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Standard penetration test (SPT) is an important in situ measurement for field investigation of geotechnical and geological engineering. The drilling approaches for implementation of SPT can be classified into dry, wet, and water circulation drillings according to the amount of water used during drilling process. However, the influences of these drilling methods on the SPT results remain unclear, especially when being used in loess–paleosol sequence that is water sensitive. In this study, SPT tests were conducted in a typical loess stratum in the Loess Plateau of China. The difference of SPT N values under the above three drilling methods was compared together with the analysis of characteristics of samples from SPT sampler. The results showed that the N value exhibits positive correlation with dry density of the soil and negative correlation with moisture content. In shallow soil, the average N value under water circulation drilling was slightly higher than that of dry and wet drilling. This is because that the residual soil at the bottom of the drillhole caused by water circulation drilling provides additional penetration resistance. In deep soil, the difference of average N values among all three drilling methods was minimal although the structure of the samples from the SPT sampler differs from one another, indicating the determination of soil density on the SPT result. Empirical equations were proposed for the estimation of unconfined compressive strength of loess–paleosol sequence on the basis of SPT N values under the three drilling methods. Considering the efficiency of drilling and stability of SPT results, it is suggested that wet drilling is the most applicable method for implementation of SPT in the field investigation of loess–paleosol sequence.
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INTRODUCTION
Loess refers to a grayish yellow or brownish yellow deposit formed by wind transport under arid and semiarid climatic conditions since Quaternary (Li et al., 2019). Standard penetration test (SPT), as an efficiency in situ measurement, is commonly used in the engineering geological investigation for obtaining the parameters required for engineering design given its simplicity and economy (Broms and Flodin, 1988). SPT is suitable for clay, silt, and sand soil (Chang, 2018). It is performed through freely falling a 63.5-kg donut-type hammer from a height of 762 mm to drive a standard split-spoon sampler to penetrate into the target soil layer (YS5213-2000, 2000). The first 150-mm penetration is not counted for later calculation, given that this soil layer would have been disturbed by the boring of the hole. The SPT N value is the blow number required to drive the sampler over the depth from 150 to 450 mm (Terzaghi et al., 1996; Chang, 2018). The SPT N value can comprehensively reflects the structure and basic physical and mechanical properties of the measured soil layer (Yagiz et al., 2008; Mayne et al., 2009; Chai et al., 2011; Macrobert, 2017), and it is commonly used to classify soil types and estimate soil strength (Jiang et al., 2010), e.g., unconfined compressive strength (Terzaghi et al., 1996), given that the SPT N value and unconfined compressive strength have a positive correlation (Terzaghi et al., 1996).
A drillhole is needed to perform SPT in deep soil. The current hole-making techniques mainly include percussive, vibration, wash, and rotary drillings (Tai, 2005). The first three drilling methods use impact force, vibration force, or high-pressure water injection to break the strata, consequently resulting in large disturbance at the hole bottom and therefore affecting the measured SPT N values. Rotary drilling is more suitable for SPT than the other hole-making techniques, because it uses axial pressure and rotation to drill the bit to cut soil and imposes less disturbance to the hole bottom (Tai, 2005).
At present, rotary drilling can be classified into dry drilling (DD), wet drilling (WD), and water circulation drilling (WCD), according to the water consumption during drilling. No water is consumed during DD. The moisture content of the hole bottom soil is generally reduced due to the drilling-induced heat. WD refers to adding water to the drill pipe each time when the drill tool is lowered. The amount of water added is limited not to exceed plastic limit of the soil. The water infiltrates into the soil, cools the drill bit, and reduces drilling resistance so that to gain a relatively fast drilling footage. During WCD, water is circulated through the hole bottom and therefore infiltration of water into the bottom soil cannot be avoided. The change of moisture content induced by the above three drilling methods disturbs the hole bottom soil, resulting in deviation of measured SPT N value. However, the degree of such disturbance of each method remains unclear, especially when being used in loess–paleosol sequence that is water sensitive (Fattah et al., 2017; Hayal et al., 2020).
In this study, SPT was conducted in a typical loess–paleosol sequence in the Loess Plateau of China. DD, DW, and WCD methods were used to prepare drillholes for the implementation of SPT. Comparison of the obtained SPT N values from different drilling methods was carried out together with the analysis of physical properties and structure characteristics of the samples from SPT sampler (SS).
METHODS
The drilling site is located on the north side of a large gully 3 km east of Shenyugou Village, Jingle County, China, with a complete Quaternary loess–paleosol sequence. The investigation is arranged (Figure 1) with seven drillholes and two exploratory pits. The spacing between holes is 5–10 m to avoid interference from adjacent drillholes. Drillholes DD1, DD2, and DD3 were drilled with DD method, WD1 and WD2 with WD, and WCD1 and WCD2 with WCD. T1 and T2 are exploration pits dug with a mechanical excavator. The drilling was conducted according to the requirements of “Technical Specification for Engineering Geological Prospecting and Sampling of Constructions” (JGJ/T 87-2012, 2011).
[image: Figure 1]FIGURE 1 | Site investigation with seven drillholes (DD1, DD2, DD3, WD1, WD2, WCD1, and WCD2) for SPT tests and two exploration pits (T1 and T2) for collection of undisturbed samples.
The SPT was conducted at every 2 m from the ground surface down to 30 m in the drillholes (Figure 2A), and the SPT N value of each test was recorded. The SS was photographed and placed in a split pipe with the same diameter as that of the sampler (Figure 2B). Foam cotton was plugged at both ends of the split pipe to avoid disturbance of sample during transportation to the laboratory. Undisturbed blocky samples of 10 × 10 × 20 cm were collected in the exploratory pit (Figure 2C) at the same depth as the SPT for comparison analysis (Figure 2D).
[image: Figure 2]FIGURE 2 | Field test and sampling: (A) SPT, (B) SPT sample, (C) excavation of exploratory pit, and (D) undisturbed blocky sample from pit.
Figure 3 shows the profile of the strata. Within the investigated depth of 0–30 m, there exists Holocene loess (Q4, 0–0.7 m), Late Pleistocene loess (Q3, 0.7–17 m), and Middle Pleistocene loess (Q2, 17–30 m). SSs under different drilling methods and undisturbed samples (USs) from exploration pit were tested for moisture content, dry density, and unconfined compressive strength in accordance with the “Standard for Soil Test Method” (GB/T 50123-2019, 2019). A total of 432 specimens (three duplicated specimens per depth) were tested for moisture content with oven dry method and 288 specimens (two duplicated specimens per depth) were tested for dry density via laser scanning method (with a resolution of 0.01 mm). The specimens for unconfined compressive strength test were prepared from USs using a wire cutter to transform them into cylindrical columns of 50 (diameter) × 100 (height) mm, and a total of 64 specimens (two parallel samples at each depth) were measured. The ends of the cylindrical specimen were polished to be smooth and coated with Vaseline. The uniaxial compression tests were conducted using a universal testing machine at a constant displacement rate of 0.2 mm/min.
[image: Figure 3]FIGURE 3 | Drillhole log of the investigation site.
RESULTS
SPT N Value
As shown in Figure 4A, the average SPT N value under each drilling method increased with depth. The average SPT N value under WCD was slightly greater than that under DD and WD, whereas the difference in average SPT N value between DD and WD is minimal.
[image: Figure 4]FIGURE 4 | Change of SPT N values with depth: (A) average N value of three drilling methods, (B) DD, (C) WD, and (D) WCD.
The error bars in Figures 4B–D represent the range of SPT N values of the measured soil layer. The variation of N value for shallow soil was less than that for deep soil, and the variation under WD was the smallest among the three drilling methods, indicating a relatively stable measurement using WD method.
Disturbance in Moisture Content
On the basis of the measurement of US from exploration pits, the moisture content of soil increased rapidly with depth within 8 m and then increased slowly down to 30 m (Figure 5A). Great fluctuations were found in the soil layer near 14 m depth. The variation trend of moisture content of SS with depth under the three drilling methods was basically the same as that of US (Figure 5A). However, there were obvious differences in moisture content between SS and US at the same depth (Figure 5A). The moisture content was shifted by around −1.02%, 1.93%, and 3.90% in the cases of DD, WD, and WCD, respectively, compared to US (Figures 5B–D), indicating that consumption of water during drilling changes moisture content of the hole bottom soil.
[image: Figure 5]FIGURE 5 | Change of moisture content induced by drilling: (A) measured moisture content of US and SS from drillholes drilled using DD, WD, and WCD methods, and (B–D) are the difference in moisture content between US and SS of different drilling methods. The dotted line represents the average value.
Disturbance in Dry Density
The dry density of SS was measured on the middle section of the sample from the sampler. Figure 6A shows that the dry density of US and SS under each drilling method increased with depth. Compared with the US, the dry density of SS was much higher, increasing by about 0.37 g/cm3, and the increment of dry density under WCD method was more stable than that under the other two drilling methods (Figures 6B–D). In addition, the increment of dry density under all three drilling methods tended to decrease with depth (Figures 6B–D). The above results reveal that the soil penetrated into the sampler has been compacted. The shallow soil is more compacted than the deep soil, whereas the drilling method has ignorable effect on disturbance of dry density of SS.
[image: Figure 6]FIGURE 6 | Change of dry density induced by drilling: (A) measured dry density of US and SS from drillholes drilled using DD, WD, and WCD methods, and (B–D) the difference in dry density between US and SS of different drilling methods. The dotted line represents the average value.
After each SPT test, the standard split-spoon sampler removed from the drill pipe was placed horizontally and opened, and the total length of the sample inside was measured (Figure 2B). As shown in Figure 7, the length of SS was less than the penetration depth of 45 cm, which is consistent with the dry density of SS being much greater than that of US (Figure 6). The length of SS was positively correlated with dry density of US (Figure 7), indicating that the degree of SPT penetration-induced disturbance on soil structure decreases with the increase of in situ soil density. The average length of SS under DD, WD, and WCD was about 22.18, 19.25, and 18.01 cm, respectively, showing that the length of SS under DD was the largest, followed by that under WD and WCD.
[image: Figure 7]FIGURE 7 | Relationship between the length of SPT sample and dry density of undisturbed sample.
DISCUSSION
Structure of SPT Sample
The structure of SPT sample presents a clear zoning characteristic (Figure 8), which can be divided into strongly disturbed zone (SDZ), relatively complete zone (RCZ), and compacted zone (CZ) from top to bottom. The SDZ is characterized by small pieces of sample under DD, it is generally composed of an isolated hard block with concave bedding layers under WD, and it is mud under WCD. The RCZ presents a dense block without obvious bedding under the three drilling methods. The CZ is characterized by highly compacted convex beddings, which get most obvious under WCD.
[image: Figure 8]FIGURE 8 | Typical structure characteristics of SPT samples under the three drilling methods.
As shown in Figure 9, the average proportion of sample length of the three zones (SDZ, RCZ, and CZ) was 45.01%, 47.21%, and 7.78% for DD; 37.95%, 52.49%, and 9.56% for WD; and 29.87%, 55.82%, and 13.31% for WCD, respectively. The SDZ had the largest proportion under DD, and this proportion decreased with depth. For WCD, the proportion of SDZ was the smallest, but the proportion of CZ was the largest, and it increased with depth. For WD, the proportion of three zones changed little with depth, especially the proportion of RCZ was the most stable. The above observations indicate that the degree of disturbance in soil structure caused by SPT penetration under DD is greater than that under WD and WCD.
[image: Figure 9]FIGURE 9 | Proportion of structural zones of SPT sample under different drilling methods.
Mechanical Analysis
Figure 10 presents a schematic diagram of forces acting on sampler and SPT sample. The equilibrium equations of forces at static state can be expressed as follows:
[image: image]
[image: image]
Pw exists only under WCD. G and F are constant during the whole process of SPT. fs1 and FN1 are determined by physical and mechanical properties of the measured soil. fs and fs’ increase with penetration depth (Dai, 1989). The SS is compacted due to the existence of fs’, and this phenomenon is intensified with the increased soil pressure acting on the inner wall of the sampler, resulting in the length of SPT sample less than the penetration depth. Furthermore, the compactness of SPT sample increases from top to bottom, and the loose topsoil is strongly disturbed under high-frequency vibration caused by hammer force F (Deger, 2014). Under DD, the SDZ sample is broken into pieces, and the SDZ sample is an isolated hard block under WD. This is due to the water used in WD, which makes the SDZ section plastic. The SDZ sample under WCD is muddy due to the immersion of water of hole bottom soil and the existence of overlying water pressure Pw. The Pw is also the main reason for the shortest length SPT sample under WCD among all three drilling methods.
[image: Figure 10]FIGURE 10 | Mechanical analysis of SPT sampling.
During penetration, the convex bedding develops in the sample, especially in the CZ section, under the upward thrust FN of the newly penetrated soil. This is because the periphery of sample is easily affected by fs’, resulting in greater upward displacement at the center of the sample. The concave bedding in the SDZ sample evolved from the convex bedding due to the sample settlement caused by the vibration of the sampler. The RCZ sample is a transition zone with relatively complete structure and less bedding. The convex bedding is most obvious under WCD because the Pw weakens the impact of vibration on the sample, whereas the concave bedding is most obvious under WD because the hard block formed at the top constantly hit the center of the sample.
The penetration resistance (i.e., the resultant of fs, fs’, fs1, and FN1) of the sampler determines the SPT N value. Under WCD, the residual soil formed at the bottom of the drillhole due to the sinking of suspended coarse particles provides additional penetration resistance by increasing the fs, resulting in a slightly higher SPT N value than that under the other drilling methods.
Application Evaluation
The SPT N value is commonly used to estimate the unconfined compressive strength of soil (Terzaghi et al., 1996; YS5213-2000, 2000). Because different lengths of rods lead to different transmission efficiency of hammering energy in SPT, it affects the measured SPT N value. In this study, rod length correction of SPT N value under different drilling methods was performed according to “Specification for Standard Penetration Test” (YS5213-2000, 2000). Univariate regression analysis was conducted by taking unconfined compressive strength (qu) of US as dependent variable and the corrected SPT N value (Ncor) as independent variable. The correlations were shown in Figure 11 and Eqs 3–5 for DD, WD, and WCD drillings, respectively. These equations can be applied to estimate the unconfined compressive strength of loess. Among them, SPT N values under DD have the highest correlation coefficient.
[image: image]
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In our tests on the loess strata, the wall of drillhole is prone to collapse during WCD, whereas the collapse of hole rarely occurs during DD and WD drillings. This is because that loess has strong collapsibility and the use of a large amount of water during WCD leads to destruction of loess structure (Al-Obaidi et al., 2018; Fattah et al., 2019). In terms of drilling efficiency, DD, WD, and WCD took averagely 0.6, 0.4, and 0.35 h to proceed 1 m, respectively, and the drilling velocity with WD or WCD is 30% higher than that with DD. In addition, the disturbance degree of soil structure caused by SPT under DD is much greater than that under WD and WCD. Considering that the SPT N value has little difference under all three drilling methods and that the measured N value under WD is relatively stable, it is suggested that WD is an applicable method to implement SPT in loess regions.
[image: Figure 11]FIGURE 11 | Correlation between qu and Ncor.
CONCLUSION
SPTs in drillholes under dry, wet, and water circular drilling methods were carried out in a typical loess stratum of Chinese Loess Plateau. The measured SPT N value and the physical property and structure of SS the under three drilling methods were compared and analyzed. The main conclusions are summarized as follows.
1) The residual soil at the bottom of the drillhole caused by WCD increases the friction on the outer wall of the sampler. As a result, the SPT N value under WCD was slightly greater than that under DD and WD.
2) The WCD caused great disturbance to moisture content of the SPT sample. During penetration, SPT sample is compressed by friction and vibration, resulting in a sample length shorter than the penetration depth. The structure of SPT sample under DD was the most disturbed because the sample is easily broken under the action of high-frequency vibration.
3) Empirical equations were established for estimating the unconfined compressive strength of loess based on SPT N value under all three drilling methods.
4) WD method is suggested for the implementation of SPT in loess strata by considering the stability of SPT N value, soil disturbance degree, and drilling efficiency.
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