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Abstract

:

This paper presents a field study on the axial behavior of four large-diameter drilled shafts embedded in coarse sand. The grouting and loading test procedures were reported. The bearing capacity of shafts (TS1 and TS2) and grouted drilled shafts (TS3 and TS4) were herein determined by the bi-directional static test and top-down load test, respectively. The enhancement mechanism of bearing characteristics of the grouted shafts was discussed in detail. The test results indicate that the bearing characteristics and load transfer mechanisms of the test shafts were significantly affected by the quantity of pressurized cement slurry and the mechanical properties of the soil surrounding the shafts. Furthermore, the tip resistance of shaft can be mobilized more rapidly and fully after grouting, the side and tip resistance are mobilized in a more synchronized and coordinated manner due to the pre-mobilization of the grouted cement. Additionally, the standard penetration test (SPT) prediction model was introduced to calculate and predict the SPT blow counts of soil after grouting. The results show that the post grouting has a more obvious improvement on the strength of cohesionless soil.
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1. Introduction


Drilled shafts have a long history of use where soil strata immediately below the shallow ground are not strong enough to prevent bearing failures or excessive settlements. Drilled shafts develop loading resistance from a combination of tip and side resistances that are mobilized as the shafts are loaded. Unfortunately, a significant portion of a drilled shaft’s tip resistance is unusable due to the vertical displacement required for mobilization [1,2,3]. This leads to larger diameter and deeper shafts or more numbers of shafts to be utilized than would be needed if the shaft tip capacity were also incorporated into the design. However, due to factors related to construction difficulties and higher costs, continuous attempts are being made to improve the performance of drilled shafts without increasing the diameter of the shafts [4,5].



Post grouting techniques have gradually become a trend to be used as a method to improve shaft performance. In this procedure, the compaction grout is pumped into the soil around the shaft; then, the mud around the shaft and the sediments at the tip of the shaft are penetrated, compacted and separated by the cement slurry. As a result, the mechanical properties of the soil around the shaft are improved and the bearing performance of the shaft is further enhanced [6,7,8,9,10].



Full scale field tests have been carried out to study the reinforcement mechanism of post-grouting for drilled shaft by many researchers. Sinnreich and Simpson [11] presented fourteen full-scale load tests (including nine grouted and five ungrouted shafts) conducted in various parts of the United States. They found that the improvement of tip grouting on the stiffness and/or overall capacity could not be shown in all circumstances. This could be due to differences in factors such as geological conditions, grouting equipment, grout properties and grouting pressure. Thus, further research into the enhancement mechanism of bearing characteristics of the grouted shafts is needed. Frizzi et al. [12] discussed the effects of construction methods and drilling slurries on observed side shear and end bearing load transfer. Ruiz and Pando [13] investigated the load transfer mechanisms of drilled shafts installed in sandy soils after grouting. Thiyyakkandi et al. [14] analyzed the axial loading performance on various sized grouted piles by experiment and FEM method. Dai et al. [15] conducted in situ static load test to illustrate the grouting effect of a large diameter grouted drilled shaft. The test results of drilling and coring showed that the return height of grout reached 15 m, and the number of standard penetration test (SPT) blows with grouting was generally increased. Day et al. [16] described a method for quantifying improvements due to pre-mobilization and ground improvement performed on grouted drilled shafts. Subsequently, Wen et al. [17] clarified that the bearing capacity of steel pipe micropiles embedded in marine soft clay soils can be significantly influenced by post-grouting craftwork.



In conclusion, the mechanism of post-grouting technique to improve the bearing performance of drilled shafts has been summarized into four factors [5,15,18,19,20,21,22]: (1) compression of the soil under the shaft tip, (2) increase of the shaft tip area due to the formation of the grout bulb, (3) redistribution of residual stresses along the shaft due to the prestressing of the tip, and (4) grout is migrated and infiltrated along the axis by pressurization so that the soil mechanical properties on the shaft side are strengthened. These effects are summarized on Figure 1.



Unfortunately, the aforementioned research mainly focuses on the drilled shaft in which only the shaft tip was grouted. However, there are few reports on the field test of large diameter tip and side combined grouting shaft. Therefore, full-scale load tests were reported herein to compare and discuss the bearing performance of four drilled shafts (three shafts were post-grouted and one shaft as control). Subsequently, the load-displacement response, load transfer mechanisms and mobilization of shaft resistance in large diameter drilled shafts after combined tip and side grouting are further explored through detailed measurement data of the shafts.




2. Site Description and Test Shafts Details


The field tests were conducted in Tai’an, China. All load tests were carried out at the same location. The geology of this area mainly consists of silty clay and coarse sand layers. Sufficient boreholes were sunk to obtain details of the soil layers distributions. Detailed soil profiles and corresponding physical characteristics along the axis of each test shaft can be obtained from Figure 2 and Table 1, respectively. As shown in Table 1, ω is the moisture content, γ is the unit weight of soil, c and φ are cohesion and internal friction angle of soil, respectively. Sample preparation, test equipment, and test methods were all in accordance with Chinese standard GB/T 50123-1999 [24].



Test shafts TS2, TS3 and TS4 were combined tip-and-side post grouted shafts, the ungrouted drilled shaft (TS1) was load-tested in the same site to quantify the improvement of shaft capacity after grouting. The bi-directional static test and top-down load test methods were adopted to determine the bearing capacity of shafts TS1, TS2 and TS3, TS4, respectively. The details of the four test shafts can be obtained by Table 2. The elastic modulus of the concrete for the four test shafts Ec is 31 GPa. Furthermore, the elevations of the strain gauges for test shafts TS1 and TS2, the ring-shaped grouting pipes along shafts TS2, TS3 and TS4 are all presented in Figure 2. It should be noted that the grouting devices arranged for test shafts TS2, TS3 and TS4 are different. As shown in Figure 2, two ring-shaped grouting pipes were fixed at the side of test shaft TS2, while three for test shafts TS3 and TS4, the spacing between the ring-shaped grouting pipes of grouted shafts are all 10 m. Moreover, three straight grouting pipes were fixed to the bottom of test shaft TS2, while four straight grouting pipes were fixed to the bottom of test shafts TS3 and TS4, respectively, and the bearing layers of the four test shafts were all sand layers with similar properties.




3. Grouting and Loading Test


3.1. Post-Grouting Operation


Post-grouting was conducted 3 days after pouring the concrete. In this study, 0.5 was chosen for the water–cement ratio. The grouting pipes are shown in Figure 3. Then, the grouting parameters for three post grouted drilled shafts are listed in Table 3. As shown in Table 3, the test shafts TS3 and TS4 achieved the design requirements for the quantity of pressurized cement slurry. Nevertheless, the shaft tip grouting quantity of shaft TS3 was only 65% of its design value, and the design requirements were not met. To evaluate the field performance of the post grouted drilled shafts and ensure the construction quality of the project, and the test shafts TS3 and TS4 must be tested for vertical compressive static load test.




3.2. Test Methods


The field load tests were conducted 28 days after the combined grouting. the bi-directional tests were adopted to determine the bearing capacity of test shafts TS1 and TS2. The sketch of bi-directional test method for test shafts are presented in Figure 4a. With the increase of the pressure in the load cell, the shaft side resistance and tip resistance were mobilized due to its upward and downward displacements. The pressure in the load cell was further measured with a pressure gauge. The displacements of the test shaft top, upper shaft segment and lower segment are obtained by displacement transducers installed in advance at the shaft top, the upper and lower level of load cell, respectively. Moreover, photos of the bi-directional test are presented in Figure 4b.



Meanwhile, the bearing capacity of test shafts TS3 and TS4 was determined by a top-down test method. It can be found from Figure 4c that the load was applied and measured by the reaction of jacks at the shaft top and a hydraulic gauge parallel to the jacks, respectively. The settlement of the shaft top was automatically measured by four pre-installed displacement sensors. Then, the field test is presented in Figure 4d.



The slow speed maintenance loading method was adopted in both test methods. During the test, both loading and reloading were completed automatically, and the reading time and termination conditions of the bi-directional static testing method and top-down test method were implemented in accordance with the Chinese standard JT/T 738–2009 [25] and the Chinese standard JGJ 106-2014 [26] respectively.




3.3. Test Procedures


The loads applied on the test shafts were increased incrementally by the hydraulic jacks, and the load cells used in the bi-directional tests have a capacity of 2 × 12 MN. The loading parameters of each shaft are listed in Table 4. The ultimate loading value of the load cell for the test shaft TS1 was 2 × 9.0 MN. The loading was terminated due to the large change in downward displacement and the fact that the design requirements were achieved. Therefore, the limit value of the lower shaft segment was taken as the previous level load, which is 8.4 MN. Since the loading value of the test shaft TS2 reached the capacity of the load cell, the ultimate loading value for the test shaft TS2 was determined as 2 × 12.0 MN. Similarly, the loading for test shafts TS3 and TS4 were terminated owing to the shafts shown no damaged and the settlements did not reach 40 mm during the maximum test load holding time, and the limit loads of test shafts TS3 and TS4 were both 12.6 MN.



The calculation method of converting the maximum test load into the ultimate bearing capacity of the test shaft followed the Chinese standard JT/T 738–2009 [25]. Furthermore, the values of required parameters and the conversion ultimate bearing capacities calculated based on Equation (1) are listed in Table 5.


   P u  =    Q  u u   − W    γ c    +  Q  l u    



(1)




where Pu represents the ultimate bearing capacity of the test shaft (kN); Quu and Qlu represent the maximum load of the upper shaft segment and the lower shaft segment, respectively (kN); W represents the weight of the upper section of the test shaft (kN); and γc represents a correction factor for the test shaft.





4. Prediction of SPT Blow Counts


4.1. Prediction Model


Many scholars have done a lot of research on the relationship between SPT blow count and side resistance, tip resistance or shear wave velocity to predict the bearing capacity of drilled shaft, and achieved a series of meaningful results. Meyerhof [27] proposed the correlation between SPT blow counts and the ultimate side resistance or ultimate tip resistance for silt and sand. The strength parameters of soil given by the calculation model increase linearly with the increase of the SPT blow count. However, the engineering practice shows that the strength parameters of soil estimated by the calculation model could not converge when the SPT blow count is determined as a large value. According to the elastic-plastic theory, the stress–strain relationship of soil has nonlinear characteristics; thus, it can also be considered that the strength of soil changes nonlinearly with the increase of SPT blow counts. To reflect the nonlinear characteristics of soil strength parameters, the hyperbolic tangent function is used to fit the relationship between SPT blow counts and the ultimate side resistance. The asymptote of the function represents the limit value of soil strength, and the ultimate side resistance is determined as follows [28,29]:


   q  s i k   = α tan  (  N / ξ + μ  )   



(2)




where qsik represents the ultimate side resistance at section i (kPa); n represents the SPT blow counts; α, ξ and μ are undetermined coefficients. α represents the limit value of soil strength, ξ and μ represent the variation trend of soil strength parameters with SPT blow counts.



In situ SPT were conducted before the installation of the test shafts. Then the values of α, ξ and μ are calculated according to the geological exploration data of the site and the results of static load test of test shafts, as shown in Table 6.




4.2. Prediction and Analysis of SPT Blow Counts


In this paper, the strength parameters of soil before and after grouting are obtained by testing. Based on Equation (2) and corresponding parameters, the predicted SPT blow counts of various soil layers after grouting can be calculated, as shown in Table 7.



It can be obtained from Table 7 that the SPT blow count variation characteristics with the ultimate side resistance are nonlinear. The SPT blow counts of cohesive soil increased by about 12.5~160%, and the SPT blow counts of cohesionless soil increased by about 69.2~200%. It can also be concluded that the post grouting technique has a more obvious improvement on the strength of cohesionless soil.





5. Results and Discussion


5.1. Load-Displacement Responses


Table 8 lists the displacements measured by the displacement sensors installed on the test shafts in advance. Hence, the load versus displacement curves for the four shafts are plotted in Figure 5 from the static load test data. Figure 5a shows the upper and lower shaft segment displacements during the bi-directional static tests. It can be observed from Figure 5a that the load-displacement curves of the upper and lower shaft segments of TS1 and TS2 have similar trends. Additionally, an inflection point can be found in the curve of the load-displacement of the lower segment of TS1. Nevertheless, the curve of the load-displacement of the upper segment of TS1 and the two curves of TS2 are all in the stage of elastic change. As mentioned above, the test process of test shaft TS2 was stopped due to the loading value reached the limit range of the load cell. Therefore, the ultimate bearing capacity of the test shaft TS2 was not obtained in this test. It can also be observed from Figure 5a that the required displacements to mobilize the shaft resistance can be significantly reduced by post-grouting craftwork. This result that the performance of the shaft can be effectively improved by grouting technique is further strongly demonstrated.



Meanwhile, the load-displacement curves for shafts TS3 and TS4 can be found in Figure 5b. As shown in Figure 5b, the types of Q-s curves of test shafts TS3 and TS4 are both slowly-varying, and there is no obvious proportional limit, so the ultimate bearing capacity cannot be determined. However, with the same soils along the shaft, the bearing characteristics of the test shaft TS3 are obviously weaker than that of the shaft TS4. In the initial stage of loading, the soil at the tip of the test shaft TS3 was not completely reinforced by the cement slurry. Conversely, with the increase of soil compression, the shaft tip and the soil were in full contact, and the curve begins to show the characteristics of slow-varying. From the change trend of the curve, it can be concluded that the index of shaft tip grouting has a significant influence on the performance of the test shaft. Furthermore, it can be proved that the improvement effect of the bearing performance of the test shafts by ground improvement and increasing the shaft tip area due to the formation of the grout bulb is significantly influenced by the amount of shaft tip grouting.



The results of the bi-direction static tests were converted into the equivalent unit shaft head resistance–displacement curves for the top-down load-test method [25], as shown in Figure 6. The initial shaft head stiffnesses of the aforementioned shafts are further obtained and presented in Figure 6, i.e., k1, k2, k3 and k4, respectively. Then, it can be found from Figure 6 that the order of k4 > k2 > k3 > k1. The order indicates that the stiffness of shaft top can be significantly enhanced by the combined tip-and-side post grouting craftwork. In addition, the fact that tip grouting has a significant effect on the bearing and load transfer characteristics of the test shafts can be further clarified by the order of k4 > k2 > k3.




5.2. Responses of Shaft Top Load Versus Normalized Displacement


Figure 7 presents the shaft top load versus normalized displacement curves for the four test shafts. The normalized displacement is defined that the ratio of the measured displacement to shaft diameter (D).



As shown in Figure 7, an inflection point can be found in the curve of TS1, which does not appear in curves of the other three test shafts. Thus, the slow-varying curves are applicable to the TS2, TS3 and TS4, while the slowly varying linear characteristics of the Q-s/D curves of the TS2 and TS4 are more remarkable. In addition, the Q-s/D curves of the test shafts TS1 and TS3 are basically coincident. In addition, the Q-s/D curves of the test shafts TS1 and TS3 are basically coincident. It can also be obtained that the grouted shafts (TS2 and TS4) require less displacements to mobilize the same shaft resistance compared to the ungrouted shafts (TS1). For example, the load value was determined as 10.08 MN, the corresponding normalized displacements of test shafts TS1, TS2, TS3 and TS4 were 5.56‰ D, 2.18‰ D, 5.39‰ D and 3.00‰ D, respectively. Compared with the ungrouting drilled shaft TS1, although the post-grouting drilled shaft TS3 has a shorter length, smaller diameter, and the amount of grouting does not meet the design requirements, it can exert a similar performance of the test shaft TS1, which further reflects the advantages of post-grouting drilled shaft in terms of economy and safety.




5.3. Distribution of Axial Force on Test Shafts


It is assumed that the steel bars and the concrete deformed consistently under load. Axial forces in each section of the shaft were determined by data measured with strain gauges installed in advance on the reinforcement cage. The shaft resistance and the relative displacement of the soil and the shaft are further calculated and analyzed [30]. Hence, the distributions of the axial forces in TS1 and TS2 under different levels of load are shown in Figure 8.



It can be observed from Figure 8 that the axial forces on the two test shafts are almost the same at the shaft tip at light loading levels. Then, the axial force on the shaft increases gradually with the increase of the load, and the resistance of the soil around the shaft continues to be mobilized. Note the axial force on the test shaft decreases with depth. Since the slope of the axial force curve is inversely related to the shaft resistance, the slope of the curves for the shaft TS2 are shallower than for the shaft TS1, which indicates that the resistance of the shaft after grouting is higher than that of the shaft without grouting. This also shows that pressurized cement grout can improve the physical and mechanical properties of the soil layers around the shaft and the shaft–soil interface.




5.4. Mobilized Shaft Resistance


The mobilized shaft resistance was further calculated, Figure 9 presents the distribution of shaft resistance for shafts TS1 and TS2.



It can be observed from Figure 9 that the shaft resistance at various depths after grouting is greater than that without grouting under the same load. For example, ①t silty clay at depths between 21.4 and 29.4 m, the maximum shaft resistance values for shafts TS1 and TS2 were 52 kPa and 82 kPa, respectively, when the load was determined to be 2 × 9.0 MN.



In addition, the shaft–soil relative displacement was calculated based on the axial force. It should be noted that the relative displacement of shaft and soil at a specific depth is considered to be equal to the displacement of shaft. Hence, Figure 10 presents the curves of shaft resistance and relative displacement for the shaft and soil at various depths. It can be seen from Figure 10 that the grouted shaft (TS2) can be mobilized with significantly higher shaft resistance than the control shaft (TS1) for the same relative displacement. Furthermore, Figure 10a, c shows that the shaft resistance at the specific soil and depth can be more fully developed due to its adjacent to the grouting pipe. For instance, the shaft resistance of the soil layer within the depth of 4.4~10.0 m of test shaft TS2 was more fully exerted than that in the depth of 0~4.4 m. Moreover, the shaft resistance at sections farther away from the grouting pipes was also enhanced, which indicates that the cement slurry was driven by pressure to migrate along the axis. For example, the shaft resistance of grouted shaft TS2 in the soil layer within the depth range of 0~4.4 m has an increase compared with ungrouted shaft TS1. It can also be seen in Figure 10b that the enhancement effect of the post-grouting craftwork on the resistance of the shaft is related to the type of soil along the shaft. For instance, the shaft resistance in the soil layer ③ Coarse sand is more significantly mobilized after grouting than that in the deeper layer ①t Silty clay. Additionally, Figure 10c shows that the soil layer close to the shaft tip of grouted shaft TS2 has a higher strength and stiffness than soil layers of the same type and different depths. Figure 10c shows that for ①t Silty clay, the soil at the tip of shaft TS2 has higher strength and stiffness than the other depths after grouting.



As a conclusion, the soil surrounding the shaft can be stronger and stiffer through the post-grouting technique. The shaft resistance can further be mobilized at a smaller shaft–soil relative displacement. The effect of post grouting to improve the mechanical properties of the soil around the shaft is related to the type of soil, and the enhancement effect is more significant for cohesionless soil.




5.5. Mobilized Tip Resistance


The tip resistance of the test shafts TS1 and TS2 was obtained by subtracting the side resistance of lower shaft segments from the O-cell load. The percentage of the tip resistance and side resistance of shafts TS1 and TS2 in the total equivalent top load at various loads is demonstrated by Figure 11.



As shown in Figure 11, the grouted shaft TS2 has a higher percentage of tip resistance compared to the control shaft TS1 under various loads. Furthermore, the ratio of tip resistance to total load for test shafts TS1 and TS2, which reached ultimate bearing capacity, was 23.83% and 34.26%, respectively. This result shows that the tip resistance of the shaft can be mobilized more rapidly and fully after grouting, and the side and tip resistance are mobilized in a more synchronized and coordinated manner due to the pre-mobilization of the grouted cement.



Pre-mobilization refers to mobilization of “negative” side resistance along the length of the shafts in proportion to the magnitude of the bi-directional force induced during grouting, with simultaneous consumption of an equal magnitude of tip resistance. The net effect of pre-mobilization is to improve the “stiffness” of the load-displacement response at intermediate loads without changing the ultimate resistance for the post grouted drilled shafts. In order to maximize pre-mobilization, it is advantageous to maximize the bi-directional force due to the grout pressure. Nevertheless, ground improvement at the shaft tip and enlargement of the shaft tip could increase the ultimate tip resistance [21,30].



As shown in Figure 7, due to the insufficient grouting pressure, the preloading failed to fully mobilize the negative friction along the shaft TS3. Since the formation of the grout bulb at the tip of shaft TS3 was smaller than that of test shafts TS2 and TS4, resulting in lower stiffness and bearing capacity of test shaft TS3 compared to that of the other grouted test shafts.





6. Conclusions


Four full-scale load tests on large-diameter drilled shafts are reported in this paper to investigate the differences in axial behavior of shafts with and without grouting under compressive loading. Based on the test results and discussions, the following conclusions can be summarized.



	
Post-grouting drilled shaft has great advantages in terms of economy and safety. The bearing characteristics of the shaft can be effectively enhanced by using the combined tip and side post grouting technique. The load was determined to be 10.08 MN, the corresponding normalized displacements of control shaft (TS1) and grouted shaft (TS2, TS3 and TS4) were 5.56‰ D, 2.18‰ D, 5.39‰ D and 3.00‰ D, respectively.



	
The index of shaft tip grouting has a significant influence on the performance of the test shaft. Pre-mobilization that tends to stiffen the response of post grouted drilled shaft but not increase the ultimate tip resistance, whereas ground improvement at the shaft tip and enlargement of the shaft tip would increase the ultimate tip resistance.



	
The SPT blow counts of soil increased after grouting, and it is nonlinear with the increase of soil strength parameters. The SPT blow counts of cohesive soil increased by about 12.5~160%, and the SPT blow counts of cohesionless soil increased by about 69.2~200%.



	
The pressurized cement grout can improve the physical and mechanical properties of the soil layers surround the shaft and the shaft–soil interface, and the enhancement effect is more significant for cohesionless soil.



	
Tip resistance of shaft can be mobilized more rapidly and fully after grouting, and the side and tip resistance are mobilized in a more synchronized and coordinated manner due to the pre-mobilization of the grouted cement.



	
Although the designed tip grouting quantity of test shaft TS3 was not reached, the bearing capacity required for the design load of shaft TS3 was fully met.
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Figure 1. Drilled shaft load transfer after grouting [23]. (a) Factor 1. (b) Factor 2. (c) Factor 3. (d) Factor 4. 
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Figure 2. Soil distribution and details of test shafts. 
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Figure 3. Grouting pipes. (a) Ring-shaped grouting pipes of test shafts. (b) Straight grouting pipes of test shafts. 
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Figure 4. Field test. (a) Schematic diagram fo bi-directional static test. (b) Monitoring device of the bi-directional static test. (c) Schematic diagram for static load test. (d) Static load test site. 
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Figure 5. Load versus displacement curves of the test shafts. (a) TS1 vs. TS2. (b) TS3 vs. TS4. 
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Figure 6. Unit top resistance versus displacement curves of the test shafts. 
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Figure 7. Load of shaft top versus normalized settlement. 
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Figure 8. Axial force distributions of the two test shafts for different loads. (a) TS1. (b) TS2. 
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Figure 9. Distributions of shaft resistance. (a) TS1. (b) TS2. 
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Figure 10. Shaft resistance and shaft–soil relative displacement response in different depth soil layers. (a) Depth of 0~4.4 m. (b) Depth of 10~16.4 m. (c) Depth of 16.4~29.4 m. 
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Figure 11. The percentage of the tip resistance and side resistance of the shaft. 
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Table 1. Parameters of physical properties of soil.
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Layer

	
Stratum Description

	
Thickness of Each Soil Layer/m

	
ω (%)

	
γ (kN/m3)

	
c (kPa)

	
φ (°)




	
TS1

	
TS2

	
TS3

	
TS4






	
①

	
Silty clay

	
4.4

	
4.4

	
10.8

	
10.8

	
25.7

	
19.0

	
41.1

	
11.7




	
②

	
Silty clay mixed Coarse sand

	
5.6

	
5.6

	

	

	
24.5

	
19.4

	
31.7

	
25.3




	
③

	
Coarse sand

	
2.4

	
2.4

	

	

	
30

	
18.4

	
18.5

	
6.1




	
④

	
Fine sand

	

	

	
3.5

	
3.5

	
26.3

	
19.1

	
21.3

	
9.4




	
①t

	
Silty clay

	
17.0

	
17.0

	
6.2

	
6.2

	
25.7

	
19.2

	
11.7

	
4.9




	
③t

	
Coarse sand

	
5.0

	
1.6

	

	

	
26.2

	
18.4

	
3.7

	
18.9




	
⑤

	
Silty clay

	
10.6

	

	
12.7

	
12.7

	
23.7

	
19.2

	
44.3

	
15.8




	
⑥

	
Coarse sand

	
1.0

	

	
4.8

	
4.8

	
22.0

	
18.5

	
4.3

	
25.9
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Table 2. Details of the shafts.
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	Shaft No.
	Diameter (m)
	Length (m)
	Concrete Grade
	O-Cell above Shaft Tip (m)





	TS1
	1.8
	46
	C30
	11



	TS2
	1.8
	31
	C30
	5



	TS3
	1.6
	38
	C30
	-



	TS4
	1.6
	38
	C30
	-
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Table 3. Grouting parameters of grouted shafts.
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Shaft

No.

	
Design Quantity (kg)

	
Actual Quantity (kg)

	
Number of Grouting Pipes

	
Grouting Pressure (MPa)




	
Straight Pipes, Side Pipes

	
C1, C2, C3

	
D1, D2, D3, D4






	
TS2

	
7380

	
8400

	
3, 2

	
1.711, 0.461, _

	
2.2–2.5




	
TS3

	
10,300

	
8375

	
4, 3

	
1.689, 1.212, 0.521

	
2.0–2.8




	
TS4

	
10,300

	
10,460

	
4, 3

	
1.727, 1.182, 0.642

	
2.2–3.4
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Table 4. Loading parameters of the field test.
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	Shaft No.
	Limit Load (MN)
	Loading Increments
	Load Per Level (kN)
	Initial Load (kN)





	TS1
	2 × 9.0
	14
	2 × 600
	2 × 1200



	TS2
	2 × 12.0
	19
	2 × 600
	2 × 1200



	TS3
	12.6
	9
	1260
	2520



	TS4
	12.6
	9
	1260
	2520
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Table 5. Calculated ultimate bearing capacities of the test shafts.
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	Shaft No.
	Quu (kN)
	Qlu (kN)
	Length of Upper

Shaft Segment (m)
	W (kN)
	γc
	Pu (kN)





	TS1
	9000
	8400
	35
	1291
	0.78
	18,283



	TS2
	12,000
	12,000
	26
	959
	0.77
	26,339
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Table 6. The values of α, ξ, and μ.
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	Layer
	α
	ξ
	μ





	①
	100.0010
	37.0370
	0.1207



	②
	100.0105
	136.8877
	0.2782



	③
	100.0104
	36.0832
	0.0479



	④
	100.0168
	62.8278
	0.1138



	①t
	99.9910
	94.5084
	0.2309



	③t
	99.9956
	51.0261
	0.1501



	⑤
	100.0011
	40.7986
	0.1842



	⑥
	99.9931
	58.2229
	0.2329
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Table 7. The Predicted SPT blow count after grouting.
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Layer

	
Before Grouting

	
After Grouting

	
Improvement of SPT Blow Counts (%)




	
the Ultimate Side Resistance (kPa)

	
Tested SPT Blow Count

	
the Ultimate Side Resistance (kPa)

	
Predicted SPT Blow Counts






	
①

	
35

	
8

	
37

	
9

	
12.5




	
②

	
40

	
14

	
55

	
31

	
121.4




	
③

	
45

	
13

	
76

	
22

	
69.2




	
④

	
35

	
14

	

	

	




	
①t

	
50

	
22

	
75

	
39

	
77.3




	
③t

	
60

	
19

	
90

	
45

	
136.8




	
⑤

	
60

	
15

	
98

	
39

	
160.0




	
⑥

	
65

	
20

	
100

	
60

	
200.0
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Table 8. Loads and displacements of the test shafts.
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Shaft No.

	
Maximum Load (MN)

	
Maximum Displacement (mm)

	
Maximum Rebound (mm)

	
Rebound Rate (%)




	
Upward

	
Downward

	
Upward

	
Downward

	
Upward

	
Downward

	
Upward

	
Downward






	
TS1

	
9.0

	
9.0

	
28.73

	
60.97

	
17.76

	
30.03

	
61.82

	
49.25




	
TS2

	
12.0

	
12.0

	
9.27

	
4.01

	
4.61

	
1.44

	
50.27

	
64.09




	
TS3

	
12.6

	
12.74

	
5.68

	
44.58




	
TS4

	
12.6

	
8.16

	
2.94

	
36.03
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