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This study presents a laboratory experimental research to determine the characteristics of
lost circulation materials (LCMs) capable of addressing thermal degradation, providing
bridging and sealing in geothermal conditions. Eleven different materials were tested:
Walnut Fine, Walnut Medium, Sawdust, Altavert, Graphite Blend, Bentonite Chips, Micron-
ized Cellulose (MICRO-C), Magma Fiber Fine, diatomaceous earth/amorphous silica
powder (DEASP), Cotton Seed Hulls, and a Calcium Carbonate Blend. The filtration and
sealing pressure of the LCMs were measured with HPHT equipment up to 149 °C (300 °F).
Besides, the particle size distribution (PSD) of fine granular materials was measured.
The results show that the performance of some LCM materials commonly used in geother-
mal operations is affected by high temperature. Characteristics such as shape and size made
some materials more prone to thermal degradation. Also, it was found that the PSD of
LCMs is a key factor in the effectiveness of bridging and sealing fractures. The results
suggest that granular materials with a wide particle size distribution PSD are suitable
for geothermal applications. [DOI: 10.1115/1.4053071]

Keywords: lost circulation materials, HPHT filtration, fracture sealing, geothermal
drilling, particle size distribution, geothermal energy

1 Introduction
Lost circulation is caused by mud entering into porous or frac-

tured rock, causing the reduction in the hydrostatic column (mud
column). The mud is getting into the formation instead of returning
to the surface [1]. The mud loss is the most serious problem during
the drilling of geothermal wells, mainly due to its high frequency
and associated high costs. The temperatures found in geothermal
fields cause a reduction in rock strength [2]. Besides, complex frac-
ture networks are common in geothermal reservoirs [3]. Also, the
temperature increase with the geothermal gradient increases the
likelihood of mud invasion in the exposed wellbore [4]. The
highly fractured rock environment found in geothermal drilling is
one of the most common causes of massive mud loss events. Frac-
tures that measure 1000–3000 µm or more are complicated to cure
at high temperatures. If not controlled, mud losses can lead to
impacting issues such as stuck pipe events or well-integrity issues
[5–7]. Although this phenomenon has been extensively studied,
lost circulation is still the most problematic and costly issue in geo-
thermal drilling [6].
In typical geothermal wells, mud losses often correspond to a sig-

nificant portion of non-productive time (NPT). Cole et al. [8] ana-
lyzed data from 38 geothermal wells drilled in the United States
since 2009. The study found that wells accumulated more than
100 h of non-productive time on average due to loss of circulation,
contributing to rig costs of an additional $185,000 or more per well.
In a typical geothermal well, mud losses account for 20% of the
total costs [9].
Problems related to mud losses in geothermal operations have

been documented since the 1970s; however, the difficulties depicted
are still not fully solved. Marbun et al. [10] described how

operational problems associated with mud losses and stuck pipe
events, causing the operational drilling times to be four times the
amount of time initially planned in a field in Indonesia. Pálsson
et al. [11] described how non-controlled mud losses prevented the
planned well depth from being reached in the Krafla field,
Iceland. In this operation, multiple sidetracks were attempted, but
the loss of circulation did not allow reaching the planned target.
Bolton et al. [12] described how total losses caused a well control
event in the Wairakei field, New Zealand. To stop the blowout,
a relief well to intercept the uncontrolled well was drilled. In Impe-
rial Valley (California, USA), lost circulation zones are present any-
where along the wellbore [13]. LCM is traditionally used to restore
mud returns. Mud losses are typical in The Geysers, California [14].
Highly fractured, localized zones characterize loss circulation areas.
Cottonseed hulls were reported to be the most commonly used
LCM, and 12 ppb was a typical concentration to address losses.
Occasionally, when mud circulation could not be restored, cement
was used to cure mud losses.
Nuckols et al. [15] described a severe loss of circulation event in

Fenton Hills (Jemez Mountains, Northern New Mexico). Several
attempts to cure losses were performed, including the circulation
of bridging agents (1500 bbl of LCM at 30% of volume), and
cementing jobs were performed without success. Finally, it was
decided to drill without returns and run the casing to isolate the
loss sections. The consequences of mud losses were stuck pipe
events, repeated reaming, poor cement jobs, and intermediate
casing impairment.
Geothermal formations are commonly under-pressured, with dif-

ferential pressure (the difference between the hydrostatic pressure
of the drilling fluid column and the formation-pore pressure)
usually above 3.4 MPa. If the surge pressure when drill pipe is trip-
ping downhole is added, which is commonly around 3.4 MPa,
which gives a total value of 6.9 MPa of sealing pressure (or differ-
ential pressure) as a reference value for geothermal applications [1].
Goodman [16] conducted a study of how the geothermal industry

addressed mud losses during drilling operations. After an extensive
survey, Goodman observed that geothermal operators used
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traditional O&G drilling approaches to solve drilling fluid losses
(LCMs, pills, or cement plugs). The study revealed that, depending
on the individual downhole conditions, these approaches may or
may not be effective in resolving impaired circulation. Hyodo
et al. [17] analyzed close to 4500 lost circulation events in Japan.
In that study, 65% of the wells presented total losses, and when
those losses were treated with LCM, the success rate was about
10%. At present, despite the evolution of LCM materials, these
treatments’ success rate is still low. Cole et al. [8] analyzed the
mud losses in 15 wells in California. Ninety-five events in total
were analyzed, and the overall success rate of all treatments with
LCM was 25.3%. In general, it can be observed that partial and
severe losses, the treatments have a better success rate, compared
with their performance at total losses, where all LCM treatments
failed. Total losses in geothermal wells are commonly attributed
to fractures that are difficultly healed with LCM.
In the same study, the effect of temperature and depth was ana-

lyzed. In Fig. 1, LCM treatments are showed by depth and forma-
tion temperature. The temperature range of the data analyzed is
between 37.8 °C and 154.5 °C. Paper, cottonseed hulls, nutshells,
and calcium carbonate were used in 87% of all events. According
to interviews with drilling operators presented in the study, the
LCM components were mostly selected on a well-by-well basis
through trial and error rather than formation properties. The severity
of losses provided operators an indication of whether materials
should perform well based on previous experience.

1.1 Lost Circulation Materials. In general, geothermal drill-
ing operators have available LCMs at the rig site for immediate

usage once mud losses are present. The materials are incorporated
into the mud system and circulated downhole to control the
losses, making LCM the first defense line operators prefer [1].
Caenn et al. [18] divided lost circulation materials (LCMs) into

four categories summarized in Table 1.
As observed, LCMs are diverse in shape, density, or stiffness,

and depending on their individual attributions, they work differently
in reducing or avoiding drilling fluid get into the formation.

1.2 Experimental Research on Lost Circulation Materials.
Extensive experimental research has been performed to evaluate
the performance of LCMs. Although some experimental studies
have been performed at room temperatures, they have been funda-
mental to understanding the sealing mechanisms. Others have tried
to evaluate the performance of temperature-aged LCMs to represent
their performance at geothermal conditions, but the tests are per-
formed at room conditions. Few experimental studies have been
performed measuring properties directly at high temperatures.
This is due to the challenges of managing temperatures of 149 °C
and above. HPHT research limitations include high pressures (nec-
essary to avoid evaporation), very long heating and cooling times,
or testing equipment wear (especially elastomers).
Howard and Scott [19] made an experimental study of different

LCM performances at dynamic conditions and room temperature.
They measured the sealing capability (a seal capable of holding
6.9 MPa of differential pressure) using different fracture sizes
versus material concentration (Fig. 2). One of the outcomes of
that experimental study is that granular materials are more effective
for closing the largest fractures (up to 5000 mm). Besides,

Fig. 1 LCM treatments effectiveness from temperature versus depth perspective (plot
generated with information adapted from Cole et al. [8])

Table 1 Lost circulation materials classification

LCM Type Examples Characteristics

Fibrous materials Sawdust, cedar fiber, shredded cane stalks, micronized cellulose,
bagasse, cotton fibers, shredded automobile tires, wood fibers, paper
pulp

• Flexible materials
• Variable sizes
• Tend to be squeezed into wide openings

Flaky materials Wood chips, shredded cellophane, mica flakes, plastic laminate • Flat shape
• Large surface area
• It can form a filter cake or can be squeezed into openings

Granular materials Calcium carbonate, ground nutshells, granular marble, Formica,
corncobs, cotton hulls, granular graphite

• Chunky granular shape, with a variety of grain sizes
• Strong and stiff materials
• Ideal materials are insoluble and inert inside the mud

Slurries Hydraulic cement, diesel oil-bentonite-mud mixes, and high filter
loss muds

• Designed to harden with time
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researchers found that granular LCM requires less material concen-
tration to seal similar size fractures compared with fibrous and flaky
LCMs.
Hinkebein et al. [1], in another experimental study, analyzed

three cellulosic materials: cottonseed hulls, Kwik-Seal (a combina-
tion of granular, fibrous, and flakes components), and Ruf-Plug
(ground corn cobs). Paper pulp was also tested, but due to poor
results, it was dropped from the study. All materials were tested
with a low-density drilling fluid (8.8 ppg), compounded by water
and Wyoming bentonite. According to the results presented,
derived from extensive laboratory experiments (223 experiments),
the increasing LCM concentration in all three materials increases
the likelihood of successful sealing (Table 2). However, they
found that the rising LCM concentration for the materials tested
does not irrevocably increase the sealing pressure. The conclusion
was due to the randomness of the results, where the same type of
material was tested under the same conditions, and sealing pressures
cannot be replicated.
In the same research, the effect of temperature was analyzed. In

this case, the materials were hot rolling aged at different

temperatures (Fig. 3). The results show that all materials at room
temperature managed to seal the 0.06′′ (1524 µm) fractures, reach-
ing 6.9 MPa of sealing pressure. However, when materials were
tested after being hot-rolling at 204.5 °C, cottonseed hulls and
Ruf-Plug LCM failed to seal the fracture, and the Kwik-Seal lost
30% of its sealing pressure strength. These results suggest that
thermal degradation of LCMs properties affects their sealing
performance.

1.3 Bridging and Sealing. The process in which LCM is uti-
lized to cure mud losses has been analyzed for years. The general
perception is that LCM creates a restriction that avoids or at least
reduces fluid loss by plugging the pores and fractures in the bore-
hole. However, this conception overlooks the physics behind how
the LCM works. Consequently, frequently the usage of LCM is
based on trial and error or based on experience rather than as a
product of an optimization analysis.
The life cycle of how LCM work can be divided into four stages:

dispersion, bridging, sealing, and sustaining [20].

Fig. 2 Effect of LCM concentration at different fracture sizes (modified from Howard and
Scott [19])

Table 2 Comparison of percentage of successful 6.9 MPa sealing pressures at different concentrations

Cotton seed hulls Kwik-Seal Ruf-Plug

Slot size, mm 5 ppb 10 ppb Dif 5 ppb 10 ppb Dif 5 ppb 10 ppb Dif

1.5 66.7% 100.0% 33.3% 100.0% 100.0% 0.0% 66.7% 100.0% 33.3%
2 37.5% 100.0% 62.5% 33.3% 100.0% 66.7% 0.0% 11.8% 11.8%
3 6.7% 20.0% 13.3% 11.8% 45.5% 33.7% 0.0% 0.0% 0.0%
4 0.0% 0.0% 0.0% 0.0% 54.5% 54.5% − 0.0% −
5 0.0% 7.7% 7.7% 0.0% 23.1% 23.1% − 0.0% −

Fig. 3 Sealing pressures of three cellulosic LCM products at different temperatures
(plot generated with information adapted from Hinkebein et al. [1])
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Dispersion is how the LCM arrives at the fracture. The LCM
must overcome various restrictions during its journey through the
mud pits and pumps system, the journey through the drill pipe,
and the restrictions of the different components of the BHA until
it reaches the fracture.
Bridging consists that once LCM gets into the fracture, they start

forming a permeable layer across the fracture, robust enough to
withstand the pressure gradients, and hold smaller particles that
will create the seal (Fig. 4).
Sealing is the process in which the small particles, either under-

sized LCMs or mud solids (e.g., bentonite, barite), accumulate on
the bridge built by the coarse LCM, filling all the spaces of the
bride, generating an impermeable layer, a seal, that prevents fluid
continue passing through the fracture.
Sustaining is fundamental since the seal generated by LCM needs

to withstand mechanical loads and differential pressure enough time
to permit drill through the theft zone, case, and cement the well.
Understanding the process is important for a successful sealing

strategy. One of the most important factors is the size of the
LCM. If the bridging material is larger than the fracture width,
the sealing will be formed outside the fractures’ mouth. This is
undesirable since the drilling action can easily remove it. In con-
trast, if LCM is too small compared to the fracture size, it cannot
effectively build a bridge [20]. As fractures in geothermal wells

can vary in size, and LCM strategy may consider diverse particle
sizes. A particle size distribution (PSD) analysis is essential.
The connection between the particle size of an LCM and its capa-

bility to bridge fractures has led to the development of different
methods to select the proper particle size.
One of the most accepted criteria was proposed by Abrams [21].

The method consists of two rules for selecting bridging material.
The first rule is that the particle size’s mean size must be equal to
or greater than one-third of the mean of the rock pore size. The
second rule is that the sealing material must be no less than 5%
of the drilling fluid volume.
Since then, different criteria have been proposed. They are sum-

marized in Table 3. The downside of the earlier methods is that they
are based on pore size. However, they have been used as selection
criteria for sealing fractures. Alsaba et al. [22] proposed a new
selection criterion based on a statistical analysis of extensive exper-
imental research. LCMs with diverse particle size distributions were
tested on fractures from 1000 µm to 3000 µm.

1.4 Wellbore Strengthening. An evolution to the traditional
LCM addition to the mud system is the concept of wellbore
strengthening. This consists of LCM usage to intentionally increase
the fracture gradient of a wellbore by adding LCM to bridge and
seal fractures near-wellbore [27]. Three physical models describe
the wellbore strengthening concept and how they enhance the well-
bore strength in drilling operations: stress cage model, Fracture
Closure Stress (FCS) model, and Fracture Propagation Resistance
(FPR) model [28].
The concept of stress cage was introduced in Ref. [29], and it

explains how mud additives help to seal fractures induced during
drilling. The stress caging theory is to place solids at or close the
mouth of a recently drilling-induced fracture that will serve to
build a bridge. The bridge creates the support to hold particles
that generates the seal, insulating the drilling fluid pressure from
the rest of the fracture. If the seal is successful, the fluid pressure
of the isolated portion of the fracture will be dissipated to the
pore pressure. Then, the fracture, without the pressure that main-
tains it open, will close. This process increases the hoop stress
around the wellbore beyond its original value.
In the FCS model, a fracture in the wellbore is generated and

widened, expanded in length but not in width. LCM is forced to
fill the fracture. LCM starts to accumulate inside the fracture, and
as the carrier fluid is filtrating into the formation, it creates an “immo-
bile mass”within the fracture. The immobile mass holds the fracture
open and isolates the fracture end from the drilling fluid pressure.
Fracture is getting more difficult to open due to increased fracture
closing tension and the fracture end isolation [30].
In the FPR model, at a difference of FCS and stress cage models,

the hope stress is not increased [28]. Instead of that, the idea is that a
mud cake generates an impermeable layer that prevents the drilling
fluid pressure from expanding the fracture [31].

2 Materials and Methods
This experimental study consisted of screening different LCMs to

evaluate their capability of sealing fractures at HT and their thermal
stability when incorporated into a geothermal base formula. The
main challenges are related to the thermal degradation of rheologi-
cal and filtration properties.
Table 4 presents the lost circulation materials tested. LCMs have

a wide range of sizes, shapes, densities, and textures. This provides
a comprehensive LCMs range to identify characteristics that made
some materials more suitable to geothermal conditions than
others. The materials presented are ready to use and required no
preparation.
For the static filtration tests, the equipment used was an HPHT

permeability plugging tester (PPT). This equipment is designed
for performing filtration tests avoiding LCM settling. This is
because the slotted disc (disc with simulated fracture) and the

Table 3 Summary of LCM selection by particle size (after Alsaba
et al., 2016)

Method Selection criteria Authors

Abrams rule D50≥ 1/3 the formation average pore size [21]
D90 rule D90= the formation pore size [23,24]
Vickers method D90= largest pore throat

D75 < 2/3 the largest pore throat
D50≥ 1/3
D25= 1/7 the mean pore throat
D10 > the smallest pore throat

[25]

Halliburton
method

D50= fracture width [26]

Alsaba method D50 should be≥ 3/10 the fracture width D90
should be≥ 6/5 the fracture width

[22]

Fig. 4 LCM bridging and sealing process (adapted from Lavrov
[20])
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collecting assembly are placed at the pressure cell top. For this
study, the equipment was operated at 149 °C for the LCM
screening.
Finally, for granular materials, PSD tests were performed. For

PSD analysis, we used a laser diffraction particle size analyzer.
The particle size measured in this equipment ranges from

0.375 µm to 2000 µm. This equipment was used for measuring
PSD in dry samples.

3 Description of Tests, Results, and Analysis
Different kinds of tests have been used to evaluate the effective-

ness of LCM’s for sealing fractures. However, they involved the
usage of complex flow loops or the modification of filtration equip-
ment. The downside of these approaches is that the results are hard
to replicate or compare unless the same flow loop/equipment is
used. In this research, an un-modified PPT equipment is used,
with a slotted disk to simulate a fracture (Fig. 5). The novelty of
the process is using a solids-free mud; in this case, distilled water
with an HPHT polymer. The polymer is a commercial polymer
that ¨activates¨ with temperature, providing enough rheology to
keep the LCM in suspension.
The advantage of using a free of solids mud for the test is that

the sealing action is directly generated by the LCMs, providing an
advantage for individual evaluation of each material sealing per-
formance. The HPHT polymer was activated using the PPT
cell, heating it to 149 °C. In Fig. 6, the mud (a) before and (b)
after heating is presented. Before heating up, the mud has the
minimal capability to keep LCM in suspension, then the LCM
sag. After heating the mud, its rheology increased, and solids
can be maintained in suspension. This is advantageous since the
fluid keeps its solids’ carrying capacity at high temperatures in
a static condition. The free of solids mud was also tested at the
same conditions without LCMs showing no sealing capacity
with open fractures. Then, any sealing action is generated by
the LCM itself.
The mud was prepared with distilled water and 3% in weight of

the HPHT polymer. The mud was then aged for 24 h and heated up
to 176.7 °C at 3.45 MPa for activation. Once the mud is activated, it
was mixed with the LCMs. The mud mixed with LCMs is aged for
24 h before being tested in the PPT apparatus. The disc with the

Table 4 Lost circulation materials selected for the experimental study

Walnut fine Walnut Medium Sawdust Altavert Graphite Blend Bentonite Chips

Granular
Non-deformable LCM
Chemical inert
Biodegradable
SG: 1.25-1.30

Granular
Non-deformable LCM
Chemical inert
Biodegradable
SG: 1.25-1.30

Flaky/Fibrous Deformable
LCM
Temporary temperature
degradable
SG: 0.4-0.6

Fiber
Deformable LCM
Hole sweep additive
Temporary
temperature
degradable

Granular
Non-deformable LCM
Blend with different sizes
Torque reducing material
SG: 2.19–2.26

Granular
Deformable LCM
Non-toxic
SG: 1.11-1.14
(dry)

Micronized Cellulose
(MICRO-C)

Magma Fiber Fine Diatomaceous earth/
amorphous silica powder
(DEASP)

Cotton Seed Hulls Calcium Carbonate Cedar Fiber

Granular
Deformable LCM
Water-insoluble
Cellulosic Material
SG: 1.3

Fiber
Deformable LCM
Acid soluble
Non-fermenting and
non-corrosive
SG: 2.6

Granular
Non-deformable LCM
Silica powder
Squeeze pill design

Fiber
Deformable LCM
Biodegradable
Temporary
temperature
degradable
SG: 0.24

Granular
Non-deformable LCM
Acid soluble
A blend of three sizes:
200, 80, and 30 CC
SG: 2.75

Fiber
Deformable LCM
Water-insoluble
Cellulosic
Material
SG: 0.6

Fig. 5 Diagram of the pressure cell of the PPT apparatus for
LCM filtration screening
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1000 mm fracture was selected for this initial screening to evaluate
each LCMs performance.
To this base formula, there were added the different LCM prod-

ucts at different concentrations. The concentration of each material
is presented in Table 5.
The LCMs screening experiments used a similar methodology to

the one presented by Savari et al. [32]. The purpose is to measure
the filtration for 30 min. Once it is confirmed that the LCM can
hold a sealing with mud pressure of 5.5 MPa and backpressure of
2.1 MPa, then the pressure is raised by hundreds until the sealing
is lost. The maximum sealing pressure obtained is recorded (this
is the differential pressure of the pressure and the back pressure).

3.1 Filtration Tests. In Fig. 7, the 30 min filtration profile
results of the different tests are presented. The LCM’s that

performed best were MICRO-C, calcium carbonate blend, and
graphite blend. What is similar to these materials is that they are
granular, with small particle size, and all of the three are blends,
so they have a wide range of particle size.
In Fig. 8, it is presented the 30-min filtration test and the

maximum sealing pressure for each LCM. The maximum sealing
pressure was obtained by the graphite blend, calcium carbonate,
Altavert, and MICRO-C.
In Fig. 9, it is presented a close-up view of the 1000 µm fracture

of the three materials that performed best in the filtration experi-
ment. The three LCMs successfully sealed the fracture without
other solids. The graphite blend was the only LCM that reached
the maximum sealing pressure of 8.3 MPa. This value could be
higher, considering that the maximum mud pressure was limited
to 10.3 MPa for safety reasons (and the back pressure was a cons-
tant 2.1 MPa). The calcium carbonate blend provided a sealing
pressure of 6.2 MPa. When the pressure was increased above
6.2 MPa, the sealing pressure was suddenly lost, and it was not pos-
sible to recover it back. The MICRO-C sealing pressure was
4.8 MPa. When the sealing pressure was increased above
4.8 MPa in the MICRO-C test, the sealing pressure was reduced
gradually, but with time, the sealing was recovered, and pressure
could be increased again to MPa. This effect can be visualized in
Fig. 9, where it can be seen that in the CaCO3 experiment, the
seal was lost, and the fracture was open. In contrast, the
MICRO-C sealing was maintained. This effect can be attributed
to the deformability of MICRO-C and the non-deformability of
CaCO3.

3.2 Particle Size Distribution Tests. To better understand the
influence of LCMs particle size, a PSD analysis was performed on

Fig. 6 Walnut fine mixed with free of solids mud: (a) walnut settling in mud non-
thermally activated, (b) walnut evenly distributed in thermally activated mud, and
(c) top of the PPT pressure cell filled with mud+LCM

Table 5 Materials and concentration of the base formulation

Lost circulation material Concentration

Walnut fine 15 ppb
Walnut medium 15 ppb
Sawdust 1 ppb
Altavert 0.5 ppb
Graphite blend 15 ppb
Bentonite chips 15 ppb
MICRO-C 5 ppb
Magma fiber fine 8 ppb
DEASP 8 ppb
Cotton seed hulls 12 ppb
Calcium carbonate 20 ppb

Fig. 7 Filtration results of individual tests of the free of solids mud+LCMs
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fine granular materials. The importance of the PSD analysis is that
particle size distribution affects the performance of LCM for lost
circulation treatments [7,33]. The PSD equipment measures parti-
cles from 0.375 mm to 2000 mm. Figures 10 and 11 show the test
results made on the calcium carbonate blend, DEASP, MICRO-C,
and graphite blend.
As it can be observed in the PSD analysis, the DEASP curve

shows a Gaussian distribution of the values (bell shape), and the
other materials presented a wider range of particle diameters with
their curves right-skewed. To determine the influence of the PSD
in the filtration performance, the filtration results of the components
analyzed are presented in Fig. 12.
According to the filtration results, the materials with a wider par-

ticle size distribution (graphite blend, calcium carbonate, and
MICRO-C) are the best filtration performance materials. In contrast,
the DEASP, the granular material with smaller particle diameter
values, had a higher filtration volume. Having a wide range of par-
ticle sizes is a desirable condition in an LCM for sealing fractures;
larger grains can build the bridge, creating support for the smaller
particles that generate the effect of sealing. In Table 6, it is summar-
ized the PSD test values. The mean diameter of the DEASP is
15.67 mm, which is significantly smaller than the average diameters
of the other LCMs analyzed.

4 Discussion
After analyzing the experimental results, it was identified that

materials that performed better in the filtration tests were fine gran-
ular, blended materials. This does not necessarily mean that they are
the best materials for all applications. However, the testing condi-
tions show that those materials are suitable for geothermal
environments.

Fine granular materials behave better at high temperatures com-
pared with coarse larger size granular materials and fibers. A rea-
sonable argument is that smaller particles have a larger surface
area per unit of mass, meaning that the heat is distributed in a
larger surface area at high temperatures, making these materials
more thermally stable. That means small granular materials can
keep their sealing properties at HT better than fibers and coarse
materials.
For sealing a fracture, it is beneficial to have a large size range.

Larger particles create a permeable bridge, and the smaller particles
fill out the bridge spaces to build a seal. This can explain why LCMs
like calcium carbonate and graphite blends or MICRO-C, with a
wide range of particle diameters, worked better than the DEASP.
The variance of DEASP (348.3 µm2) is significantly smaller than
the variance of the other LCM that present the best performance
in the filtration tests.
As the filtration tests were performed with a free of solids mud,

all the sealing action came from each LCM. However, in practice,
drilling fluids contain solids from the mud additives and the drilling
cuttings. The mentioned solids also contribute to the fracture sealing
process.
The ratio between the size of the fracture and the particle size

is another important factor to consider. In Table 7, it is summar-
ized the particle size distribution of the fine granular materials
analyzed. The particle sizes obtained were evaluated based on
the different particle size criteria used in the industry (Table 3).
In Table 8, it is presented if each of the LCM analyzed meets
(Yes) or does not meet (No) each LCM selection criteria
examined.
There are no selection criteria from Table 8 that calcium carbon-

ate blend, graphite blend, and MICRO-C together completely meet.
Graphite blend meets most of the conditions of the different

Fig. 8 Filtration volume and maximum sealing pressure obtained of different LCMs

Fig. 9 Close-up view of 1000 µm fracture once the disk was removed from the pressure cell
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selection criteria presented. MICRO-C also meets most of the crite-
ria except Vickers and Halliburton methods. Compared with the
Halliburton Method, the requirements in the D50 is 500 µm and
the MICRO-C D50 is 407 µm.
Sealing a fracture involves the LCM’s ability to build a bridge

inside the fracture. The D90 size is considered in some of the
recent selection criteria. The D90 includes the largest size particles

destined to bridge the fractures. As observed, MICRO-C and graph-
ite blend met some of the D90 size criteria methods used in the
industry. However, the calcium carbonate blend, LCM that
showed a good performance in the filtration test, did not meet
most of the criteria methods.
Calcium carbonate blend has a D90 size of 456.51 µm, close to

half of the fracture width size (1000 µm). Since calcium carbonate

Fig. 10 PSD test on different fine granular LCMs

Fig. 11 Frequency curve of particle diameter test on different fine granular LCMs
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successfully sealed the fracture, the D90 size value in some of the
selection criteria could be re-evaluated in the future.
This suggests that 10% of the particles with size near the half of

the fracture are enough to build the bridge into the fracture. Then, it
is possible to distribute the remaining 90% to create a wider range of
particle size. Once the bridge is built, a wider range of smaller par-
ticles will fill the permeable bridge spaces to generate the sealing.
This is an important condition since, in geothermal applications,

large fractures are frequently found. In this case, materials with
greater particle size need to be included. However, if the particle
size is unnecessarily large, they will become prone to degrade/fail
at high temperatures.
According to the experimental results, we suggest that size selec-

tion criteria must have at least two conditions. The first is that the
D90 has enough size to build the bridge. The second condition is

that LCM needs to have a large size distribution. This will help to
generate the seal. This experimental research suggests that the
PSD variance could be considered to guarantee a large particle
distribution.

5 Conclusions
A methodology of screening lost circulation materials is pre-

sented by an innovative way to use the PPT at high temperatures.
The usage of free of solids mud permits identifying the capability
of different LCMs to seal an open fracture at HT and determine
their sealing pressure in controlled conditions.
It was identified that materials that performed better in the filtra-

tion tests were granular, blended materials. Graphite blend,

Fig. 12 Filtration and differential pressure results of fine granular LCMs tested

Table 6 Summary of PSD test on various LCM’s

Variable CaCO3 blend DEASP MICRO-C Graphite blend

From (µm) 0.375198 0.375198 0.375198 0.375198
To (µm) 2000 2000 2000 2000
Volume 100 100 100 100
Mean (µm) 165.78 15.67 505.66 761.21
Median (µm) 88.24 11.21 406.97 717.12
Mean/median ratio 1.88 1.40 1.24 1.06
Mode (µm) 390.96 13.61 623.27 1908.87
S.D. (µm) 186.50 18.66 452.19 632.72
Variance (µm2) 34,782.60 348.30 204,476.00 400,336.00

Table 7 Summary of PSD analysis for fine granular materials

Material Fracture Size D10 µm D25 µm D50 µm D75 µm D90 µm

CaCO3 Blend 1000 µm 5.71 24.42 88.24 256.31 456.51
DEASP 1000 µm 1.65 5.81 11.21 18.21 29.87
MICRO-C 1000 µm 32.59 119.47 406.97 758.07 1153.87
Graphite Blend 1000 µm 12.77 95.11 717.12 1297.28 1696.26

Table 8 Summary of application of particle size selection methods based on the material’s PSD results

Method Selection criteria CaCO3 blend MICRO-C Graphite blend DEASP

Abrams rule [21] D50≥ 1/3 the formation average pore size No Yes Yes No
D90 rule [23,24] D90= the formation pore size No Yes Yes No
Vickers method [25] D90= largest pore throat No Yes Yes No

D75< 2/3 the largest pore throat Yes No No Yes
D50≥ 1/3 No Yes Yes No
D25= 1/7 the mean pore throat No No No No
D10> the smallest pore throat − − − −

Halliburton method [26] D50= fracture width No No Yes No
Alsaba method [22] D50 should be≥ 3/10 the fracture width No Yes Yes No

D90 should be≥ 6/5 the fracture width No Yes Yes No
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MICRO-C, and calcium carbonate blend sealed the 1000 mm frac-
ture, generating sealing pressure.
Fibrous materials, such as sawdust, magma fiber, cottonseed

hulls, and coarse granular materials such as walnut medium and
fine, presented a lower performance than fine granular materials.
Based on the experimental findings, it is proposed that the size

selection criterion must have at least two conditions. The first is
that the D90 is big enough to create a bridge. The second criterion
is that the LCM should have a wide size distribution. This is going
to help create the seal. A wide PSD variance of an LCM is desirable.
It indicates that a large particle distribution range is present. The
range of LCM sizes should cover from larger particles for building
the bridge and the smaller and well-sorted particles to seal the
bridge.
Experimental research at high temperatures is helping us to iden-

tify materials that work best than others. Size, shape, and particle
size distribution impact the filtration capability of LCM.
The conclusions presented were based on observations made

during this research and applied to the different mud samples
used in the analysis. It is important to remember that muds with dif-
ferent additives concentrations can have varying responses to high
temperatures. However, the general behavior of mud is assumed to
be roughly comparable.
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