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Abstract: The tangent modulus method of undisturbed soil is a new method in settlement calculation,
which is mainly applied to hard soil with a strong structure, such as silty clay, completely weathered
rock, and granite residual soil with an SPT blow count greater than 8. The tangent modulus is mainly
obtained from a field plate load test, which can consider the influence of the soil stress level and reflect
the nonlinear characteristics of the foundation settlement. In a multi-layer soil foundation, since the
deep plate loading test is difficult, a method was proposed to determine the tangent modulus of deep
soil. It is assumed that the ratio of the initial tangent modulus to the deformation modulus is equal to
the ratio of the unloading-reloading modulus E¢f to the secant modulus Eg%f obtained by triaxial
unloading-reloading test. Since there are corresponding empirical formulae for SPT counts and the
deformation modulus of different types of soils in many regions, the initial tangent modulus can be
derived by the above method. In two cases of a composite foundation, the compression modulus and
tangent modulus were used to calculate the settlement of the foundation, which is then compared
with the measured results. The results show that the proposed method for determining the tangent
modulus of deep soil is feasible in theory, and the calculating accuracy of the tangent modulus is
significantly higher than that of the traditional compression modulus.

Keywords: multi-layer soil foundation; nonlinear settlement; tangent modulus; deformation modulus

1. Introduction

The calculation of the foundation settlement is an ancient problem in soil mechanics,
which has not been solved well at present. The settlement of the foundation is affected
by the stiffness of the foundation and the characteristics of the soil. When the soil is
reinforced, the mechanical characteristics of the composite foundation are more complex.
Zhang [1] studied the calculation of the settlement of foundations reinforced with a gravel
pier and proposed an analytical solution for the settlement based on this deformation
characteristic. Chang [2] used the three-dimensional finite element method to study the
load response mechanism of the foundation in clay and sand. Pantelidis [3] studied the
relationship between the settlement of rigid rectangular foundations and corresponding
flexible foundations. Wang [4] used the equivalent soil modulus and weighted soil modulus
to analyze the settlement of the CFG pile and ram-compaction pile composite foundation,
respectively, and pointed out that the equivalent soil modulus is more suitable for the
settlement calculation of the composite foundation.

The layerwise summation method based on the soil compression modulus was gener-
ally adopted to calculate the foundation settlement in China. The compression modulus
of the soil layer is generally measured in a laboratory test. Theoretically, the compression
modulus is greater than the deformation modulus. However, for low-compressibility
soils, the measured deformation modulus is much larger than the compression modulus
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due to sampling disturbances in laboratory tests sometimes. Yang [5] pointed out that
the deformation modulus of granite residual soils obtained in the field load test is often
6-10 times higher than the compression modulus in the Guangdong region of China, and
the calculated settlement of the foundation with the compression modulus is much larger
than the measured settlement.

In addition, the deformation modulus of the soil is also related to its stress level. Based
on the Duncan—Chang model [6], Yang [5,7-9] proposed the tangent modulus method for
the nonlinear settlement calculation. According to the in-situ load plate test curves, the
relation of the tangent modulus of the soil with the stress level was set up and the tangent
modulus of different-depth soil could be computed based on its stress level. In the Chinese
Code for the Design of Building Foundations [10], the calculated value of the settlement
needs to be corrected by the empirical coefficient, but the tangent modulus method does
not need to use the empirical coefficient in the calculation of the settlement, which avoids
the disadvantage where the value of the empirical coefficient is affected by the experience
of the engineer.

Due to the complexity and high cost of the deep plate load test, a method to determine
the tangent modulus of deep soil is proposed, which uses a field standard penetration
test and triaxial test of the sampled soil to obtain the tangent modulus of deep soil. Based
on two multi-layer soil composite foundation cases, the settlement calculation is carried
out using the tangent modulus and compared with the measured settlement to verify the
feasibility of the derivation of the tangent modulus in the deep soil layer.

2. Calculation Principle of Tangent Modulus Method
2.1. Settlement Calculation Method of Composite Foundation—Layerwise Summation Method

The layerwise summation method is used to calculate the natural foundation settle-
ment in the Chinese Code for the Design of Building Foundations [10], and the deformation
of the foundation can be calculated according to the following formula:

n
s=1ss =5y %(Ziﬁi —zi 1% 1) 1
S1

i=1

where s is the final deformation of the foundation, and s’ is the foundation deformation
calculated by the layerwise summation method; s is the settlement calculation empirical
coefficient, which is shown in Table 1; n is the number of soil layers in the depth range of
the foundation deformation calculation; py is the additional pressure. Ej; is the modulus of
the compression of the ith layer; z; is the depth of the ith layer of soil; and @; is the average
additional stress coefficient.

Table 1. Empirical coefficient of calculated settlement ;.

E, (MPa) 4 7 15 20 35
s 1 0.7 0.4 0.25 0.2

According to the Technical Code for Building Foundation Treatment [11], the set-
tlement of the composite foundation after dynamic compaction is still calculated by the
layerwise summation method, and the equivalent compression modulus Es), of the com-
posite soil layer can be obtained as follows:

Esp = {Es = fopk @)

S
f ak
where fpy is the characteristic value of the bearing capacity of the composite foundation,
and f is the characteristic value of the natural foundation.
E; is the equivalent value of the compression modulus in the depth range for the
deformation calculation, which is calculated as follows:
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E = ZAi/in; 3)

where A; is an integral value of the additional stress coefficient of the ith layer of soil along
the soil depth.

2.2. Tangent Modulus of Shallow Soil

Considering the great difference between the parameters of the disturbed soil and the
in-situ soil, the tangent modulus method for the nonlinear settlement of the foundation
was proposed by Professor Yang [5]. Assuming the load-settlement p—s curve can be fitted
by hyperbola p = -, and according to the Boussinesq solution for the soil settlement
under uniform load, the initial tangent modulus of the soil can be obtained as follows [5]:

42
B = 201 @

where Ey is the initial tangent modulus of the undisturbed soil; D is the diameter of
the plate in the test; p is the Poisson’s ratio of the soil; w is the settlement influence
coefficient, which is related to the shape of the loading plate; and a is the parameter of the
hyperbolic curve.

Further, the tangent modulus equation between the tangent modulus and the stress of
the soil under a different additional load p can be obtained [5]:

2

E; = (1 - pr) Eo ®)
Pu

where P, is the ultimate bearing capacity, and b is a hyperbolic fitting parameter with

b =1/pu. Ry is the damage ratio coefficient, and E; is the tangent modulus of the soil under

a different stress level.

2.3. Tangent Modulus of Deep Soil

Figure 1 shows the stress—strain relationship curve of the soil in a standard triaxial
drainage unloading-reloading test [12-14]. The secant modulus EX is the ratio of stress
to strain when the soil stress reaches half of the failure stress (the characteristic value of
the bearing capacity). In the unloading stage, the stress—strain curves do not return to the
origin, and the elastic deformation can be restored, while the plastic deformation cannot.
The unloading-reloading process of the soil can be expressed by the unloading-reloading
modulus E. The proportion of EXf and Eg%f can be derived by the triaxial drainage
unloading-reloading test.
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Figure 1. Unloading-reloading stress—strain curves.

Assuming the ratio of the initial tangent modulus to the deformation modulus is the

same as the ratio of the unloading-reloading modulus EX to the secant modulus Ef-,%f,
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when the deformation modulus of deep soil is determined by the SPT blow count, the
initial tangent modulus can be derived according to the ratio.

3. Test Case 1—Settlement of Multi-Layer Soil Composite Foundation
3.1. Project Profile

The 9%# high-rise residential building with a shear wall structure is located in Jiujiang
City, with 28 floors above ground and one basement. The typical geological profile is shown
in Figure 2, and the raft foundation is located at —4.2 m. According to the laboratory soil
and field standard penetration test, the physical and mechanical properties of each soil
layer are shown in Table 2, where c is the cohesion, ¢ is the internal friction angle, and N is
the SPT blow count.
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Figure 2. Typical geological profile of 9# building.
Table 2. Physical and mechanical parameters of soils.
. . . haracteristi M 1 f
. Poisson’s Ratio Gravity Characteristic odulus 0 C @ SPT Blow Count
Soil Layer (KN/m) Value Compression (kPa) (Degrees) N
" fur (Pa) E; (MPa) 8
Silty clay 0.3 18.8 130 591 17 15.61 6
Gravel layer 0.24 20.5 340 27 0 34 (12)
Completely
weathered
0.26 19.5 210 15 32 20 16
calcareous
conglomerate

Note: The number with parentheses is dynamic penetration blow count.

It can be seen from Table 2 that the characteristic value of the bearing capacity of the
gravel layer and completely weathered calcareous conglomerate are 340 kPa and 210 kPa,
respectively, and the compression modulus of the gravel layer is 27 MPa, which is greater
than 15 MPa of the completely weathered calcareous conglomerate.

A raft foundation of 1.4 m thickness was adopted in the 9# residential building. The
layout of the shear wall and raft slab foundation is detailed in Figure 3. The bearing capacity
of the composite foundation after treatment is required to reach a characteristic value of
420 kPa. First of all, the natural foundation was treated by column hammer dynamic
compaction with the space of 2.2 m, then a flat hammer was used for ramming the whole
site. Figure 3 also shows the layout of the dynamic compaction points and the boundary of
the composite foundation, which extends 3 m from the raft boundary, and Figure 4 shows
the construction photos of the dynamic compaction operation with the column hammer
and flat hammer.
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Figure 3. Layout of foundation and settlement monitoring points of 9% building.

(b)

Figure 4. Construction photo of combined hammer: (a) flat hammer; and (b) column hammer.

According to the Chinese Code for Deformation Measurement of Building and
Structure [15], nine monitoring points are arranged around the building for settlement
monitoring. The monitoring points are arranged on the shear wall of the main structure, as
shown in Figure 3. Table 3 shows the settlement values of the monitoring points from the
construction to the 7th, 14th, 21st, and 28th floors. During construction, the load of each
layer of the structure is about 12 kN/ m?2,

Table 3. Settlement of monitoring point.

Cumulative Settlement (mm)

Monitoring Point Construction to Construction to Construction to Construction to
the 7th Floor the 14th Floor the 21st Floor the 28th Floor
(84 kN/m?) (168 kN/m?) (252 kN/m?) (336 kN/m?)
CJ-1 1.69 3.21 5.01 10.35
CJ-2 1.74 3.33 6.20 12.18
CJ-3 1.72 3.39 7.96 14.85
CJ-4 1.52 3.22 7.35 14.79
CJ-5 1.76 3.31 7.31 15.80
CJ-6 1.68 3.42 6.66 15.30
CJ-7 1.61 3.32 7.00 15.42
CJ-8 1.74 3.25 5.05 10.87
CJ-9 1.65 3.39 491 10.30

It can be seen from Table 3 that after the completion of the main structure, the measured
settlements at the right corner points CJ5 and CJ6 are 15.8 mm and 15.3 mm, respectively,
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and the measured settlements at the left corner points CJ1 and CJ9 are 10.35 mm and
10.30 mm, respectively. The settlement of the right corner is significantly greater than that
of the left corner. The reason is that there is a two-storey annex on the right side of the
9% building, and two columns of the annex are supported on the raft, which increases the
internal force of the raft. The measured settlements of CJ3 and CJ7 at the midpoint of the
boundary line are 14.85 mm and 15.42 mm, respectively. To sum up, the settlements at the
midpoint of the boundary line are significantly greater than that at the corner.

3.2. Vertical Static Load Test of Dynamic Compaction Composite Foundation

A plate loading test was conducted on the composite soil, and the plate area is 2 m2.
The load-displacement p—s curve obtained from the shallow plate loading test is shown in
Figure 5. It can be seen from Figure 5 that the cumulative settlement of the plate loading
is 18.16 mm when loaded to 840 kPa, and the rebound after unloading is 4.66 mm, with a
rebound rate of about 25.7%.

p(kPa)
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Figure 5. p—s curve by shallow plate loading test in 9# building.

3.3. Tangent Modulus Calculation

The plate loading test p—s curve is fitted by hyperbola p = ... We rewrite the
hyperbolic equation into the form of a linear equation s/p = bs +a. Let x = s,y = s/p; the
linear regression fitting formula is used to obtain:

n n
=Y (xiyi —nxy)/ Y, (v — nx?) (6)
i=1 i=1
0 =7—b% @)

where g, b are parameters in the hyperbola; x;, y;, respectively, represent the settlement and
the ratio value of settlement to load under different loads; and X, ¥ are the average value of
Xi, Yi-

The fitted linear equation is as follows:

% = 0.0012287s + 0.002607 )

According to the linear equation, a2 = 0.002607 and b = 0.0012287; the initial tangent
modulus E;y = 454.84 MPa can be obtained according to Formula (4). According to the
equation p, = 1/b, the ultimate bearing capacity of the soil is 813.87 kPa.

In order to verify the effect of the tangent modulus, the load—-displacement curve
of the pressure plate is now back-calculated using the tangent modulus. The tangent
modulus of the gravel layer under different loads was calculated according to the equation
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Ei=(1- Pﬂu)ZEto, and the calculated values of the tangent modulus are shown in Table 4.
It can be seen that the tangent modulus of the soil increases with the increasing of the depth
under the same load. In addition, at the same depth, the tangent modulus decreases with
the increase of the load.

Table 4. Calculation of tangent modulus of gravel layer under various loads.

Tangent Modulus of Soil Layer under Different Load Levels

Soil Ultimate Bearing Capacity = Depth of Soil Layer (MPa)
p, (kPa) (m)

105 210 315 420 525 630 735

814 0.566 3435 2493 1701 1060  57.0 23.1 43
1264 1.131 3946 3404 2902 2440 2018 163.6 1295
1714 1.697 4283 4044 3813 3588 3370 3159 2955
2163 2.262 4416 4306 4197 4089 3983 3878 3775
2613 2.828 4470 4412 4355 4298 4242 4185  413.0
3063 3.394 4494 4461 4428 4395 4362 4329 4296
ravel 3513 3.959 4507 4487  446.6 4446 4426 4405 4385
% 3963 4525 4515 4501 4488 4474 4461 4448 4434
ayer 4413 5.090 451.8 4507 4497 4487 4476 4466 4456
4863 5.656 4522 4515 4509 4503  449.7 4490 4484
5313 6.222 4523 4518 4513 4508 4503 4498 4493
5762 6.787 4525 4521 4518 4515 4511 4508 4505
6212 7.353 4525 4523 4521 4518 4516 4513  451.1
6662 7918 4526 4525 4523 4521 4519 4518 4516
7112 8.484 4527 4526 4525 4524 4523 4522 4520

The tangent modulus was used to calculate the settlement under different loads.
Figure 6 shows the comparison of the test curve, the hyperbolic fitting curve, and the curve
calculated by the tangent modulus method. It can be seen from Figure 6 that the curve
calculated by the tangent modulus method is basically consistent with the test curve. It
shows that the nonlinear characteristics of the soil settlement can be reflected by the tangent
modulus, because the influence of the stress level is taken into account.

p(kPa)
0 200 400 600 800 1000
0 -\.% Il 1 1 1 1
2 ey
4l N\
N\
6 -
8 -
210+
g
14 1
16 1 \.\
18- B
—m—Test
201 e Fitted by Hyperbolic curve \‘
22 | —a—Tangent Modulus Method A

Figure 6. Comparison of p—s curve.

3.4. Settlement Analysis of Composite Foundation under Flexible Uniform Load

Without considering the raft stiffness, the average additional stress coefficient & of the
soils at different depth under the flexible uniform load was obtained by looking up the table
method [10], and the corresponding additional stress was obtained, and then the settlement
of the composite foundation was calculated by the layerwise summation method.
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3.4.1. Settlement Calculation Using Modulus of Compression

Under the foundation, there are gravel layer, completely weathered calcareous con-
glomerate and moderately weathered calcareous conglomerate. The thickness of the gravel
layer and the completely weathered calcareous conglomerate are about 8.5 m and 11.3 m,
respectively, and the settlement of the moderately weathered conglomerate can be ignored.
According to Formula (2), the comprehensive compression modulus of the gravel layer
after dynamic compaction can be obtained:
fspk 420

Es = — x 27 =33 MPa

E =
T fu 340

As the impact of the strong ramming on the lower completely weathered calcareous
conglomerate is very small, the compressive modulus of the completely weathered rock
is still 15 MPa. The final settlement of the gravel layer As; and the completely weathered
rock Asp at the raft corner point can be calculated by the layerwise summation method.

As; = %zm - = — 21.20 mm
Asy = &(ZzﬂTz ) = 336 x (19.8 x 0.2214 — 8.48 < 0.2455) 51.56 mm
Es 15
The equivalent value of modulus of compression is as follows:
= LA _ pozaly 336 x19.8x0.2214 20.24 MPa

Z%  As;+Asy  21.20+51.56

si

According to the equivalent value of the compression modulus E; in the calculated
depth, the empirical coefficient of the settlement calculation s = 0.25 is obtained from
Table 1, so the corner settlement of the raft foundation is obtained:

s1 = s(Asy + Asy) = 0.25 x (21.2 4 51.56) = 18.19 mm

Similar to the corner point settlement calculation, the calculating settlement s; of the
midpoint of the raft boundary line is 35.18 mm.

3.4.2. Settlement Calculation by Tangent Modulus
e  The gravel layer:

The initial tangent modulus Ej of the gravel layer is 454.84 MPa, and its ultimate
bearing capacity P, is 813.87 kPa. According to the Technical Code for Ground Treatment
of Buildings, the ultimate bearing capacity P, of the reinforced foundation is not corrected
by width, so the P, was only corrected according to the depth, and the tangent modulus of
the gravel layer with different stress levels was derived.

e  The completely weathered calcareous conglomerate:

According to the Chinese Geological Engineering Handbook [15], the empirical for-
mula of the completely weathered calcareous conglomerate between the deformation
modulus and blow count is Eg = 2.2N, and the SPT blow count N of the completely
weathered calcareous conglomerate is 16, so the deformation modulus of the weathered
calcareous conglomerate is 35.2 MPa [16]. The proportional relationship between the
unloading-reloading modulus E™f and the secant modulus Eg%f of the completely weath-
ered calcareous conglomerate is Eyr = 4.3E50 [17-19]. Assuming that the ratio of the initial
tangent modulus to the deformation modulus is the same as the ratio of the unloading—
reloading modulus E™¢f to the secant modulus E;‘af, and it can be concluded that the initial

ur

tangent modulus Ey is 151.36 MPa.
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The ultimate bearing capacity P, of the completely weathered conglomerate is calcu-
lated by the Terzaghi formula P, = 3bN, + qN; + cN., where c and ¢ are 32 kPa and 20°,
respectively. The tangent modulus of the completely weathered calcareous conglomerate at
different depths can be calculated according to Formula (5). Figure 7 shows the p—s curves
of the midpoint and corner of the boundary line calculated by the compression modulus
and tangent modulus, respectively, under the uniform load, and the measured curve of
corner points 1 and 9 and the midpoint 3 and 7 are presented.

p(kPa) p(kPa)
0 100 200 300 400 0 100 200 300 400
O 1 1 1 1 O 1 1 N |
.
5
*
E 10-
=
30 154
* *
35 —8—C]J-3-Test \* —8—CJ-1-Test N
—e—CJ-7-Test —e—CJ-9-Test *
40 - —m—|ayer-wise summation method with tangent modulus 20 - —®—layer-wise summation method with tangent modulus
—*—layer-wise summation method with Compression modulus method —*—layer-wise summation method with Compression modulus method

(a) (b)

Figure 7. Comparison of calculated and measured p—s curves: (a) midpoint of the boundary line; and
(b) corner point.

It can be seen in Figure 7 that the calculated settlements of the corner points and the
midpoint by the compression modulus are significantly larger than the measured ones.
However, the settlement calculated by the tangent modulus method is very close to the
measured, and the corner settlement is slightly smaller than the measured. The reasons may
be that the additional stress coefficient is calculated according to the completely flexible
load, without considering the influence of raft stiffness.

3.5. Finite Element Analysis of Foundation Settlement
3.5.1. Establishment of Finite Element Model

Due to the irregular shape of the raft foundation, the raft model was appropriately
simplified as the rectangle in the finite element analysis. According to the symmetry of the
structure and load, the 1/4 model was used in the finite element modeling. Ignoring the
deformation of the moderately weathered rocks, only the gravel layer and the completely
weathered calcareous conglomerate were considered in the finite element model. The
thickness of the gravel layer and the completely weathered calcareous conglomerate are
8.5 m and 11.3 m, respectively, and the total thickness of the soil layer is 19.8 m. The
total dimensions of the 1/4 finite element model are 20 m x 60 m x 19.8 m, and the raft
foundation is 7 m x 21.6 m. The bottom boundary of the model is fixed; the lateral normal
displacement of the model is constrained, and the tangent displacement is free. The overall
finite element model is shown in Figure 8.

The raft was simulated as an elastic model with the elastic modulus 30 GPa, and the
soil was simulated as a nonlinear elastic model. The C3D8R element was used for the raft
and soil. Surface-to-surface contact was adopted for contact, and small sliding was adopted
to track the relative movement of the contact surface. The surface with the larger stiffness
was used as the master surface, and the surface with the smaller stiffness was used as the
slave surface. In the mechanical model of contact interaction, hard contact was adopted in
normal behavior, and a penalty function was adopted in tangential behavior.
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Owing to the fact that the tangent modulus value is affected by the stress level, in
ABAQUS2022 software, the field variable can be used to realize the variation of the soil
elastic modulus, and different tangent modulus values can be set by the field variable at
each loading stage.

(a) (b)

Figure 8. Finite element model: (a) raft; and (b) FEM model.

3.5.2. Comparison of the Test and Numerical Results

Figure 9 shows the vertical settlement contour of the raft foundation calculated by
using the tangent modulus. It can be seen from Figure 9 that the settlement of the raft
foundation shows a disc-shaped distribution, with a large settlement in the middle and a
small settlement in the four corners.

U, u3
+0.000e+00
-1.508e-03
-3.017e-03
-4.525e-03
-6.034e-03
-7.542e-03
-9.051e-03
-1.056e-02
-1.207e-02
-1.358e-02
-1.508e-02
-1.659%e-02
-1.810e-02

Figure 9. Vertical settlement contour of raft slab foundation of 9%# building (m).

The settlement at the corner points and midpoint of the raft boundary line were
extracted and compared with the above. From Figure 10, it can be seen that the simulated
settlement by the finite element method (FEM) is also close to the measured value, and the
bending stiffness of the raft slab is considered in the FEM.
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Figure 10. Settlement comparison of p—s curve: (a) the midpoint of boundary line; and (b) the corner point.

4. Test Case 2—Multi-Layered Soil Foundation with Rigid Pile
4.1. Project Profile

The 15# building is also a high-rise residential building with 28 floors above ground
and one basement. The typical geological profile is shown in Figure 11, and the 1.4 m thick
raft is located at —4.44 m. Figure 12 shows the layout of the shear wall and the border of
the raft and composite foundation. The raft foundation is an irregular plane, and the length
and width of the raft foundation are 92.45 m and 27.95 m, respectively.
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Figure 11. Typical geological profile of 15# building.
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Figure 12. Shear wall and foundation plan layout of 15# building.

Because the thinnest part of the gravel layer under the raft foundation is only 2.5 m,
which is far less than the thickness of the gravel layer of the 9% building, a concrete rigid pile
composite foundation was adopted to meet the requirements of the bearing capacity and
the deformation of building. The rigid pile diameter is 0.6 m, with moderately weathered
rocks as the bearing layer, and the adjacent rigid pile spacing is 3 m. The cushion with a
thickness of 0.5 m was laid on the top of the composite foundation.

According to the Chinese Code for Deformation Measurement of Building and Structure [15],
10 monitoring points were placed around the building for settlement monitoring, and the
monitoring points were arranged on the shear wall of the structure. Table 5 shows the
settlement values of the monitoring points for construction up to the 7th, 14th, 21st, and
28th floors, respectively, and the settlement in the table does not include post-construction
settlement. The load of each floor of the structure during construction is about 12 kN/m?.

Table 5. Settlement of monitoring point.

Cumulative Settlement (mm)

Construction to Construction to Construction to Construction to

Monitoring Point

the 7th Floor the 14th Floor the 21st Floor the 28th Floor
(84 kN/m?) (168 kN/m?) (252 kN/m?) (336 kN/m?)
CJ-1 2.04 3.15 6.19 12.30
CJ-2 2.13 3.19 6.82 13.79
CJ-3 2.11 3.13 6.47 13.31
CJ-4 2.16 3.18 6.71 13.96
CJ-5 2.09 3.16 6.64 13.62
CJ-6 2.12 3.28 6.65 14.04
CJ-7 2.18 3.26 6.69 13.77
CJ-8 2.16 3.26 6.3 14.25
CJ-9 2.13 3.25 6.54 14.74
CJ-10 2.06 3.12 6.48 13.93

4.2. Vertical Static Load Test of Soil

Figure 13 shows the p—s curve of the soil by shallow plate loading test. It can be seen
that the cumulative settlement is 15.72 mm when loaded to 840 kPa, and the rebound after
unloading is 5.72 mm, with a rebound rate of about 36.3%.
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Figure 13. p—s curve by shallow plate loading test in 15# building.

The p-s curve fitting equation is s/p = 0.000908s + 0.006, where a = 0.006 and
b =0.000908. The initial tangential modulus Eg of the gravel layer is 197.66 MPa, and
the ultimate bearing capacity P, of the gravel layer is 1101.32 kPa.

4.3. Finite Element Analysis of Foundation Settlement
4.3.1. Establishment of Finite Element Model

Due to the irregular shape of the raft foundation, the raft model was appropriately
simplified as the rectangle in the finite element analysis. According to the symmetry of
the structure and load, the 1/4 model was used in the finite element modeling. Due to
the large elastic modulus of the moderately weathered calcareous conglomerate, only the
cushion, the gravel layer, and the completely weathered calcareous conglomerate were
considered in the finite element model. In addition, the thickness of the cushion is 0.5 m,
and the thickness of the gravel layer and the completely weathered calcareous conglomerate
are 5 m and 11 m, respectively. The total thickness of the soil layer is 16.5 m. The total
dimensions of the 1/4 finite element model are 32 m X 62.5 m x 16.5 m, and the 1/4 raft
foundation is 8 m x 38.5 m. The bottom boundary of the model was fixed. The lateral
normal displacement of the model is constrained, and the tangent displacement was free.
The overall finite element model is shown in Figure 14.

The raft and rigid pile were simulated as an elastic model with the elastic modulus
30 GPa, and the cushion was simulated by a Mohr—Coulomb constitutive model with the
elastic modulus 60 MPa. The soil was simulated as a nonlinear elastic model. The C3D8R
elements were used for the platform, rigid pile, cushion, and soil. The contact element was
used to simulate the rigid pile and the soil, the rigid pile and cushion, and the raft and
cushion. Surface-to-surface contact was adopted for contact. Small sliding was adopted
to track the relative movement of the contact surface. The surface with the larger stiffness
was used as the master surface, and the surface with the smaller stiffness was used as the
slave surface. In the mechanical model of contact interaction, hard contact was adopted in
normal behavior, and the penalty function was adopted in tangential behavior.
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Figure 14. Finite element model of rigid pile composite foundation of Building 15: (a) raft; (b) raft
and pile; and (¢) FEM model.

4.3.2. Comparison of the Test and Numerical Results

Figure 15 shows the vertical settlement contour of the rigid pile composite foundation
of the 15# building. Compared with the settlement deformation contour of the 9# building,
it can be seen that the disc deformation effect of the settlement was significantly smaller.
The main reason is that the deformation of the 15# building is affected by the combined
effect of the pile and soil deformation. The deformation of the soil is in accordance with
the Boussinesq solution under the flexible load, showing an obvious disc deformation
effect. While the deformation characteristic of the end-bearing rigid pile is similar to the
independent spring of the Winkler model, the settlement of the ith rigid pile is only related
to the stress acting on the ith rigid pile, and is not related to the stress on the other rigid
piles, so the deformation of the 15# building shows a smaller disc deformation effect.

+2.058e-04

-1.629e-02
-1.77%-02

Figure 15. Vertical settlement contour of rigid pile composite foundation (m).

Figure 16 shows the comparison between the calculated settlement and the measured
settlement. It can be seen from Figure 16 that the calculated settlement at the midpoint
of the boundary line is close to the measured settlement. The measured curve shows an
obvious nonlinear phenomenon, while the calculated curve shows no obvious nonlinear
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phenomenon. After the completion of the 28th floor, the measured settlement of the mid-
point of the foundation sideline is basically consistent with the calculated settlement, but the
calculated settlement of the corner point is slightly smaller than the measured settlement.
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0 L L L ! 0 1 1 L |
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Figure 16. Comparison of finite element and measured p—s curves: (a) the midpoint of the boundary
line; and (b) the corner point.

The vertical stress contour of the rigid pile and soil is shown in Figure 17. From
Figure 17a, it can be seen that the stress at the top of the rigid pile is about 4.7 MPa, and the
vertical stress of the rigid pile increases gradually with the depth. Because the coefficient
of the friction of the upper gravel layer is greater than that of the completely weathered
calcareous conglomerate, and the upper soil layer has a higher additional stress, the stress
in the upper part of the rigid pile grows faster. It can be seen from Figure 17b that the soil
average stress between piles is about 240 kPa, and the pilesoil stress ratio is approximately
19.6, which is in an ideal state.

S, 833 S, S33
(Avg: 75%) (Avg: 75%)
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Figure 17. Vertical stress contour (kPa): (a) rigid pile; and (b) soil.

5. Conclusions

In this paper, the tangent modulus was used to calculate and analyze the settlement
of the composite foundations of two high-rise buildings, and the calculated settlement is
compared with the measured results. The main conclusions are as follows:

(1) The tangent modulus method is mainly suitable for the hard plastic soil with a strong
structure, such as silty clay, completely weathered rock, granite residual soil, and so
on, whose SPT blow count N is more than 8.

(2) The tangent modulus takes into account the influence of soil stress and can better
reflect the nonlinear settlement characteristics of the foundation. The measured
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settlement results of the two cases show that the calculation accuracy of the tangent
modulus is significantly better than the traditional compression modulus.

(38) The Chinese foundation code adopts the empirical coefficient of the settlement calcu-
lation to adjust the settlement of low-compressibility soil, and the minimum empirical
coefficient of the settlement is 0.2. However, the value of the empirical coefficient is
greatly influenced by the experience of the engineers. The tangent modulus method
directly obtains the tangent modulus of the soil by an in-situ pressure plate test, and
no empirical coefficient is needed in the settlement calculation process.

(4) Owing to the high cost of the deep plate load test, for deep hard plastic soil, it is a
common geological exploration method to determine the deformation modulus of
deep soil by the SPT blow count, and there are corresponding empirical formulae for
different types of soil in different regions. In this paper, it is assumed that the ratio of
the initial tangential modulus to the deformation modulus is the same as the ratio of
the unloading and reloading modulus E'¢f to the secant modulus Eg%f obtained from
the triaxial test of the sampled soil, and then the initial tangential modulus can be
derived from this ratio. The related method can greatly reduce the cost of obtaining
the tangent modulus of deep soil. The analysis results of two cases prove that the
method has high accuracy. More deep plate loading tests are required to further verify
whether the method is universal.
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