behavior of the grain contacts

and control the different zones of response as observed

from both experiments and analytical expressions.

Natural grains used as proppants may display

smoother surfaces compared with other geological

materials, such as weathered rocks or crushed rocks.

However, their roughness is still an important influ-

encing factor that should be considered in the simu-

lation of multi-scale problems, especially when

micrometer-level displacements are important to be

encountered. Based on differentiation of the normal

force for a given range of displacements, tangent

stiffness was derived and the data showed that tangent

normal stiffness (KN) increases with normal displace-

ment. Thus, the load (or stress) state of a given contact

is important to provide appropriate values of the ratio

(KT/KN), where the tangential stiffness (KT) decreases

rapidly with the increase of the sliding displacement.

C. S. Sandeep

School of Civil and Construction Engineering, Oregon

State University, Corvallis, Oregon 97331, USA

e-mail: chittas@oregonstate.edu

S. Li � K. Senetakis (&)

Department of Architecture and Civil Engineering, City

University of Hong Kong, Yeung Kin Man Academic

Building, Blue Zone 6/F, Kowloon, Hong Kong SAR,

China

e-mail: ksenetak@cityu.edu.hk

S. Li

e-mail: siyueli6-c@my.cityu.edu.hk

123

Geomech. Geophys. Geo-energ. Geo-resour.           (2021) 7:107 

https://doi.org/10.1007/s40948-021-00296-9(0123456789().,-volV)( 0123456789().,-volV)

http://orcid.org/0000-0003-0190-4768
http://crossmark.crossref.org/dialog/?doi=10.1007/s40948-021-00296-9&amp;domain=pdf
https://doi.org/10.1007/s40948-021-00296-9


Article highlights

• Three types of natural proppant simulants are

examined using micromechanical-based experi-

ments exploring their normal contact behavior.

• Surface roughness controls normal contact stiff-

ness and initial plastic deformations at the contacts.

• Different approaches should be adopted on the

implementation of input parameters using smooth

or rough surface contact models in discrete-based

numerical analyses.

Keywords Proppant � Normal contact stiffness �
Roughness � Morphology � Micromechanics

1 Introduction

Horizontal drilling and multi-stage hydraulic fractur-

ing are required in unconventional reservoir exploita-

tion; these involve multi-scale and multi-phase

complex processes and encounter a large number of

influencing factors (Bandara et al. 2018, De Silva and

Ranjith 2019a, b, Zoback and Kohli 2019, Duan and

Kwok 2020, Kwok and Duan 2020, Ahamed et al.

2019). In hydraulic fracturing, different types of

proppants are commonly used, including natural sand

grains, so that the interactions of proppants at their

contacts and between proppants and the rock is crucial

to be modeled and understood (Bandara et al. 2020a,

Dong et al. 2019, Tang et al. 2019, Zheng and Tannant

2019, Wang and Sharma 2018, Wang et al. 2019).

Researchers have applied experimental grain-scale

methods to investigate the problem of proppant-

proppant and proppant-rock interactions (Yang et al.

2016, Zhang et al. 2019a, b, Ahamed et al. 2019,

Bandara et al. 2018, 2020a, b, Tang et al. 2019, Li et al.

2021). He and Senetakis (2020) and He et al. (2020)

reported that both proppant, rock type and their

morphological features, including surface roughness

at a microscopic scale of tens-to-hundreds of nanome-

ters, influence their tribological behavior. Bandara

et al. (2020a), stated that current methods and

guidelines may be, partly, misleading in assessing

the applicability of different types of proppants, as the

characterization of proppant-proppant and proppant-

rock systems, at the grain-scale level, is in general

overlooked in many practices.

Computational-based modeling including discrete

element methods (DEM), or coupled discrete element

method–computational fluid dynamics (DEM-CFD)

have been proven to be handy tools in the study of

complex processes such as hydraulic fracturing,

fracture propagation and the performance of prop-

pant-rock systems which controls production in

unconventional reservoirs (Zeng and Zhang 2016,

Zhang et al. 2017), while researchers have also used

methods such as extended finite element method

(FEM) or extended discontinuous deformation analy-

sis in the study of complex problems involved in

hydraulic fracturing. DEM-CFD modeling and other

numerical tools which attempt to simulate discrete-

based materials use contact laws as input (Coetzee

2017). These contact laws govern the interfaces of

proppant-rock (and proppant-fluid-rock) systems.

Therefore, investigation into the contact behavior

and micromechanical-based modeling of proppants at

their contacts is a crucial step in the study of complex

processes involved in hydraulic fracturing. Microme-

chanical-based methods and microscopic considera-

tions have also contributed in fields such as

geothermal exploitation, the study of fractured rocks,

ground-environment interaction, analysis of diage-

netic processes or debris flow problems as well as

jamming transition (e.g., Zhao and Shan 2013, Jiang

et al. 2015, 2016, Jing et al. 2019, Song et al. 2020).

The permeabilities of fractured rocks in the pres-

ence of proppants are very important to be modeled at

extremely small scales for accurate estimation of the

production process (Zoback and Kohli 2019). This

involves extremely small deformations of the rock and

the proppant-rock systems which must be precisely

modeled and their behavior may be governed, to an

important extent, by the micro-scale morphological

and compositional characteristics of the proppant and

the rock (e.g., He and Senetakis 2020, Zoback and

Kohli 2019, Zhang et al. 2020, Kasyap and Senetakis

2022). Thus, quantification of the deformations at the

contacts of proppants, of the order of micrometers, is a

crucial step encountered in hydraulic fracturing

stimulation.

Experimental and theoretical studies into the con-

tact problem of interfaces have provided important

insights, with applications in various problems of

engineering and science (e.g., Greenwood and Tripp

1971, Vu-Quoc et al. 2000, Mate 2008; Misra and

Huang 2012, Medina et al. 2013, Zhai et al. 2016,
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Chen et al. 2020). However, systematic experimental

studies into the applicability of different contact

mechanics models in natural sand grain systems de-

coupling surface roughness and material type influ-

ences are very limited. Such studies would be

instrumental in proppant modeling of natural quartz

grains. Even though quartz sands have much smoother

surfaces than many naturally occurring materials, they

still have measurable roughness that may govern the

interactions of proppants at the micro-level. For

example, Sandeep et al. (2019) investigated the

contact problem of two different natural materials

including quartz sand grains (Ottawa sand) and a

crushed basaltic rock, used as lunar simulant, and

applied different normal and tangential contact models

to investigate the constitutive behavior of the grains at

their contacts. In that study, material type, hardness,

meso-scale morphology and roughness were studied

as coupled parameters. Yet, the study of grains of

given composition and hardness, but with varying

roughness, has not been examined systematically in

the literature providing some valuable insights into the

contact problem of proppants with implications in

micromechanical-based simulations. Recently, San-

deep et al. (2021) investigated this problem (i.e.,

influence of roughness de-coupling that from the

effect of material type), but their study focused on

engineered grains composed of glass beads. Thus,

there is a lot of scope in this field, particularly in the

analysis of the behavior of natural sand grains used as

proppant simulants.

In this study, three types of natural grains, which are

considered as potential proppant simulants, are exam-

ined, which display relatively similar meso-scale

morphologies and hardness, and the varying parameter

is the surface roughness. Two contact models are

applied: one considering roughness quantitatively, and

the second one ignoring surface roughness. Outcomes

from the study may contribute to the contact modeling

of proppant interfaces. For example, in accurate

modeling and prediction of the behavior of proppant-

rock systems at the level of tens of nanometers to

micrometers of displacement. Thus, outcomes from

the study may contribute to future research using

particulate-based discrete modeling in hydraulic frac-

turing problems. It is highlighted in the study that

despite the relatively smooth surfaces of the natural

quartz grains, their surface roughness is measurable

enough to encounter significant plasticity at the early

stages of deformations (i.e., the grains are still rough

within a contact mechanics context), thus governing

the proppant-proppant interactions which would not

be expected for ideally perfectly smooth proppants.

2 Contact mechanics models

In this section, a brief review is presented on the two

contact mechanics models used in the present study,

which are used to simulate the normal contact

behavior of the proppant simulants. These models

will be later used to fit the experimental data to obtain

contact parameters and also to check their reliability in

imitating the force–displacement response of quartz

sand particles.

2.1 Hertz contact model

Hertz (1882) proposed a non-linear elastic contact

model for smooth non-conforming contacts. The Hertz

model is widely used in the analysis of the normal

loading behavior in various studies (for example,

Teufelsbauer et al. 2009, Zhao et al. 2018, Li et al.

2021, Ren et al. 2021). When two grains of radius ‘R’

Fig. 1 Illustration of the normal loading of proppant-proppant

contacts (considering perfect spheres in this example)
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are subjected to a compressive force ‘FN’ as shown in

Fig. 1, it generates a circular contact area of radius ‘a’

which is calculated from Eq. (1) as follows:

a ¼ 3RFN

8E�

� �1
3

ð1Þ

where E* is the equivalent Young’s modulus of the

two grains in contact, which is expressed as:

1

E� ¼ 2
1�m2

E

� �
ð2Þ

In Eq. (2), m is the Poisson’s ratio of the grains and

the relationship between force and displacement (dN)
is presented in Eq. (3):

FN¼
2

ffiffiffi
2

p
Rð Þ

1
2E�d

3
2

N

3
ð3Þ

2.2 Yimsiri and Soga contact model

Yimsiri and Soga (2000) proposed an analytical model

for rough grains in contact by considering an assembly

of uniform-sized particles and the packing structure of

the spheres was defined by incorporating a fabric

tensor. Using micromechanical-based theory, they

presented an association between force–displacement

behavior at the grain scale and stress–strain behavior

at the macroscopic level. They incorporated different

contact laws, such as, the linear elastic, Hertz and

rough surface contact models with some assumptions.

The important assumptions were that no sliding occurs

between the grains, the grains are not spinning and

there is no resisting moment at the contacts. This

model can be used to analyze the effects of contact

characteristics, stress condition and fabric anisotropy

on the small-strain behavior of granular materials.

Greenwood et al. (1984) and Johnson (1985)

proposed a non-dimensional parameter (x), expressed
in Eq. (4), to study the variation of the asperity heights

on the contact behavior:

x ¼ 2
S�q
dN

ð4Þ

where S�q is the equivalent surface roughness for two

bodies in contact which follow an independent random

distribution of asperities (not necessarily Gaussian)

and it is presented in Eq. (5):

S�q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2q1 þ S2q2

q
ð5Þ

Yimsiri and Soga (2000) incorporated the surface

roughness into their newly developed contact model

through parameter x. They showed that the radius

ratio (a*/a) is a hyperbolic function of x as presented

in Eq. (6).

a�

a
¼ �2:8

xþ 2
þ 2:4 ð6Þ

where a* is the circular contact radius of the rough

grains.

Hertz model may be used as an approximation of

very rough surfaces which display significant plastic

deformations at the early stages of loading (Sandeep

and Senetakis 2018a, b, Sandeep et al. 2019). Yimsiri

and Soga model may be more applicable for very

rough surfaces, but there are still some compromises in

analyzing laboratory test data with this model (San-

deep et al. 2019, Ren et al. 2021).

3 Materials

Sandeep et al. (2018) carried out a micromechanical-

based experimental study examining the tribological

behavior of quartz sand grain contacts from different

origins thus various morphological characteristics in

terms of surface roughness. These sand grains can

potentially be proppant simulants as they have rela-

tively smoother surfaces than many other geological

materials and their shapes are fairly regular. The

aforementioned study focused on the frictional behav-

ior of the grain interfaces with a limited discussion on

their normal contact behavior. We recall the experi-

mental data by Sandeep et al. (2018) and Sandeep

2019 to provide a detailed study into the compression

behavior of the grains at their contacts, emphasizing

the application of different contact mechanics models

in order to fit the normal force–displacement curves. A

previous discussion on the applicability of the Hertz

model and also the Yimsiri and Soga model was

presented by Sandeep et al. (2019) and Ren et al.

(2021), but without de-coupling material type and

surface morphology. For completeness, some of the

characteristics of the materials are presented in this

section. These soils are Leighton Buzzard sand (LBS),

River sand (RS) and Beach sand (BS). LBS is a sand

123

  107 Page 4 of 15 Geomech. Geophys. Geo-energ. Geo-resour.           (2021) 7:107 



from the UK which has been quarried from a location

near to Bristol and has been widely studied and

documented (Senetakis et al. 2013, Sandeep and

Senetakis 2018a, b, Li et al. 2021). The River sand

grains used in this study were obtained from Guang-

dong province, China. The Beach sand grains were

obtained from the coastal region of Repulse Bay, Hong

Kong. From visual observations, the grains of River

sand and Beach sand are white to crystalline in color,

while the LBS grains have yellow stains on their

surfaces because of the presence of iron oxides.

The particle sizes of the grains used in this study

were around 1–2 mm in average global diameter.

These sizes may be a little larger than coarse proppants

used in practice (e.g., Bandara et al. 2020a), but as

mentioned by He and Senetakis (2020), these natural

sand grains have such morphologies that their local

radii (radii in the vicinity of the proppant-proppant and

proppant-rock contacts) are much smaller compared

with their global size. The local radius is what

controls, predominantly, the contact behavior of

natural grains as also pointed out by Sandeep and

Senetakis (2018b), He and Senetakis (2019, 2020) and

Sandeep (2019). Based on this, the local radii of the

natural grains tested in the study may correspond to

mesh 16/30–20/40, on average. The global radius

would be expected to have less influence on the

behavior of the proppants as the results by Sandeep

(2019) would suggest.

The materials were observed under the Philips

XL30 ESEM-FEG Environmental Scanning Electron

Microscope (SEM) in order to obtain insights into

their surface morphology and composition. This

microscope is also equipped with EDS (Energy

Dispersive X-ray Spectroscopy) to quantify the chem-

ical composition in the samples. Figure 2 shows

representative (SEM) images of the proppant simu-

lants used in this study. These grains are sub-rounded

to rounded in shape based on the Powers chart (after

Powers 2009). All these grains are composed majorly

of SiO2 (more than 80%) with traces of other minerals

and compounds.

The morphology of the proppants at the level of

nano-to-micrometer was quantified in terms of the

surface roughness. These measurements were taken on

samples using an optical surface profiler (Veeco

NT9300, after Sandeep et al. 2018). The vertical

scanning interferometry (VSI) mode was applied for

the scanning process, which allows for non-

destructive assessment of the surface roughness. A

field of view of 20 9 20 lm was used to scan the

surface area, and the effect of curvature was removed

to obtain the surface profiles. The roughness of the

grains was quantified in terms of the root mean square

(RMS) value denoted as Sq from Eq. (7):

Sq¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn
i¼1

W2
i

� �s
ð7Þ

where n = the number of measured data points and

W = the elevation relative to the base surface.

Figure 3 shows representative surface profiles of

the proppant simulants used in this study. The average

values of surface roughness for LBS, RS and BS based

on ten measurements on each grain type were found to

be 223 ± 51, 195 ± 30 and 293 ± 56 nm, respec-

tively. The quartz sand grains chosen for this study are

reasonably smooth compared with irregularly shaped

and rough decomposed igneous and metamorphic

rocks (Sandeep and Senetakis 2018a, c). Sandeep et al.

(2018) observed that the surface roughness plays an

essential role in the micromechanical behavior, par-

ticularly, affecting the inter-particle friction values.

For example, the inter-particle coefficient of friction

of LBS, RS and BS are 0.19 ± 0.04, 0.14 ± 0.02,

0.22 ± 0.06, respectively. The rougher BS grains

have greater values of the inter-particle friction

coefficient compared with RS and LBS. Detailed

description regarding the tangential loading response

of the quartz sands and the role of surface roughness

were presented in Sandeep et al. (2018) and Sandeep

(2019). It is noticed that despite the relatively low

values of surfaces roughness as discussed above, the

natural grains display morphological discrepancies as

the coefficient of variation (defined as the ratio of

standard deviation over the mean value of Sq) would

range between 15 and 30% for the natural proppant

simulants. These coefficients of variation are very

similar with that of weathered rocks and crushed rock

grains (e.g., Sandeep and Senetakis 2018a, c), so that

these morphological discrepancies of natural grains,

despite the overall low Sq values, cannot be ignored in

assessing the contact behavior of proppant simulants

and may contribute to scatter in the data in assessing

their mechanical behavior. It is noted, however, that

the coefficient of variation for the quartz sands of the

present study is significantly lower compared with that
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of crushed limestone as reported by Senetakis et al.

(2017).

4 Experimental setup

4.1 Sample construction

The experiments were performed using fairly regular

in shape grains, which are handpicked for the

micromechanical tests. The grains are glued to the

cylindrical brass mounts (*8 mm in diameter) using

Cyanoacrylate glue, a fast-acting adhesive. The spec-

imen was then carefully pressed against the mount

surface to reduce the quantity of glue between the

grain and the mount. The works by Sandeep et al.

(2018) and Sandeep (2019) showed that a period of

24 h is adequate for the hardening of the glue for these

micromechanical tests.

4.2 Inter-particle loading apparatus

A micromechanical inter-particle loading apparatus

(Fig. 4) housed at the City University of Hong Kong

was used to simulate the proppant-proppant normal

loading tests (technical descriptions may be found in

more details in Sandeep et al. 2018). The apparatus is

equipped with a stiff stainless-steel loading frame and

three loading arms in three perpendicular directions.

Each loading arm consists of a load cell (100 N

capacity), a linear micro-stepper motor and an eddy

current (non-contact) sensor, and the different elec-

tronic parts are rigidly connected with stiff mechanical

components and linear bearings. The monitoring and

controlling of the experiments are conducted with a

dedicated software developed for the apparatus with a

typical data recording of 0.33 Hz. The load cells have

a precision of 0.02 N and the displacement sensors

have a precision of 10-5 mm, so that the high accuracy

measurements of forces and displacements allow for

resolving contact stiffness which is particularly

important to be quantified in accurate micromechan-

ical-based modeling. The quality of the data is further

improved using analog filters and high-quality ampli-

fiers and data logging system. It is noticed that the City

University of Hong Kong houses a range of grain-scale

apparatus which are capable in the study of proppant-

type and proppant-rock systems; these different setups

Fig. 2 Scanning electron microscope images of the three proppant simulants used in the study a LBS b River sand c Beach sand

123

  107 Page 6 of 15 Geomech. Geophys. Geo-energ. Geo-resour.           (2021) 7:107 



have various capabilities in terms of loading rate and

range of loads and displacements to be measured (and

sample size as well). The apparatus used in the present

study is more dedicated for smaller in size samples and

for smaller in magnitude normal loads, so that

emphasis in the present study, as will be discussed in

subsequent sections, is placed on the transition from

initially plastic behavior of asperities to a behavior

with increased stiffness. However, all the experiments

are performed well below the forces which would

cause global damage to the grains. The global damage

of grain contacts using LBS particles was recently

investigated by Li et al. (2021), which study examined

the influence of grain morphology on the interaction of

pairs of grains close to the failure point.

After gluing the grains on the mounts and allowing

them for 24 h for curing, the mounts were fixed on the

top and bottom wells of the apparatus, which were

then aligned in an apex-to-apex configuration through

visual observations using digital micro-cameras from

two orthogonal horizontal directions. The top well is

connected to the vertical loading arm of the apparatus.

The bottom well is fixed on a stainless-steel sled,

which is connected to the horizontal loading arms.

Note that one horizontal loading arm is typically used

for the shearing and the second one is used to maintain

the system in the out-of-plane direction. Based on an

apex-to-apex configuration, the applied vertical force

corresponds to the normal contact force to the

specimen. Deviations from the verticality of the

applied normal force can be detected and monitored,

for example during the gradual application of the

vertical force, which would give a reaction force to the

horizontal loading systems (during the application of

the vertical load, the two horizontally placed load cells

are monitoring any lateral reactions of the system).

Fig. 3 Representative images from surface profiler analysis quantifying the roughness of the proppant simulants
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5 Results and discussions

5.1 Experimental observations

The high precision in the force and displacement

measurements allows capturing the role of surface

asperities on the normal loading behavior of the grains

at their contacts. Figure 5a shows representative

force–displacement curves for the proppant simulants

during normal loading. It can be seen that, within the

scatter on the data, the behavior is nearly similar for

these three materials. The variabilities of the normal

force–displacement curves are expected as these are

natural sand grains and they have differences in their

morphologies, both at the micro- and meso-scales

resulting in a measurable coefficient of variation of Sq
as mentioned earlier, as well as in discrepancies with

respect to the local radius in the vicinity of the contacts

which also influence the contact response (Sandeep

et al. 2018, Sandeep and Senetakis 2018b, Li et al.

2021). The significance of meso-scale morphology

would come into play more dominantly, especially for

irregular-in-shape grains, but this would be expected

to be more prevalent in the shearing direction and also

in the analysis of the grain contact response close to

the failure (crushing) of the particles (Li et al. 2021). A

typical force–displacement response for geological

materials can be categorized into three zones, as

illustrated in Fig. 5b. The response is mainly con-

trolled by the compression of surface asperities in zone

1 (deforming plastically); there is a transition in zone 2

(non-linear behavior) and a stiffer response in zone 3

(not necessarily Hertzian). In zone 3, a substantial

increase in tangent stiffness is observed. This behavior

(influence of roughness and distinct zones of behavior)

has also been described in theoretical contact mechan-

ics studies (Persson 2007, Pohrt and Popov 2012).

According to the current study on quartz sand grains,

the normal displacements in the zone 1 range from a

few hundreds of nanometers up to approximately

1.5 lm. Previous studies on quartz sands (Sandeep

and Senetakis 2018a, b, Sandeep et al. 2019) also

observed a similar range of initial soft displacements

Fig. 4 Inter-particle loading apparatus at City University of

Hong Kong used for the normal contact tests in the study

a stainless steel loading frame b stepper motor c load cell d eddy
current sensor e stainless steel sled f micro-camera

Fig. 5 a Force–displacement response of quartz sands (after

Sandeep et al. 2018) b Different zones of response in a typical

force–displacement curve corresponding to natural proppant

simulants
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in zone 1. For much rougher grains (for example

natural grains which have origin decomposed rocks or

crushed rocks of very rough surfaces), zone 1 would be

extended to 10 lm and beyond that point (Sandeep

and Senetakis 2018a, Sandeep et al. 2019). For very

smooth surfaces (e.g., almost perfectly smooth chrome

steel balls), the initial regime of plastic displacements

might be below 0.5 lm, or in some previous exper-

iments performed at City University of Hong Kong,

this initial regimewould be almost absent for the lower

bound of roughness values for chrome steel balls

(Sandeep and Senetakis 2018a, Sandeep 2019).

Contact stiffness is an important input parameter in

modeling the interactions of granular materials (and

also fractured rock), but, in general, many numerical

studies have ignored realistic values of contact stiff-

ness in their analyses. The contact stiffness in the

normal direction is obtained in the study by differen-

tiating the forces against the displacements (using a

sequence of 3–5 datapoints in the normal direction for

the present experiments), deriving a tangent (or local)

value of stiffness. Figure 6 shows normal stiffness-

displacement curves for the quartz sands. The stiffness

increased gradually with the displacement and this

behavior is commonly observed for normal loading of

rough surfaces. For very rough grains such as crushed

basaltic rock used as lunar simulant (Sq = 1476 nm),

Sandeep et al. (2019) also reported that the stiffness

increased gradually with displacement. However, they

observed very low values of normal stiffness

(\ 100 N/mm) for compression of the grain contacts

up to 10 lm, whereas the present results demonstrate

much higher normal stiffness for the quartz grains.

According to the data in Fig. 6 (and also in Fig. 5a),

the stiffness values for LBS and RS are at the upper

end of the observed range for the three different types

of proppant simulants, which is explained by the fact

that these two types of grains have lower roughness

values than BS.

In many micromechanical-based numerical studies

it is common to consider a constant ratio of tangential

to normal stiffness (KT/KN), to be used as input in the

study of granular systems and many times researchers

consider KT/KN = 1. The stiffness-displacement

curves of the proppant simulants show clearly that

normal stiffness is a function of normal displacement

with increasing KN values as the compression at the

grain contacts progresses. On the other hand, recalling

data, for example by Sandeep et al. (2018, 2019),

tangential stiffness (i.e., stiffness in the sliding direc-

tion) degrades very rapidly at the contacts of the grains

(and subsequently at the contacts of the proppants).

Additionally, recalling previous data on the tangential

stiffness of the proppant simulants, the absolute values

of normal contact stiffness and tangential stiffness are

not so much related as the data would suggest, though

both may have a dependency on material type and the

morphology of the grains. Although the present study

does not have a specific direction in investigating the

relationship between KT and KN, these observations

should be taken into consideration by researchers who

simulate the hydraulic fracturing process with

micromechanical-based discrete numerical tools.

5.2 Sensitivity of Yimsiri and Soga model

Yimsiri and Soga (2000) model incorporates, quanti-

tatively, the effect of contact condition, in terms of

roughness, between the grains in their model as shown

in Eqs. (4–6). This can be particularly important in

modeling the contact behavior of natural proppants

which display measurable surface roughness (i.e.

natural grains deviate from ideal perfectly smooth

spheres). The sensitivity of this model in replicating

the force–displacement behavior of quartz grain

contacts is shown in Fig. 7. These plots correspond

to ‘‘theoretically’’ produced curves fromYimsiri-Soga

model using the input parameters as R = 1 mm,

E = 100 GPa, m = 0.1 for this illustrative example.

The range of surface roughness values considered is

between 150 and 350 nm, which is the typical range of
Fig. 6 Stiffness-displacement response for proppant simulants

based on experimentally derived values
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RMS roughness for quartz sand grains (Sandeep et al.

2018, Sandeep 2019).

From the visual observation of the curves in Fig. 7,

it is seen that the normal load–displacement relation-

ship is qualitatively similar to the trends observed for

the natural quartz sand grains in the experiments

(Fig. 5a). The model seems sensitive to the surface

roughness and the initial soft response (Zone 1) as

theoretically assessed, increases with increasing sur-

face roughness. Additionally, there is a shift in the

transition phase (zone 2); for example, with the change

in surface roughness from 150 to 350 nm the range of

zone 2 is shifted from 1.5–2.5 lm to 2.5–4.0 lm,

respectively.

5.3 Modeling of experimental curves using Hertz

and Yimsiri-Soga models

The experimental force–displacement curves were

fitted using the models proposed by Hertz (1882) and

Yimsiri and Soga (2000) and a representative case is

shown in Fig. 8. The highlighted inset of the fig-

ure shows a closer view of the force–displacement

response at smaller deformations. Figure 9 shows the

stiffness-displacement response for the curves shown

in Fig. 8. The solid black line corresponds to the

experimental curve for the compression of two LBS

grains and the dotted lines represent the theoretical

(fitted) curves.

From the analysis presented in Fig. 8, it is observed

that the Hertz model (dotted blue line) can reasonably

simulate the force–displacement response of the

proppant simulants after the regime of initial plastic

displacements (1 lm). Similar behavior can also be

seen in the stiffness-displacement curves (Fig. 9),

where the Hertz model cannot simulate the response at

smaller displacements, i.e., for displacements smaller

than 2.5 lm for the given example. For fitting of the

experimental curve in Figs. 8 and 9 using the Hertz

model, a Young’s modulus value of 53 GPa was used,

which is much lower than the expected Young’s

modulus of the quartz (90–120 GPa, after Heyliger

et al. 2003, Erdogan et al. 2017). As the Hertz model

was developed, primarily, to simulate the response of

ideally smooth surfaces, it is expected that this model

cannot fit the initial regime where the asperities

deform plastically, which is also observed in the

force–displacement response of other geological

materials (e.g., Sandeep et al. 2019, Ren et al. 2021).

However, for grains with very low surface roughness

values, such as steel balls (60 nm), the Young’s

modulus values obtained from Hertz fitting of the

experimental curves are about 175 GPa (after Sandeep

and Senetakis 2018a) which is very close to the

expected Young’s modulus value of the material

(around 200 GPa based on material’s specification).

This suggests that the Hertz model performs better, on

the point of view of deriving Young’s modulus, for

smoother and more regular in shape grains. However,

it partly, does not capture the contact behavior of

natural grains at very small displacements, which

display morphologies which deviate from that of

perfect smooth spheres.

In Figs. 8 and 9, the experimental data were also

fitted with the rough surface contact model proposed

by Yimsiri and Soga (2000). For the best fit of the

model to the experimental data, a surface roughness

value of 200 nm and a Young’s modulus value of

150 GPa were used. These results suggest that the

Yimisiri-Soga model can reasonably simulate the

normal force–displacement and normal stiffness-dis-

placement responses from the initial loading stages for

natural quartz sand grains. This is attributed, predom-

inantly, to the consideration of ‘‘reduced contact

pressure’’ for rough surfaces through the inclusion of

parameters a* and x into the rough model. It is noted

however that for the analysis, average values of RMS

roughness were used for each material type into the

expressions by Yimsiri-Soga, rather than the specific

values of each given sample.

A comparison between the values of Young’s

moduli as derived from Hertz and Yimsiri-Soga
Fig. 7 Sensitivity of Yimsiri and Soga model to surface

roughness: theoretical curves
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models based on fitting to the experimental data for all

the three proppant simulants included in the present

study is given in Fig. 10. It is observed that the

Young’s modulus values from Hertz fitting are always

lower than the excepted Young’s modulus values and

approximately 2–3 times lower than the values

obtained using the Yimsiri-Soga model. The average

values of Young’s modulus from the fitting of these

two models to the experimental curves are 45 ± 9

(Hertz) and 124 ± 19 GPa (Yimsiri-Soga), respec-

tively, resulting in a slightly lower coefficient of

variation for the rough surface model compared with

the smooth surface model. For the quartz sands used in

the present study with surface roughness ranging

between 150–350 nm, the fitting using the Hertz

model underestimated the Young’s modulus by about

50–60%. In contrast, the Yimsiri-Soga model can

satisfactorily fit the experimental data using material’s

Young’s modulus (within a range of ±20%). It is

recommended that user-defined models taking into

account surface roughness parameters would be more

desirable in discrete-based numerical simulations. The

use of a rough model, such as Yimsiri-Soga expres-

sion, would have a better matching at the earlier stages

of loading, where the deformations would be expected

to be plastic for rough surfaces. However, the Hertz

model, which is commonly adopted in many numer-

ical analyses, can also be used. In this case, the

Young’s modulus should correspond to an apparent

Fig. 8 Force–displacement

response from experiment

(black solid line) and contact

models (dotted lines) based

on best fit

Fig. 9 Stiffness-displacement response from experiment (black

solid line) and contact models (dotted lines) based on best fit

Fig. 10 Comparison between Young’s modulus (E) values

obtained from Yimsiri and Soga, and Hertz models for the

proppant simulants: the rough model by Yimsiri and Soga

provides significantly higher values of contact Young’s modulus
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value and not the real value of the mineral itself (i.e.,

Hertz model would incorporate roughness influence

indirectly by taking a reduced material modulus).

However, in this case a shift of the curve is desirable to

capture the initial plastic deformations (i.e., at dis-

placements in zone 1, the force should be zero or have

values very close to zero displaying almost zero

contact stiffness).

6 Conclusions

The normal contact behavior of rough quartz sand

grains was investigated by applying fitting using two

different normal contact models: (i) Hertz and (ii)

Yimsiri and Soga. Based on their local radii the natural

grains in the current study can be considered as

proppant simulants and they would correspond to

mesh 16/30–20/40, on average. The focus of the study

was the investigation of the contact behavior of the

proppants at very small deformations, as these defor-

mations may be important to be considered in multi-

scale problems where nano-to-micrometer scale of

displacements are important to be encountered and

modeled. The main conclusions are summarized as

follows:

1. In the compression of rough grains, the force–

displacement response is governed by the plastic

deformation of surface asperities (zone 1) at the

initial stages of loading, followed by a transition

(zone 2) and finally a stiffer response (zone 3). The

behavior in zone 2 is non-linear, while the

behavior in zone 3 can be approximated by a

linear relationship between normal force and

normal displacement. Despite the application of

small in magnitude normal forces, much below

those that would induce global grain damage,

because of the very small developed contact areas

the stresses are high enough to trigger plasticity of

the small asperities because of the very small

contact area. This plasticity is dominant at the

early stages of compression and is followed by a

stiffer response.

2. For the range of surface roughness values of the

three materials used in the study (150–350 nm),

theoretical analysis of the Yimsiri-Soga rough

surface model showed a relatively high sensitivity

to changes in surface roughness and the

displacement range of zones 1 and 2 was extended

with increasing surface roughness, thus roughness

governs the constitutive normal contact behavior

on a theoretical standpoint.

3. The Hertz model could fairly simulate the prop-

pant simulants’ contact behavior only beyond

zone 1 when a reduced Young’s modulus value is

used. For the rough quartz sand grains used in the

current study, the Hertz model underestimated the

Young’s modulus by about 50–60%. Thus, the

derived modulus corresponds in reality to an

apparent value, but it is much closer to the real

material modulus if the grains are very smooth and

regular in shape. This observation may also imply

that the application of different normal contact

models may also depend on the proppant type in

consideration as proppants may consist of ceramic

(very smooth grains), or natural sand grains (with

inherently rough surfaces).

4. The rough surface model had a better performance

in fitting the normal contact force–displacement

response of the natural proppant simulants from

the initial stages of loading, where plasticity of

asperities governs their behavior, while the fitted

Young’s modulus was very close to the expected

value for quartz.

5. It is implied from the current experimental and

analytical investigation that in using natural grains

as proppants, even though their roughness is

relatively low compared with many other natu-

rally occurring materials, they are still rough

enough to produce differences in the normal

contact behavior which deviates from that of

perfectly smooth spheres. In accurate modeling of

hydraulic fracturing stimulation, such small defor-

mation levels to be modeled, may impact the

accuracy of theoretical studies so that considera-

tions of the input contact models should be taken

cautiously.

6. Normal contact stiffness increases with displace-

ment. This has implications in discrete-based

modeling as a key input parameter for estimating

the ratio of tangential to normal contact stiffness

(KT/KN). In the sliding direction, as theory and

experiments presented in the literature suggest,

tangential stiffness degrades rapidly as the sliding

displacement increases so that the load (or stress)

state of a contact in both the normal and tangential
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directions is important to be assessed to assign

appropriate (KT/KN) values.

7. The analysis from the proppant simulants would

suggest that the use of a rough model in discrete-

based analyses, such as Yimsiri-Soga expression,

would have a better matching at the earlier stages

of loading, where the deformations would be

expected to be plastic for rough surfaces and

additionally, real material modulus can be con-

sidered in this case. However, the Hertz model is

directly implemented in many discrete-based

numerical codes; in this case, the input modulus

should correspond to a reduced value (or an

apparent value) and not the real modulus of the

material. This also implies that the Hertz model

may incorporate, indirectly, roughness influence

by taking a reduced material modulus compared

with the real value of the material to be modeled. It

is also recommended that in applying Hertz

model, a shift of the curve is desirable to be

considered to capture the initial plastic deforma-

tions. This again would depend on the roughness

of the material as the increase in roughness in

general shifts this zone of behavior to larger

displacements.
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