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The columnar basalt is a widely distributed in Southwestern China with different types. The first type of columnar jointed basalt is distributed below the elevation of 665 m on the left bank and 590 m on the right bank of the arch dam foundation. Micro-fissures are prevalent within the columns, with gently dipping structural surfaces and an intermittent mosaic structure despite poor overall integrity. The structure is easy to relax after unloading, and the acoustic wave of rock mass is obviously reduced. The control of relaxation deformation of columnar joint basalt is a key problem of hydropower exploration. Based on the structural of columnar jointed basalt, this paper analyzed the relaxation characteristics of columnar jointed basalt.
Keywords: hydropower exploration, columnar joint basalt, intermittent mosaic structure, relaxation characteristics, treatment measures
1 INTRODUCTION
In recent years, with the rise of the concept of green ecological development in the world, the development and utilization of clean energy has become one of the indispensable means in the world. Hydropower is a globally recognized clean, high-quality and flexible renewable energy power. All countries in the world give priority to hydropower development, and the western developed countries basically completed their hydropower resource development tasks in the 1980 s. Large and medium-sized hydropower projects also have comprehensive utilization functions such as flood control, disaster reduction, water supply, shipping, irrigation, tourism, and breeding, and have become the most important infrastructure for economic and social development in various countries [1–4]. Hydropower development is not only the need to promote the development of new energy, optimize the energy structure, and reduce carbon emissions, but also the need to realize the comprehensive utilization of water resources, disaster prevention and mitigation, and ecological protection. Therefore, the Chinese government attaches great importance to hydropower development and continues to incorporate hydropower development tasks into the national development plan [5, 6].
In hydropower construction, dams are the most common hydropower infrastructure [7]. China’s hydropower station construction is world-renowned [8–14]. The main facility of a hydroelectric power station is the construction of the dam, which is usually located in an unpopulated and difficult terrain. Therefore, dam foundation excavation is an important construction link in water conservancy projects and is the focus of quality control in water conservancy construction. In this paper, the relaxation characteristics of columnar jointed basalt after excavation of the foundation are investigated. At the same time, the treatment measures for the relaxation of columnar jointed basalt are explored.
The Baihetan Hydropower Station’s 289m-high arch dam features a massive structure and complex dam foundation geology. Columnar jointed basalt, characterized by 2–3 m long columns with diameters of 13–25 cm and micro-cracks forming 5 cm-sized fragments, is distributed below 665 m on the left bank and 590 m on the right. This rock mass relaxes easily after excavation, making the study of its relaxation characteristics and treatment measures crucial for the dam foundation’s stability [15].
2 METHOD
2.1 Structural classification and distribution of columnar jointed basalt
The basalts in the area exhibit diverse lithologies, strong heterogeneity, well-developed structural planes, and significant unloading characteristics. Columnar jointed basalts are irregular, with varying column sizes and lengths, primarily pentagonal or quadrilateral cross-sections, and lack the regular finger structure typically formed by double diffusion and convection. Instead, they result from magma cooling and contraction [16]. Based on geological conditions and dam foundation evaluation requirements, columnar joints are classified into three categories.
(1) The density of columnar joints is relatively high, and most of them are not cut into a complete column. The length of the column is generally 2∼3 m, and the diameter is 13–25 cm. It is about 5 cm.
(2) The columnar joints develop irregularly and are not cut into a complete column. The length of the column is generally between 0.5 and 2.0 m, and the diameter is 25–50 cm. The micro-cracks in it are relatively developed, but they bite each other and are not completely cut. The block size is 10 cm about.
(3) The columnar joints develop irregularly and are not cut into a complete cylinder. The cylinder is thick, with a length ranging from 1.5 to 5 m and a diameter of 0.5–2.5 m. The cutting is incomplete and the chimera is tight.
Among them, the first type of columnar jointed basalt has the characteristics of high wave velocity, high integrity coefficient, small block size, well-developed cracks, small crack spacing, and tightly embedded rock blocks. It is neither a sub-blocky structure nor a fragmented structure. and mosaic structures, but have a unique structure outside the specification standard. Therefore, it is classified into the category of mosaic structure and named as the subcategory of “columnar mosaic structure”. The joint distribution of the first type of columnar joint basalts is shown in Figure 1. P2β33, P2β41 and P2β61 layers of columnar jointed basalts are mainly distributed in the dam foundation, and the specific distribution. The P2β33 sublayer is distributed in the riverbed and the low-elevation dam foundation on both banks, and the columnar joints are the most developed, which is the focus of the dam foundation rock mass research.
[image: Figure 1]FIGURE 1 | (A) Baihetan hydropower station infrastructure (B) The image of the first type of columnar joint basalt; (C) The geological sketch of the columnar joint basalt; (D) Typical graph of wave speed distribution in relaxed rock mass.
2.2 In-situ experiment test
Two main in situ test, namely, rigid bearing plate method and acoustic borehole testing method are used in this study as shown in Figure 2. Rigid bearing plate test is used to get the deformation modulus, while acoustic borehole test is employed to get the reduction of seismic velocity.
[image: Figure 2]FIGURE 2 | Experiment test used in this study. (A) Rigid bearing plate test. (B) acoustic borehole test.
2.2.1 Rigid bearing plate method
2.2.1.1 Experiment procedure
In the rigid pressure plate test, a Φ504.6 mm, 60 mm thick pressure plate with a surface area of 2000 cm2 is used. A 3200 kN jack and a 60 MPa high-pressure rubber hose connect to a manual or electric oil pump for loading. Four mechanical micrometers are symmetrically fixed to measuring rods embedded in concrete as reference points. Pressurization follows a step-by-step approach with five pressure levels: 2.0 MPa, 4.0 MPa, 6.0 MPa, 8.0 MPa, and 10.0 MPa, applied in single steps, with a maximum pressure of 10.0 MPa. The test adheres to geological standards and specifications.
To measure rock deformation, four measurement points are symmetrically arranged around the pressure plate, each equipped with a micrometer. Loading begins only after ensuring instrument stability, confirmed by consistent readings across three consecutive checks. Upon loading, an initial reading is taken immediately, followed by readings every 10 min. The criterion for deformation stability is that the ratio of the difference between two consecutive readings of the 4 μm to the difference between the initial reading at the current pressure level and the final reading at the previous level must remain within 5% per hour. After the loading process, pressure is gradually released in steps. When the pressure reaches zero, an immediate reading is recorded, followed by additional readings every 10 min until the experiment concludes.
2.2.1.2 Deformation modulus computation
The total deformation and elastic deformation of the rock mass are determined by averaging the measurements from the 4 μm. The deformation modulus and elastic modulus of the rock mass are subsequently calculated using the following formulas:
[image: image]
Where, the parameters include the Poisson’s ratio of the rock mass (μ), unit pressure(P), diameter of the pressure plate(D), and the measured deformation of the rock mass(W). When total deformation values are substituted into the formulas, the resulting modulus(E) represents the deformation modulus (E0). Conversely, when elastic deformation values are substituted, the calculated modulus represents the elastic modulus.
2.2.2 Acoustic borehole testing method
2.2.2.1 Basic theory
A Yanhai RS-ST01C non-metallic acoustic detector was used for single-hole acoustic wave tests with a single-transmit, dual-receive configuration. The probe transmits acoustic waves, received by two transducers, and the propagation velocity is calculated from the time difference and known transducer spacing. This velocity provides insights into rock mass properties, failure surfaces, and structural integrity. Measurements are taken every 20 cm from top to bottom, with the test conducted before the rock deformation test.
To determine the acoustic velocity of the rock mass along the borehole wall, the time difference of the acoustic waves traveling from various measurement points to the two receiving transducers is extracted from the original acoustic wave record. The acoustic velocity of the rock mass is then calculated by dividing the distance between the transducers by this time difference, as expressed in the following formula:
[image: image]
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Where, t1, t2 represent the first arrival times of the same excitation signal at each of the two receiving transducers, respectively. The time difference between these arrivals, denoted as Δt is measured in microseconds (μs). The spacing between the two receiving transducers, L is fixed at 0.2 m (m). The speed of sound in the rock mass, represented as vp, is then calculated in meters per second (m/s) using this time difference and the known distance between transducers.
2.2.2.2 Evaluation of the relaxation effect
Assuming the original wave velocity of the rock mass (v0) is known, the wave velocity (vw) is then measured again after the surface of the rock mass is excavated, resulting in a reduced wave velocity. To quantify the change between these two wave velocity values, a wave velocity change coefficient (η)can be defined.
[image: image]
According to the Technical Specifications for Construction of Rock Foundation Excavation Engineering of Hydraulic Structures, it is stipulated that when the wave velocity change coefficient (η) of the excavated rock mass is less than or equal to 10%, excavation is considered to have no impact on rock mass quality. Conversely, when η exceeds 15%, the rock mass quality is regarded as being significantly affected by the excavation. If η falls between these two values, excavation is considered to have only a minor impact on the quality of the rock mass.
3 RESULTS
3.1 Physical and mechanical parameters of columnar jointed basalt
There is anisotropy in the columnar joint basalt structure, and there is a certain difference in the deformation modulus perpendicular to the direction parallel to the columnar joints [17–19]. In order to study the deformation modulus of columnar joint basalt in different directions, Baihetan Project conducted a series of on-site in situ tests, which can better reflect the natural characteristics of the rock mass. The in situ test mainly adopts the rigid bearing plate test, and the load direction is divided into horizontal direction and vertical direction [20, 21].
In the in situ pressure plate test at Baihetan, the deformation modulus of III1 rock mass ranges from 9–11 GPa horizontally and 7–9 GPa vertically, while for III2 rock mass, it ranges from 7–9 GPa horizontally and 5–7 GPa vertically. Vertical deformation modulus is significantly lower than horizontal, with vertical-to-horizontal ratios of 0.8 for III1 and 0.75 for III2, indicating pronounced anisotropy.
3.2 Structural and mechanical properties of columnar basalt after relaxation
There must be relaxation after excavation of columnar jointed basalt. The relaxed rock mass needs to be used as the foundation of high arch dams. It is necessary to study the characteristics of columnar jointed basalt after relaxation.
The Maxwell model can be used to describe the properties of rocks that exhibit instantaneous deformation, steady creep, and relaxation. Next, the relaxation phenomenon of rocks is explained based on the physical concept of the model. The Maxwell model is a viscoelastic body composed of a spring and a damper connected in series.
(1) Constitutive equation
[image: image]
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Due to:
[image: image]
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Therefore:
[image: image]
(2) Creep equation
Under a constant load σ (σ = σ0), since dσ/dt = 0, the constitutive equation simplifies to:
[image: image]
Solving this differential equation gives:
[image: image]
Where C is the integration constant. Using the initial conditions to solve for C, when t = 0, [image: image], Thus, C = σ0/k,Substituting C into the above equation, the creep equation for the Maxwell model is obtained as:
[image: image]
From the equation, it can be seen that the model exhibits instantaneous strain and that the strain gradually increases with time. This model represents steady-state creep.
(3) Relaxation equation
To maintain a constant strain ε, [image: image], and the constitutive equation becomes:
[image: image]
Solving this equation yields:
[image: image]
Where C is the integration constant. Using the initial condition, at t = 0, σ = σ0 (σ0 is the instantaneous stress), we find C = -lnσ0. Substituting C into the equation gives:
[image: image]
Thus,
[image: image]
From this equation, it can be observed that as t increases, σ gradually decreases. In other words, when the strain is constant, the stress decreases over time, a mechanical phenomenon known as relaxation.
From the physical concept of the model, relaxation can be understood as follows: at t = 0, the viscous element cannot deform instantaneously, so only the elastic element undergoes deformation. However, as time progresses, the viscous element gradually deforms under the action of the spring. As the damper elongates, the spring gradually contracts, leading to a reduction in stress within the spring. This is the essence of relaxation.
Long-term observations were conducted on columnar joint basalt to analyze its structural and mechanical properties after relaxation. Following the excavation of a simulated test hole in March 2011, geological points were observed again in June 2015, with comparison photos recorded. Observations from March to July 2015 at the dam foundation revealed no significant changes in rock mass structure, though surface rock blocks became more prone to detachment. After 4 years and 3 months, the relaxed layer at the dam base site stabilized, with slight surface weathering and discoloration but no significant opening of columnar joints or microfractures, maintaining a columnar mosaic structure.
To assess the mechanical properties of the relaxed layer of columnar joint basalt at the Baihetan dam foundation (650–660 m elevation), 11 rigid bearing plate tests were conducted. Results show the deformation modulus of the relaxed layer is 4–6 GPa, slightly lower than the 5–7 GPa of the unrelaxed rock mass. While the deformation modulus has deteriorated, the rock mass structure remains intact, and the mechanical properties of the relaxed and unrelaxed rock masses are largely comparable.
3.3 Determination of relaxation property in columnar jointed basalt
Due to the dense joints of columnar joint basalt, the relaxation effect is more obvious after excavation and unloading, the columnar joints of the surface rock mass open, the transverse micro-cracks gradually appear, and the sound wave velocity of the rock mass decreases, especially in the surface layer where the ground stress is high.
As shown in Table 1, for the First Type of Columnar Jointed Basalt, the proportion of rocks with a wave velocity variation coefficient η>15% is 43.3%, 10%<η ≤ 15% is 13.3%, and η<10% is 43.3%. Therefore, excavation has a relatively large impact on the quality of the First Type of Columnar Jointed Basalt. The cryptocrystalline basalt has all wave velocity variation coefficients η below 15%, indicating that excavation has only a slight impact on the quality of cryptocrystalline basalt. For breccia lava, the proportion of rocks with a wave velocity variation coefficient η ≤ 10% is 33.3%, 10%<η ≤ 15% is 11.1%, and η>15% is 55.6%, Thus, excavation has a greater impact on the quality of breccia lava, with more than half of the rocks affected by excavation.
TABLE 1 | Average wave velocity values of rock bodies within 1 m depth in columnar joints.
[image: Table 1]4 DISCUSSION
The first type of columnar jointed basalt, characterized by dense joints and developed transverse micro-cracks, easily relaxes after excavation and unloading. Thus, its relaxation characteristics are a key focus in the foundation treatment of the Baihetan Dam. Extensive acoustic detection tests have been conducted in exploration tunnels, simulation test tunnels, diversion tunnels, and dam foundation test areas to systematically study these characteristics.
Comparing the factors affecting the relaxation depth of columnar joint basalt such as size effect, time effect and in situ stress, the specific effects are as follows.
4.1 Size effect
Comparing the excavation size and the average relaxation layer thickness, the thickness of the columnar joint basalt relaxation layer basically increases with the increase of the excavation size. When the excavation size is larger, the influence on the relaxation layer thickness decreases [22].Unloading relaxation exhibits a certain size effect, specifically manifested as follows: for smaller sizes, the relaxation depth increases with the size, while for larger sizes, the relaxation depth no longer increases. Fault zones have a certain impact on rock mass relaxation, particularly at the leading edge of the fault zone, where localized shear deformation occurs.
4.2 Time effect
Statistics show that the stable time of the relaxed layer is roughly between 25 days and 46 days, and the stable time tends to prolong with the expansion of the excavation surface. The change process of the rock mass excavation relaxation depth measured by the acoustic inspection hole in the dam foundation excavation test area is shown in Figure 3 below. The relaxation depth gradually increases with time, and the relaxation depth reaches a stability about 40 days after excavation, with less variation later on [23].
[image: Figure 3]FIGURE 3 | Variation of relaxation depth in dam foundation excavation test area.
4.3 In-situ stress effect
Comparing the test results of the observation section of 3# and 4# diversion tunnels, the relaxation depth of 4# diversion tunnel with higher in situ stress is 5.2–7.7 m, which is significantly higher than that of 3# diversion tunnel at 2.5–3.0 m. The higher the in situ stress, the greater the unloading rebound deformation, and the greater the stress relaxation [24].
5 CONCLUSION AND PROSPECT
The relaxation and deformation control of columnar jointed basalt foundations is crucial for super-high hydropower projects. This study investigates the structural and relaxation characteristics of columnar jointed basalt through various tests and proposes comprehensive control measures, including thick-layer protection, grouting consolidation, deep anchorage, and precise blasting. These measures effectively limit the relaxation depth to levels comparable to conventional rock masses, meeting the requirements for super-high hydropower stations.
This paper combines extensive monitoring data with experimental research to explore the deformation and strength characteristics of unloaded columnar jointed basalt, deepening the understanding of its mechanical properties. However, further research is needed to address shortcomings, including detailed studies of intact columnar jointed basalt alongside the relaxation layer. Integrating findings from other research units at the dam site will provide a more comprehensive understanding of columnar jointed basalt.
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