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Abstract: The well-known “lost circulation” problem refers to the uncontrolled flow of whole mud into a formation. In order to address the problem related to the paucity of available data, in the present study, a model is introduced for the lost-circulation risk sample profile of a drilled well. The model is built taking into account effective data (the Block L). Then, using a three-dimensional geological modeling software, relying on the variation function and sequential Gaussian simulation method, a three-dimensional block lost-circulation risk model is introduced able to provide relevant information for regional analyses.
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1  Introduction

The Ledong block in South China Sea (considered as a reference case in the present work, hereafter simply referred to as ‘Block L’) has the characteristics of ultra-high temperature and high pressure, narrow density window and strong uncertainty of geological information. Underground engineering is complex and multiple, drilling risk is prominent, and construction is difficult. Due to the small number of drilled wells, little analysis data can be provided. How to carry out a regional analysis on the complexity of lost circulation in Block L is an important problem to be solved urgently.

Lost circulation is a common type of accident in drilling [1]. When the lost circulation is serious, it often causes accidents such as blowout or well collapse and sticking, which can cause several problems that could lead to increasing the non-productive time (NPT) and drilling cost [2]. Especially in the drilling process of deep and ultra-deep fractured formations, lost circulation very easy to occur, which will cause serious formation damage and significant economic losses [3]. Even if lost circulation materials are used for plugging in time, instability and damage will occur under the complex environment of high temperature and high in-situ pressure, which results in a failure to reach the plugging rate and the expected fracture plugging effect [4]. Therefore, if the lost circulation risk of the block can be mastered before drilling, other serious and complex accidents can be effectively avoided. At present, there are many methods for evaluating lost circulation, such as the risk evaluation method of drilling engineering based on wellbore stability criterion [5], the method based on geostatistical method [6], and the method based on neural network models to predict lost circulation [7,8]. However, the above methods cannot intuitively grasp the distribution of lost circulation risk in the block. Therefore, this paper presents a regional analysis method of lost circulation risk based on a three-dimensional model.

2  Regionalization Description Method of Lost Circulation Risk in Block L

2.1 Regionalization Characteristics of Lost Circulation Risk

The lost circulation risk is affected by the combined action of drilling mud density, formation pressure and wave impedance, so the lost circulation risk can be regarded as their function of these, and the lost circulation risk can be analyzed and discussed as a variable. At the same time, lost circulation risk has three main characteristics related to regionalization analysis, and thus, it is reasonable and feasible to regard lost circulation risk as a regionalization variable [9].

2.1.1 Spatial Locality

The correlation and interaction ability of lost circulation risk are limited to a certain range. There is no correlation between the lost circulation risks of faraway blocks nor blocks of different types, as they will not affect each other. In this case, the lost circulation risk of a well that is far away from distribution is used to predict the lost circulation risk of a well to be drilled, and the error is large. So the scope of lost circulation risk is limited by the overall scope of the block or connected block space.

2.1.2 Different Degrees of Continuity

Stratigraphy and structure are not completely discrete and unrelated. For any block, the strata have extensibility in all directions, for example, each horizon has the property of continuous variation with spatial position. However, the strata also have mutagenicity. The continuous ductility of a formation can make the lost circulation have continuous ductility; the formation mutation will also induce the risk of lost circulation mutation. Therefore, the lost circulation of two adjacent wells at a certain depth may be relatively close or even identical, but yet may also have great differences. Thus, the lost circulation has continuity with the change of spatial position, and yet also contains distinct variability.

2.1.3 Anisotropy

Since the lost circulation has both continuity and variability, and formation lithology and fluid properties are anisotropic, the risk of lost circulation is also anisotropic.

2.2 Regionalization Description Algorithm

Geostatistics takes spatial regionalization variables as objects to study spatial parameters with structure, randomness, dependence, and correlation [10,11]. Based on geostatistics, this paper presents two algorithms for regionalized description of lost circulation risk. One is the variation function which can describe the randomness and structure of spatial distribution of regionalized variables [12], and the other is sequential Gaussian simulation which is suitable for random simulation of the spatial distribution of continuous variables [13].

2.2.1 Variation Function

The variation function is a measure that describes the spatial variation of parameters such as attributes with distance [14,15]. It mainly represents the scale of spatial position variation of attribute parameters, that is, half of the variance of increment of 
Zx
at two points x and 
x+h
. The expression is as follows:


γ(h)=12E{[Z(x)−Z(x+h)]2}
(1)

Commonly used sequential indicator simulations, such as sequential Gaussian simulation, need to use variation function to characterize the change of attribute parameters in space.

2.2.2 Sequential Gaussian Simulation Method

Sequential Gaussian simulation is a stochastic simulation method which uses Gaussian probability theory and sequential simulation algorithm to generate spatial distribution of continuous variables [16,17]. It is one of the most widely used stochastic modeling methods for continuous geological variables. Its basic idea is to conduct a sequential simulation of conditional data subject to normal distribution [18], construct a Gaussian function according to the known data, and treat each value of the regionalized random variable 
Z(x)
as a random realization conforming to Gaussian function (i.e., normal distribution function) 
F(x)
. At each simulation position 
xm
, 
F(x)
is the cumulative conditional probability density function with n known data 
Z(xi)(i=1, 2, …, n)
and the previous 
m−1
simulation values 
Z(xj)(j=0, 1, 2, …, m−1)
as the conditions [19].

2.3 Risk Regionalization Description Process

When building the regional lost circulation risk model, sufficient supporting data is needed to ensure that each geological layer of the built model is fine enough, but it is not advisable to only rely on the data of lost circulation collated from well history data. Therefore, first, the lost circulation risk sample evaluation method is used to quantitatively evaluate the lost circulation risk of the drilled wells in the block, to obtain the probability profile of the drilled risk samples, which provides rich data support for the construction of the later models. Then, the geological modeling software, Petrel, is used to build the lost circulation risk model of the block by layers and groups, and then the risk is analyzed regionally [20].

3  Block L Lost Circulation Risk Sample Evaluation Method

3.1 Methods and Principles

In view of the uncertainty of deep formation information and the difficulty of quantitative evaluation of downhole engineering risk, the evaluation method of lost circulation risk samples in Block L is proposed. Firstly, the drilling mud density and fracture pressure at fracture are obtained according to the measured points when the lost circulation occurs. Then, based on the well-drilling geodetic coordinates and combined with the SEG-Y seismic body in the block, a three-dimensional wave impedance model is built, and the wave impedance data of single well drilled are extracted from the model according to the well trajectory. Then according to the measured point of lost circulation, based on drilling mud density, fracture pressure and wave impedance, the relationship between the three and the risk of lost circulation is obtained. Finally, the drilling mud density, fracture pressure and wave impedance in the whole drilling process are substituted into the relational expression to obtain the lost circulation risk sample data of the whole well section. The specific process is shown in Fig. 1.
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Figure 1: Flow chart of lost circulation risk sample calculation

3.2 Data Preparation

3.2.1 Statistics of Lost Circulation in Block

Obtained from the statistics of well history data, the statistics of lost circulation in Block L is presented in Table 1.
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3.2.2 Extraction of Drilled Wave Impedance

Wave impedance is an important physical property of rock formations, which can be obtained from synthesizing seismic, logging, and other multi-information [21]. It can accurately reflect the relationship between changes in lithology [22] and effectively characterize the formation’s properties [23]. Therefore, the change of wave impedance can provide a reference and basis for lost circulation [24]. The three-dimensional wave impedance model can be produced by the geological modeling software Petrel, and the wave impedance can be extracted from the elaborated three-dimensional wave impedance model. An example of d the wave impedance model is shown in Fig. 2. The extracted well-drilling wave impedance is shown in Fig. 3.
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Figure 2: 3D wave impedance model
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Figure 3: Wave impedance of eight drilled wells

3.3 Development of a Formula for Lost Circulation Risk Evaluation

According to the statistics and analysis of occurrence of lost circulation during drilling of wells in Block L, it is determined that the type of lost circulation occurring in the block is fracturing lost circulation, that is, the drilling fluid column pressure is greater than the formation fracture pressure, which makes the open formation rupture and induces the lost circulation caused by the induced fracture [25]. According to the statistical drilling mud density, fracture pressure and extracted wave impedance, the following equation is proposed for calculating the risk probability of lost circulation in Block L:


R={0, Δρ≤01.618×T0.0123−1.82×Δρ0.03296, Δρ>0
(2)

where: 
R
is lost circulation risk sample data. T is wave impedance. 
Δρ=ρd−ρf
(where 
ρd
is the drilling mud density during drilling, 
ρf
is the fracture pressure and the unit is g/cm3).

By substituting the drilling mud density, fracture pressure and wave impedance data of eight drilled wells into Eq. (2), the lost circulation risk sample profiles of eight drilled wells can be obtained, as shown in Fig. 4.
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Figure 4: Lost circulation risk sample profile

It can be seen from Fig. 4 that the lost circulation risk sample profile calculated according to Eq. (1) has little difference from the actual location of lost circulation, which proves that Eq. (1) has high accuracy.

4  Block Lost Circulation Risk Model Construction Method

4.1 Method and Principles

In order to intuitively analyze the formation lost circulation risk in the block, the three-dimensional geological modeling software is used to construct the lost circulation risk model of Block L based on the sequential Gaussian simulation method and the variation function. The construction process of the block lost circulation risk model is shown in Fig. 5 [26,27]:
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Figure 5: Flow chart of block lost circulation model construction

4.2 Complex Regionalization Analysis of Lost Circulation in Block

According to the construction process of the block lost circulation model developed in 4.1, the complex lateral distribution of Block L lost circulation is shown in Fig. 6.

It can be seen from the chart that in the T27-T31 layers where the corresponding layer depth is more than 4000 meters, the probability of lost circulation is small, about 1%–10%, and according to the statistics of lost circulation in Table 1, the number of lost circulation in the depth is less, thus the layers are consistent. In the T40 layer, where the corresponding layer depth is below 4000 m, the probability of lost circulation risk increases and shows obvious heterogeneity. L10-1-1, L10-1-2, L10-1-4 and L10-1-6 and nearby formations have a higher probability of lost circulation risk, as can also be seen from Fig. 4, the wells have had occurrences lost circulation and are therefore both consistent. Future drilling in these areas should pay attention to prevent lost circulation.

However, it can also be seen from Fig. 6 that the lost circulation risk of the formation around L10-1-5 is not precise enough. The reason is that L10-1-5 is too far away from its seven wells. Due to the Spatial Locality, the lost circulation data of its seven wells makes it difficult to describe the region’s space through the variation function and sequential Gaussian simulation.
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Figure 6: Horizontal distribution of lost circulation risk in each layer of block (the figures on the left are three-dimensional models, while the figures on the right are two-dimensional)

4.3 Comparison of Regionalization Analysis Methods

Compared with other regional analysis methods (see reference [9]), the method proposed in this paper is aimed at the target of strata rather than a plane. Therefore, it can effectively improve the determination of the risk of lost circulation in the block. It can effectively avoid the risk of occurrence of lost circulation in the drilling process by mastering the high-risk strata and regions of the block before drilling, and avoiding them in advance.

5  Summary

1)   In order to solve the problem of the difficulty to quantitatively evaluate the risk of lost circulation, the team proposed a method to expand the sample of lost circulation risk in the block. Through the drilling mud density, fracture pressure and wave impedance at the actual occurrence of lost circulation, the formula for the calculation of lost circulation risk in samples is fitted, and the lost circulation risk sample profile is obtained, thus, the quantitative evaluation of lost circulation risk is realized.

2)   The regionalization characteristics of lost circulation risk are analyzed, and it is noted that lost circulation risk has three main properties of regionalization variables, and the rationality of lost circulation risk as a regionalization variable is clarified.

3)   Taking the stratigraphic group as the basic unit, the three-dimensional lost circulation risk model of Block L is developed by using the three-dimensional geological modeling software, Petrel, based on the sequential Gaussian simulation method and the variation function. It can intuitively judge the regional risk situation according to the model, making up for the shortcomings of other methods. Through the study of the lost circulation risk in Block L, it provides the basis for future drilling in this block, which can effectively reduce the risk of occurrence of lost circulation.

4)   In addition, the risk of lost circulation is also related to the geomechanical properties of rocks. Therefore, for example, RQD, JV or joint aperture-joint fill, geomechanical properties obtained from rock core samples from various depths can also be used in statistical analysis to overcome Gaussian simulations errors and spatial position error.
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Table 1: Lost circulation statistics

Well name Well depth/(m) Geological layers Drilling mud  Fracture pressure
density (g/cm’) (g/cm’)

4085.67 T40 2.37 2.19
L10-1-1

4099 T40 2.32 2.28
L10-1-2  4098.14 T40 2.36 2.23
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L10-1-5  3499.53 T31 2.24 1.78
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(d) Horizontal distribution of lost circulation in T30 layer

(e) Horizontal distribution of lost circulation in T31 layer

(f) Horizontal distribution of lost circulation in T40 layer
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