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Abstract 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

Mud losses are one of the most severe problems encountered in drilling. This is 

commonly known as lost circulation. It can occur in naturally fractured formations and 

also can be induced in formations through drilling. 

 

This report is aimed at discussing the phenomenon of lost circulation. It describes the 

nature of losses involved with lost circulation, the conditions conducive to lost circulation 

and the undesirable effects of it. An effort has been made to highlight how lost circulation 

takes place in naturally fractured formations as well as in drilling-induced fractured 

formations and the different models discussed by experts in-field in order to deal with it.  

 

These models help in finding the aperture of the fractures which guides the selection of 

the proper size of sealing materials. The crack can be sealed or stress caging can be used 

in order to strengthen the well bore. In the end of this report, all these models have been 

compared and the best model has been proposed for field implementation. This judgment 

is based on field testing results and drilling parameters considered for that model, which 

are closest to the actual drilling operating conditions. 
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CHAPTER 1  

LOST CIRCULATION 

 

Lost circulation is one of the most fundamental problems encountered in 

drilling. It results in wastage of costly mud and time involved in rig operations. It also 

requires the use of materials and techniques in order to prevent them and the resultant 

loss of petroleum reserves.   

 

1.1 Introduction 

 

Lost circulation is a phenomenon in which the drilling fluid flows into one or 

more geological formations instead of returning back to the annulus [1]. As a result of 

this, the oil industry suffers a loss of over one billion dollars annually in rig time, 

materials and other financial resources [2]. Lost circulation normally occurs when the 

mud flows into the natural fractures and caverns as shown in Figure 1.1. It may also be 

caused if there is an overbalance of pressure applied on the drilling mud, as a result of 

which fractures are created inside the formation, allowing mud losses through them. 
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Figure 1.1: Lost circulation inside a formation [3] 

 

1.2 Effects 

 

There are two basic consequences of lost circulation. First, if the level of fluid 

in the well bore is lost due to losing mud inside the formation, lower hydrostatic pressure 

is created which results in the flow of fluids inside the formation into the well bore. This 

process is commonly called kick. Second, if the drilling is continued to a point where 

there is no fluid left inside the well bore, it can result in damage to the well bore, 

including the destruction of the bit. This phenomenon is called dry drilling [1]. 

 

1.3 Categories of Losses 

 

The nature of losses as a result of lost circulation can be categorized in terms 

of degree and the time needed to control them. The two types of losses are: 
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1) Minor losses: These are losses in the range of  6–470 barrels that are stopped 

within 48 hours 

2) Major losses: These are losses greater than 470 barrels that take more than 48 

hours to stop [1]. 

 

1.4 Additives 

 

After lost circulation takes place, an effort is made to reduce the severity of 

the loss by increasing the viscosity of the drilling mud by adding certain additives. This 

allows drilling to continue uninterrupted. The most commonly used additives are: 

1) Bentonite is used to increase the viscosity of the drilling mud which slows the 

flow of fluid in the nearby formations. 

2) Polymers are used for increasing the viscosity of the drilling mud, but they are 

more expensive. 

3) Sawdust, flaked cellophane and ground gypsum are used to physically plug or 

seal the sources of losses. 

4) Cheaper options include shredded newspaper and cotton seed hulls, which also act 

as plugs or seals [1]. 

 

1.5 Features for Identifying Lost Circulation Zones 

 

Normally lost circulation zones can be identified to some extent, based on 

how fast the drilling mud is being lost and how drilling is affected once the formation 
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starts losing mud. There are four basic types of formations that lead to losses and these 

are described as follows:  

 

1) Natural Fractures 

These can occur in any type of rock. The mud level decreases slowly in the pit 

and if the drilling is continued more fractures become exposed to the drilling mud, 

which can lead to a complete loss. The natural fractures in formation are 

represented in Figure 1.2. Figure 1.2 demonstrates that for a natural fracture to 

exist, the overburden must be self-supporting. 

 

 

Figure 1.2: Natural fractures [4] 

 

2) Cavernous Formations 

These are most commonly limited to limestone formations. Where these occur 

there is a sudden loss of mud and before the loss starts taking place the drilling bit 

drops anywhere from several inches to a few feet into a new zone. The drilling 

becomes rough before the loss starts taking place. Figure 1.3 shows that these are 
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fractures of large proportions and the mud can flow from an upper zone to a lower 

zone, making the fracture more difficult to seal. 

 

 

Figure 1.3: Cavernous formations [4] 

 

3) Induced Fractures 

 

These fractures can be induced in any type of rock but are typically a feature of 

weak formations such as shale. The loss of mud is rapid when drilling is carried 

out through this type of fracture. Normally when the drilling mud weighs more 

than 10.5 lb/gal, the conditions lead to the formation of induced fractures in these 

weak formations. Figure 1.4 shows how induced fractures can be created because 

of high mud weight. Other causes can be well irregularities, excessive back 

pressure and rough handling of the drilling tools. 
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Figure 1.4: Induced fractures [4] 

 

4) Unconsolidated Formations 

These are highly permeable formations, as shown in Figure 1.5. This results in a 

drop in the mud level in the pit. If drilling is continued, there can be a complete 

loss of drilling fluid. These formations need to have a permeability of 10-100 

Darcy for the loss to occur. Shallow sands and gravels often have such 

permeabilities and therefore are prone to mud losses. 

 

 

Figure 1.5: Unconsolidated formations [4] 
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1.6 Conditions for Lost Circulation 

 

Lost circulation can take place whenever there are favourable conditions that 

can help the drilling mud to propagate into the geological formations nearby. These 

conditions include: 

 

1) The pore openings are larger than the mud particles 

2) Unconsolidated formations like porous sands and gravels can be fractured easily.  

3) Vugular or cavernous formations provide channels for the loss to occur. 

4) Circulating high-density drilling fluids induce fractures. Whenever the pipe is 

pushed down there are pressure surges which can cause lost circulation. 

5) The presence of natural fractures makes it very easy for the drilling fluids to break 

down such formations [5]. 

 

1.7 Undesirable Effects of Lost Circulation 

 

After lost circulation takes place, the level of mud in the annulus is reduced 

which causes the hydrostatic pressure in the annulus to fall below the pore pressure of the 

formation. As a result, the formation fluid enters into the well bore leading to a blowout. 

Due to the loss of drilling mud into fractured, vuggy (having small cavities) and 

cavernous formations, the mud cost will also increase. With no mud coming back to the 

surface, there are no cuttings that reveal the type of formation being drilled into. The 

productivity of the zone-bearing reserves is also decreased because of mud loss [5]. 
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1.8 Purpose of the Study 

 

The drilling industry has suffered a lot because of lost circulation. In the 

United States and Canada, a well that has lost circulation will have a mud cost of 

anywhere from $8000 to $50000 [6]. This is not including the rig costs because of the 

time lost, damage to the drill pipe and/or blowout. From the four different loss 

formations, naturally fractured and drilling-induced fractured formations will be 

discussed because they are most commonly encountered while drilling. The purpose of 

this report is to explain different methods of characterizing the phenomenon of lost 

circulation and provide some solutions to this problem. The focus of this review is an 

overview of the problem of lost circulation rather than an in-depth study of one aspect of 

this problem. 
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CHAPTER 2  

NATURALLY FRACTURED FORMATIONS  

 

Formations that have cracks, faults or other discontinuities in rocks and stresses 

exceeding their rock strength result in mud losses. These formations are called naturally 

fractured formations [7].  

 

2.1 Models Based on Naturally Fractured Formations 

 

While drilling in fractured formations, drilling fluid losses are common. By 

monitoring fluid losses the formations that are fractured are identified. In order to 

differentiate between the types of mud losses, the mud losses at the mud tank can be 

observed closely. For mud loss through pores, the amount of loss occurring increases 

slowly as the flow of drilling mud increases; whereas for natural fractures there is a rapid 

initial loss of mud that declines with time. This is shown in the Figure 2.1.  
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Figure 2.1: Mud losses into natural fractures [8]

Figure 2.2: Type of loss zone from mud level drop at the pits [8] 

 

The type of loss zone can be identified by looking at the mud level drop in pits 

as shown in Figure 2.2. There are different models that describe the process of mud 
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invasion into the fractures and they help in identifying conductive fractures present in the 

formation. After these problems are identified and the causes are known, methods are 

devised to rectify or reduce them. 

 

2.2 Identifying Conductive Fractures (Sanfillipo’s Model) 

 

Naturally fractured formations have fractures that provide a path for the flow 

of oil, gas and other fluids. Knowing the location and permeability of fractures 

intersecting the well bore is very important. These fractures can be identified by checking 

the mud losses at the rig because the drill bit intercepts these while drilling the well bore. 

Flow meters are used to precisely locate the fractures. 

 

2.2.1 Use of Sensors in Identifying Fractures 

 

Floating sensors or ultrasonic reflectors are commonly placed in mud pits in 

order to measure cumulative mud volume lost over a period of time. These measurements 

cannot provide the exact contributions (in terms of volume of mud lost) of every fracture 

so the conductive fractures (fractures that are inter-connected and provide a channel for 

mud loss to take place) inside the well bore are separated. Every time there is a fracture in 

the formation there will be a subsequent decrease in the mud flow rate measured by the 

flow meters inside the mud pit. Each of these events can be monitored by plotting mud 

flow rate difference versus time or mud flow rate difference versus bottom-hole depth as 

shown in Figure 2.3. 
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Figure 2.3: Detection of mud losses using flow meters [7]  

 

2.2.2 Sanfillipo’s Model for Estimating Aperture of Fractures 

 

A model was developed for estimating the aperture of fractures. This model 

developed by Sanfillipo describes how the mud fills each of these fractures as the drilling 

bit intersects the well bore. The model is kept simple (therefore the resulting equations 

were solved easily), because of the following considerations: 

 

1) The actual physical process involved in drilling is extremely complex involving 

non-Newtonian fluid entering cracks having an irregular surface. 

2) When the actual drilling is going on, the drill bit cannot be stopped as frequently 

as considered for this model. The modeling requires certain parameters to be 

noted down at every point when the drill bit hits a fracture. 
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Therefore the results are influenced by these simplifications. The following assumptions 

have been considered in this model: 

 

1) When a decrease in mud volume is seen, it is considered that the drill bit has 

struck a fracture. 

2) The fracture is plain (forming a circular profile as it is perpendicular with the well 

axis) and of uniform aperture. 

3) The mud enters the formation radially.  

4) Fracture is more conductive than the formation. 

5) In the first stages of loss, the plugging of fractures by mud filtrate can be 

considered negligible. 

6) The fluid is Newtonian. 

7) The flow of mud into the fracture is laminar. 

8) Poiseuille’s law is valid. According to Poiseuille’s law “The pressure drop in a 

laminar fluid flowing through a long smooth pipe is directly proportional to the 

length and viscosity of the fluid times the volume flow rate while inversely 

proportional to the fourth power of radius” [1]. 

9) The fracture aperture (h) is linked with fracture permeability (k) by Equation 2.1 

[9].       
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Figure 2.4: Fracture parameters [10] 

 

The parameters discussed in this model are shown in Figure 2.4 which include 

core height (Hc), core width (Wc), core length (Lc), fracture aperture (h) and fracture 

permeability (k). Taking cores from the formation helps in visualizing fractures closely 

and aids in comparing results obtained from the model implemented on core samples 

with field results.  

 

2.2.3 Fracture Plugging Process 

 

Different wells were studied in the Agip fields where mud losses took place. 

One of the wells which were considered was Agip Well A which was drilled in a tight 
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and naturally fractured limestone. When lost circulation took place in Agip Well A, 

observations were made on the events that occurred during the mud loss and the fracture 

plugging process [7]. Once the aperture of the fractures was determined, the size of the 

particles needed to plug the fracture was also known [7]. No specific lost circulation 

material (cedar bark, shredded cane stalks, mineral fiber, hair, mica flakes, pieces of 

plastic, cellophane sheeting, ground limestone, marble, wood, nut hulls, Formica, 

corncobs and cotton hulls) was used for plugging fractures. The standard weighting solids 

used in the mud (to increase the density of the mud, weighting solids such as barite, 

hematite or calcium carbonate are added to increase wellbore stability) helped in 

preventing mud losses and it took one day for the losses to stop completely. The invasion 

radius (the distance from the borehole wall that the mud filtrate has penetrated) started to 

increase because of plugging of the fracture (as the mud filtrate volume increased with 

time) and mud was blocked from penetrating the formation. This is because of the yield 

stress of the mud. The mud losses reduced rather than increasing even when the drill bit 

moved forward, because the plugged zone was far from the well bore and thus not 

affected by the action of the bit. The initial fracture plugging process follows the static 

filtration principle based on which “Filter cake continues to grow thick as filtration 

continues. The filtrate volume increases as the square root of elapsed time” [11]. This is 

shown in Equation 2.2. 

 

 

Where   

Vcum = cumulative lost volume 
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Vo = initial volume  

 c = coefficient of proportionality (Depends on the differential pressure between the well 

bore and the interior of a fracture. A higher differential pressure means that the 

coefficient of proportionality will be higher as will the cumulative volume of drilling 

fluid lost in the fracture). 

 

The solid particles in the mud used for drilling this well were not able to stop 

lost circulation completely although the plugging process started immediately. The 

hydraulic aperture of the fracture was more than 12 times the size of the solid particles. 

These particles were therefore not big enough to block long sections. 

 

In Figure 2.5, the linear trend between the volume of mud lost and the square 

root of time can be seen for Well A. This curve shows the actual mud loss in Well A. The 

curve follows the static filtration principle showing that the filtrate volume is directly 

proportional to the square root of elapsed time. This confirms that the particles which 

have already bridged the fracture by leaking into the fracture as mud filtrate cannot be 

eroded by invading drilling mud. The filtrate volume will increase with time till a point 

when the fracture will get plugged. 
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Figure 2.5: Linear relationship between the mud volume lost and the square root 

of time during circulation loss in Well A in Agip field [7] 

 

The distribution of suspended weighted solids (barite, calcium carbonate and 

hematite) inside the drilling mud is very important in preventing lost circulation when 

drilling naturally fractured formations (especially those having conductive fractures); 

therefore rough and larger particles should be used in the mud. This will help by quickly 

blocking the fracture close to the well bore region. 

 

2.3 Lietard’s Model 

 

Reservoirs where fracture permeability (the permeability of the reservoir due 

to the opening of natural fractures) exceeds 50 mD (milliDarcy) and is much higher than 

the formation permeability were considered by Lietard. Type curves are used to estimate 
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the width of the fracture by curve matching. These type curves are a graphical 

representation of the responses of change in production rate or pressure in the petroleum 

reservoir being tested. Logging while drilling (LWD) helps in using the appropriate lost 

circulation material (LCM) by suggesting the particular size of particles needed to plug 

the fracture. 

  

Many oil fields, especially in the North Sea, include fractured reservoirs. The 

impact of large mud losses on formations has been studied extensively. Lietard’s 

approach, which deals with the loss of mud into fractures below fracturing pressure, has 

been used on these reservoirs. Lietard studied Clairfield, west of the Shetlands reservoir, 

which is a naturally fractured sandstone reservoir consisting largely of oil. Fractures are 

damaged by insoluble cuttings and this field cannot be developed unless the hydraulic 

width of the fractures is known so that mud losses can be prevented. If the actual 

hydraulic width of the fractures is known there is less need for doing extended well tests 

(EWT) [12]. 

 

2.3.1 Equations for Horizontal Wells in Naturally Fractured Reservoirs 

 

Horizontal wells are considered the most important type of naturally fractured 

reservoirs because the plane of fracture is vertical (most fractures are intercepted when 

drilling is done horizontally). Fracture permeability in the formation is much higher than 

the formation permeability itself; therefore most mud invades the fractures and, due to 

low fracture porosity, the damage radius is much larger than the well bore radius [12]. 
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Even porous reservoir rocks can be relatively impermeable in the area 

immediately surrounding the well bore due to the introduction of an external fluid during 

drilling. Hydraulic fracturing or enhanced recovery can lead to the swelling of clay in the 

formation, which restricts the flow of fluid through the pore spaces. 

 

2.3.2 Type Curves for Mud Loss in Natural Fractures 

 

In order to make a logging while drilling estimate of fracture width there are 

certain assumptions that are made. When a drill bit hits a fracture of width w, the loss 

volume (Vm) is given by Equation 2.3.  

 

                                                                              

Where 

rw = well bore radius 

rD = dimensionless invasion radius (it is an approximation of the actual invasion radius of 

the drilling mud inside the fracture. It is the ratio of invasion radius at a specific time (t) 

to the wellbore radius) 

 

One of the assumptions is that there is a constant over-pressure (pressure 

higher than the fracture gradient of the formation) applied while drilling in this formation, 

resulting in continuous mud losses. Type curves are used for matching the actual 

response of the well to changes in the production rate or bottom-hole pressure. 
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Dimensionless invasion radius (rD) and dimensionless time (tD) (dimensionless time is 

related to actual time (t) by the equation tD = tβ where β is the time factor) values are 

obtained for different invasion factor (α) values by integration and the values for 

numerical and analytical data are compared. Type curves are generated for rD, tD and α 

values. Parameters such as dimensionless time (tD) and dimensionless invasion radius (rD) 

are related to real time (t) and actual invasion radius (ri) (invasion radius taken at the time 

when mud has invaded into the fracture) by a series of equations. Invasion factor (α) 

shows how much mud will invade the fracture. The invasion factor (α) represents the 

relative value of resistance to flow due to the yield stress of the fluid to the overpressure. 

The invasion of mud into the fracture increases as α decreases. Mathematically the 

expression for the finite invasion factor is given by Equation 2.4, 

 

 

Where 

 τy / ΔpD  is the ratio of yield value of the mud to the overbalance pressure while drilling. 

 

To get the value for fracture width, the graph of the actual field data values is 

superimposed on these type curves and both x and y axes are shifted to get the 

approximate match. The type curve used is shown in Figure 2.6. 
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Figure 2.6: Type curves for mud losses in fractures [12] 

 

Mud invasion increases with time. The dimensionless invasion radius (rD) 

increases because the finite invasion factor (α) decreases time, as will the overbalance 

pressure applied across the mud. The yield stress of the drilling fluid will end up being 

higher than the overbalance pressure. Therefore, the yield stress will prevent mud loss. 

The mud will be blocked in the fracture at some distance from the well bore [8]. 

 

2.3.3 Limitations 

 

This method is not used in the field because the volume of mud lost (Vm) 

when the drill bit hits a natural fracture of width (w) is not usually included in the drilling 
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reports, unless specified, as it is in specific studies [7]. Type curves help in the estimate 

of the hydraulic width of the fracture.  

 

2.4 Majidi’s Model 

 

In the earlier model by Lietard [12], the flow of drilling fluid into a fracture 

can be extended infinitely. The observation shown by Lietard is that with the passage of 

time mud will stop flowing into the fracture because of the yield stress of the drilling 

fluid. The ultimate amount of mud loss also depends on the yield stress of the drilling 

fluid and the over pressure being applied. 

 

Most drilling fluids exhibit shear-thinning behaviour, so it is appropriate to 

consider the Yield-Power Law model for the drilling fluid as this model characterizes 

water-based and oil-based drilling muds across the entire shear rate range.Yield Power 

Law is given by Equation 2.5 

 

 

Where  

τ = shear stress (force per unit area required to move a fluid at a given shear rate) 

τo =  yield stress (yield stress is the level of shear stress required to initiate the flow) 

k = consistency (consistency is constant of proportionality measuring the consistency of 

the substance) 



23 

 

ϒ = shear rate (shear rate is the change in fluid velocity divided by the gap or width of the 

channel through which it is flowing) 

m = flow behavior index (flow behaviour index is the degree to which a fluid is shear-

thickening or shear-thinning)  

 

The Yield Power Law model is a generalized model for non-Newtonian fluids where 

strain is dependent on stress in a non-linear way. This is why Majidi has used the Yield 

Power Law in his model.  

 

 

Figure 2.7: Dimensionless mud loss curve for YPL fluids [13] 

Dimensionless type curves like the one shown in Figure 2.7 help in predicting 

the aperture of the fracture. In this figure, m is the flow behavior index characterizing the 

rheological behavior of fluid and represents the degree to which the fluid is shear-

m = Flow behavior index

α = Mud invasion coefficient 
(dimensionless parameter that includes 
the yield stress of the mud)
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thinning. A fluid with a lower value of m shows greater shear-thinning behaviour. Type 

curves like those shown in Figure 2.7 are independent of the operating conditions or input 

conditions; therefore, after getting field data (field data being the actual radius of invasion 

for the fracture as a function of time, at a specific value for invasion factor (α)) is 

superimposed on these type curves and hydraulic width can be known when a certain 

field data curve matches a theoretical curve. Using hydraulic width as a regression 

parameter, the fit between the actual data curve and the model prediction curve can be 

made. After getting an accurate match, the adjusted width of the fracture is the actual 

average hydraulic width. This is shown by the field implementation of this model in a BP 

well which is discussed in detail in section 2.4.3.  

 

2.4.1 Assumptions for Modeling 

 

In this model the following assumptions are made: 

 

1) Fracture is non-deformable and of constant width and infinite length. 

2) Mud follows Yield-Power Law behaviour. 

3) Drilling mud is incompressible. 

4) Fracture is not plugged by drilling mud particles. 

5) There is no mud leak-off through the walls of the fracture. 

6) There is a continuous drilling over-pressure.  
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Mud eventually stops entering the fracture. This is because the yield stress of 

the mud eventually provides more resistance than the overbalance pressure applied across 

the invasion zone. A higher yield stress value prevents losses much earlier. 

 

2.4.2 Effect of Drilling Mud Parameters on Mud Losses 

 

Majidi investigated the effect of yield stress, shear-thinning and plastic 

viscosity (Plastic viscosity is the flow resistance of the fluid. It is the slope of shear 

stress/shear rate above yield point. This viscosity is representation of the resistance of a 

fluid to flow after the yield point has been achieved) of the drilling mud on mud losses. 

The results are plotted in terms of the volume of mud loss for every parameter. This 

laboratory study identifies the appropriate drilling mud needed in order to plug the mud 

losses quickly and effectively. 

 

The volume of mud losses are affected by yield stress of the mud. As shown 

in Figure 2.8, over a period of time, higher values of yield stress (τy) result in lower 

losses. When the yield stress is higher the mud loss inside the fracture is less. The shear 

stress required to initiate the flow of mud also increases as the yield stress increases. Over 

time, this yield stress helps in preventing the mud from flowing further into the fracture, 

which leads eventually to it becoming plugged. 
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Figure 2.8: Effect of yield stress on mud [14] 

 

According to Figure 2.9, the ultimate loss volume is also affected by the yield 

stress. Total loss volume decreases as yield stress increases. 

 

 

Figure 2.9: Effect of yield stress on total volume [14] 

y = Yield Stress
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In Figure 2.10 the shear-thinning effect of drilling mud on mud loss is shown 

as a function of time. Fluids that exhibit a higher degree shear-thinning behaviour (lower 

values of m) show a higher mud loss volume. Lower fluid viscosity results in greater 

volume losses. Thin fluids provide less resistance to flow. The flow behaviour index (m) 

affects the rate of loss most particularly at the beginning when the drilling mud has just 

invaded the fracture. 

 

 

Figure 2.10: Effect of shear-thinning on mud losses [14] 

 

Plastic viscosity (k) (Plastic viscosity is the internal resistance of the fluid to 

flow due to interaction of solid particles inside the drilling mud) only affects the rate of 

mud loss in the beginning when the mud invades the fracture as shown in Figure 2.11. 

Figure 2.11 shows that the mud loss rate is significantly reduced as the plastic viscosity 

of the fluid increases.  

m = Flow behavior index
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Figure 2.11: Effect of plastic viscosity (consistency factor) on mud [14] 

 

2.4.3 Calculating Hydraulic Width 

 

Majidi’s model was applied to a fractured well owned by BP. The volume of 

the losses were recorded over almost two hours. The field record for the losses is shown 

in Figure 2.12. The mud rheology is characterized by the Yield Power Law Model (YPL). 

The drilling mud was analyzed in the lab. The parameters obtained from the tests are ґy = 

8.4 lb/100 ft
2
, k = 0.08 lb/100 ft

2
s

m
 and m = 0.94. 

 

k = Plastic viscosity
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Figure 2.12: Field records of mud losses [14] 

 

The width of the fracture is calculated for this particular field by comparing 

the measured rate of mud losses in the field with the loss volumes predicted by the model 

as shown in Figure 2.13. The model is fitted to field data and the value for hydraulic 

width is calculated to be 880 µm. Similarly, the ultimate losses are calculated to be 2147 

bbl. There is an over-estimation of fluid losses into the formation predicted by the model 

because the formation fluid is not included. This parameter was further incorporated by 

Majidi in another model which will be discussed  in section 2.5.  
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Figure 2.13:  Comparing model and field data [14] 

 

2.4.4 Limitations 

 

One of the assumptions the model is based on is that the well, which is 

vertical, has been drilled through a single horizontal fracture; however fractures occur in 

different orientations depending on the stresses in the formation. The well may also run 

through an inclined fracture plane. Therefore, some real fractures may be inclined or 

vertical which will mean there will no longer be any purely radial flow. Borehole 

ballooning or fracture deformability has not been considered (Ballooning is the result of 

loss or gain of mud because of the fracture closing or opening because of the change in 

annular pressure due to change in circulation rates [15]). Leaking of drilling fluid from 

fracture walls into the formation is not considered. The mud properties at the surface are 
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much different from the properties down hole; therefore, an adjustment should be made 

for this when calculating the hydraulic width of the fracture. 

 

The shear-thinning character of the drilling mud influences the losses 

significantly, especially at the start. How quickly the losses occur is dependent on the 

yield stress of the drilling mud [14]. 

 

2.5 Majidi’s Model (Formation fluid included) 

 

This model proposed by Majidi concerns non-Newtonian drilling fluid lost in 

fractured formations. This model is based on the Yield Power Law with an addition of a 

Newtonian formation fluid. Results are plotted in terms of mud loss as a function of time. 

The mud rheology and formation properties affect the amount of mud loss. This model 

can predict losses for a specific drilling fluid, formation fluid and specific operating 

conditions. On the other hand, one can monitor the hydraulic aperture of the fracture by 

keeping an account of mud losses and finding the best fit of field measurements to the 

model. In order to show that this model is very practical for field application, field data 

have been used. 

 

2.5.1 Assumptions for Modeling 

 

Mud flow is considered to occur in an infinitely long, horizontal, non-

deformable fracture. Matrix rock (finer grained mass of a material in which larger grains 
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are embedded) is so firm that leak-off through the fracture wall can be neglected. The 

fracture is filled with reservoir fluid and is compacted by invading drilling fluid. Other 

rheological and formation considerations include that the drilling fluid is incompressible 

and follows the Yield Power Law. The formation fluid is slightly compressible. 

 

2.5.2 Effect of Drilling Mud Parameters on Mud Losses 

 

Majidi investigated the effect of yield stress, shear-thinning, rheology ratio 

and formation viscosity of the drilling mud on mud losses. These results are plotted in 

terms of the volume of mud loss with each changing mud parameter and three main 

conclusions were drawn. This laboratory study helps in the selection of the appropriate 

drilling mud needed to plug the mud losses quickly and effectively. 

 

The volume of mud loss is increased when shear-thinning fluids (m < 1) are 

used. Figure 2.14 shows that for fluids having lower values of m, the time required to 

stop the loss also increases. Moreover, the volume lost is lower when the mud has an m 

value close to 1 and the more the drilling fluid deviates from Newtonian behavior, the 

greater the losses become. At low shear rates, fluids tend to exhibit Newtonian behavior 

[15].  
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Figure 2.14: Dimensionless mud loss curve for YPL fluids (formation fluid excluded) 

[13] 

 

For Bingham plastic fluids (m = 1) two different rheologies are considered in 

Figure 2.15. The rheology ratio (λ) is a measure of reservoir fluid viscosity relative to 

drilling fluid rheology. It is the ratio of formation fluid viscosity to the drilling fluid 

viscosity. Losses will be overestimated if the formation viscosity is neglected. There is 

resistance to flow for the invading mud front of the drilling fluid from formation pores 

filled with reservoir fluids in the fracture. As a result losses are reduced. However as time 

goes by, the fracture starts getting filled by the drilling fluid and the two curves become 

identical when the fracture gets completely filled by the drilling fluid [13]. 

 

m = Flow behavior index

α = Mud invasion coefficient 
(dimensionless parameter that includes 
the yield stress of the mud)
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Figure 2.15:  Mud loss curve comparison for rheology ratio λ = 1 and λ = 0 [13] 

 

When the rheology ratio is low (λ < 0.01) the effect of formation fluid may be 

neglected. This is because the formation fluids typically have a low viscosity and are 

highly compressible. The pressure drop occurs completely across the mud bank. Mud 

losses are stopped because of the yield stress of the mud [13]. 

 

When the formation fluid viscosity is increased for a Bingham Plastic (m=1), 

rheology ratio (λ = 5), the effects of reservoir fluid can be seen in Figure 2.16. Initially, 

there will be more resistance offered by the reservoir fluid to the invading drilling fluid 

inside the fracture but over time the total volume lost will be almost the same as when the 

formation fluid viscosity is considered negligible, i.e. for λ = 0 . The volume of mud lost 

is independent of the formation fluid properties and more dependent on the yield stress of 
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the mud. Figure 2.16 also shows that the volume of mud loss for two different mud 

rheologies at different mud invasion coefficient (α) gets more or less the same over time. 

 

 

Figure 2.16:  Mud loss curve comparison for rheology ratio λ = 5 and λ = 0  [13] 

 

Figure 2.17 describes a YPL fluid with a flow behaviour index of m = 0.6. 

When the formation fluid is not considered (λ = 0) inside the fracture, there is an 

increased loss in mud volume initially, but this becomes the same for both conditions (λ = 

0 and λ = 5) with time, as it was for Bingham plastic. 
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Figure 2.17:  Shear-thinning fluid for rheology ratios λ = 1 and λ = 0   [13] 

 

A comparison of Figure 2.16 and Figure 2.17 clearly demonstrates that the 

difference between the two curves shrinks for shear-thinning fluids. For higher rheology 

ratios (λ = 5), the shear-thinning effect and the formation fluid’s viscosity cancel each 

other as shown in Figure 2.18. When the formation fluid is highly compressible, as is the 

case when λ = 0, there are greater losses for a shear-thinning fluid, whereas a more 

viscous and less compressible formation fluid will help reduce losses. 
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Figure 2.18:  Mud loss curve comparison. Shear-thinning fluid for rheology ratios λ 

= 5 and λ = 0   [13] 

2.5.3 Limitations 

 

When formations are permeable there can be leak-off of drilling fluid from the 

fracture walls into the formation. Without considering the effect of fluid leak-offs the 

model cannot be realistic. Fracture deformation or ballooning can also cause mud losses. 

The rheological properties of mud are very different inside the well from that on surface. 

Inside the well there are high pressures and temperatures. In this model, the mud 

properties are taken to be those at the surface. At actual conditions inside the well, the 

reservoir fluid viscosity is close to drilling mud viscosity. 
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In this model non-Newtonian drilling mud has been considered along with a 

formation fluid. For rheology ratios λ ≥ 1, formation fluid viscosity and permeability 

affect mud loss rates into the fracture. Higher viscosities of the formation fluid result in a 

lower rate and volume of mud loss. Lower values of compressibility of formation fluid 

also reduce losses.  
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CHAPTER 3  

DRILLING-INDUCED FRACTURED FORMATIONS 

 

Formations in which fractures are induced by the drilling fluids are known as 

drilling-induced fractured formations. For induced fractures, when the mud circulation 

rate increases, the down-hole pressure increases. When the pumps are turned on or off 

there is a pressure gush created and after turning the pumps on, higher pressures result in 

greater loss in induced fractures [8]. 

 

There are different models used in the field to account for drilling induced-

fractured formations. Lavrov’s model will be discussed because it gives a good 

approximation of mud losses in the field. 

 

3.1 Lavrov’s Model 

 

This model assumes that the drilling mud behaves as a non-Newtonian fluid 

and follows the Yield Power Law. It models mud losses resulting from a horizontal 

fracture that opens or closes when the drilling mud leaks into the fracture and returns 

back into the well bore after the pressure surge is overcome. 
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3.1.1 Assumptions 

 

The model is based on a horizontal fracture of radius rext. The fracture is 

already completely filled by a fluid at static pressure po. A horizontal fracture is assumed 

in order to avoid adding gravitational effects, as shown in Figure 3.1. The fracture 

aperture is considered to be a linear function of the fluid pressure acting inside it. This is 

shown in Equation 3.1. 

 

     

Where  

w = local fracture aperture 

wo = fracture aperture when fluid pressure is zero 

p   = local fluid pressure inside the fracture 

Kn = proportionality coefficient between aperture (generally considered to be the 

perpendicular width of an open fracture) increment and fluid pressure increment. It is also 

called fracture normal stiffness 
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Figure 3.1: Deformable and horizontal fracture [17] 

 

As soon as the borehole wall (radius = rw) strikes the fracture at t = 0, the 

pressure rises from the formation fluid pressure po to borehole fluid pressure pw during a 

short interval tε and, as a result, the drilling mud starts flowing from the borehole into the 

fracture. In Figure 3.2, the increase in fracture aperture with the rise in pressure is shown. 

Additionally, fluid inside the fracture is considered to be incompressible (which is the 

case for water-based drilling muds). Leak-off though the fracture walls is neglected. 

Leak-offs are common in high permeability formations but can be neglected in carbonate 

rocks [18]. 

 

rext
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Figure 3.2: Fracture aperture versus fluid pressure inside the fracture [18] 

 

The drilling fluid has a power law rheology which is given by the Equation 3.2 

 

 

Where  

τ = shear stress 

∂v/∂z = shear rate (the velocity gradient in the direction perpendicular to the flow 

direction (perpendicular to the fracture wall)) 

z = cylindrical co-ordinate associated with the fracture (z-axis coincides with the 

borehole axis) 

Kci = consistency index (scales the curves for shear stress versus shear rate). The 

consistency index, like dynamic viscosity, depends upon the concentration of solid 

particles, size and shape of solid particles and the viscosity of the liquid part of drilling 

[3.2]
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mud. It is the measure of thickness of a fluid (relative measure of the amount of solids in 

the mud) 

n = power exponent (determines the shape of the curve of shear stress versus shear rate. 

This is the same as flow behaviour index  m discussed earlier.)  

 

3.1.2 Effect of Mud Rheology on Mud Loss 

 

Lavrov used his model to study the effects of various factors including mud 

rheology, consistency factor, borehole pressure, formation pressure, borehole radius and 

fracture aperture on mud losses. The results obtained are discussed below. 

 

A comparison is made between Newtonian fluid and Power Law mud in 

Figure 3.3 (a).The value for the consistency index (Kci ) is selected in order to bring the 

two mud rheology curves (shear stress versus shear rate ) close to each other for a wide 

range of shear rates. Because of this similarity there is a close approximation of mud 

losses too. 

 

The effects of fluid rheology on mud loss are shown in Figure 3.3 (b). Here, 

the rheological curve for shear-thinning fluid is different from that for Newtonian fluid. 

As shown in Figure 3.3 (b), for shear-thinning fluid the mud loss starts more rapidly than 

for the Newtonian fluid. For drilling data from the field, the later part of the curve is 

associated with the loss being stopped and represents the formation fracture getting 

plugged. The fracture plugs over a period of time and the loss stops rapidly. The mud loss 
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stops more rapidly in the case of shear-thinning fluid, as shown in Figure 3.3 (b). Similar 

shapes are obtained when mud losses occur in the field [19]. 

 

 

Figure 3.3: Fluid rheology (a) and mud loss (b) [18] 
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The total volume lost in each case is the same, and equal to 0.061 m
3
. This 

shows that both the Newtonian fluid and the Yield Power Law fluid come into 

equilibrium when the pressure becomes constant in the fracture. 

 

3.1.3 Effect of Consistency Factor on Mud Loss 

 

Figures 3.4 and Figures 3.5 describe the same system having different values 

for the consistency factor, Kci. When Kci is higher, the mud loss lasts much longer than 

for a smaller value of consistency factor under the same conditions of fracture radius. 

Figure 3.4 shows that the mud loss lasts 15 seconds for a fracture radius of 20 m but only 

five seconds for a fracture radius of 5 m. Figure 3.5 demonstrates that the mud loss lasts 

for almost the same amount of time for both values of fracture radius (20 m or 10 m)    
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Figure 3.4: Mud loss for fracture radii rext = 10 m and rext = 20 m with n = 0.8 and 

Kci = 0.028 Pa.s
0.8

 for both curves [18] 

 

Figure 3.5: Mud loss for fracture radii rext = 10 m and rext = 20 m with n = 0.8 and 

Kci = 0.001 Pa.s
0.8

 for both curves [18]. 
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A lower consistency factor does have the effect of increasing the height of the 

peak, as shown in Figure 3.5. This indicates that there will be more volume lost than with 

a fluid having a higher consistency factor with the same fracture aperture. This is because 

the consistency factor is related to the internal resistance of the fluid to flow and with 

higher consistency factors this resistance also increases, reducing the amount of mud lost. 

The peak when the fracture radius is 20 m is almost four times higher than when the 

fracture radius is 10 m. After the fracture is completely pierced by the drilling bit, the 

mud loss goes down to zero, as depicted in Figure 3.5, no matter what the radius. This 

mud loss stops quickly in the case when the consistency factor is low (Figure 3.5) and as 

a result, the mud is more mobile and flows much more quickly. So if the mud needs to be 

plugged by solid particles, the time for the mud to completely stop flowing into the 

fracture will be affected. Because of the addition of these solid particles there will be no 

effect on the total mud loss volume.    

 

3.1.4 Effect of Borehole Pressure and Formation Pressure on Mud Loss 

 

The effect of borehole pressure and formation pressure is shown in Figures 

3.6 to 3.9. The fracture length is considered to be 10 m. Figures 3.6 and 3.7 show that an 

increase in borehole pressure leads to an increase in the volume of mud lost (higher peaks 

in the curves). However, the increased pressure does not affect the time it takes for the 

mud to stop flowing into the fractures (tail of the curves). 
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Figure 3.6: Mud loss dynamics for pw = 25 MPa and pw = 30 MPa  with n = 0.8, Kci = 

0.028 Pa.s
0.8

 and po = 20 MPa for both curves [18] 

 

Increasing formation pressure also reduces losses, as shown in Figure 3.8 and 

Figure 3.9. This happens because there is more resistance offered by the formation fluid 

towards the flow of mud into the fracture. Also Equation 3.1 indicates that higher 

formation pressure also results in an increased value of fracture aperture and increased 

conductivity. 
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Figure 3.7: Mud loss dynamics for pw = 25 MPa and pw = 30 MPa with n = 0.8, Kci = 

0.001 Pa.s
0.8

 and po = 20 MPa for both curves [18] 

 

A comparison of Figure 3.6 and Figure 3.8, or Figure 3.7 and Figure 3.9, 

suggests that the main factor leading to mud losses is not the actual values of formation 

or borehole pressure but their difference (pw - po), which is equal to 10 MPa for all the 

cases 
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Figure 3.8: Mud loss dynamics for po = 25 MPa and po = 20 MPa with n = 0.8, Kci = 

0.028 Pa.s
0.8

 and pw = 30 MPa for both curves [18] 

 

Figure 3.9: Mud loss dynamics for po = 25 MPa and po = 20 MPa  with n = 0.8, Kci = 

0.001 Pa.s
0.8

 and  pw = 30 MPa for both curves. [18] 
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Figures 3.10 and 3.11 clearly show that the amount of mud volume lost is 

dependent on the difference in the formation and borehole pressures. The same fact is 

highlighted in Figure 3.11. The height of the peak of the curve is a direct measure of the 

difference between the borehole and formation pressures. 

 

 

Figure 3.10: Mud loss curve for pw = 30 MPa, po = 20 MPa and pw = 40 MPa, po = 30 

MPa with n = 0.8 and Kci = 0.028 Pa.s
0.8

 for both curves [18] 
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Figure 3.11: Mud loss curve for pw = 30 MPa, po = 20 MPa and pw = 40 MPa, po = 30 

MPa  with n = 0.8 and Kci = 0.001 Pa.s
0.8

 for both curves [18] 
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Figure 3.12: Mud loss for borehole radius 0.1m and 0.2 m with n = 0.8 and Kci = 

0.028 Pa.s
0.8

 for both curves [18] 

 

3.1.5 Effect of Fracture Aperture on Mud Loss 

 

Fracture aperture is dependent on the formation pressure, as indicated by 

Equation 3.1. But when the fracture aperture increases due to increased formation 

pressure there is a reduction in the volume of mud loss, which is shown in Figures 3.8 

and 3.9. The fracture roughness also affects the size of the fracture aperture at zero fluid 

pressure (wo), which is when the drilling fluid has not entered into the fracture and the 

fracture is open because of the reservoir fluid present in it.  
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Figure 3.13 shows the effect of the roughness of the fracture on aperture size. 

The formation pressure is 20 MPa for both curves. The curve for the 0.2 mm aperture 

shows greater mud loss than the one representing an aperture radius of 0.1 mm; it’s also 

apparent that the larger aperture results in quicker mud loss and the mud stops invading 

the fracture at an earlier time in the case of the crack with the larger aperture.  

 

 

Figure 3.13: Mud loss curves for aperture values wo = 0.1 mm and wo = 0.2 mm with 

po =20 MPa, n = 0.8 and Kci = 0.028 Pa.s
0.8

 for both curves [18] 
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shear-thinning and the additives present in the drilling fluid plug the fracture. As a result, 

the drilling fluid only reaches a finite distance from the well bore. 

 

In summary, increasing the consistency factor leads to a decrease in the slopes 

of the ascending and descending parts of the curves relating the affect of different 

parameters on mud losses. If the fracture radius is increased then the volume of losses 

increases and the time for the loss to stop takes becomes longer. A greater difference 

between the formation pressure and the borehole pressure, leads to increased mud loss 

volume. The radius of the borehole has no effect on either the volume of mud lost or the 

time required for the mud to plug the fracture. As the size of the fracture aperture 

increases so does the volume of mud loss. This is true only when the increased aperture 

size is a result of fracture roughness.  
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CHAPTER 4  

PREVENTATIVE MECHANISMS 

 

In the last century, lost circulation has presented many challenges to the 

drilling industry. As the shallow and easy to find reservoirs have been mostly depleted, 

industry is now forced to drill deeper reservoirs or partially depleted reservoir formations 

(reservoirs where only some portion of the petroleum reserves has been extracted). 

Therefore, lost circulation is encountered in most of these wells. Lost circulation 

prevention methods are widely employed in the field. This is more effective than 

applying corrective action after lost circulation has taken place. There are two common 

approaches to preventing lost circulation in the field: crack sealing and stress caging. 

 

4.1 Crack Sealing 

 

Crack sealing is a technique of sealing cracks or pores in the formation 

through which the drilling mud leaks. Lost circulation materials (LCM) which contain the 

particular sized particles needed to plug the formation are used for this. The key is to use 

particles which do not only seal the fractures but can also be put in the mud pump and 

passed through screens and meshes while collecting mud cuttings. There are two different 

ways to seal the fractures in the formation while drilling or once the formation has lost 

circulation. These two methods involve the use of either Lost Circulation Material 

Squeeze Systems (LCMSS) or Deformable, Viscous and Cohesive System (DVCS). 
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4.1.1 Lost Circulation Material Squeeze Systems (LCMSS) 

 

Lost circulation materials are used to plug fractures. These include fibrous 

(cedar bark, shredded cane stalks, mineral fiber and hair), flaky (mica flakes and pieces 

of plastic and cellophane sheeting) or granular (ground and sized limestone or marble, 

wood, nut hulls, Formica or cotton hulls) materials. In the case of LCMSS, these 

materials are specially designed pills consisting of LCM that are added along with the 

drilling mud and squeezed into the formation. After the seal is formed the drilling is 

continued. LCMSS stop lost circulation by increasing the fracture gradient (the pressure 

required to induce fractures inside the formation), as the bridging material adheres to the 

walls of the fractured formation increasing its fracture gradient which helps in drilling to 

greater deeper depths and preventing underground blowouts. 

 

Features required for LCMSS pills 

 

 When lost circulation takes place in the field, the (LCMSS) treatment should 

have a number of characteristics in order to successfully bridge the fractures and serve 

the needs of operators. The treatment must be able to bear a certain squeeze pressure to 

overbalance formations having higher pore pressure. As seal forms after the use of a 

LCMSS treatment should last for at least a couple of weeks until next casing section is 

drilled, so it should hold the existing section where drilling is going. The seal that is 

plugging the formation fractures should withstand both surge and swab pressures (Surge 

pressure is the increase in pressure due to the movement of drilling pipe into the bottom 
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of the hole while swab is negative pressure because of friction between the movement of 

the drilling pipe and stationary mud as the drill string is being pulled out of the hole). 

Surge and swab pressures should be controlled in order to prevent from kick or formation 

damage [20]. This treatment should allow a standard pumping rate for the required 

Equivalent Circulation Density (the effective density exerted by a circulating fluid 

against the formation, which takes into account the pressure drop in the annulus above 

the point being considered). In cases where ECD is lower than the formation pressure it 

can result to a kick. There should be a shorter waiting period after the squeezing pressure 

has been obtained and the excess LCMSS inside the well bore can be washed away and 

the formation integrity of the plugged section can be tested to ensure there will not be any 

lost circulation. 

 

 Advantages of using LCMSS  

 

LCMSS pills form a rubbery mass when mixed with water based or oil based 

drilling fluids and they can travel through the drilling fluid into the weak or high-

pressured zones. These new LCM squeeze systems are beneficial because the amount of 

Loss Circulation Material used in these pills is much lower than normal which reduces 

cost. After LCMSS is used, the formation can sustain higher equivalent circulating 

density pressures and can maintain sealing against surge/swab pressures. Huge oil-based 

and water-based mud losses are avoided after the use of LCMSS. Weak zones close to the 

oil and gas bearing formations are also plugged. Many underground blowouts can be 

controlled this way. Once the formation is plugged no time is needed for the zone to dry 
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and the formation integrity test can be performed immediately. The fracture gradient for a 

weak zone is increased considerably. Selecting the most effective treatment type is only 

possible when the problem is well defined. An operator should know the depth of the 

weak zone, the density of fluids inside the well bore, mud loss rate, cross flow rate and 

casing/drill pipe/hole diameters [20].  

 

Implementation of LCMSS technique 

 

There is a dual injection process for stopping mud losses when lost circulation 

has taken place. Two pumps are used: one pumps LCMSS down the drill pipe while the 

other pumps the drilling fluid. The end of the drill pipe is placed above the weak zone 

inside the casing. Care is taken that the end of the drill pipe is not across a zone that can 

break under the down-hole pressures. Before the slurry reaches the weak zone, all excess 

LCMSS should be cleared inside the drill pipe. This is shown in Figure 4.1. The amount 

of LCMSS needed for fracture plugging depends on the severity of the mud loss into the 

formation. The volume of spacer ahead of the LCMSS is dependent on the mud type, the 

pumping rate, and for oil based-mud a mud film removal test is also required. The 

LCMSS should be surface tested for its fracture plugging consistency (FPC) in the 

laboratory before it is pumped [20]. 
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Figure 4.1: Down-hole application [21] 

 

LCMSS and activator fluids are mixed in the laboratory in order to know the 

FPC time. The time required for the system to become a rubber-like mass is recorded. 

There is a required squeeze pressure to force the LCMSS into the loss zone or the zone 

accepting cross flow. LCMSS technique will sustain its integrity when the pressure for 

squeezing the LCMSS into the loss zone is higher than the resistance offered by the 

formation fluid and the frictional losses [20]. 

 

Field success  

 

A field test was done on May 7, 1996, on a well in Webb County, Texas. The 

hole consisted of multiple weak points and was successfully sealed over a depth of 1200 
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ft in a single squeeze. Before the use of the LCMSS there was a loss rate of 60 bbl/hr  for 

a 8.8 lb/gal mud. After the LCMSS was used the fracture gradient for the formation was 

increased and the drill-ahead mud weight was 10 lb/gal (pound per gallon). There was a 

stuck pipe around 2800 ft because of the break-down of a weak zone just above the drill 

pipe. LCMSS moved into the annulus sealing the zone. This treatment was successful as 

the drilling was continued from 4880 ft to 6122 ft, where the next casing was set without 

any further mud losses. A number of other successful tests were conducted which not 

only sealed the lost circulation zone but helped in resuming drilling in that formation 

[21].  

 

The use of intermediate casing and drilling liners can be eliminated by the use 

of LCMSS. (Intermediate casings are used to prevent caving of weak formations, whereas 

drilling liners help to save steel where no casing is used). LCMSS can travel a long 

distance inside the fracture to plug multiple weak zones in the hole below the drill pipe, 

which shows its self-diversion quality as shown in Table 4.1 [21]. The economic value 

created by using this lost circulation material squeeze system is also shown in Table 4.2.  

 

Table 4.1: Lost Circulation Material Squeeze System (LCMSS) Self-Diversion [21] 
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Table 4.2: Economic Value Created by Lost Circulation Material Squeeze System 

[21] 

 

 

When conventional materials or methods fail, severe oil- or water-based mud 

losses can be prevented. Underground blowouts can be controlled quickly without relief 

wells or other methods. The fracture gradient for various formations can be improved. 

Zones containing high pressure water or gas can be sealed to separate pore pressure from 

the well bore and therefore lower mud weights can be used while drilling the well.  

 

4.1.2 Deformable Viscous and Cohesive Systems (DVCS) 

 

Systems have been developed to improve well-bore pressure containment 

(WPC) by improving minimum principal stresses. These systems are independent of 

formation permeability, which is an important factor in high fluid losses where LCMSS 

can be used. The use of Deformable, Viscous and Cohesive Systems (DVCS) is valuable 

when lost circulation has occurred and long fractures need to be plugged. 
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Identifying the Problem 

 

The particles used for plugging fractures can be designed in a better way if the 

length and width of the fracture is estimated. Logging tools and other instruments for 

measuring temperature, sonic, gamma ray intensity and other responses of the formation) 

are used to find the source of the cross flow and the area where reservoir fluid is leaking 

in (also called the thief zone). 

 

Additional stresses are caused in the propped fracture  by an increase in the 

width of the fracture. Fracture width is directly dependent on the pressure of the fluid 

inside the fracture, the length of the fracture and the formation elastic modulus (ability of 

a body to be transformed elastically when a force is applied to it). Figure 4.2 indicates 

that the addition of graphite particles to the mud increases the fracture gradient. 
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Figure 4.2: Addition of graphite particles in mud increases the fracture re-opening 

pressure [22] 

 

Lost Circulation Squeeze Pills 

 

A seal is formed only when the drilling mud leaks into the fractures in the 

formation. In order for mud to leak there must be permeability in the formation and also a 

pressure differential (the difference between pore pressure and well-bore pressure) [11]. 

Therefore, this treatment cannot work in a shale formation, which is considered 

impermeable. When oil-based drilling fluids are used these pills become less effective 

and do not work even in permeable formations such as sandstone. These pills are best 

used with water-based drilling fluids for formations that are depleted and highly 

permeable (zones where the pressure has dropped below that of adjacent zones) [11]. 
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As the seal is formed, the width of the fracture is maintained by the squeeze 

pressure and retained by the yield stress of the sealant, which is deformable, cohesive and 

viscous. This sealant can collapse when pressure or stress is applied to it. When the 

pressure inside the well-bore is increased, the seal will increase its width because it can 

deform. Until the seal is intact, it can deform and the tip of the fracture will not be 

exposed to the increasing well bore pressure. The sealant requires high yield stress if it 

has to be removed from its place and the cohesiveness of the seal prevents any mud from 

passing through it. The best part of using this treatment is that it is independent of the 

formation permeability. This system has been tested in cases where the sealant has to 

travel a distance to reach the weak zone or where high squeeze pressure cannot be 

applied due to the presence of a weak zone nearby. This means that the treatment has to 

be carried out in smaller sub-treatments. For well-bore pressure containment (WPC), 

more than one DVCS treatment is required. Figure 4.3 indicates that two DVCS 

treatments are needed in order to reach the desired well bore pressure containment 

(WPC) level [23]. 
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Figure 4.3: Leak off test data before treatment, after first treatment and after 

second treatment [23] 

 

Another form of DVC is made for offshore operations. Deformable, viscous 

and cohesive - 2 (DVC-2) materials can be mixed with a water based mud to form a 

sealant. The reaction ratio for forming this mixture is just 1:10 (DVC-2: water based 

mud) which means this can also be widely used for offshore applications because it 

requires less inventory space.  

 

4.2 Stress Caging 

 

A stress cage artificially increases the fracture gradient by changing the 

physical properties of the near wellbore. A stress cage is often formed by the effect of 

filling micro fractures with a material such as calcium carbonate or graphite in order to 
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artificially induce micro fractures around the borehole wall and bridge those fractures so 

that they form a "stress hoop" around the borehole. Graphite and calcium carbonate are 

used as a proppant, preventing the fractures from re-closing [24]. 

 

4.2.1 Advantages 

 

In stress caging, solids are deposited near the mouth of the fracture. These 

solids act as a proppant and also act as a seal between the fluid inside the well bore and 

the majority of the fracture. The fracture has no effect on the fluid pressure acting on the 

well bore. If the formation is permeable, it will leak off the mud filtrate behind the bridge 

formed and the mud filtrate will not re-enter the well bore. Consequently, the fracture 

will start closing. Because of compressive buildup of stress near the blockage, the hoop 

stress will increase to a point such that the fracture will be forced to close, as shown in 

Figure 4.4 [25]. 
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Figure 4.4: Stress caging process [25] 

 

4.2.2 Model 

 

To understand the process of developing a stress cage, a model has been 

developed to link the formation to a blockage of the fracture. The blockage in the fracture 

depends on the size of fracture aperture and particle size of the solids within the mud. 

The extent of stress increase inside the fracture depends on the location of the blockage, 

the extent of the blockage, the formation stiffness and the extent of the pressure drop in 

the isolated fracture [25]. 
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The pressure along the fracture prior to bridging is considered to be equal to 

the well pressure. After the bridging takes place, the pressure inside the fracture beyond 

the bridging particles is the same as the pore pressure over the period of time. 

 

To find out the aperture of the fracture, FEM modeling of the fracture was 

performed. In this model, pressure equivalent to the difference between the in-situ stress 

and the well pressure is applied to the well bore wall, as shown in Figure 4.5. When the 

fracture is formed, the width of the fracture before the bridging material remains the 

same, whereas beyond the bridging material, the width is dependent on the difference in 

pressure between the locations where the fracture is open, as shown in Figure 4.6 [25]. 

The model incorporates estimating the fracture width as a function of length. Therefore, 

the particle sizes of the solids inside the lost circulation pills that will be best for sealing 

these fractures are based on the length and width of the fracture. 
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Figure 4.5: Assumed loading for FEM model when creating fracture [25] 

 

 

Figure 4.6: Assumed loading for FEM model after bridging [25] 
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The parameters calculated in the field are E = Young’s Modulus ( calculated 

from well logs and/or core data). Formation properties are known by taking out a piece of 

the formation known as the core having fractures, Minimum Horizontal In situ Stress(Sh) 

is estimated by overburden, pore pressure and by volume of mud leak-off inside the 

fracture, Well bore Hydrostatic Pressure (Pw) is calculated using the maximum equivalent 

density the formation will be exposed to. By entering all of these values in the model, the 

fracture width at the mouth of the fracture is determined. 

 

4.2.3 Implementation of Stress Caging 

 

After the width of the target fracture is known, the particle concentration that 

is necessary in order to bridge the fracture has to be determined. This particle 

concentration is found using an FEM model. From this model, the volume of the fracture 

behind a particle the size of the target fracture aperture can be determined. Assuming the 

fracture to be a triangular prism, its volume is given by Equation 4.3, 

 

Fluid volume per bridging material = VF = ½ l w
2
                              [4.3] 

 

Normally these bridging particles are solids consisting primarily of calcium 

carbonate. There are calcium carbonate product lines in the field that have target particle 

size distributions (PSD) needed to plug the fractures. Each line has a different 

concentration of particular sizes of calcium carbonate particles. These particle size 

distributions are based on the size of the target fractures. There needs to be a considerable 
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concentration of a specific size of calcium carbonate particles to bridge these fractures. 

Knowing these PSD helps the operators to calculate how much of a particle size of 

bridging particle must be added to the mud in order for the fracture to be bridged. This 

amount of bridging particles inside the mud is required before the fracture extends 

enough that it cannot be plugged with solid particles. This results in failure of the 

bridging process. 

 

Particles that are larger than the target size of the fracture to be bridged are 

more useful because when the drilling bit rotates past these fractured formations, they 

will enter the borehole wall and bridge the fracture, whereas particles smaller than the 

target fracture will flow down the fracture and be wasted. 

 

A Gulf of Mexico well operated by BP, at a depth of 9250 feet was depleted 

to 3553 psi. The FEM model calculated the particle size distribution for the fracture 

length and width. The concentration for the mud particles of the size needed to bridge the 

fractures was determined and the fracture was plugged. This shows that this technique 

can be successfully employed in the field and fractures can be prevented by increasing 

the resistance of the formation to fracture and by creating concentric stresses near the 

well bore which helps in plugging and sealing them. The model helps in determining the 

concentration of particles needed in the mud for plugging [25]. 

 

 



73 

 

4.2.4 Designer Mud Technique 

 

BP has introduced a new designer mud that increases the resistance to 

fracturing by forming a stress cage and greatly reducing the mud losses via bridging 

particles [26]. This mud helps in strengthening the well bore, which helps to access 

depleted reservoirs, reducing losses in deep water drilling, improving well control and 

eliminating casing strings. 

 

The idea behind this technique is to create a fracture and hold it open by using 

bridging particles. The key is to bridge the fracture near the mouth of the well bore so 

that enough hoop stress can be increased around the well bore to strengthen it. This is 

achieved by continuously drilling through designer mud. The designer mud has the right 

concentration of bridging particles to keep the fracture open until the hoop stresses 

increase and causes fractures to close. 

 

It is preferable that fractures be short and are bridged as soon as they are 

created. The additives should resist the closure stresses and be of proper size so as to 

bridge the fracture near the fracture mouth. 

 

In terms of the type of rocks to be bridged, there can be a few variations in the 

field. For permeable formations, the bridge does not need to be perfect since the fluid 

eventually leaks into the rock. Because of this, pressure declines behind the bridge when 

the fracture forms, raising stresses around the fracture and causing closure. For low 
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permeability formations, in order to avoid fracture propagation the bridge will need to 

have extremely low permeability. Ultra-low fluid loss muds are used for this. In order to 

bridge shales, the pressure difference across the bridge has to be kept constant. Both these 

cases are shown in Figure 4.7 

 

 

Figure 4.7: Fracture sealing in permeable and low permeability rocks [26]. 

 

4.2.5 Laboratory Testing 

 

The laboratory tests were conducted on rock samples using designer mud in a 

testing cell. For a permeable formation having a permeability of 160 mD, the bridge was 

formed at the mouth with calcium carbonate bridging particles in the mud. The bridge 

remained intact until 1900 psi. The fluid loss in the rock sample was in the range of a few 

millimeters for this water based mud at standard temperature and pressure. For lower 

permeability rocks, ultra-low fluid loss mud was used in order to isolate pressure inside 

the formation by bridging particles. Because of this, the rock remained intact up to 

pressures of even up to 4000 psi. In rocks with almost zero permeability (like shale), 

ultra-low fluid loss mud was injected with a carbon-graphitic blend, this ensured almost 

no leakage [26]. 
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In summary, stress cages can be used effectively to strengthen well bores. 

Short fractures are formed and sealed instantaneously. This also works in low 

permeability rocks and the mud losses can be greatly avoided before cementing takes 

place. 
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CHAPTER 5 

CONCLUSION 

 

Lost circulation is detectable to some extent with modern systems that include 

flow meters and ultrasonic reflectors which monitor the level of mud in the pit. Once lost 

circulation has been detected preventive methods including crack sealing and stress 

caging can be employed in order to control it. 

 

Different models that are used to find out the aperture of fractures have been 

discussed in this report, but these models need to be based on the actual conditions of 

drilling. Some of the important conditions that must be accurately known include the 

rheology of the drilling muds, the drilling fluid compressibility, the limitations for 

fracture width and fracture length, fracture conductivity, the nature of mud loss in 

fracture, fracture wall permeability, etc. A comparison of all these models is summarized 

below. 

Table 5.1: Comparison of Models 

Model 

parameters 

Sanfillipo’s 

Model 

Lietard’s 

Model 

Majidi’s 

Model 

Majidi’s 

Model          

(Formation 

fluid 

included) 

Lavrov’s 

Model 

Drilling 

fluid 

selection 

Newtonian Bingham 

Plastic 

Shear-thinning Yield Power 

Law fluid 

Yield Power 

Law fluid 

Drilling 

fluid 

compressibility 

Not possible Not known Incompressible Incompressible Incompressible 
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After comparing all these models, it seems that the closest approximation for 

the actual drilling conditions has been considered by Majidi. In this model, drilling fluid 

following the Yield Power Law is considered. The drilling fluid follows this model 

accurately. The inclusion of formation fluid in this model also helps in estimating losses 

and the results obtained are comparable with field observations. One drawback of this 

model is that it does not account for fracture wall permeability. In addition, the properties 

of the drilling fluid considered for this model are taken at surface conditions, whereas the 

Model 

parameters 

Sanfillipo’s 

Model 

Lietard’s 

Model 

Majidi’s 

Model 

Majidi’s 

Model          

(Formation 

fluid 

included) 

Lavrov’s 

Model 

Drilling 

fluid model 

approximation 

Poiseuille’s 

Law 

Bingham 

Plastic 

Yield Power 

Law 

Yield Power 

Law 

Yield Power 

Law 

Formation 

Fluid 

Not 

considered 

Not 

considered 

Not 

Considered 

Newtonian Newtonian 

Compressibility 

of formation 

fluid 

Not 

considered 

Not 

considered 

Not 

considered 

Slightly 

compressible 

Incompressible 

Fracture width Constant Not known Constant Constant Deformable 

Fracture length Infinite Infinite Infinite Infinite Finite 

Fracture 

extension 

Infinite Infinite Infinite Infinite Finite 

General fracture 

characteristics 

Plain 

fracture of 

uniform 

aperture 

Not known Single 

horizontal 

fracture 

Single 

horizontal 

fracture 

Circular 

fracture 

Fracture 

conductivity 

Higher than 

formation 

Higher than 

formation 

Higher than 

formation 

Higher than 

formation 

Higher than 

formation 

Mud loss nature 

in fracture 

Laminar Laminar laminar Laminar Laminar 

Mud leakoff 

through 

fracture walls 

Negligible Negligible Negligible Negligible Negligible 
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properties of drilling mud change significantly inside the formation. After all these 

considerations have been included in these above models and the models have been 

tested in the laboratory along with implementation in the field, a successful method can 

be used to plug these fractures or increase the well bore strength by adding different 

materials to the drilling mud. 

 

Lost circulation should be prevented in the first place rather than controlling 

it; therefore, a keen observation and a backup strategy should be employed in the field to 

mitigate this problem. 
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