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Abstract: The present study examines the working conditions of fully grouted bolts used for the construction and expansion of high slopes. On the basis of a pull out destructive test, the work load and the ultimate load are obtained on site, and the Flac3d numerical simulation method is employed to determine the axial force distribution and the effective anchor length. The test results show that (1) the Q-S (load-displacement) curve of the bolt displays a certain degree of deformation coupled with the creep of the surrounding rock; (2) the working load of the bolt is closely related to the sliding deformation trend of the slope, while the ultimate load depends on the design parameters of the bolt and the lithology of the slope; (3) the distribution of bolt axial force is characterized by a single peak along the bolt length and the effective anchorage length of the bolt is 3 m; (4) after 20 years, the bolt’s ultimate load has a maximum loss of 31.94%.
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1  Introduction

Widening highways involves a significant number of secondary excavation projects for existing highslopes [1,2]. Both the support measures and the working state of supported bolts have become key issues in the secondary excavation stability of slopes [3]. Bar bolt supports are widely used in high slope as a typical support method.

At present, non-destructive tests and destructive (pull-out) tests are two commonly used detection methods to determine the working state of bolts [4]. Non-destructive tests apply stress wave at the end of the bolt, and the working state of the bolt is inferred by the properties of the reflected wave. The pull-out test is used to record the load-displacement (Q-S) curve, and this test uses the curve catastrophe point to infer workload [5]. An X-ray CT scanner was used to monitor the failure process of the pull-out test model and analyzed the microscopic damage form of the anchor body in the pull-out test [6]. Chen et al. [7] developed a new laboratory short encapsulation pull-test (LSEPT) to simulate the interaction between cable bolts and the surrounding rock mass. Ren FF used a three-fold linear bond-slip constitutive model to describe the failure characteristics of the anchor interface [8]. Based on the bond-slip model, the results of the site pull-out test were verified [9].

Research on the load transfers mechanism of bolts has been carried out by means of pull-out tests. Kilicinvented an effective method for testing the bond strength between the grouting body and the surrounding rock and established an empirical formula for the bonding strength [10]. Srivastava et al. [11,12] studied the influence of the interfacial bond strength between the block of grouting material on the surface and the relative stiffness between (1) rock mass properties, (2) grouting body material properties, (3) beam materials on the anchoring force transmission, and (4) the destruction mechanism. Duan et al. [13,14] used atheoretical solution to investigate the ultimate load of the rock bolt. Zhang et al. [15] proposed the interface shear stress redistribution hypothesis and studied the destruction process of typical components using a pull-out test. You et al. [16] studied the deformation behavior and failure characteristics of the interface between the bolt and the grouting body under the pull load. Liu et al. [17] established the potential energy equation under the ideal elasto-plastic model. Shi [18] identified sliding failure at the end of the bolt, and the deformation was found to be inward facing with the increase in the pull load. Huang et al. [19,20] also studied the load transfer mechanism of the progressive failure process of bolts and established different anchor bolt interface mechanics models.

Although research about the load transfer mechanism has been carried out using pull-out tests, the main purpose of these tests has been to study the quality of the bolt after the construction of the slope. However, there have been few studies on the long-term load mechanism of the bolt. To evaluate the stress loss of a rock bolt, this paper relies on the secondary excavation of the cutting slope in the highway. A pull-out destructive test was used to obtain the working load and ultimate load of the full-length wholly grouted bolt, and the distribution law of bolt axial force under load is proven by numerical analysis.

2  Pull-Out Test

2.1 Project Background

The K593+260∼K593+555 slope has experienced multiple deformations and instability over the past twenty years, and it was eventually stabilized after being supplementing with Φ32 full-length bolt-supported measures. However, the excavation of the slope will require the removal of the existing bolts, which will affect the stability of the slope.

The slope height is 29.6 m, and the grading height is about 10 m. The slope angle has an inclination of 45°~63° and a tendency of 56°. In the reconstruction and expansion project, the width of the subgrade was increased to 42 m, so that the slope foot line of the slope was moved 10 m inward, and the slope height was increased 29.6 m to 40.7 m.

The moderately weathered limestone strata has the following characteristics: a layered structure, the partial destruction of the original rock structure, a columnar core, secondary hard rock, c = 24 kPa, ϕ = 49°.

The weathered limestone has the following characteristics: layered structure, the partial destruction of the original rock structure, a short columnar core, crushed rock, c = 26 kPa, ϕ = 55° [21].

2.2 Test Schemes

2.2.1 Test Devices

To study the stress state of a long-term supported bolt, a series of pull-out tests were carried out. The test instrument was a 100T manual hydraulic jack, which was combined with the load system and the displacement gauge system. For the load system, the hollow jack applies a thrust to the bolt. The displacement system records the bolt deformation. The load-displacement (Q-S) curve is recorded by the stepwise load measured during the test. The test system is shown in Fig. 1.
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Figure 1: Pull-out test device

Five tested bolts on the third-level slope, seven tested bolts in the lower row, and nine tested bolts in the second-level slope were selected in this test. The detection position of the tested bolts in the slope is shown in Fig. 2. Tab. 1 lists the design parameters of the tested bolts and geological description of the slope.
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Figure 2: Testedbolt detection points and slope geological description. (a) Tested bolt detection point (b) Slope support structure and geology

Table 1: Physical and strength parameters of the bolt
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2.2.2 Test Procedure

The test was carried out by the method described below in items (1)–(5). The three sections were selected to detect the working load and the ultimate load of the existing bolts.

1.   To ensure that the hydraulic system is connected and the oil quantity is full, the oil quantity and the hand pressure pump cylinder was checked before the pull load was applied.

2.   The tested bolt was fitted into the oil cylinder. The tested bolt and the oil cylinder were fixed through the anchorage to prevent relative slippage, and the indicator was fixed at the bolt head.

3.   The tested bolt was subjected to a pre-applied load to 20 kN; the load was increased in increments of 10 kN to 200 kN.

4.   The displacement was read immediately after the application of each load until the load was stable, and the load-displacement (Q-S) curve was drawn.

5.   We stopped applying the load when it was considered that the front-stage load of the sudden point or the mutation zone had been reached.

3  Results Analysis

3.1 Q-S Curve

The curve of the increment displacement of the bolts under pull loads in different positions is shown in Figs. 4–6.
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Figure 3: Load-increment displacement curve in upper row in Grade III slope (U3)
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Figure 4: Load-increment displacement curve in Grade III slope (D3)
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Figure 5: Load-increment displacement in U2
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Figure 6: Load-increment displacement curve of the 3–4 bolt in the second grade slope

It can be seen from Figs. 3–5 that the curve of all tested bolts shows a nonlinear trend. When the pulling load increases to the range of 20~60 kN, the increment displacement increases and the displacement appears as bolt elastic deformation. While the applied load reaches 80 kN, the displacement increment suddenly decreases, and the load-displacement curve appears to slow down. When the applied pulling load increases from 80 kN to 160 kN, the increment displacement of bolt increases gradually. When the load applied to the bolt exceeds 160 kN, the displacement increment increases significantly. Eventually, the pulling load is increased to 200 kN, and the increment displacement under the single-stage load nearly exceeds 10 mm. At this time, the bolt and the surrounding grouting body may enter a failure state.

3.2 Work Load and Ultimate Load

In order to certain the working load and the ultimate load of each bolt, bolt (3–4), located in the second grade slope, and was selected as an example. The load-displacement increment curve of the tested bolt is shown in Fig. 7.
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Figure 7: Typical section bolt load. (a) bolt load in Section 1; (b) bolt load in Section 2; (c) bolt load in Section 3

It can be seen from Fig. 7 that the pull load is applied from 20 kN to 90 kN. The increment displacement of the 3–4 bolt shows a trend of gradual increase and then a sudden sharp decrease at point (A) with a load of 90 kN. The displacement increment of each load in the range from 100 kN to 180 kN, and the corresponding break point (B) also appears on the load-increment displacement curveat180 kN, and the increase rate of displacement significantly decreases. It can be seen that the current working load of the 3–4 bolt ranges from 90 kN to 100 kN, and the ultimate load ranges from 180 kN to 190 kN.

According to the method used, the ultimate load of the existing bolts ranges from 170 kN to190 kN, and the working load ranges from 60 kN to 100 kN. The working load and the ultimate load of all the bolts were obtained by this method, and the results are shown in Tab. 2.

Table 2: The working load and ultimate load of bolts in different positions
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The stress loss of bolt under long-term action is β


β=Pud−PumPud
(1)

where β is the stress loss rate,


Pud
 is the ultimate load of tested bolt (kN), and


Pum
 is the measured ultimate load of tested bolt (kN).

3.3 Typical Section Bolt Load Analysis

We analyzed the bolt support effect of bolts at different positions and evaluated the influencing factors of the working load and the ultimate load of the bolts. The bolt working load and ultimate load of Sections 1 to 3 in Fig. 5a are plotted in Fig. 8. Where U3 is the upper row bolt in Grade III slope; D3 is the lower row bolt in Grade III slope; and U2 is the lower row bolt in Grade III slope.
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Figure 8: Slope and bolt support model in FLAC3D. (a) Slope model (b) Supported bolt model

As can be seen from Fig. 8, the working load and the ultimate load of the bolts were basically the same in the three sections of the slope. The working load of the bolts ranged from 70 kN to 90 kN in the three sections, showing that the working load depends on the residual sliding force of the unstable rock. Meanwhile, it can be seen that the secondary slope has a stronger sliding deformation trend, which may be caused by a potential sliding surface on the secondary slope. The ultimate load of the bolts was almost the same at different positions, which were all the same in the range of 170 kN. It can be seen that the ultimate load of the bolts is independent of the sliding deformation trend, and may be related only to the bolt design parameters and other factors.

4  Numerical Simulation Method

4.1 FLAC3D Fundamental Principle

FLAC3D [22] is a three-dimensional numerical analysis software produced by the Itasca company. The fundamental principle of processing deformation problems is the Lagrange difference formula. The program is appropriate for large deformation geotechnical engineering problems such as rock mass excavation, and it is widely used in the geotechnical engineering field.

Rockbolt elements in FLAC3D were used to simulate the nonlinear behavior, because of their capacity for modeling the strain-softening behavior of the material between the structural element and the grid material. The shear behavior of the rockbolt–grid interface is modeled by a spring-slider system at the rockbolt nodal points. The interfacial shear behavior during the relative displacement between the structural rockbolt nodes and the grid is a function of the coupling spring shear stiffness [23].


FL=cf(up−um)
(2)

where F denotes the sheer force that develops in the shear coupling spring,

cf is the coupling spring shear stiffness,

up refers to the axial displacement of the rockbolt,

um is the axial displacement of the medium,

and L is the contributing element length.

The maximum shear force is correlated to the cohesive strength of the interface and the frictional resistance along the interface. The maximum shear force (Fmax) per the length of the rockbolt can be calculated as follows in formula (3):


FmaxL=c+σctan(θs)×l
(3)

where c is the cohesive strength of the shear coupling spring,

σc is the mean effective confining stress that is normal for the rockbolt element,

θs is the friction angle of the shear coupling spring, and


l
 is the exposed perimeter of the element.


c=πdbτ
(4)

where db is the diameter of the rockbolt,

τ denotes the shear stress along the rockbolt.

and hence, the shear stressτcan be computed as follows:


τ=cπdb
(5)

4.2 Establishment of the Model

The bolt model was established by FLAC3D, according to the topography and stratigraphic litho logy of the right cutting slope of K593+260~K593+555. The border size of the model has a strong impact on the precision of the results [24]. The length of the model is 200 m, the height is 200 m, and the width is 20 m. The number of elements in the slope model is 138,526. The bottom boundary of the model was constrained, while the side boundary was constrained by normal displacement. The cable unit was used to reflect the bolt in FLAC3D. Material constitutive of rock mass adopts the ideal elastic-plastic model, and the yield criterion adopts Drucker-Prager criteria. The stimulated model is shown in Fig. 8.

The parameters of rock and supported bolt were selected from the geological survey data and the Technical Specifications for Building Slope Engineering (GB 50330-2013). The rock and bolt parameters are shown in Tab. 3.

Table 3: Rock and bolt parameters
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A row of bolts was selected in the middle of the cutting slope model for the pull-out test. The pull load was increased from 0 kN to 300 kN in increments of 10 kN.The position of the tested bolt in the slope is shown in Fig. 8b.

4.3 Axial Force Distribution

In the numerical model, the bolt was divided into 10 structural units. According to the measured points shown in Fig. 9a, the axial force data of all levels of the slope bolts were extracted. The stress cloud diagram and axial force distribution of the supported bolts are shown in Figs. 9b and 9c.
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Figure 9: Axial force distribution across the bolt length. (a) Bolt structural unit, (b) Cloud diagramof bolt stress and (c) Distribution stress of Bolt axial

As can be seen from Fig. 9c, the axial force of the upper bolt is in the grade three slope. The axial force distribution of the bolt in the second grade slope is similar to that of the third grade slope, and the axial force trend changes in the area that is 3~4 m away from the bolt head.

The axial force of the upper row bolts in the slope is higher than in the lower row bolts. The maximum load is located at the head along the bolt length. The supporting load of the lower row of bolts ranged from the anchor head at 3 m. The load of the bolts on the slope as a whole is closer to that of the upper load; this means that the closer the bolt is to the top of the slope, the higher the degree of deformation of the rock mass and the more obvious the tendency of instability.

4.4 Axial Force Contrast Analysis

The load-displacement (Q-S) curve of the 1–1~1–6 bolts in the numerical model under different pull loads is shown in Fig. 10, and it is compared with the load-displacement curve of the bolts in Section 2 in the test.
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Figure 10: Load-displacement curve in contrast result

It can be seen from Fig. 10 that the load-displacement curve in the site test was the same as that of the numerical simulation. When the pull load reaches 300 kN, the displacement of the bolt exceeds 330 mm, and the maximum displacement is 488.99 mm. Therefore, in this model, it is considered that the bolt enters the yielding state when the pulling load reaches 200 kN, the bolt and the grout are extended, and compression is increased. In summary, the Q-S curve obtained by the numerical simulation shows a slowly increasing trend. The working load is determined by the first displacement bolt head, and the yield load is the curve transition from a slow to a sudden increase. The ultimate load of the bolt may be determined by the bonding strength between the grouting body and the surrounding rock.

5  Conclusions and Discussion

The paper analyzed the working load and ultimate load of existing bolts using a pull-out test to study the long-term stress loss of the bolt. Based on the project, a pull-out destructive test and a numerical simulation method were used to detect the working state of the bolts. The results show that the stress loss of the bolt is 23.9~31.94% over a period of 20 years, and we draw the following conclusions.

1.   The displacement of bolts at all levels under the pulling load shows a nonlinear trend. The pulling load of the bolts was applied to the working load, and the increment displacement of the bolt sharply decreases. While the applied load exceeds the working load, the displacement increment increases. Finally, the pull load reaches the ultimate load, and the displacement increment sharply increases.

2.   The working load of the tested bolts ranged from 70 kN to 90 kN. It was closely related to the sliding trend of the slope, which can be determined by the bonding strength between the grouting body and the bolt.

3.   The ultimate load of the tested bolts ranged from 170 kN to190 kN. It was related only to the bolt mechanical parameters and grouting body strength. The ultimate load maximum loss of the bolt is 31.94% during a period of 20 years.

4.   The work load and the ultimate load were larger according to the numerical simulation, due to the time effect under the main long-term load, which the numerical simulation did not take into account.

5.   The peak axial force of the tested bolts is distributed at the bolt head, and the effective anchorage length of the supported rock bolt is 3 m.
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