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Given the acceleration of urbanisation processes, urban lands have nearly become saturated, and the gap between population and land is increasing. The development of underground spaces has become important for solving the three major crises of urban population, resources, and environment and is a critical step in the sustainable development of cities. Therefore, the effects of the excavation method and drag-and-replace on underground storey supplementation of 3 × 3 frame structures having different foundations were investigated in this study through model tests and numerical simulations. The results show that removal of the top slab in the concentric square slab tray replacement produces the most unfavourable working conditions when the foundation is independent. In cruciform slab draglines, uneven settlement of the non-equal-span frame structures is greater than that of equal-span frame structures, and the final settlement is positively correlated with the span size. The central shaft and surround-island-type soil excavation methods are more effective when applied to free-standing foundations. Deformation of the strip foundation in the pile-wall type of buttress is mainly concentrated in the contact area with the buttress pile and middle area of the frame. The ring-shaped reserved core soil body earth excavation method is more effective for layered excavation in the buttressing of strip foundation piles. Based on these findings, corresponding measures are proposed for use as project references.
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1 INTRODUCTION
Acceleration of China’s urbanisation processes has rapidly increased the urbanisation rate and level of urban development. Given this background of high urbanisation rate, the population is steadily flowing towards the cities. The increase in urban population has resulted in numerous urban conditions, such as land constraints for urban construction, traffic congestion, crowded building spaces, urban ecological imbalance, and deterioration of human living conditions and the environment (Yu et al., 2023). These issues pose serious impediments to sustainable urban development and also socioeconomic development. To improve and solve the problem of urban syndrome for the development of cities, it is necessary to rationally develop and utilise underground space resources (EL-Sawy and Sweedan, 2010; Jim, 2004; Huang and Dong, 2014). Xie et al. (2017) proposed that the future development and utilisation of underground spaces in general are expected to change from passive to active developments in terms of the scientific, ecological, comprehensive, deep, and information aspects. To build a full-chain ecosphere for human settlement, it is necessary to conduct health maintenance, production, and scientific research on deep-earth resources, underground spaces, and underground ecocities. Development of underground spaces is expected to provide new potential for urban improvements and create opportunities for sustainable development (Seo et al., 2020).
Underground storey supplementation involves foundation dragging and replacing techniques. Replacement refers to renovation and strengthening technologies that change the force transmission paths or enhance the load carrying capacities of the original structures through reinforcement or addition of members. A wide variety of foundation buttressing methods are available (Cui, 2013; Liu, 2008; Wu et al., 2014; Zhang, 2011), where the main towing methods include pile and beam foundation buttressing, anchor static pile buttressing, tree root pile buttressing, and slab buttressing methods. Excavation of the Earth can cause different degrees of disturbances to nearby geotechnical bodies, resulting in building structure deformation and affecting project construction (Chen et al., 2023). Based on the construction characteristics and site conditions of existing building underground storey supplements, earth excavation and manual digging should be used as the main excavation method supplemented by small machinery; the common soil excavation methods include block-and-layer soil excavation, central shaft soil excavation, and surround-island-type soil excavation (Jia, 2021; Xu and Zhou, 2020; Wang, 2017). There is extensive research on independent foundations. Jia et al. (2010) investigated the effects of plum-shaped slab dragging replacement on frame structures with independent foundations. The column extension condition was found to be the most unfavourable case that caused maximum additional internal forces in the superstructure (Wen et al., 2013). Combined with research on the structural forms of existing buildings, site surroundings, construction conditions, and workspaces, the deformation control technology of anchor static compression pile buttressing suitable for an underground independent foundation was proposed. There is also extensive available research on pile foundations. Jia et al., (2016) used ANSYS software to study the changes in the pile bearing capacities before excavation to depths of 10 m and 20 m given the soil conditions around the pile foundation. Tong et al. (2024) investigated the overall stress changes and settlement of the haulage-for-exchange album as well as building under lateral and vertical excavation modes to suggest the corresponding treatment measures. Shang et al. (2015) investigated the effects of incremental excavation conditions of a basement on the settlement of foundation piles in a group pile foundation; they found that for a given excavation depth, the settlement was largest for the corner piles, followed by the side piles and centre piles. Kong et al. (2023) used the indoor model test method to study the change rules of pile top horizontal displacement and pile body force in double-row support piles and foundation piles with respect to excavation depth; they found that under the influence of spatial effects, the horizontal displacement of the pile top of the support system decreases gradually from the centre to edge piles; moreover, with an increase in excavation depth, the pile top displacement of the centre pile and bending moment of the pile body both increased rapidly. There are other relevant studies in addition to the abovementioned works. Zhang et al. (2024) investigated the influence of vertical incremental pit excavation on the structural deformation of an existing metro station via numerical simulation and actual monitoring; they found that the vertical deformation of the existing station structure increased continuously with pit excavation and that the deformation curve of the top plate was normally distributed. Hu (2010) discussed the structural arrangement and construction method of an existing building for construction of an additional basement and proposed the use of the increased cross-section method to strengthen the existing frame columns.
The above studies only analysed the drag exchange of a certain foundation; however, there is a lack of research on the effects of the excavation and drag exchange methods used on underground storey supplementation. Therefore, we considered frame structure as an example and investigated the effects of the excavation method and top slab dragging on the dragging of independent foundations as well as strip foundations through model testing and numerical simulations. By analysing the influence of the excavation method on the uneven settlement of column footings and force deformation of the structure during drag replacement, we propose some corresponding measures to provide guideline references and lessons for urban revitalisation of old functional areas as well as sustainably utilised land resources in the context of stock planning.
2 TEST METHODS
2.1 Modelling tests for the replacement of foundation roof slabs in buildings with independent foundations
When a building has an independent foundation, the concentric square and cross-shaped top slab dragging methods are adopted for underground storey supplementation in underground spaces. Here, the concentric square arrangement of the pallet roof is intended to reserve the central area of the interior floor of the existing building while constructing the pallet roof as well as primary and secondary beams in the other areas first; then, the central area is excavated, columns are lengthened, and the foundation of the central area base plate is constructed. The central area is then used as the working surface and allows access for subsequent construction, while the development of the underground space in other areas is completed symmetrically and in sections. The concentric square drag-and-replace method entails the central shaft and surround-island-type soil excavation methods. Here, only the central shaft soil excavation construction process is listed as only the earth excavation method is changed. The concentric square buttress roof arrangement scheme combined with the central shaft soil excavation construction process is shown in Figure 1, and the column foot settlement measurement point arrangement is shown in Figure 2. The cross-shaped plate drag exchange involves both diagonal and simultaneous excavation methods (simultaneous excavations at A-1 and A-2, followed by simultaneous excavations at A-3 and A-4); here, two types of superstructure frames are designed for the test, where the first is an equal-span frame having a span of 7.5 m and the second is an unequal-span-frame whose longitudinal axis spans 6.6 m, 7.5 m, and 8.4 m while the transverse axis spans 7.5 m. The construction process for foundation dragline replacement is shown in Figure 3, and the two frame structure plan layouts and soil excavation sequences are shown in Figure 4.
[image: ]FIGURE 1 | Construction flow chart for the central shaft soil excavation method.[image: ]FIGURE 2 | Schematic layout of the measurement points for column foot settlement.[image: ]FIGURE 3 | Construction flow chart for the foundation dragline replacement method.[image: ]FIGURE 4 | Layouts of the (A) equal-span and (B) non-equal-span frame structures and their soil excavation sequences.2.2 Modelling tests for the replacement of foundation top slabs in buildings with strip foundations
The strip foundation involves two types of top slab dragging methods, i.e., pile-wall and pile dragline replacement. The pile-wall dragline replacement utilises diaphragm walls to act as the basement wall after additional excavation and as the load-bearing structures to carry the loads transmitted from the superstructure. The block-and-layer excavation method of removing soil from both sides towards the centre is adopted in this case, and the sequence of soil excavation is shown in Figure 5, while the plan of beam and column numbering is shown in Figure 6. Pile dragging replacement involves the ring-shaped reserved core soil excavation method, and the excavation itself is divided into three layers, where each layer is completed in three excavations. The sequence of soil excavation at each level is shown in Figure 7, and the column numbering arrangement is shown in Figure 8.
[image: ]FIGURE 5 | Model test construction process.[image: ]FIGURE 6 | Plan views of the (A) beam and (B) column numberings of the frame structure.[image: ]FIGURE 7 | Soil excavation sequence.[image: ]FIGURE 8 | Schematic illustration of beam numbering.3 RESULTS AND DISCUSSION
3.1 Effects of soil excavation method on top slab dragging replacement under independent foundation
3.1.1 Concentric square plate roof replacement method
Uneven settlement of the column footing causes additional stress on the upper frame structure, resulting in cracking or even damage to the members. For each of the working conditions, the cumulative settlement values of two neighbouring column footings are subtracted, and the largest absolute value is selected; then, its positive or negative sign is determined by combining the relative lifting direction (“+” represents relative rise and “−” represents relative fall of the column footing) before calculating the maximum uneven settlement of neighbouring column footings. To avoid a lengthy article, only the data for the larger differential settlements at the foot of the columns are selected herein, as shown in Table 1. According to Table 1, when the central shaft excavation method is used with the concentric square buttress roof arrangement, the maximum uneven settlement under all working conditions occurs first in the corner column area and later during removal of the roof slab. The reason for this is that when the top plate is removed, the upper load that is originally borne by the top and bottom plates of the pallet is now entirely borne by the foundation of the bottom plate. Therefore, the uneven settlement at the foot of the column should be reduced as much as possible during construction and deformation monitoring of the above key parts should be strengthened; further, the maximum uneven settlement differences between the adjacent feet of the columns under each of the working conditions in the surround-island-type soil excavation method are mostly located between the side columns and their adjacent corner columns.
TABLE 1 | Settlement differences of adjacent column footings for different excavation methods (mm).	Earthmoving method	Conditions with large differences in settlement between neighbouring column footings	Axis numbering	1	2	3	4
	Central shaft soil excavation	Soil excavation to footings in the areas of the corner columns	D	1.12	1.49	−1.72	−1.00
	C	0.87	0.43	1.72	−1.89
	B	−2.01	0.97	−0.35	1.89
	A	2.01	−1.10	0.22	0.15
	Soil excavation to design elevation in the areas of the corner columns	D	1.12	1.40	−1.67	−0.02
	C	0.90	0.50	1.69	−1.86
	B	−1.03	0.94	0.79	1.86
	A	1.03	1.19	−1.19	1.12
	Angle post extension	D	−0.44	1.48	−1.69	0.02
	C	0.85	0.41	1.72	−1.90
	B	−1.06	0.96	0.76	1.90
	A	1.06	1.19	−1.19	1.03
	Roof removal	D	0.38	0.92	−1.22	0.38
	C	0.53	−0.53	1.22	−2.11
	B	0.53	−0.53	−1.10	2.11
	A	1.14	−1.14	−1.70	1.87
	Surround-island-type soil excavation	Central area excavated to design elevation	D	0.850	−0.850	−0.186	−0.584
	C	−0.312	0.297	−0.552	0.584
	B	0.258	0.262	−0.185	−0.332
	A	0.526	−0.526	−0.169	0.169
	Central area frame column extension	D	0.797	−0.797	−0.277	−0.512
	C	0.199	0.405	−0.380	0.512
	B	0.168	0.454	0.414	−0.203
	A	0.499	−0.499	−0.414	0.376
	Roof removal	D	1.280	−1.330	−1.954	1.118
	C	−0.605	1.330	1.954	1.030
	B	0.605	0.763	−0.191	−0.361
	A	0.639	−0.639	−0.734	0.734


During construction of the existing building slab foundation buttress when building an additional underground space, the deformation of the buttressing structure system should be emphasised. The maximum and minimum principal stress variations of the upper frame structure are shown in Figures 9, 10. When the soil excavation in the central area reaches the designed elevation, the tensile stresses at the bottom of the proximal ends of the frame beams connected to this area increase steeply owing to sinking of the central frame columns. As the column footings in the construction area sink, the compressive and axillary tensile stresses at the proximal ends of the frame beams connected to the columns increase, and the tensile and bottom compressive stresses at the distal ends increase; however, the increases are significantly reduced in both cases. When the central area is excavated to the footing, the tensile stresses at the bottom of the mid-span frame beams increase as the footing of the centre column settles and are greatest at the second-floor level, followed by the third-floor level, and least at the roof level. When the earth excavation in the central area reaches the designed elevation, the independent column foundation overhangs, and the tensile stress along the axis of the beam-column node of the centre column increases from 0.99 MPa to 2.12 MPa, which is an increase of 114%. When the earth excavation at the ① and ④ axis side columns reach the designed elevation, the tensile stress of the superstructure increases again. When the foundation construction of the subgrade in this area is completed, the tensile stress of the superstructure reaches a peak of 2.80 MPa, after which this stress begins to decrease and is maintained at a reasonable level through redistribution of the internal forces.
[image: ]FIGURE 9 | Maximum principal stress variations in the superstructure.[image: ]FIGURE 10 | Minimum principal stress variations in the superstructure.The reason for the above findings is the localised stress concentration in the reserved area in the middle of the top plate of the concentric square pallet. It is recommended that the construction be based on the horizontal support arrangement scheme of the pit project to add diagonal beam ties at the four shaded corners to enhance the overall performance of the replacement structure. From the perspective of the stress changes in the replacement structure, the most unfavourable working condition during construction of the underground storey supplement for the concentric square replacement top plate arrangement combined with central shaft soil excavation is separation of the original independent foundation from the foundation in the central area along with column lengthening before extending to the bottom.
3.1.2 Cross-shaped roof replacement method
The results of differential settlement of the column footings of equal-span and non-equal-span frame structures are shown in Tables 2, 3. From Tables 2, 3, it can be seen that when diagonal excavation is used in the cross-shaped plate buttress method, the uneven settlement of the non-equal-span frame structure is greater than that of the equal-span frame structure, and the maximum value of the uneven settlement is distributed between completion of Condition 1 and beginning of Condition 2. The reason for this was that the settlement of the exposed column footing due to soil excavation was greater than that of the column footing in the peripheral area; hence, the settlement observation should be strengthened during this period. Strain in the cross-shaped buttress roof during construction due to the roof slab mainly occurs in soil excavation Condition 2 (A-1, A-2 soil block excavation), Condition 4 (A-3, A-4 soil block excavation), and Condition 6 (roof removal). Therefore, only the force diagrams for these conditions are presented herein. The maximum principal strains of the cross-shaped roof slab during construction are shown in Figure 11. From Figure 11, it is seen that the strains induced by Condition 5 are much smaller than those from the above two conditions for the equal-span structure during soil excavation. The strain caused by the top plate of the buttress mainly occurs at the edge of the top plate, and the strain values are larger at points closer to the soil excavation. Therefore, in soil excavation projects, it is necessary to ensure good plate support measures for Condition 3 and Condition 5 to avoid cracking of the pallet due to excessive deformation.
TABLE 2 | Differential settlements at the column footings of the equal-span frame structure (mm).	Building structure	Working condition	Axis	A	B	C	D
	Equal-span frame structure	Simultaneous excavations at A-1 and A-2	1	−11.32	−8.75	−4.89	0
	2	−7.97	−7.05	−3.87	−1.57
	3	−3.31	−3.48	−6.2	−5.75
	4	−1.18	−7.83	−5.91	−7.18
	All eight columns lengthened at A-1 and A-2	1	−10.91	−9.59	−4.11	0
	2	−7.98	−6.89	−3.71	−1.3
	3	−3.27	−3.34	−5.92	−5.21
	4	−1.06	−7.47	−5.48	−6.46
	Simultaneous excavations at A-3 and A-4	1	−5.65	−6.8	−6.4	−4.58
	2	2	−5.48	−4.64	−5.75
	3	3	−5.18	−4.14	−3.48
	4	4	−8.02	−11.01	−2.86
	All eight columns lengthened at A-3 and A-4	1	−5.67	−6.77	−6.24	−4.19
	2	−5.52	−4.64	−5.59	−1.86
	3	−5.42	−4.11	−3.57	0
	4	−8.24	−11.11	−2.97	−1
	Roof removal	1	−3.45	−4.94	−5.19	−2.18
	2	−5.39	−4.28	−5.53	−1.41
	3	−6.38	−4.47	−3.72	−0.74
	4	−8.22	−10.93	−2.27	0
	One day after the excavation was completed	1	−3.46	−4.9	−5.24	−2.46
	2	−5.42	−4.27	−5.48	−1.44
	3	−6.61	−4.43	−3.8	−0.73
	4	−8.43	−11.02	−2.37	0


TABLE 3 | Differential settlements at the column footings of the non-equal-span frame structure (mm).	Building structure	Working condition	Axis	A	B	C	D
	Non-equal-span frame structure	Simultaneous excavations at A-1 and A-2	1	−14.49	−9.83	−3.77	−1.29
	2	−8.49	−7.38	−2.65	−3.51
	3	−2.65	−4.4	−5.37	−8.07
	4	0	−2.81	−7.63	−11.31
	All eight columns lengthened at A-1 and A-2	1	−13.64	−9.77	−3.72	−1.21
	2	−8.05	−7.28	−4.14	−3.53
	3	−2.55	−4.46	−5.41	−8.18
	4	0	−2.8	−7.6	−11.17
	Simultaneous excavations at A-3 and A-4	1	−7.63	−6.91	−6.83	−7.94
	2	−3.74	−3.87	−1.09	−5.58
	3	−1.52	−2.11	−2.16	−4.26
	4	0	−1.33	−3.27	−4.73
	All eight columns lengthened at A-3 and A-4	1	−8.07	−7.4	−7.22	−7.13
	2	−4.1	−4.28	−2.51	−5.84
	3	−1.83	−2.5	−2.4	−4.42
	4	0	−1.49	−3.49	−4.92
	Roof removal	1	−6.7	−6.8	−6.61	−6.83
	2	−4.79	−5.26	−1.83	−6.21
	3	−2.93	−3.9	−4.42	−4.57
	4	0	−2.18	−3.49	−3.57
	One day after the excavation was completed	1	−6.84	−6.99	−6.7	−6.84
	2	−4.85	−5.37	−1.95	−6.17
	3	−2.94	−3.99	−4.36	−4.43
	4	0	−2.04	−3.41	−3.46


[image: ]FIGURE 11 | Strain in the top slab of the foundation during construction.3.2 Effects of different drag-and-replace methods under strip foundation
3.2.1 Pile-wall towing replacement
Uneven settlements at the feet of the columns when using the block-and-layer excavation method are shown in Table 4. From Table 4, it is seen that there is a tendency for the settlement amount to increase first and then decrease. The maximum uneven settlement of the column foot is observed during excavation of the first layer of the middle soil and second layer of soil on both sides; hence, excavation of the first layer of the middle soil is a key process in the construction of an additional underground space for an existing building. Under this condition, close attention must be paid to the settlement and deformation, and corresponding measures must be implemented if necessary; these measures include utilising jacking technology to reduce the settlement and uneven settlement of the superstructure while ensuring safety of the superstructure. When a strip foundation is used as an additional basement beam, a certain amount of deformation occurs during soil excavation, and the maximum principal strains of the strip foundation during construction of the additional layer are shown in Figure 12.
TABLE 4 | Uneven settlement of the column footings (mm).	Working condition	Axis	A	B	C	D
	Excavation of soil on both sides of the first layer	1	0.1	0.1	0.3	−0.3
	2	−0.2	0.2	0.1	0.1
	3	−0.3	0.3	−0.2	−0.1
	4	0.1	0.1	0.1	0.1
	Excavation of the first intermediate soil layer	1	0.4	−0.4	−1	1
	2	0.3	−0.3	−0.9	0.9
	3	−0.1	0.4	−1	1
	4	0.3	−0.3	−0.7	0.7
	Excavation of soil on both sides of the second layer	1	0.5	−0.5	−0.8	0.8
	2	0.5	−0.5	−1	1
	3	0.4	−0.4	−0.9	0.9
	4	−0.2	0.4	−0.9	0.9
	Excavation of the second layer of intermediate soil	1	0.5	0.5	−0.8	0.8
	2	0.5	−0.5	−0.7	0.7
	3	0.4	−0.6	−0.6	0.6
	4	0.1	0.3	−0.7	0.7
	Excavation of soil on both sides of the third layer	1	0.4	0.5	−0.5	0.5
	2	0.3	0.4	−0.7	0.7
	3	0.3	0.5	−0.7	0.7
	4	0.2	0.4	−0.8	0.8
	Excavation of the third intermediate soil layer	1	0.2	0.3	−0.4	0.4
	2	0.3	−0.3	−0.5	0.5
	3	0.4	−0.4	−0.4	0.4
	4	0.4	−0.4	−0.5	0.5
	One day after the excavation was completed	1	0.2	0.3	−0.4	0.4
	2	0.3	−0.3	−0.5	0.5
	3	0.5	−0.2	−0.5	0.5
	4	0.3	−0.3	−0.4	0.4


[image: ]FIGURE 12 | Maximum principal strain variations in the strip foundation.3.2.2 Pile foundation replacement
The maximum settlement differences between adjacent column footings under each of the working conditions in strip foundation pile buttress replacement are shown in Table 5. From Table 5, it is seen that when the ring-shaped reserved core soil is used in the strip foundation pile buttress for layerwise excavation, the strain time–range amplitudes at the bottom of the span of the frame girder show stable growth with advancement of the excavation work, and all of these are microstrains. Thus, this method of excavation is suitable for underground additions to frame structures. To clearly observe the variations, the numerically simulated time–range magnitudes of the strains at the bottom of the spans of the second- and third-floor frame beams under each of the working conditions are plotted in Figures 13, 14. From the figures, it is seen that as the excavation work advances, the foundation soil unloading effect in the pit is more obvious, resulting in increased frame beam strains. Therefore, the basement roof slab floor construction should be carried out immediately after excavation to increase the adjustment of the entire structure to the uneven settlement of the foundation; this avoids excessive impact on the structural frame beams due to excessive uneven settlement of the foundation.
TABLE 5 | Differential settlement of the adjacent column footings for each condition (mm).	Working condition	Axis	1	2	3	4
	First layer of excavation of soil under the corner columns	A	−0.25	0.24	0.13	−0.18
	B	0.25	−0.12	0.11	0.18
	C	−0.23	0.23	0.2	0.2
	D	−0.23	0.23	0.22	−0.22
	First layer of excavation of soil under the side columns	A	−0.23	0.19	0.12	−0.18
	B	0.23	−0.13	0.13	0.18
	C	−0.2	0.2	0.17	0.18
	D	−0.15	−0.17	0.21	−0.21
	First layer of excavation of soil under the central columns	A	−0.2	0.15	−0.13	−0.14
	B	0.21	0.41	0.48	0.14
	C	−0.21	−0.41	−0.48	0.37
	D	−0.15	0.26	0.42	−0.23
	Second layer of excavation of soil under the corner columns	A	−0.18	0.18	−0.3	−0.16
	B	−0.36	0.36	0.3	−0.29
	C	0.29	0.37	0.37	−0.35
	D	−0.29	−0.37	−0.37	−0.18
	Second layer of excavation of soil under the side columns	A	−0.13	0.13	0.09	−0.17
	B	0.11	0.09	−0.08	0.17
	C	0.18	−0.09	0.03	0.14
	D	−0.18	0.1	0.12	−0.14
	Second layer of excavation of soil under the central columns	A	0.09	0.22	0.45	0.24
	B	0.25	−0.25	−0.45	−0.24
	C	0.21	0.32	−0.28	0.21
	D	0.09	0.32	0.28	0.11
	Third layer of excavation of soil under the corner columns	A	−0.17	0.3	−0.37	0.06
	B	−0.26	0.3	0.37	−0.3
	C	0.25	0.33	0.34	0.3
	D	−0.25	−0.33	−0.34	−0.3
	Third layer of excavation of soil under the side columns	A	−0.11	−0.23	0.15	−0.15
	B	−0.21	0.23	0.18	−0.18
	C	0.22	0.18	0.26	0.21
	D	−0.22	−0.18	−0.26	−0.21
	Third layer of excavation of soil under the central columns	A	−0.11	0.11	−0.14	−0.07
	B	−0.15	0.15	0.16	−0.16
	C	0.17	0.15	0.18	0.19
	D	−0.17	−0.15	−0.18	−0.19


[image: ]FIGURE 13 | Time–range amplitudes of the strains at the bottoms of the beams in the middle of the second layer.[image: ]FIGURE 14 | Time–range amplitudes of the strains at the bottoms of the beams in the middle of the third layer.The maximum uneven settlement values of the adjacent main column footings for different excavation methods are shown in Figure 15. The methods numbered 1–5 in the figure correspond to central shaft excavation, surround-island-type excavation, and diagonal excavation under independent foundations, block-and-layer excavation under a strip foundation, and the ring-shaped reserved core soil excavation. From Figure 15, it is seen that the central shaft and surround-island-type excavation methods under the independent foundation are much better than diagonal excavation, and there is little difference between the effects of the block-and-layer excavation under a strip foundation and ring-shaped reserved core soil excavation.
[image: ]FIGURE 15 | Uneven settlement of the column footings for different excavation methods.4 CONCLUSION
Given the lack of research on the impacts of excavation and haulage methods on underground storey supplementation, we considered the example of construction of an underground storey supplement to a 3 × 3 span frame structure. By analysing the uneven settlement and structural deformation of each column footing of concentric square and cross-shaped floor slab replacements under an independent foundation as well as pile-wall and pile dragging replacements under a strip foundation, the following conclusions were obtained:
	1. Under the condition of an independent foundation, the maximum uneven settlement values of adjacent column footings for the central shaft, surround-island-type, and diagonal simultaneous soil excavation methods are 2.01 mm, 1.954 mm, and 14.49 mm, respectively. The former two excavation methods have less impacts on the construction of the project. For the central shaft excavation method, the most unfavourable working conditions were observed after separation of the original independent foundation from the foundation of the central area and before the columns were lengthened and extended to the bottom.
	2. In the process of cross-shaped slab dragging with diagonal simultaneous excavation under an independent foundation, the maximum strain during construction mainly occurred at the edge of the slab, and the strain values increased at points closer to the soil excavation. Accordingly, the maximum uneven settlement of the column footing for an equal-span structure was 11.32 mm and that for a non-equal-span structure was 14.49 mm, which is an increment of approximately 28%. The uneven settlement of the non-equal-span frame structure is greater than that of the equal-span frame structure, and its final settlement is related to the size of the span, such that larger spans produce greater final settlement.
	3. For the pile-wall-type strip foundation replacement, when the block-and-layer soil excavation method is used to construct the additional underground space, the strains of the beams and columns as well as uneven settlement of the column footings are small during the process of soil excavation. The deformation of the strip foundation is mainly concentrated in the contact portion with the buttress piles and middle area of the frame.
	4. The method of excavating reserved core soil in a layered circular pattern is more suitable for pile dragline replacement construction under strip foundations. The time–range magnitudes of the strains at the bottom of the span of the frame beams increase steadily with advancement of excavation, and these were all microstrains, which can be used as a reference for similar projects.
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