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Abstract

Lost circulation may be the bottleneck for reducing drilling costs in some areas. Due to the geo-complexity of the formations penetrated, lost circulation remains as one of the most challenging drilling problems. This is especially true when different loss mechanisms exist in one open hole interval. Without enough understanding, engineers can have difficulty selecting the correct lost circulation materials (LCM), or applying them in a correct manner, or placing them at the correct location. Furthermore, due to the lack of information at the time of application or even afterward, the engineers learn little from their failures.

It has been recognized in recent years that the key for better understanding of the loss mechanisms is taking geomechanics into the equation. Important criteria other than geomechanics are rig operations, including complex product placement procedures, and product characteristics.

A thorough analysis demonstrating how to perform such an analysis with the above aspects included is discussed in the paper. Through geomechanics analysis, the loss mechanisms are identified. Then a process of lost circulation prevention and control is customized with clear product selection criteria defined.

Introduction

Lost circulation or loss of whole mud into formations may halt or slow down drilling progress. Sudden and severe lost circulation not only impedes the drilling process but also may result in well control issues and wellbore instability. Loss of mud, therefore, may also mean loss of time, inefficient hole cleaning, loss of borehole quality, loss of a drilled interval or the entire well as well as creating safety and environmental concerns. 

With the increasing energy demand, drilling has been moving toward harsh environments, deeper water, and complicated geological formations with complex well trajectories. Relentlessly pursuing high rates of penetration (ROP) and extended reach wells may require coping with high wellbore pressures. All of these intensify the challenge of finding effective solutions to lost circulation.

There are many commercially available products that claim to be effective for curing lost circulation. However, there is no guarantee that the one selected will cure the mud losses. To achieve success in curing lost circulation, the following three aspects should be considered in the engineering process:

1) Understand the loss mechanism.

2) Select a suitable product.

3) Apply it in a correct manner.

Though applying a product is also critical, this paper will focus on how to understand the loss mechanism through engineering analysis and what can be used in the engineering process for product selection. Flowcharts are still the routine for the drilling industry for coping with lost circulation. However, this paper demonstrates with a real example how the workflow can be improved by incorporating geomechanics.  

Comprehensive review of lost circulation

Loss type


When lost circulation is encountered, the first issue for curing the losses should be determining the type of loss. That information leads to the understanding of the loss mechanism, which leads to the engineering understanding needed for selecting an effective product.

There are different ways to classify loss of circulation. Loss rates have been used to report the severity; however, it can hardly tell anything about the loss mechanism when no other information is given. Using loss rates to classify mud losses and to define a workflow is not going to be efficient, and can possibly lead to many trials and errors. A different way to classify mud losses is by focusing on mud loss flow-paths. Possible flow-paths include the following:

1) Induced fractures

2) Natural fractures

3) Large pores

4) Vugs

An important part of this classification is to understand the flow resistance. For induced fractures, mud is lost only against stress. For natural fractures, mud is most likely lost against pressure; however, it may also possibly be against pressure and stress. For large pores and vugulars, mud is only lost against pressure. 

Flow-path dimension

After knowing the flow-path type, the next question is related to flow-path dimensions. Knowing the individual flow-path dimension and the size of the loss interval provides critical information for engineering decision making. These flow-path dimensions include fracture width, pore sizes, and vugular size. Additional information may also include matrix permeability, pore size distribution, vugular channel tortuosity, Young’s modulus and Poisson’s ratio, porosity, etc. When this dimension information is available, engineers can have the basis for selecting a product and designing a proper execution procedure.

Pressure differential

This is defined as the difference between maximum wellbore pressure to be expected and the current wellbore pressure containment. This can be used to assess the challenge to strengthen the wellbore for drilling ahead. Considering the loss type and flow-path dimension, a proper product can be selected and the minimum required volume estimated. 
Loss location and lithology

Loss location is important not only for understanding the loss mechanism but also for designing the LCM placement procedure. An error in locating the loss zone can easily cause failure of the operation. Common mistakes include placing a cement pill at an interval away from the loss zone or placing a squeeze pill at the bottom of the hole, then pulling above to squeeze into a weak zone that is above the top of the pill. Though downhole image logs and/or other logs can be used for defining the loss location, they may still be perceived too expensive and time-consuming, and therefore are not used on the majority of wells. Production logs such as spinner logs to detect flows are available, but they are seldom used due to expensive rig time. Consequently, people still estimate the loss location based on experience, knowledge of the area and rig operation. 

Major challenges from operations

Though knowing all of the previous information is important, in reality it is not unusual for a drilling engineer to lack the information when it is needed. Another issue is related to wellbore fluid interacting with porous rock. Many times little is known about the rock. There may be little or no information about the stresses, fracture gradients, pore pressure, permeability, existing fractures and the rock mechanical properties such as Young’s modulus and Poisson’s ratio. 

Many times when losses are encountered, the driller may only obtain a loss rate. With this limited information, operations personnel may choose to follow a predefined flowchart to work through different LCM pills using a trial-and-error approach. This approach, though easy to follow, normally is not efficient.

Though very important, the rigsite information that could be used to narrow down a problem definition may not be obtained because the expense of rig time precludes a thorough but prolonged analysis. However, analysis on offset well performance can normally provide useful information on the possible mechanisms, etc. The information can actually be used in a way to improve the loss-rate based flowchart for lost circulation remediation. 

Strategy and process

Due to the complexity of a geological environment, it may seem that lost circulation cannot be predicted accurately. However, with a good strategy and process, lost circulation can be managed and the cost can be greatly reduced.

Theoretically any lost circulation event can be prevented. However, in some cases, prevention may not be cost-effective. A good strategy for lost circulation should have a good balance in prevention and remediation based on the available technologies at hand. The prevention techniques should be selected and designed based on a customized analysis on the offset well drilling histories, geomechanics environment and the new well design in terms of well trajectory, casing program, fluid program, etc. With the current level of wellbore strengthening technologies, wellbore strengthening or loss prevention should be considered at the well design phase to obtain the most value. Remedial technologies should also be selected and designed based on similar analysis. 

Loss prevention and control should be viewed as an integral solution to the narrow mud weight window challenge. For both loss prevention and control, operation procedures should be clearly defined to ensure any LCM treatment is applied correctly. For loss control, a customized flow-chart, as the result of the analysis, should be available to quickly guide the rig operation personnel to implement the solutions without delays.

Case history: Analysis of the mud losses in field M

Analysis

Lost circulation is frequently encountered in field M. The analysis is primarily based on Well A and cross-checked with other offset wells for engineering understanding.

Loss recap

Fig. 1 is a recap of mud losses for Well A. In Fig.1, loss rate is plotted versus depth for the 16” and 12 ¼” hole intervals. The discussion here focuses only on the 12 ¼” interval.

It can be seen that lost circulation occurred for the entire 12 ¼” interval. Though most of the time the loss rate was only about 10 bbl/hr, it is common that a large volume of oil-based mud (OBM) is lost into the formation in this area. The severe mud losses at the beginning and the end of the interval would prevent further drilling without a solution. Large quantities of time and materials would normally be consumed in order to control the losses.

For the severe mud loss at around 6,500 ft, the mud log has been reviewed to obtain a better understanding. It indicates that the formation is comprised of shale and sandstone sequences. At around 8,500 ft, the lithology shown on the mud log is basically sandstones.

Loss mechanisms

The fracture gradient in the area should be considered. Table 1 contains the results of pore pressure and fracture gradients for three major formations; A-1, A-2 and A-3. It is interesting to know from the provided data that the fracture gradient is about 13.5 pounds per gallon (ppg). However, the mud weight is about 10.2 ppg and the equivalent circulating density (ECD) is estimated to be 10.6 ppg, which is much smaller than 13.5 ppg or the fracture gradient. This means that in the area, with the current drilling program, induced mud losses are not likely to occur. In order to have a better confidence to rule out the possibility, a conservative geomechanics analysis on the minimum horizontal stress was conducted by applying the linear elastic theory, and the results (refer to Table 1) are amazingly close to what was provided by the client. This estimated fracture gradient (FG) provides much more confidence in ruling out the possibility of induced fracture losses.

If losses are not through induced fractures, leaky flow-paths must exist and these may include large pores, natural fractures and vugulars.

The lithology of the 12 ¼” interval seems to support losses through large pores. The interval around 8,500 ft is mostly sandstone. In some of the sandstone layers, the controlled ROP could reach 80~100 ft/hr. The sands are unconsolidated. The mud losses were not sensitive to pump rate. Losses in these formations have been controlled successfully in two other wells with particulate pills. Refer to mud logs in Figs. 2 and 3 for information about the intervals.

Though the cycle skipping feature from the sonic log from a different well may indicate possible existence of natural fractures or larger vugulars at shallow depths, no other evidence has been found to support natural fractures and vugulars. Refer to Fig. 4 for the sonic log.

But in the A-3 formation, the client has concluded that vugulars in limestone and dolomite formations are the loss flow-paths for this zone.

With the information given, the most likely flow-path is large pores in sandstone formations and vugulars in the A-3 dolomite/limestone formations. There were not sufficient data available to either rule out or substantiate the existence of leaky natural fractures in the sandstone formations. Further information is still needed.

Required pressure resistance

The possible flow-paths are pores, vugulars and natural fractures. Though mud losses against these flow-paths are most likely against pore pressure, an engineering procedure for encountering all these types of losses should be prepared for the best possibility of success. Mud losses occur when the wellbore pressure is higher than the pore pressure. If pressure resistance that matches the pressure differential can be created in the flow-paths, the mud losses should stop. The pressure resistance for the case is only about 300~400 psi based on the pressure overbalance analysis shown in Table 1.

Define flow-path dimensions

After defining the needed pressure resistance, in order to select the right product and define the amount for curing the losses, we also need to understand the flow-path dimensions. This is probably the most difficult task; however, it can be done with the following approach.

Design a mud formulation with particulate LCM to prevent lost circulation into large pores and small fractures, possibly with a fracture size up to 500 microns. The formulation should be designed and tested against this 500-micron fracture or pore size such that it can be determined that the flow path is larger than 500 micron, if losses are encountered while drilling with the LCM-treated mud. The next differentiator can be any sign of rough drilling, such as bit bouncing, or abnormally unstable torque due to bit teeth interacting with the voids, such as fractures or small vugulars. This may be noticeable at the rigsite. When the vugulars are large enough, bit dropping will be indicated by a rapid increase in ROP or loss of weight on bit (WOB) and decrease of pump pressure. If bit dropping is observed, the dimension of the vugular at the location of the wellbore penetration can then be approximated. Decisions then can be made based on which category the loss flow-path dimension may fall into.

Match solutions with the dimensions

All LCM are not created equal1. Curing lost circulation requires knowing the loss characteristics, LCM products and keys to apply the products. The challenges include matching the mud losses with the correct LCM products. Though desirable, a product designed for a much more severe mud loss doesn’t necessarily mean it would be capable of curing a less severe loss with a different mechanism. 

1. Small Pores or Fractures

Based on the previous analysis, particulate LCM can be used for sealing pores in the sandstone up to 500 microns for a pressure differential of about 310 or 445 psi. It has been shown in the field and lab that various particulate LCM products have been able to withstand a much higher level of pressure differential in permeable sandstone formations.

Furthermore, a new means for wellbore strengthening design is available in a user-friendly engineering software program that can be used to optimize the particulate mixture and particle size distribution. Engineers can specify the target particle size such as D50 and/or D90, and then either the program or the user can define a final set of materials to identify a specific particle size distribution from the various available individual particulate products. When needed, the final composition can be tested against either appropriate aloxite permeability discs or slotted stainless steel discs on particulate plugging apparatus (PPA) equipment. Fig. 5 is a screenshot of the program. Details of this software program can be found in the literature2,3. It also shows the particle size distribution of the final composition. To help ensure the effectiveness of the final composition customized to meet a specific mud loss challenge, a series of particulate LCM products of various sizes have been created and made available. These products include those ground marble and resilient synthetic graphitic carbon products list in Table 2.

2. Large Pores or Fractures

After the pretreatment of the mud, encountering mud losses while drilling will indicate the loss flow-path is large enough for the particulates to pass. This can give engineers an estimate of the dimension of the flow-path. When there is no appreciable bit bouncing, only narrow natural fractures may exist. For these applications the proposed products are a high fluid loss squeeze (HFLS) product and/or an engineered particulate product with water-absorbing polymer (PPWAP). The HFLS product can function better in permeable formations such as sandstone and the PPWAP is more efficient for impermeable formations such as shale. In case of natural fractures or large pores, they both may create the needed pressure barrier. Please refer to Fig. 6 for a demonstration of the PPWAP product. 

3. Median Voids

With noticeable bit dropping that measures less than 0.5 feet, a deformable, viscous and cohesive (DVC) product may be needed. There are two different kinds of DVC products available: one for OBM or synthetic-based mud (SBM) and the other water-based mud (WBM). These DVC products can rapidly react with the drilling fluid to create the needed consistency for pressure extrusion resistance in large fractures or vugulars. The yield stress created with the OBM product has been tested to over 9,000 lbf/100 ft2. Another test on a 1 mm wide fracture extrusion test with a core sample of 1 inch in diameter demonstrated that at least 1,640 psi pressure flow resistance was created with a core just 4 inches long. Therefore, for pressure resistance in these large voids, not only can these products be used, but also the amount can be estimated based on the yield stress and the void dimension. Please refer to Fig. 7 for some test results of the DVC product. One example of a field application of this DVC material is given in the references4.
4. Large Vugulars

When bit dropping is 0.5 ~ 1 foot, or there are other indications of large vugulars, it may require too much DVC material to create the needed flow resistance. A much stronger material may be needed, and this normally is a settable material such as cement. However, cement is not acid soluble, and it may create concerns when used in the reservoir section. Acid-soluble, modified cement and other settable fluid may be available. Among the possible products to select is a totally acid-soluble product (TASP) that has a right angle set property when placed in the loss zone. It has been reported to have excellent performance in curing mud losses5. Please refer to Fig. 8 for a view of the set product.

5. Caverns

When bit dropping exceeds 1 foot, how to fill the voids is as important as achieving the set strength inside the voids in order to create the pressure resistance. Foam cement has been used successfully. However, in an interval where large voids are frequently encountered, mud cap drilling may be a more economical solution. For too large a void, such as a cavern, sidetracking may be a good option. There is a good chance to avoid drilling the same cavern if the void does not extend to a large area due to its need to support the overburden. For the same reason, large caverns are seldom encountered in deeper holes. The overburden stress may be too high and causes the caverns to collapse.

6. Other Considerations

Product selection also needs to account for the borehole conditions. In gas wells, while curing mud losses, mud circulation is frequently needed to strip gas. When this is required, a rapid-reaction product is needed so that the losses will be cured before the circulation of mud disturbs the fluid in place and prevents the seal from forming. The DVC type of products in general have a very short reaction time (seconds to minutes) if mixed well with the reacting wellbore fluid. It is also possible to use products that need a longer time to form an effective seal, but still shorter than the period between two continued batches of mud injection. In this case, cement is not likely to be a good option without modifications. Some products may work only in one type of drilling fluid environment, such as WBM, so that the selection of products is somewhat limited. Other products may require permeability of the formation to turn themselves into “sealants.” Engineers need to be aware of the application requirements in order to select the one that has the best chance to succeed rather than defaulting to the least expensive option. The most expensive lost circulation product is the one that doesn’t work.

7. Rig operations and quality control

Quality control on the product in the lab and at the rig site is indispensable for success and continuous improvement. Product placement design and rigsite implementation are both critical for treatment pills. These are beyond the scope of this paper; however, the authors greatly emphasize their importance for success. 

8. Further required data

For a special case, the solutions can be further fine-tuned if the following information is available. Examples of how these data can be used for improving drilling performance are available6.

· Data to investigate the existence of natural fractures

· Image logs, core analysis

· Fracture studies

· Structural geology

· Tectonics

· Data to optimize the particulate LCM

· Pore size distribution and permeability

· Core analysis, sand samples, well testing data

· Data to understand the vugular dimension

· Image logs, bit dropping, etc.

Conclusions

1. The case history has demonstrated in steps how rigorous rock mechanics analysis can improve a workflow chart for curing lost circulation.

2. Flow-path dimensions can be defined by understanding the loss mechanisms, complemented by rigsite observation.

3. Product selection is based on flow-path dimensions.

4. The amount of a product may be defined by considering the needed flow resistance, product properties, and flow-path dimensions.

5. Suitable products are available for each loss category.

6. Obtaining more data can further narrow-down the uncertainty and refine the workflow plan.

Nomenclature

DVC
= Deformable, Viscous, Cohesive

FG

= Fracture Gradient

HFLS
= High Fluid Loss Squeeze

LCM
= Lost circulation materials

PPA 
= Permeability plugging apparatus

OBM
= Oil-Based Mud

PPWAP = Particulate Product with Water Absorbing Polymer

ROP
= Rate of Penetration

SBM
= Synthetic-Based Mud

TASP
= Totally Acid Soluble Product

WBM 
= Water-Based Mud

WOB
= Weight on Bit
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A-1 5903 9.55 10.16 10.56 13.13 13.46 310

A-2 6118 9.56 10.16 10.56 12.96 13.65 445

A-3 6478 9.55 10.16 10.56 12.95 13.27 340

 

Table 1−Comparison of different pressure gradients.
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Table 2−Available Particulate LCM for Mixing a Customized Composition. 
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Fig. 1−Mud Loss Rate versus Depth for Well A.


[image: image5]
 Fig. 2−Mud Log Results Showing the Lithology.
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Fig. 3−Mud Log Results Showing the Lithology.
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Fig. 4−Sonic Log May Show Existence of Natural Fractures.
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Fig. 5−Engineering Software Program for Designing Particle Size Distribution for Sealing Fractures and Pores.
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Fig. 6−PWAD LCM Demonstration.
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Fig. 7−DVC Product Lab Test Results.
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Fig. 8−A Set Cube of TASP.
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