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For buildings with shallow foundations embedded in natural soil sediments, the underexcavation method is often used to correct
building inclination. Relying on engineering experience and close feld monitoring, rectifcation has been conducted successfully.
However, theoretical studies are relatively scarce, resulting in an inadequately informed rectifcation design and procedure. Assuming
the soil is an ideal elastic-plastic body, a simplifed analysis was adopted to study the issue theoretically. First, the redistribution of the
base contact pressure after building inclination was deduced. Second, according to the force balance between the total contact
pressure of the base and the total stress on the horizontal plane at the excavation hole, the limit hole spacing at the critical state of
building back tilt was obtained, which was also the preferable hole spacing for soil strip collapse. Tird, because the amount of
anticipated forced settlement at a certain section of soil excavation is equal to the volume of soil hole collapse, an accurate formula for
the hole diameter was obtained. Combined with engineering experience, suggestions for the design procedure were proposed. Finally,
two case histories were introduced to verify the correctness and practicability of the theoretical formula for hole spacing and
diameter. Tese two key parameters provide a strong theoretical basis for building rectifcation in future engineering practice.

1. Introduction

In engineering practice, building inclination often occurs
due to design error, severe settlement, or surrounding un-
derground construction. For buildings with shallow foun-
dations based on natural sediment layers or reinforced soil
layers, underexcavation is the least intrusive and most
economical method for building rectifcation [1–3]. Te
success of rectifcation and building safety heavily depend on
close monitoring and dynamic construction. Teoretical
guidance is urgently needed in construction design and
correction. Based on the small hole expansion theory and
Tresca yield criterion, a formula was reported to determine
the radius of the plastic zone [4]. By submitting the
Mohr–Coulomb failure criterion to an elastic solution of the

stress around the hole for the plane strain problem, an
analytical plastic zone around the excavation hole was ob-
tained [5]. Te fnite element method was also introduced to
further study the mechanism of building rectifcation [6, 7].

To directly observe soil deformations and obtain detailed
data, several scale model tests were performed [8], and the
test results indicated that the vertical stress decreased above
the holes while increasing between the adjacent holes,
showing the stress transfer law. Using the fnite element
method, Xiao et al. further described the continuous stress
redistribution and displacement feld [9] and the rectifca-
tion mechanism was revealed.

Previous research has focused on the plastic zone and
hole spacing. Te consensus is that when the plastic zone
bridges the soil strip between neighbouring holes, the strips
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yield and produce plastic fow. At this moment, the building
starts to tilt reversely. Although the fnite element method
can be used for inclination correction analysis, calculating
a preferable hole spacing with a numerical simulation is
excessively demanding for an engineer. Till to now, there is
no applicable formula for the rectifcation design. Fur-
thermore, there is a lack of research on the relations between
the contact pressure and the redistributed stress between soil
strips in the critical state of back tilt.Te forced settlement of
building rectifcation by underexcavation derives from the
hole closure [3, 9], but few studies have focused on the
quantitative relationship between the parameters of soil
excavation and the expected base settlement.

A practical rectifcation design, given the expected
correction target (forced settlement), is to determine the
hole spacing, hole diameter, and plane layout of excavation
holes under certain building load and subsoil conditions. By
examining a number of rectifcation projects and studying
case histories, the authors have comprehended the re-
lationship between the design parameters and the rectif-
cation target. In this study, the subsoil is assumed to be an
ideal elastic-plastic body. By using the simplifed theoretical
analysis, the two formulas for ultimate hole spacing and hole
diameter are derived, which are the key parameters for
a rectifcation design.Te settlement can also be predicted by
the underexcavation confguration.

In the next section, the redistribution of contact pressure
is determined after the inclination of buildings. Te third
section presents the derivation of the preferable hole spacing
and hole diameter. Te fourth section describes the recti-
fcation design procedure. In the ffth section, two case
histories are introduced to verify the design parameters.
Finally, conclusions are ofered in the last section.

2. Redistribution of Contact Pressure

When the building is inclined, the contact pressure is
redistributed. For a building with a raft foundation, it is
assumed that the total height of the building is H, the length
of raft is L, and the width is B. Te building tilt is often along
the direction of width. Te horizontal displacement of the
building roof is ∆B, and the inclination of the building is i.
When the building has a regular shape and uniform weight,
it can be considered that the total structure load P of the
building acts on the centroid. Te horizontal eccentricity
caused by inclination is e, as shown in Figure 1.Te building
inclination can be expressed as follows:

i �
∆B
H

�
e

(H/2)
. (1)

Solving for e, it can be expressed as

e �
Hi
2

. (2)

Assuming that the subsoil is uniform, the redistributed
contact pressure caused by building inclination can be
calculated by
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Taking (H/B) � β, the formula can be written as

pk,max

pk,min

�
P
BL

(1 ± 3βi). (4)

Such a redistribution formula provides a basis for the
rectifcation design in a more concise way. According to the
“Code for Design of Building Foundation (GB50007-2011)”
[10], the maximum inclination of buildings is controlled
within 5%. Terefore, when the ratio of height to width
β≤ 10 and the building inclination i≤ 5‰, the contact
pressure changes within the range of ±15%.

3. Ultimate Hole Spacing and Hole Diameter

3.1. Ultimate Hole Spacing. When rectifying the inclined
building, as the excavation proceeds, more holes are cut, the
bearing area of the soil strips between the holes decreases
gradually, and vertical stress is more transferred to the soil
strips. Taking the subsoil as an ideal elastic-plastic body,
when the vertical stress on the minimum section of the soil
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P

BΔB

H

e

Figure 1: Analysis sketch for redistribution of contact pressure.
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strips increases to the ultimate soil bearing capacity, the soil
strips will yield and collapse [3, 4].Te researchers simulated
the plastic zone evolution. Under the conditions of a contact
pressure of 90 kPa and an excavation hole spacing of 2.15 d,
the maps of efective plastic strain are shown in Figure 2. For
analysis details, we refer to document [9].

Marking contact pressure as p, it is close to or equal to
the allowable bearing capacity of the subsoil when the raft
area of a building foundation is determined. Terefore,

p ≈ fak �
pu

K
, (5)

where pu is the ultimate bearing capacity of the foundation
that can be determined by property parameters or by un-
confned compressive strength of the subsoil and K is the
safety factor of the foundation bearing capacity.

Underexcavation is conducted from the less subsidence
side of the building. Taking the cutting length as 1.0m, when
the hole spacing is l, hole diameter is d, and the total number
of holes at the cutting section is n, the efective area for
transferring vertical stress to deep is n(l − d) at the cutting
section. If the horizontal plane for small holes is to reach the
crushing state, the vertical stress loading on the soil strip
between the holes must reach the ultimate bearing capacity
pu of the subsoil, as shown in Figure 3.Te excavation hole is
generally within 1.0m underneath the raft; therefore, the
difusion of contact pressure to the depth of the excavation
hole can be ignored. According to the total vertical stress at
the horizontal plane in the middle of the hole being equal to
the total contact pressure under the raft, the following
equilibrium formula is obtained:

nlp � n(l − d)pu, (6)

i.e., nl(pu/K) � n(l − d)pu

Te ultimate hole spacing is

l �
K

K − 1
d � λd, (7)

λ �
K

K − 1
, (8)

where λ is the multiple of hole spacing to diameter,
depending on the safety reserve of the building foundation.

For an inclined building, its foundation bearing reserve
is somewhat lower with a safety factor of 1.5∼2.0, so the
corresponding hole spacing is (2.0∼3.0)d, which is consistent
with the previous engineering experience.

3.2. Applicable Hole Diameter. Te fnite element method
has been introduced to predict the building settlement
[11–13]. However, the simulated settlement caused by
underexcavation is often far less than the observed settle-
ment in the engineering practice. Taking the soil elastic
modulus as 15MPa, when a pressure of 90 kPa is applied to
the ground, the soil is excavated at a spacing of 4.3 d and the
diameter of the excavation hole is 110mm. Te maximum

ground settlement caused by underexcavation is approxi-
mately 1.5mm according to the fnite element calculation, as
shown in Figure 4, whereas under the same excavation hole
confguration, the excavation settlement in the project is
approximately 20mm. Te reason is that the fnite element
method is applicable to continuous bodies, and the calcu-
lated deformation only represents those caused by stress
redistribution. After the soil strips between the holes yield
and collapse, the fnite element method is no longer ap-
plicable for a broken discontinuous body. Nevertheless, hole
collapse is the main source of forced foundation settlement
for building rectifcation. Tis conclusion was also sup-
ported by Ovando–Shelley and Santoyo [3] and Xiao et al.
[9]. Terefore, a simplifed method is used to derive the hole
diameter given the target settlement.

Ignoring the elastic deformation caused by stress re-
distribution from soil excavation, a section perpendicular to
the soil cutting is taken for analysis. Assuming that the
amount of forced settlement at this section is s, the multiple,
i.e., λ of the hole spacing to diameter is determined by the
above formula (8), the number of rows of soil excavation holes
is m, and the number of holes in each row is n, as shown in
Figure 5. If the settlement volume is equal to the amount of
extraction soil, the equation is obtained as follows:

ie, snl � mn
πd

2

4
, (9)

ie, snλd � mn
πd

2

4
. (10)

Te hole diameter is

d �
4λs

mπ
. (11)

Forced settlement can also be predicted according to
rectifcation design parameters as follows:

s �
mπd

4λ
. (12)

It should be noted that the relationship between the
diameter of the excavation hole and foundation settlement is
derived under the condition of ignoring the raft stifness.
According to the theoretical calculation, the settlement
along the cutting direction changes abruptly. Due to the
stifness of the raft and structure, the settlement along the
cutting direction changes linearly with the maximum set-
tlement at the cutting side. In engineering projects, when
predicting the maximum settlement using the previous
formula, a coefcient should be introduced to modify the
diference between the theoretical value and site observa-
tions. According to the experience obtained from case
histories, the coefcient is in the range of 1.0∼3.0.

smax � η
mπd
4λ

. (13)
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4. Recommended Practical Design Steps

With two key parameters of hole spacing and diameter,
combined with engineering experience, the design steps are
recommended as follows:

Step 1. we calculate λ, the multiple of ultimate hole spacing
to hole diameter. According to the ultimate bearing capacity
of the foundation and contact pressure, the safety factor, K,
is determined by formula (8). For a concise rectifcation
design, the redistribution of contact pressure can be taken
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Figure 2: Maps of efective plastic strain of underexcavation.
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Figure 3: Analysis sketch for the ultimate spacing of holes.

DISPLACEMENT TY (mm)
+8.54e–001

2.6%

10.5%

31.8%

15.5%

6.6%

5.7%

7.7%

5.3%

10.7%

3.7%

+1.95e–001

+6.76e–002

+4.46e–003

–7.80e–002

–1.86e–001

–3.24e–001

–4.67e–001

–6.44e–001

–8.17e–001

–1.53e+000

Figure 4: Simulated settlement after underexcavation.
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into account. For the convenience of subsequent in-
structions, we take λ � 3.

Step 2. we determine the lengths of the excavation holes. For
ordinary residential buildings within 16m in building width,
two drilling lengths can be appropriate for rectifcation.
According to many years of experience in rectifying projects,
the optimal maximum drilling length extends to the 3/4 of
the dimensions in tilt direction [14], which not only facil-
itates the building back tilt but also avoids unnecessary
settlement on the less subsidence side. Te recommended
hole lengths are 0.75 B and 0.5 B, as shown in Figure 6.

Step 3. we determine the hole diameter and the hole con-
fguration. Te target maximum forced settlement at the
cutting side is smax; when the foundation is completely rigid,
the settlement at the centerline is smax/2. Using formula (11),
the corresponding diameter of the excavation hole is

d �
4λ
mπ
∙smax

2
.

�
6smax

mπ
.

(14)

When taking m � 1, we obtain

d �
6smax

π
. (15)

Assuming the expected maximum settlement
smax � 60mm, we obtain d ≈ 115mm. According to the
available bit type in the present market, a hole diameter of
110mm is applicable. For the convenience of construction,
the drilling diameters of the two types of holes with diferent
lengths are taken as the same. It is recommended to take 2/3
of the total number of excavation holes with a length of
0.75 B and 1/3 of the total number with a length of 0.5 B to
ensure that the theoretically calculated settlement area on
the inclination correction profle is equal to the settlement
area of the raft. Te layout of the soil extraction holes is
shown in Figure 6.

Step 4. we dynamically modify the rectifcation scheme. For
each specifc correction project, the building structure,
foundation, subsoil, construction technology, and accom-
panying measures are diferent and the design scheme
should be modifed according to the site circumstances. For
example, if the basement is surcharge loaded on site, the
contact pressure increased. Correspondingly, the safety
factor K of the soil strips is decreased. Based on
λ � K/(K − 1), the critical hole spacing should be modifed
to be larger. For another example, water injection into an
excavation hole helps decrease the shear parameters of
cohesive subsoil, especially for those with a naturally low
water content; as a result, the ultimate bearing capacity of the
soil strip decreases. Terefore, when the measure of fushing
water is adopted in the feld, a larger hole spacing can crush
the soil strip.

5. Verification by Case Histories

5.1. Case 1: An 11-Storey Building with a Frame Structure.
A residential building in Jiangsu Province in China has
a frame structure of 11 foors above ground and one foor
underground [15]. Te building is based on a beam-
embedded raft of 450mm in thickness. According to the
geotechnical survey report, the bearing stratum underneath
the raft is silt and silty clay, which have a characteristic
bearing capacity (allowable bearing capacity in design) of
100 kPa. After completing the structure, it was found that the
uneven settlement had occurred. Until building rectifcation,
the inclination had reached 6%. Te building is 52.8m in
east-west length and approximately 14.0m in south-north
width. A total of 76 excavation holes with three lengths were
set at the building’s north side, with a spacing of 600 to
800mm; during onsite construction, 20 additional excava-
tion holes were drilled due to difculties in back tilting the
building. Te construction process was divided into three
stages as follows:

Stage 1: preparation of underexcavation, including
excavation of the working trench and dewatering to

nl

d d

l l

S

l = λ d

Figure 5: Analysis sketch for diameter of the digging hole.
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lower the groundwater level below the working trench
bottom
Stage 2: underexcavation for building rectifcation,
during which the holes were cut uniformly and sym-
metrically along the building north side, with short
holes frst, then long holes, and fnally
supplementary holes
Stage 3: foundation reinforcement, including grouting
to fll the not completely closed holes and collapsed
loose soils upon accomplishment of correction and
then driving 188 micropiles as settlement reducers

Te construction photos are shown in Figure 7. Te
building exhibited relatively high rigidity during the back
tilting process. Te curves of settlement versus time of
typical monitoring points are shown in Figure 8. To verify
the theoretical formulas, only the settlement data in the

excavation stage are investigated. Taking the monitoring
data of 4 points in the building middle, the induced average
settlement of M5 and M6 was 58mm during the under-
excavation stage, while the south monitoring of M15 and
M16 presented slight uplift at the same time. Te obser-
vations indicate that the building tilts back by rotating
around a certain axis, showing relatively high rigidity.

5.1.1. Verifcation of the Hole Spacing. According to the
allowable bearing capacity of the supporting subsoil given by
the site investigation report, we take the ultimate bearing
capacity pu as two times the allowable value, 200 kPa.
Considering the dead load and live load, the 12 foors of the
building exert a contact pressure p � 12 × 15 � 180 kPa.
Because the building was not decorated and not occupied,
the contact pressure was taken as 0.9 times the above
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Figure 6: Sketch for rectifcation design.
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estimated value, which is approximately 160 kPa. At the
onset of rectifcation, the safety factor of the foundation soil
is K � (pu/p) � (200/160) � 1.25. Consequently, the ulti-
mate hole spacing is λ � (K/(k − 1)) � 5, i.e., hole spacing is
l � 5d. Te adopted hole diameter is 110mm, and the
theoretical spacing is 550mm. Amazingly, the average hole
spacing in the feld is l � (L/n) � (52800/(76 + 20))

� 550mm, which agrees well with the theoretical calculation.

5.1.2. Verifcation of the Relationship between the Hole Di-
ameter and Foundation Settlement. Using formula (12), the
theoretical settlement is

s �
mπd
4λ

�
1 × 3.14 × 110

4 × 5
� 17.27mm. (16)

During the whole operational process of the building
rectifcation and foundation reinforcement, the back

(a) (b)

Figure 7: Underexcavation of case 1. (a) Te building. (b) Underexcavation feld.
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inclination is 5.6%, perfectly achieving the target level of
building rectifcation. During the underexcavation stage, the
observed settlement is 58mm, which is approximately
3.35 times the value of the theoretical calculation. Even
considering η � 3.0, the observed settlement at the soil
cutting side is still slightly larger. It is speculated that the
following factors existed:

(1) Consolidation settlement continued to develop
during underexcavation

(2) Te foundation soil was soft, and the excavation of
working trench released the lateral earth pressure. As
a result, the soil creep deformation occurred, con-
tributing to the north side settlement

(3) Dewatering caused additional stress in the subsoils,
and additional settlement was induced

(4) Approximately one-quarter of the holes were re-
peatedly excavated, which brought more soil out
the hole

5.2. Case 2: A 6-Storey Building with a Masonry Structure.
A 6-storey masonry building in Shandong Province in China
is 41.2m in length and 12.8m in width on plane [16]. Te
north side of the building is based on medium to stif plastic
silty clay, while the south side of the building is laid on
a backfll andmuddy soil layer. To solve this problem, a lime-
soil cushion of 1.5m in thickness was adopted above which
a raft foundation was laid to strengthen the building stif-
ness. Nevertheless, half a year after the completion of the
building, the measured inclination to the south reached
5.87‰. To correct the building, underexcavation beneath
the lime-soil cushion was conducted.

5.2.1. Verifcation of the Hole Spacing. According to the
geological survey report, the characteristic value fak, i.e., the
allowable bearing capacity of silty clay is 150 kPa and the
ultimate bearing capacity is 300 kPa. Te building has 6
foors in total, and the estimated contact pressure, including
lime-soil cushion weight, is p � 15 × 6 + 1.5 × 18 � 117 kPa.
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Figure 9: Hole confguration of case 2.
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Terefore, the safety reserve of the foundation soil is
K � pu/p � 300/117 � 2.56; then, the multiple value of hole
spacing to diameter in the limit state is λ � K/(K − 1) � 1.64.
Te ultimate hole spacing is l � 1.64d.With an applied hole
diameter of 110mm, the theoretical hole spacing should be
180mm.

After the raft south edge was pinned by micropiles, soil
extraction was conducted from the north side of the
building. Te excavation holes were spaced at 600mm and
extended to 7.0m or 9.0m in the tilt direction underneath
the cushion. After the excavation was completed in accor-
dance with the rectifcation design scheme, the back in-
clination of the building could not achieve the expected goal
of less than an inclination of 2.0%.Terefore, supplementary
holes with a length of 10.5m were cut obliquely with the raft
edge at a spacing of 600mm.Te conducted holes are shown
in Figure 9.Tere are actually 3 excavation holes within each
spacing of 600mm, so the actual excavation hole spacing is
200mm.Tis value is in good agreement with the theoretical
calculation of 180mm.

5.2.2. Verifcation of the Relationship between the Hole Di-
ameter and Foundation Settlement. Te actual multiple is

λ �
200
110

� 1.82. (17)

Using formula (12), the theoretical settlement is

s �
mπd
4λ

�
1 × 3.14 × 110

4 × 1.82
� 47.45mm. (18)

Te rectifed settlement of the monitoring points is
approximately 50mm, as shown in Figure 10, which is close
to the theoretical formula. Te coefcient of settlement η
is 1.05.

Two case histories verify the correctness and practica-
bility of the theoretical formulas of ultimate hole spacing and
adoptable hole diameter. In addition, design modifcation
and dynamic construction are necessary for each building
with a specifc foundation. Te comparison of these two
typical case histories is shown in Table 1.

6. Conclusions

In the previous correction projects, the engineers had to rely
on experience to design and conduct rectifcation. Te
success was severely dependent on close monitoring and
holding on underexcavating. Trough simplifed theoretical

analysis, the key parameters for inclination correction are
deduced and its validity and practicability are verifed by two
case histories. Te main conclusions are as follows:

(1) After the building is tilted, the base contact pressure
is redistributed. Under the condition of uniform
distribution of structural loads, a formula is pro-
posed to calculate the stress redistribution according
to the building incline. For a concise rectifcation
design by underexcavation, the redistribution of
contact pressure should be considered.

(2) Trough simplifed theoretical analysis, based on the
total contact pressure underneath the raft being
equal to the total pressure at the soil strips between
excavation holes, the ultimate hole spacing is ob-
tained. It is also the preferable hole spacing that
facilitates the hole crushing. According to the vol-
ume of induced settlement being equal to the volume
of soil extraction, the applicable hole spacing is
obtained. Meanwhile, the induced settlement could
be predicted by the determined parameters for
underexcavation.

(3) Te verifcation of case histories shows that the
formulas are efective and applicable. Tese two
formulas provide a solid theoretical basis for the
design of rectifcation by underexcavation, but the
design scheme needs to be modifed according to the
structure type, geotechnical conditions, and other
extra measures for promoting settlement. During the
process of building correction, close monitoring and
dynamic modifcation are still essential.

(4) With the formulas presented in this study as a guide,
the critical safety state and desired settlement can be
controlled and the excavation time can be reduced.
In this research, the ultimate crushing bearing ca-
pacity of soil strips between holes is not exactly the
same as the ultimate bearing capacity of the foun-
dation, which requires further study. When the
maximum settlement at the excavation side of
a building is predicted according to the parameters
for underexcavation, the coefcient requires further
accumulating empirical data.

Symbols

B: Raft width
L: Raft length
H: Total height of the building, including the

underground part
∆B: Horizontal displacement of the roof caused by

building inclination
i: Inclination of building
e: Horizontal eccentricity caused by building

inclination
β: Ratio of building height to width, β � (H/B)

P: Nominal combination of building load
p: Contact pressure of the shallow footing
pk,max: Maximum contact pressure

Table 1: Comparison between the practical value and the
calculated value.

Project Case 1 Case 2
Floor 11F + 1F 6F
Design bearing capacity fak (kPa) 100 150
Adopted hole spacing (mm) 550 200
Teoretical hole spacing (mm) 550 180
Observed settlement (mm) 58 50
∗Calculated settlement (mm) 17.27 47.45
Note. ∗η�1.0.
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pk,min: Minimum contact pressure
s: Building settlement caused by underexcavation
smax: Maximum settlement at the cutting side
pu: Ultimate bearing capacity of the foundation
fak: Allowable bearing capacity in foundation design
K: Safety factor of the foundation
λ: Multiple of hole spacing to diameter
d: Hole diameter
l: Hole spacing
m: Number of rows of excavation holes
n: Number of holes in the excavation section
η: Coefcient of settlement.
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