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Abstract: The loss of circulation is a big problem in drilling operations. This problem is costly,
time-consuming and may lead to a well control situation. Much research has investigated the
effectiveness of using different chemicals as lost circulation material (LCM) to stop mud and cement
slurry losses. However, there remain many limitations for using such LCM types, especially when
it comes to field applications. This paper presents a new high strength lost circulation material
(HSLCM) that could effectively be used for managing severe lost circulation cases. The HSLCM
could easily be pumped into the thief zone where it forms a gel that solidifies after a setting time
to provide sealing between the wellbore and the thief zone. With this technique, the material stops
the circulation losses, and hence enhances the well bore stability by reducing the well bore stresses.
The HSLCM has a high compressive strength and it has a high acid solubility of around 96%. Because
the HSLCM has high tolerance towards contamination, it can be utilized with water-based mud or
invert emulsion-drilling fluids, hence providing a wide window of applications with the drilling
fluids. In this study, laboratory experiments were conducted to evaluate the rheology, thickening
time, compressive strength, and acid solubility of the HSLCM. The results showed good performance
for the HSLCM as LCM. In addition, a case field study is presented which shows a successful field
treatment for severe losses.

Keywords: lost circulation material; high strength; acid soluble pill; severe losses

1. Introduction

Many challenges are encountered while drilling deep and high-pressure high-temperature (HPHT)
wells. One of the most severe, costly, and time-consuming problems in drilling operations is the lost
circulation. Circulation loss or loss of return is known as the partial or complete loss of drilling fluid or
cement slurry from the annulus into the formation at any depth [1], which occurs when the wellbore
pressure is greater than the fracture pressure with the presence of a flow pathway [2,3].

There are four types of losses based on its severity: seepage, partial, severe, and total [4]. Loss
of circulation may occur for any type of formation, as this issue has been encountered in many rock
types at different depths [5]. Some of the formations have more chances to be invaded by fluids, such
as naturally or induced fractured formations, unconsolidated zones, cavernous and vugular zones,
and high permeability formations. The losses in these formations are defined based on the path and
speed of the fluid when it exits the wellbore [6].
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Loss of circulation has many consequences that affect the drilling operation economically and
efficiently. Drilling fluids are expensive and cost the petroleum industry over $12 billion in 2018 as
indicated by the drilling mud global market [7]. The drilling fluid accounts for 25%–40% of the total
cost of the drilling operation, so any loss of the drilling fluid will increase the total cost of the drilling
operation. Uncontrolled lost circulation of the drilling fluid can result in a dangerous well control
problem and in some cases also in the loss of the well [8]. It can also lead to other effects such as
increasing nonproductive time, resulting in a stuck pipe because of the poor hole cleaning conditions.

Lost Circulation Materials

Different methods have been used to mitigate the lost circulation problem while drilling and
during workover operations. The most common method is using solid particles, which are referred to
as lost circulation materials (LCMs) to reduce and prevent any loss of circulation. The common LCMs
include flaky, granular, fibrous, blended, water/acid-soluble, hydratable/swellable LCMs, nanoparticles,
cement plug, polyurethane grouting, settable plugs, crosslinked gel, and viscoelastic surfactant [9–12].

Samsuri and Phuong [13] introduced a less expensive cement formulation for loss of return issues
while drilling in vugular, high permeability, or naturally fractured formations. This formulation caused
a reduction in the permeability of the core by 20% compared to the reduction in the permeability due
to the drilling fluid (40%–70%). In some cases, the reduction in the permeability due to drilling can be
80%–90% [14].

Bour et al. [15] stated that acid soluble cement (ASC) (foamed or neat) provides an effective
solution to the loss of return through producing a formation. Seymour and Santra [16] evaluated
the use of acid-soluble cement (ASC) as a solution for loss of returns in drilling the reservoir section.
They concluded that the magnesium-oxychloride-cement (MOC) has unique advantages, such as a
very quick setting and being 100% acid-soluble. Savari et al. [17] presented a composite LCM solution
of an acid-soluble combination with a multimodal particle size distribution to handle severe to total
loss of circulation in the naturally fractured formation. The laboratory results confirmed a solubility of
96% for this material in 15 wt.% HCl and 10 wt.% of formic acid. The capability of the solution was
tested in the laboratory and the solution was able to plug a simulated fracture of 0.5 inches.

During the cement operations, loss of the cement slurry into the formation resulted in incomplete
sealing of the annulus and a remedial cement operation was required to fill the annulus [18–20].
To overcome this issue, a new technique for slurry placement called reversed-circulation placement
technique (RCPT) was applied in a California geothermal well [21]. Robert et al. [22] evaluated a
unique cement slurry (foamed-cement slurry) and RCPT technique and concluded that using the new
technique can reduce the annular pressure and the excess cement pumped in the hole. Gupta et al. [23]
reported a case study where a solution of cement plug of fiber was successfully used to treat a total loss
circulation. The LCM is Class G cement extended with an advance gel-strength of bentonite, a mixture
of a flake-solids package, and synthetic fibrous LCM mixed with the slurry to form a filter cake to
remedy the losses.

Suyan et al. [24] stated that the cementitious compositions admixed with synthetic fibrous LCM can
be utilized to avoid a loss of return when drilling a high permeable or fracture zone. Priening et al. [25]
reported that the advanced engineering fibers composed of inert material are easy to disperse in the
drilling fluid and can make a 3D network across the loss zone, thereby allowing the solids in the drilling
fluid to form bridging plug and cure the losses. According to Droger et al. [26], the performance of
fiber LCM is affected by fiber concentration, fluid viscosity, fiber geometry, fracture width, and flow
rate. They concluded that degradable fiber systems are effective for preventing losses in fractures as
wide as 5 mm.

Savari et al. [27] evaluated the application of high resiliency graphitic carbon (RGC) as a lost
circulation material. RGC does not interfere with logging tools or downhole equipment because it is
a conductive material with no magnetic properties. RGC can impart resiliency to other LCMs [28].
Savari et al. [27] concluded that RGC was a good material to be used during drilling the reservoir
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section because it was completely inert and could be combined with acid-soluble ground marble to
allow the flow to come back.

Al-Awad and Fattah [29] tested a good fracture seal material made of shredded waste car tiers in
the lab to determine its ability to plug a fractured core sample under HPHT conditions. The testing
proved that this LCM completely plugged the core’s fracture at a high temperature of 80 ◦C and a high
pressure of 900 psi. Nasiri et al. [30] used many LCMs to prevent the losses in two different types of
drilling muds—bentonite drilling fluid and new drilling mud that has a new additive from a famous
flowered plant in Iran. Their new LCM formed a bridge that reduced the total losses. They also applied
the new LCM in various types of losses in 10 wells and found that it had the ability to control losses in
Gardan Oilfield.

Several studies had investigated the use of cross-linked polymers as LCM. However, because of
the initiation of the cross-linking reaction at the surface, it is hard to put the cross-linked polymer
slurry in the required place. Quinn et al. [31] provided a smart plug product to avoid this problem.
Another disadvantage of the cross-linked polymer pill is that it can extrude easily into the fracture
under the high-pressure drop. Lecolier et al. [32] introduced a new solution using cross-linked polymer
gel, including swelling polymer particles and a colloidal one (nano-composite organic/inorganic gel).
Metcalf et al. [33] developed a new environment preferred system to solve the fluid loss problem
during drilling in the Permian Basin of West Texas. The formulation consisted of natural polymer, lost
circulation material, and silicate particles. They concluded that 60% of circulation could be restored
within 9 to 12 h using the preferred system, and 100% of circulation could be restored within 18 to 24 h.
Jiang et al. [34] used a cross-linked polymer to control the losses, which has an extended gelation time
and high strength. It can withstand up to a pressure of 9.8 MPa and a temperature of 150 ◦C and can
seal a slot that has fracture of 3 mm in width.

Each type of the lost circulation materials mentioned above has some disadvantages that make it
difficult to be applied. Most of these treatments need time to be prepared and placed and are hard
to set at the desired location [35] to achieve high compressive strength. Some of them can affect the
pumping ability, create formation damage, and need to be removed out of the hole to keep the tools
safe. The other LCM has low acid solubility, is unable to be dissolved by using the conventional
method such as acid, and requires a removal treatment because of the formed filter cake [36].

Whatever LCM is used, it must be consistent with the drilling mud in the wellbore. It should
have the ability to go through constrictions in the bottom hole assembly (BHA). LCM should also have
a slight impact on the formation permeability, particularly the producing formations. This paper will
provide a new solution for the different types of losses. A new lost circulation material, which has high
compressive strength and pumps easily, will be presented in this study. The performance of the new
LCM was evaluated through many experiments to test its ability to control the losses; mixing, rheology,
thickening or setting time, compressive strength, acid solubility, mud contaminations, and observations
on the field case of using this new material will be discussed in this paper.

2. Materials Description

The HSLCM is a mixture of several materials prepared to achieve required properties and functions
for the LCM. The HSLCM composition contains water as the base fluid, defoamer, setting control
additive for set time design, viscoelastic surfactant (VES) to build the viscosity, acid soluble weighting
additive (ASWA) to achieve the required density, monovalent or multivalent salt as ionic strength
additive to increase the efficiency of VES, and the dispersant. The formulation forms a solid hard plug
like cement when the ASWA powder reacts with water, and the reaction is retarded with the setting
control additive. The density range of the HSLCM is from 10 to 14 pounds per gallon (ppg) and can be
increased to a higher required density. The formulations for 12.5 ppg fluid for the temperature range
from 125◦F to 225◦F are presented in Table 1.
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Table 1. The high strength lost circulation material (HSLCM) (12.5 ppg) formulations at different temperatures.

Material Water,
mL

Defoamer,
ppb

Ionic Strength
Additive, ppb

Setting Control
Additive, ppb

VES,
ppb

ASWA,
ppb

125 ◦F 245.3 0.4 10.3 2.6 7.5 257.8
150 ◦F 245.5 0.4 7.7 5.2 7.5 257.7
175 ◦F 244.9 0.4 2.5 12.8 7.5 255.8
200 ◦F 240.7 0.4 2.5 24.8 7.5 248.4
225 ◦F 236.7 0.4 2.5 36.2 7.5 241.3

Figure 1 presents the particle size distribution (PSD) for the ASWA. The size distribution shows
that D10 is 1.73 microns (µm), D50 is 12.66 µm, and D90 is 172.6 µm. From the PSD, it is clear that
no pumping problems will be encountered using the drilling bit with a nozzle size greater than
14/32 inches. This can save the time and cost for an additional tripping that may be required with
conventional lost circulations rig operations.
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Figure 1. Particle size distribution (PSD) for acid soluble weighting additive (ASWA).

In this study, the LCM was mixed with a bottom drive mixer of blade type to prepare the fluid
slurry. Figure 2 shows the mixing stages for the HSLCM as the fluid mixes easily at stage 1 and
then phase transformation from fluid to solid phase at stage 2 based on the designed thickening time
and temperature.

The HSLCM has a pseudo-cross-linked property because it contains an amphoteric surfactant that
forms an elongated structure along with monovalent and/or divalent salts such as magnesium chloride,
calcium chloride, and potassium chloride. The weighting material, ASWA, is transformed into a solid
plug with high compressive strength when it reacts with water with the designed time and temperature.
In addition, boron-based compound works as a retarder to control the setting time process with respect
to the downhole temperature. The fluid composition does not contain crosslinking gellants.
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3. Experimental Program Design

A comprehensive laboratory testing program was designed and performed to evaluate the
properties of the HSLCM. The laboratory work started from the fluid mixing and evaluating the density
and rheological properties of the slurry. Investigation of the thickening time, phase transformation to
solid state, compressive strength for the HSLCM solid plug, and acid solubility testing for the HSLCM
was also conducted. The design addressed the operation temperature and pressure conditions to
evaluate the new fluid performance for field applications.

3.1. Rheological Properties

The HSLCM viscosity was measured using Fann 35 and Chandler Engineering Model 5550
Viscometer which is designed to measure the rheological properties of fluids at HPHT conditions
and has a wide range of applications for oilfield fluids. The rheological properties include plastic
viscosity (PV), yield point (YP), gel strength, and shear-stress shear-rate relation were measured at
room temperature, 175 ◦F, and 200 ◦F for the fluids with and without the VES.

3.2. Thickening Time Test

An HTHP consistometer was used to test the thickening time of the new LCM slurry at a
downhole pressure and temperature. The thickening time of slurry was measured according to API
standards by measuring the time period for which the fluid stays pumpable efficiently from surface to
down-hole [37–39]. In this study, the thickening time was evaluated with a HPHT consistometer to
measure the time required for the slurry to reach a consistency of 70 Bearden consistency units (Bc) for
the temperature range from 125 ◦F to 225 ◦F.

3.3. Compressive Strength Test

The change in the slurry compressive strength was evaluated with an ultrasonic cement analyzer
(UCA). The strength measurement was based on correlations that have been developed to estimate the
relative compressive strength of slurry sample based on the required time for the ultrasonic signal to
pass through the slurry sample as it sets.
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3.4. Solubility Test

The 2-inch HSLCM solid plug cubes were prepared inside the HPHT autoclave (Figure 3) at the
designed conditions of pressure and temperature (3000 psi and 200 ◦F). After 24 h of curing, the cubes
were tested for acid solubility using 15 wt.% hydrochloric acid (HCl). The weight of the samples was
measured before and after the acid treatment to determine its acid solubility.Sustainability 2020, 12, x FOR PEER REVIEW 6 of 14 
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4. Results and Discussion

4.1. Rheology Measurements

The initial fluid rheological properties were performed at room temperature (80 ◦F). Figure 4
represents the shear-stress, shear-rate behavior of the new LCM fluid with and without adding VES
at room temperature. Figure 5 shows the shear-stress and shear-rate for the HSLCM fluid at 175 ◦F.
The results represented in Figures 4 and 5 show that the addition of the VES significantly increased
the shear stresses of the solution at the lower shear rates, which helps to build the fluid viscosity.
This effect is clearly shown in Figure 6, which compares the viscosities of the HSLCM with and without
VES at 200 ◦F. Figure 7 shows the 10-s gel strength readings for the slurry with and without VES.
The addition of the VES increased the 10-s gel strength of the HSLCM fluid to more than three orders
of its original value of 18 lb/100 ft2 for the slurry without VES to reach 60 lb/100 ft2 after adding VES.
Figure 8 represents the gel strength for HSLCM with VES case at 175 ◦F for 10-s and 10-min readings,
which are 37 and 98 lb/100 ft2, respectively. The results show the new LCM has a good placement
property because the mixed slurry has a low initial viscosity at the surface, and the viscosity increases
as the temperature increases. The low initial viscosity helps to pump the fluid easily.

The HSLCM exhibits a thixotropic behavior because it is viscous under static condition and once
dynamic condition is attained, the material viscosity will start to decrease because of its shear thinning
property. The shear thinning was represented by a viscosity decrease with increasing shear rate,
and such behavior resulted from the polymer molecules alignment [40]. The shear thinning during
the fluid pumping is achieved by means of mixing of a novel amphoteric surfactant with sealant
powder [41]. The thixotropic shear shinning behavior of the HSLCM provides many benefits such as
placing the fluid downhole easily, preventing the gas migration, and reducing the fluid flow to the
thief zones before the material solidification.
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It is a common practice to use a crosslinking polymer with a bridging material to form a thick
gel for lost circulation cases. However, the cross-linked fluids do not have enough compressive
strength to cure total losses. The new fluid composition does not contain cross-linked polymer.
However, its thixotropic property that can be optimized according to the required pumping time,
downhole pressure, and temperature conditions.
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4.2. Thickening Time Test

The thickening time for the HSLCM was determined with pressurized consistometer and the
results are shown for 12.5 ppg fluid density in Table 2. The measurements were performed for
temperature range from 125 ◦F to 225 ◦F. In addition, the setting control additive was needed for
better optimization of setting time, since it increases the thickening time of the HSLCM (12.5 ppg)
fluid. This property can be optimized according to the required pumping time for field applications.
The results showed that at 125 ◦F, the setting time was 2 h and 40 min. For higher temperature of 225
◦F, the setting time decreased to 1 h and 16 min, which is considered to be an acceptable time for LCM
pumping operations.

Table 2. Thickening time for the HSLCM (12.5 ppg) at different temperatures.

Temperature (◦F) Thickening Time (h:min)

125 2:40
150 1:40
175 1:50
200 1:40
225 1:16

Figure 9 represents the thickening time for the HSLCM fluid at a density of 12.5 ppg and 175 ◦F,
it shows that the fluid is pumpable for up to 1 h and 50 min.
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4.3. Compressive Strength Test

The compressive strength of the HSLCM (12.5 ppg density) at 175◦F was recorded and plotted in
Figure 10. The compressive strength of the HSLCM stabilized at about 732 psi after around 5 h, and the
experiment was extended for 25 h. The compressive strength was evaluated for different formulations
at different temperature. Table 3 lists the valued of the UCS after 24 h for different formulations.
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Table 3. UCA for the HSLCM (12.5 ppg) at different Temperatures.

Temperature (◦F) UCA (psi)

125 1115
150 718
175 723
200 447
225 520

4.4. Acid Solubility Test

The results of the acid solubility test showed that the solubility of the HSLCM is more than 90%
when 15 wt.% HCl solution is used. Table 4 represents the results of solubility test for the slurry with a
density of 12.5 ppg and where the solubility ratio was 96.6%; this high solubility is important to ensure
effective cleaning takes place after the lost circulation treatment.

Table 4. The HSLCM 12.5 ppg acid solubility results.

Acid Solubility Initial Weight
of the Cube (g)

Acid Used (15
wt.% HCl) (g)

Time to
Dissolve (h)

Residue
Left (g) Solubility (%)

2-inch Cube 12.5 ppg 144.58 800.46 4 4.93 96.6

5. Field Testing and Application

5.1. Field Contamination Testing

A batch mixing for the HSLCM was performed to mimic the field application conditions of
ambient temperature that sometimes recorded higher values, and also a longer mixing time that might
extend. The batch mixing test was conducted at a surface temperature of 113 ◦F and extended for 4 h.
The results showed the fluid was mixed easily, and no fluid setting occurred because the temperature
did not reach the setting temperature, as shown above in Table 2. When the temperature increased to
175 ◦F, the fluid set as designed setting time within 2 h.

The fluid was also tested for the contamination with drilling mud to check the new LCM
performance in the real field application. The test was performed with water-based mud (WBM) and
oil-based mud (OBM). A KCl/Polymer system of 12.5 ppg was used for 10% WBM contamination with
new LCM fluid, and high performance water-based mud was used for 20% WBM contamination and
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conventional 12.5 ppg OBM for OBM contaminations. The results showed that the thickening time did
not change significantly with mud system contamination.

5.2. Field Application Case Study

During drilling the 8 1
2 -in section through gas cap carbonate formations in the Middle East,

lost circulation challenges were faced in many wells. Such challenges are because of the formation vugs
that are linked with fractured networks. Common treatment for such lost circulations were applied
in several cases as pumping series of LCM pills, cement plugs, sidetracking, and setting packers for
isolation. However, such typical treatment techniques are expensive and time consuming and hence
increases the drilling cost. From the offset wells that used the common treatment, there is a high
probability of increasing the losses once the drilling is continued and the LCM is circulated.

During this case, the operator was using 10.7 ppg calcium carbonate-based mud with KCl polymer.
A sudden total circulation loss occurred at a depth of 5207 ft. The decision was made to keep a
hydrostatic head across the gas cap to prevent any well control problem. The well was pumped with
12.5 ppg at 60 bbl/h through the annulus. At the same time, three conventional LCM was prepared to
treat such a total loss case and three pills were pumped. The conventional LCM, however, did not stop
the total circulation loss, but only reduced the losses rate to partial return.

The HSLCM was prepared to cure that type of severe losses. The HSLCM shows thixotropic
behavior that prevents further flow through the loss zone after squeezing. After the HSLCM fluid
setting, it retains a compressive strength that isolates the loss zone from the wellbore and prevents loss
circulation from occurring after continuing the drilling operation. The HSLCM provided the solution
for the loss circulation case. Based on the lab testing and fluid design for the downhole condition,
it was recommended to use 55 bbl of the HSLCM. The drill pipe was pulled to the calculated pill top.
It was observed that, during tripping out of the hole to the designed depth, an additional 25 bbl were
squeezed into the loss zone. The new LCM pills were pumped and allowed to set during pulling out
of the hole to change the bottom hole assembly (BHA) as per the drilling program.

Figure 11 shows the setting time chart as the HSLCM set in 1 h and 15 min. Figure 12 represents
the compressive strength for the HSLCM at a downhole temperature of 200 ◦F. The BHA was run in
the hole, washing down to the zone bottom with no static or dynamic losses. Once BHA reached the
bottom, drilling was resumed to the total depth with no losses. The HSLCM application in that case
allowed for curing the losses, protecting the cap rock section from damaging, and completing well
drilling to the target quickly and effectively.
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6. Conclusions

In this study, the effectiveness of the novel high strength lost circulation material was evaluated.
The performance of the HSLCM was evaluated in the laboratory by evaluating the rheology, setting time,
compressive strength, acid solubility, and mud contaminations of the materials. Then, the observations
of the field application when using the HSLCM were discussed. Based on the results of this study, the
following conclusions can be made:

• The HSLCM has a thixotropic behavior that helps in placing the fluid down-hole easily, preventing
gas migration, and resisting loss zones flow before LCM fluid setting.

• The HSLCM is customized and chemically controlled for the setting time.
• The new fluid has a high compressive strength and hence can be used as isolation plugs and

bridging across the loss zone. Also, with the HSLCM, it is easy to complete drilling of the next
section through the plug.

• The new LCM is clean and undamaged for reservoir sections, as there is no crosslinking gellants
used. In addition, the acid soluble weighting agent showed a high solubility of more than 90%
into the 15 wt.% HCl, and hence dissolved easily in acid after setting.

• The HSLCM was successfully used in the field to prevent the severe circulation loss where the
conventional LCM failed to stop the losses.
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