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Abstract

:

The deformation behavior of deep excavations is affected by many factors, among which the geological conditions are greatly affected. Hangzhou Bay is affected by marine siltation and river alluvium, and the geological conditions within the urban area of Hangzhou are quite different. In this paper, the geological and deformation data of 79 deep excavation cases in the Hangzhou urban area were collected, and the statistical analysis showed that the deformation control of excavations in the silt area was poor. The average maximum lateral wall displacement of deep excavations of the Hangzhou urban area was 0.41%H (H was the depth of the excavation), the average value of the alluvial area was 0.22%H, and the average value of the silted area was 0.55%H. The influence of geological conditions, wall type, and construction period on the deformation of excavations was compared, and the deformation behavior of excavations in the silted area was clearly affected by various factors.
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1. Introduction


The problem of deformation control of an excavation retaining wall has become the core problem of deep excavation projects in prosperous urban areas. The excavation retaining structure is a temporary structure with distinct regional characteristics. And excavation engineering is a highly practical engineering application. Each city should actively collect the data of excavation cases in their own areas and establish an excavation case deformation database guided by local regional experience, so as to guide the subsequent design and construction of excavations in their regions.



Peck [1] has collected worldwide excavation examples and summarized the influencing factors of excavation deformation since 1969. Many scholars (such as Clough, Ou, Long, Yoo, and Moormann [2,3,4,5,6]) followed the same approach to research behaviors of excavation engineering, including the main deformation forms of excavations, the zoning of excavation deformation affected areas, and the main factors affecting excavation deformation.



Establishing a regional excavation deformation database can clarify the reasonable scheme for the design and construction of excavations in the region, draw on deformation control indicators, and predict the deformation impact areas outside of excavations.



With the development of the economy, the application of deep excavation cases in China was increasing day by day. Chinese scholars also participated in the deformation statistics analysis and research of excavation engineering, among which the research results in the Shanghai area were the most systematic and comprehensive. Wang, Xu, and other scholars [7,8,9,10] formed an excavation deformation database in Shanghai by collecting the measurement data of excavation deformation in Shanghai and developed it into an excavation deformation control standard in Shanghai. Many scholars in Hangzhou [11,12] have carried out statistical analysis of excavation case information in the Hangzhou area. However, the strata in the Hangzhou urban area had been affected by the joint action of the marine siltation in Hangzhou Bay and the alluviation of Qiantang River over the past thousand years. Its geological conditions vary greatly within the urban area of Hangzhou, and the research of excavation engineering of the Hangzhou area should be discussed according to its geological characteristics. From the perspective of geological stratification, the Hangzhou area can be divided into alluvial areas along the Qiantang River and siltation areas far from the river. In order to facilitate the description, this paper later calls the area along the river the alluvial area, and the non-riverside area is referred to as the silted area or silty soil area.



In this paper, 79 case data of excavations in urban areas of Hangzhou were collected through papers and cooperative projects. Among them, the deformation data of 42 excavations were obtained from published papers [11,12,13,14], and the remaining 37 cases were obtained by sorting out engineering data such as design, construction, and monitoring of excavations. The deformation characteristics of excavations in the two regions were systematically analyzed based on the geological differences between the alluvial area and silted area of Hangzhou, and the influencing factors of excavation deformation were discussed.




2. Geological Conditions and Case Information


Hangzhou is the capital city of Zhejiang Province, China, and its geographical location is shown in Figure 1 on both sides of the Qiantang River, near the mouth of Hangzhou Bay. More than 3000 years ago, the urban area of Hangzhou was below sea level, and silt clay with a depth of 10~30 m accumulated in Hangzhou during this period; 1200 years ago, the land in Hangzhou urban area gradually formed, and the area along the river was affected by the alluvium of the Qiantang River, and gradually deposited ranged from 5 to 15 m of sandy silt. As a result, the geological conditions of the alluvial area and the silted area are significantly difference in the main urban area of Hangzhou.



In this paper, a total of 79 cases of excavation cases were collected in Hangzhou, and the grouping and number of cases are shown in Table 1. A total of 37 cases were in the alluvial area and 42 cases were in the silt area. The excavation in the alluvial area used more bored pile walls as retaining wall, and the proportion of diaphragm wall adopted as retaining wall in the silt area was higher. Early construction referred to excavation cases where the construction time of the excavation was before 2010, and recent construction referred to the cases from 2010 to the present. The scale of cases in the two periods was similar, among which the silted area belonged to the old city of Hangzhou, which was developed earlier and had many early construction cases. The alluvial area was a new urban area, and there have been many recent construction cases.



The average excavation depth of excavations in Hangzhou area was 15.4 m, among which the geological conditions of the alluvial area were better, the average excavation depth was larger, the silty soil area was limited by the geological conditions, and the excavation depth of the excavation was small. The minimum excavation depth of the excavation in the alluvial area was 10.2 m, and the maximum excavation depth was 35.0 m. On the other hand, the minimum excavation depth of the excavation in the silted area was 6.2 m, and the maximum excavation depth was 27.7 m.



Some of the cases collected from the literature lacked geological condition information, and thus the number of geological cases was less than the number of excavation cases. Figure 2 and Figure 3 show soil stratification of the alluvial area and silt area based on the excavation cases with geological condition information. In order to simplify the analysis, some geological sublayers were merged. There were 37 geological cases in the alluvial area. The thickness of the sandy silt layer generally ranged from 5 to 15 m, there was 10~25 m thick muddy clay and clay under the sandy silt, and about 50 m underground was the pebble or gravel layer. There were only 21 cases with geological condition in the silt area. There was a 5~15 m muddy clay layer 5 m underground, under which was a clay layer ranging from 5 to 15 m with better properties, and generally 40 m underground was the weathered rock layer. The biggest difference between the alluvial area and silty soil area was that the shallow strata did not have a sandy silt layer with relatively good properties.



The average strata thickness of the two areas is shown in Table 2. The average thickness of the muddy clay or clay layer in the silt area was 29.13 m, the value of the alluvial area was 24.06 m, and the difference between the thickness of two region layers was 21.1%. The shallow strata in the alluvial area were buried with 14.10 m of sandy silt. The geological conditions of the alluvial area were significantly better than those in the silted area. Due to the difference in geological conditions, the integration of excavation case data of the two regions as an overall statistical index of the region would be unrepresentative, so although the urban area of Hangzhou is small, it should still be studied separately when conducting regional excavation deformation statistics.




3. Statistical Analysis


This paper defined the excavation depth of excavations as H, the toe depth of the retaining wall as Ht, the maximum lateral displacement of the retaining wall as δhm, and the maximum ground surface settlement as δvm. The insertion ratio was (Ht − H)/H.



3.1. Movements Affected by Geological Condition


Table 3 shows the difference of statistical analysis method between a single excavation and regional excavations. The single excavation case report focused on the design, construction, and final implementation of an excavation project, as well as the statistical analysis of the deformation curve of the excavation as the project progresses. The statistical analysis of the regional excavations focused on the analysis of deformation characteristic indicators of excavations in the region, focusing on the final wall lateral deformation and surface settlement of excavations, as well as using analysis of the mean, median, and quantile values to study the implementation level and deformation control indicators of the excavation in the region. The mean and median values reflected the average design and construction level of excavations in the region, while the quantile values reflected the deformation distribution of excavations in the region and were helpful in screening out extreme cases and analyzing the causes.



Figure 4 shows the relationship between the maximum lateral wall displacement of the excavation and the excavation depth. It was classified according to the geological area to which the excavation belongs, and an average line was drawn for all excavations, alluvial area excavations, and silt area excavations.



It can be seen from Figure 4 that the lateral wall displacement of the excavation in the alluvial area was significantly smaller than that in the silted area. And its value was between 0.06%H and 0.58%H, with an average value of 0.22%H. The lateral wall displacement distribution of the excavations in the silt area was more scattered, and its value ranged from 0.06%H to 1.33%H, with an average value of 0.55%H, and the average value of all excavation cases was 0.41%H.



Compared with other deep excavation statistical literatures in the Hangzhou area, the lateral wall displacement values of the 15 excavations in Hangzhou calculated by Liu [7] were between 0.20%H and 0.90%H, with an average value of 0.50%H, which was close to the lateral wall displacement value of the silted area in this paper. Ding [9] compiled 37 cases of excavation deformation in the Zhejiang soft soil area and found that the maximum horizontal displacement in Zhejiang area was between 0.04%H and 0.95%H, with an average value of 0.34%H, which was slightly smaller than the value in this paper.



The case data in the alluvial area were concentrated near the mean line, whereas the case data in the silt area were more scattered, indicating that the soft soil in the silt area was more susceptible to disturbance, resulting in poor control of excavation deformation.



Figure 5 is a diagram showing the relationship between ground surface settlement around the excavation and excavation depth. The average surface settlement in the alluvial area was 0.23%H, and its value was between 0.03% and 0.90%. There were four cases that were significantly larger than other cases, and the average value of surface settlement was reduced to 0.14%H when the values of these four cases were removed. The surface settlement in the silted area was distributed in the range of 0.13% to 1.03%, with an average value of 0.42%H, and the average value of surface settlement in the entire Hangzhou area was 0.35%H.




3.2. Movements Affected by Retaining Wall


The dimensionless index δhm/H was used to compare the deformation of the retaining wall of different deep excavations. Figure 6 shows the relationship between the insertion ratio of the excavation and the maximum lateral wall displacement. The insertion ratio of the wall in Hangzhou scattered between 0.7 and 1.5, among which the alluvial area ranged from 0.8 to1.3, while the silt area scattered in the 0.9–1.5 range.



The deformation values of the alluvial area were relatively concentrated, and the case values of the silty soil area were more discrete. From the analysis of the case in this paper, most excavations of the alluvial area entered the sandy silt layer strata, and a few entered the deeper silty clay, while the excavation depth of the silted area was mostly in silty clay and deeper clay. The excavation deformation in the silted area was more likely to increase abruptly due to construction factors such as construction disturbance, over-excavation, and delay in the completion of the supporting system, while the sensitivity of the sand layer in the alluvial area was much weaker than that of muddy clay. And the deformation of the excavation in the alluvial area was mainly determined by the geological conditions and the design conditions of the excavation, being less affected by the construction conditions.



Hangzhou has a deep clay layer and abundant groundwater, so the deep excavation support structure basically adopts bored pile walls and diaphragm walls and does not use support types such as soil nails and anchors.



Figure 7 shows the relationship between the maximum lateral wall displacement of the retaining wall of excavations and the excavation depth when the retaining wall was used in different forms in the alluvial area. The excavation depth of the excavation using bored pile walls ranged from 10 to 18 m, and the excavation depth of excavations using diaphragm walls was 15~35 m. The average lateral wall displacement was 0.21%H when using bored pile walls and 0.24%H when using diaphragm walls, which were not significantly different from the average lateral wall displacement of 0.22%H in the alluvial area.



Figure 8 shows the maximum lateral wall displacement diagram of excavations with different wall types in the silt area. The excavation depth of the excavation retaining wall by bored pile walls was between 8 and 15 m, and the diaphragm wall was suitable for the excavation of the silted area with a larger excavation depth, with the general excavation depth being 14~26 m. The average maximum lateral wall displacement of all excavations in the silt area was 0.55%H; the value was 0.30%H for excavations with diaphragm walls as retaining structure and 0.69%H for bored pile walls. It is known from Figure 8 that the diaphragm wall was used as the excavation retaining structure in the silted area, which had a good effect on the deformation control of the excavation.



Comparing Figure 7 and Figure 8, in the alluvial area, using bored pile walls or diaphragm walls as the retaining structure can control the ground movement of the excavation well. In the silty soil area, using diaphragm walls as a retaining structure, which has a better control effect, and diaphragm walls should be used as the retaining structure for the excavation sensitive to environmental deformation.




3.3. Comparison of Influenceing Factors


In order to more intuitively compare the impact of various conditions on the environmental effects, we plotted multiple influencing factors in the same figure. As shown in Figure 9 and Figure 10, the box plot was used to show the distribution of environmental effects of the excavations, and the curves of the box from top to bottom were 90%, 75%, 50%, 25%, and 10% deformation quantile values. Due to the large number of cases, the case data in the middle box are hidden in the figure. And only the cases of the two extreme deformation intervals of 0~10% and 90~100% are displayed, wherein symbols in Figure 9 and Figure 10 represent the deformation values of excavations in the extreme deformation interval. Therefore, there were no specific case data when the group of cases was less than 10. The influencing factors of statistics included the selected retaining wall structure form, excavation depth of excavations, and construction period, among which the deep excavation group refers to the excavations with an excavation depth ranging from 10 to 20 m, and ultra deep excavation refers to excavations with an excavation depth larger than 20 m.



Using the median deformation value of each group as the evaluation index, the median lateral wall displacement value of the excavation in the alluvial area was 0.18%H, and the median deformation value of the excavation in the alluvial area except the ultra-deep excavation group was 0.17~0.22%H. There were six cases in the ultra-deep excavation group, of which four cases’ lateral wall displacement values were around 0.11%, so the 10% quantile, lower ¼, and median values were all at 0.11%H. Among them, the median deformation value of excavation with bored pile walls was 0.19%H, being 0.20%H for the diaphragm wall, 0.20%H for the deep excavation group, 0.11%H for the ultra-deep excavation group, 0.22%H for early construction, and 0.17%H for recent construction. It shows that the deformation of the excavation in the alluvial area of Hangzhou was not sensitive to these factors.



Similarly, taking the median deformation value of each group as the evaluation index, the median deformation value of excavation in the silt area was 0.52%H, and the median deformation value of each group in the silty soil area was distributed in the range of 0.15~0.68%H, which made a significant difference. From Figure 10, it can be seen that the median lateral wall displacement of the excavations of each group varied greatly. Among them, the median deformation value of excavation using bored pile walls was 0.68%H, being 0.20%H for diaphragm walls, 0.53%H for deep excavation, 0.15%H for ultra-deep excavation, 0.59%H for early construction, and 0.36%H for recent construction. Looking at the 90% quantile value, we found 0.38%H for ultra-deep excavations, 0.77%H for excavations with diaphragm walls, and 1.08~1.19%H for other grouped excavations. It shows that using diaphragm walls as a support structure led to a smaller deformation than other groups. Although in the silted area, the excavation deformation value was larger, the deformation control technique can also effectively reduce the deformation of the excavation.



Compared to the latest excavation deformation examples in Hangzhou that were not in this paper’s database [15,16,17,18,19], three of them were in the silty soil area and two were in the alluvial area. The excavation depth in the siltation area case was 28.2 to 34.5 m, and the lateral deformation index ranged between 0.17% and 0.37%H, which was similar to the deformation interval of the ultra-deep excavation group in this paper. The excavation depths of the alluvial area cases were 18.6m and 46.2 m, with deformation indicators δhm/H at 0.39% and 0.20%H, respectively. There were also characteristics of a larger excavation depth of excavations, more comprehensive deformation control measures, and a higher level of deformation control.



The geological conditions in Shanghai are similar to the silt area in Hangzhou. The latest regional excavation deformation characteristics analysis paper from Shanghai [10] counted 664 excavation cases, with a median value of 0.52% for the maximum lateral displacement of the excavation retaining walls. The 25–75% quantile values for the deformation of the excavation retaining wall using bored pile walls were 0.28 and 0.66%H, while the 25–75% quantile values for the excavation deformation using diaphragm walls were 0.20 to 0.40%H, being similar to the quantile values presented in this paper.



The deformation control level of ultra-deep excavations in two areas was the best, indicating that the excavations with large excavation depth were paid high attention; moreover, various deformation control measures were adopted in the design and construction procedure of excavations, which effectively reduced the deformation value of excavations.





4. Discussion


By comparing the statistical average or median value of the dimensionless index to evaluate the deformation control effect of different depth excavations, we found from the previous statistical analysis that the geological differences between the alluvial area and silt area in Hangzhou area will affect the excavation deformation behavior of excavations. The average deformation value of excavation in the alluvial area was 0.22%H, and that in the silted area was 0.55%H, wherein the difference between the two regions was significant. If considering the deformation behavior of two region excavations as one region, it is believed that clustering analysis in urban areas will introduce errors.



The excavation deformation of excavations in an alluvial area is generally small, and it is not easily affected by various factors, with the difference between the average deformation value of each group and the regional value of 0.22%H being small. The mean or median lateral wall deformation values were investigated, and the use of different forms of retaining wall structure or insertion ratio had no significant effect on the deformation of excavations in the alluvial area. The deformation control level of the excavation using diaphragm wall was better overall, while the excavation using the bored pile walls was relatively discrete.



The lateral deformation of excavations in the silty soil area was large, and because the thickness of the muddy clay layer that was susceptible to disturbance was large and the burial depth was shallow, it was more affected by various factors. Compared with bored pile walls, the diaphragm walls had a larger stiffness, which was a better choice for excavation deformation control in a silted area. And the average wall lateral displacement value of excavation using bored pile walls was 0.69%H, with the average deformation value of excavations using a diaphragm wall being 0.30%H. The relationship between the deformation of the excavation in the silty soil area and the insertion ratio of the retaining wall structure was relatively discrete, with the increase in the insertion ratio of the retaining wall structure being not directly related to the improvement of the control ability of the deformation of the excavations. From a design point of view, increasing the insertion ratio is generally in order to embed the walls into the formation with a better holding layer to improve the stability of the excavation.



The statistical characteristics of deformation of excavations in different groups in the silted area were significantly different. The performance of all statistical indicators of the bored pile walls group was poor, indicating that using bored pile as the retaining structure must involve excavations in the silted area that were insensitive to the deformation control. The ultra-deep excavations all used diaphragm walls as the retaining structure, and the deformation control effect of the excavation was better in combination with other engineering measures. The deformation value of the excavation of the recently constructed project was smaller than that of the early construction, indicating that with the development of economic and technical level, the deformation control technology of the excavation had made great progress. Although the geological conditions of the silted area are unfavorable, under the condition of controlling the deformation of the excavation with high standards, the horizontal deformation of the excavation can be effectively reduced by adopting appropriate technology in the design and construction.



In the future study of excavation deformation in Hangzhou, it is necessary to collect excavation case information according to geological zoning grouping and perform well in the collection of design, construction, and excavation deformation information in order to improve the grouping accuracy of subsequent excavation deformation research.




5. Conclusions


In this paper, by collecting the measured data of 79 excavation cases in the Hangzhou area, as well as through statistical processing and analysis, the influence of geological conditions on the horizontal deformation and surface settlement of excavations in the Hangzhou area was studied. The main conclusions are as follows:




	(1)

	
The geological conditions in Hangzhou can be divided into alluvial area along the river and non-riverside silt area due to different historical causes, with the geological conditions of the alluvial area being better.




	(2)

	
The average maximum lateral wall displacement of the deep excavations in the Hangzhou area was 0.41%H, the average value of the alluvial area was 0.22%H, and the average value of the silted area was 0.55%H, where H is the excavation depth of excavations.




	(3)

	
The average maximum surface settlement around excavations in Hangzhou was 0.35%H, the value of the alluvial area was 0.23%H, and the value of the silty soil area was 0.42%H.




	(4)

	
The deformation of excavations in the alluvial area was less affected by various influencing factors, while excavations in the silted area were more susceptible to influencing factors, such as retaining wall type and excavation depth. And the deformation control of the excavations in the silted area was better supported by diaphragm wall.




	(5)

	
The difference in geological conditions in Hangzhou leads to significant differences in the deformation behavior of excavations, and the design methods and control indicators of corresponding regions should be discussed according to regional divisions when designing, implementing, and analyzing excavation projects.
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Figure 1. Geographical location map of Hangzhou. 
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Figure 2. Soil stratification in the alluvial area. 
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Figure 3. Soil stratification in the silted area. 






Figure 3. Soil stratification in the silted area.



[image: Jmse 11 01836 g003]







[image: Jmse 11 01836 g004] 





Figure 4. Observed maximum lateral wall displacement in the Hangzhou area. 
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Figure 5. Observed maximum ground surface settlement in Hangzhou area. 
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Figure 6. Effect of embedded depth ratio on normalized wall lateral displacement. 
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Figure 7. Observed maximum lateral wall displacement in the Hangzhou alluvial area. 
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Figure 8. Observed maximum lateral wall displacement in the Hangzhou silted area. 
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Figure 9. Influencing factors of lateral wall displacement in the Hangzhou alluvial area. Symbols in the Figures were less than 10% deformation quantile value or higher than 90% deformation quantile value. 
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Figure 10. Influencing factors of lateral wall displacement in the Hangzhou silted area. Symbols in the Figures were less than 10% deformation quantile value or higher than 90% deformation quantile value. 
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Table 1. Excavation case information.
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	Case Number
	Average Excavation Depth (m)
	Bored Pile Wall
	Diaphragm Wall
	Early Construction
	Recent Construction





	Hangzhou urban area
	79
	15.4
	50
	24
	36
	43



	Alluvial area
	37
	17.8
	24
	9
	8
	29



	Silted area
	42
	13.2
	26
	15
	28
	14










 





Table 2. Average soil stratification thicknesses.
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Stratum

Number

	
Alluvial Area

	
Silted Area




	
Stratum

Name

	
Average

Thickness/m

	
Stratum

Name

	
Average

Thickness/m






	
1

	
Silty clay

	
1.71

	
Silty clay

	
1.40




	
2

	
Sandy silt

	
14.10

	
Muddy clay

	
13.82




	
3

	
Muddy clay

	
12.75

	
Clay

	
15.31




	
4

	
Clay

	
11.31

	
Weathering limestone

	
5.06




	
5

	
Pebble

	
10.60

	

	











 





Table 3. Comparison of statistical methods.






Table 3. Comparison of statistical methods.





	Research Objects
	Research Method
	Output
	Advantages
	Disadvantages





	Case report of a single

excavation
	Case report and statistical analysis
	Lateral deformation curve, surface settlement curve, incremental deformation under working conditions
	Definite engineering measures and deformation control feedback
	Unable to compare with other excavations



	Regional statistical analysis of excavations
	Statistical analysis
	The mean, median, and quantile values of maximum lateral deformation and surface settlement
	Summing up and comparing the deformation characteristics of foundation pits in the region, as well as determining the requirements for subsequent construction
	Spending a lot of time collecting and organizing the case information of excavations
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