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Abstract: To overcome the problems in design methodologies
and construction control measures for the large open caisson,
systematic research was conducted on the side friction
calculation mode of the large open caisson. Based on the field
monitoring data of lateral soil pressure on the side wall of the
open caisson for the southern anchorage of the Maanshan
Yangtze River Highway Bridge, the statistical result of the
side friction under different buried depths of the cutting edge
of the open caisson was back-analyzed; and the side friction
distribution of the large open caisson was underlined. The
analysis results indicate that when the buried depth of the
cutting edge is smaller than a certain depth H,, the side
friction linearly increases with the increase in the buried depth.
However, as the buried depth of the cutting edge is larger than
H,, the side friction shows a distribution with small at both
ends and large in the middle. The top of the distribution can
be regarded as a linear curve, while the bottom as a hyperbolic
curve. As the buried depth of cutting edge increases
continuously, the peak value of the side friction linearly
increases and the location of the peak value gradually moves
down. Based on the aforementioned conclusions, a revised
calculation mode of the large open caisson is presented. Then,
the calculated results are compared with the field monitoring
data, which verifies the feasibility of the proposed revised
calculation mode.
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pen caisson has been widely used in the construc-
tion of port, bridge, mining, and water conservan-
cy and hydropower engineering'™ due to less occupied
area, less excavation, its convenient construction and
greater bearing capacity. The side friction on the side
wall of open caisson and end resistance are the two key

controlling factors during the sinking. Undoubtedly,
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studies on the basic mechanical behavior'*™®, designing

and calculating method™, and construction control
measure' *"* for small and medium-sized open caissons
are abundant and some of the results have been adopted
by the technical code and standards of open caisson. The
open caisson foundation begins to develop in a larger and
deeper way. However, the existing analysis theories and
design methodologies are more suitable for the design of
small and medium-size open caissons.

For a long time, the distribution diagram of friction can
be obtained by two approaches. The first approach is the
suggestion mode offered by standard GB 50069—
2002'"", which is obtained by the mechanical behavior of

15
. However, Wu'"”'

a large diameter pile in pile-sinking'"
conducted a series of field tests and discovered that the
side friction distribution of the open caisson is different
from that of pile. For the second approach, the side fric-
tion is obtained by multiplying the lateral pressure by the
external friction coefficient of the side wall of the open
caisson, which is calculated by the classical active earth
pressure theory. However, the soil squeezing effect of the
open caisson and the repeated perturbation of the sur-
rounding soil induced by the sinking of the open caisson
are not included in the classical active earth pressure theo-
ry. More importantly, no advanced design guide or con-
struction control technology of the deep water open caisson
is proposed in practice. Hence, it is necessary to improve
the existing calculation model to obtain an accurate side
friction for a super-large caisson and optimize the relevant
design theories.

The objective of this paper is to analyze the distribution
of side friction and propose a revised calculation model
for the super-large caisson. First, based on the field mo-
nitoring data of lateral pressure for the southern anchorage
of the Maanshan Yangtze River Highway Bridge, the dis-
tribution of side friction on the open caisson is performed
with the back analysis method. Secondly, a revised cal-
culation mode is proposed for the side friction of the su-
per-large open caisson. Finally, the results of the revised
calculation mode are compared with the filed monitoring
data to investigate its validity.

1 Distribution of Side Friction

As is known to all, the monitoring of the side friction
of the open caisson is difficult, perhaps not possible, in
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practice. Hence, the side friction is generally obtained by
the back-analyzed method with the lateral pressure on the
side wall of the open caisson. Then, the side friction, f,,
of the open caisson can be expressed as

f. = o, tand (1)

where ¢, is the lateral pressure on the side wall of the open
caisson, which can be obtained by the measurement of the
soil stress transducer; § is the external friction angle be-
tween the soil layer and side wall of the open caisson.

As shown in Fig. 1, a number of soil stress transducers
are installed on its side wall of the open caisson, which
can be used to obtain the lateral pressure on its side wall.
The installation of soil stress transducers is presented in
Fig.2. The statistical result of the side friction under dif-
ferent buried depths of the cutting edge of the open caisson
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Fig.1 Arrangement of soil stress transducers on the side wall
of the open caisson (unit: m)

() (d)

Fig.2 Installation of soil stress transducers on the side wall of
the open caisson. (a) Positioning transducer; (b) Fixed by welding;
(¢) Installation; (d) Demolition of the mould

is back-analyzed with the lateral pressure by Eq. (1). The
friction coefficients of soil layers are listed in Tab. 1. On
the basis of the side friction tendency, the variation of the
side friction can be divided into two stages and the bound-
ary of the buried depth of the cutting edge for the two sta-
ges is about 18.0 m. Figs.3 and 4 illustrate the distribu-
tions of side friction for the two stages with different bur-
ied depths of the cutting edge.

Tab.1 External friction angle of soil layers

Elevation/m . Internal friction External friction angle 6/(°) Friction
Name Thickness/m ..
Surface Bottom angle ¢/(°) Range Selected value coefficient g
Silt 6.5 5.65 1.15 28 9 to 14 12 0.21
Silty clay 5.65 1.79 3.86 18 6t09 8 0.14
Silty clay 1.79 -2.85 4.64 20 6 to 10 8 0.14
Silty sand -2.85 -11.53 8.68 34 11 to 17 14 0.25
Fine sand -11.53 -33.78 22.25 36 12 to 18 15 0.27
Medium sand -33.78 -40.80 7.03 40 13 to 20 20 0.38

Notes: External friction angle § = ¢/3 to ¢/2; friction coefficient u = tans.
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Fig. 3  Distribution of side friction under different buried

depths in the first stage

For the first stage, as shown in Fig. 3, the increase in
the side friction is almost linear with the increase in the

buried depth of the cutting edge. However, for the sec-
ond stage, the distribution of side friction presents a para-
bolic diagram with small at both ends and large in the
middle, as shown in Fig. 4. Moreover, the distribution of
the side friction in the second stage is almost linear before
the side friction reaches the peak value. In terms of the
increase rates of the linear parts in Figs. 3 and 4, the criti-
cal depth for the transformation of side friction distribu-
tion from linear to parabola is about 6. 0 m. Fig. 4 also
shows that the peak value of side friction tends to increase
with the increase in the buried depth of the cutting edge,
and the location of the peak value tends to move down.
An explanation can be that, during the sinking, the soil
close to the inside of the cutting edge will be sucked away
by the suction pipe and a pressure difference will form be-
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tween the inside and outside of the cutting edge. Under the
pressure difference, the soil outside the cutting edge tends
to flow into the inside. As a result, the soil is loose and
the soil pressure decreases, and then a pressure relaxation
zone will form, as shown in Fig. 5. Not coincidentally,
similar regularity has also been reported by Chen et al. "
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Distribution of side friction under different buried

Fig. 4
depths of the cutting edge in the second stage. (a) Buried depth
of 18.5 to 21.5 m; (b) Buried depth of 21.5 to 24.5 m; (c) Buried
depth of 24.5 to 26.2 m; (d) Buried depth of 26.2 to 28.5 m
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Fig.5 Schematic of pressure relaxation zone

with the field monitoring data. In other words, the char-
acteristic that the distribution diagram of side friction
transferred from linear to parabola is widespread in large
open caissons. Moreover, there is a significant difference
between this kind of distribution diagram and the trapezoid
distribution diagram according to standard GB 50069—
2002'" .

Based on the statistics of the magnitude and location of
the peak value of side friction illustrated in Fig. 4, the
variations of the peak value and its location with the bur-
ied depth are presented in Fig. 6. The statistical result
shows that the increase of the magnitude as well as the
descent of the location of the peak value is almost linear
with the increase in the buried depth of the cutting edge.
In addition, it should be noted that the slope of the fitting
line is 1. 688, which means that the length increment of
the linear upon the peak value is about 0. 6 m (i.e.,
1/1.688) with a 1.0 m increase in the buried depth of the
cutting edge.
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Fig.6 Variation of side friction with the buried depth of the
open caisson cutting edge. (a) Peak side friction; (b) Location of
peak side friction
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In order to reveal the characteristic of the side friction
distribution with the buried depth of the cutting edge, all
of the monitoring data shown in Figs. 3 and 4 are summa-
rized in Fig. 7. The earth surface is selected as the zero
point of the coordinate. On the whole, the distribution of
this data seems to be confused and disordered without any
apparent regularity. Hence, to further reveal the distribu-
tion characteristic of side friction, the data is classified in-
to two groups, and the location of the peak value is taken
as the boundary between the two groups. The monitored
data upon the peak value is illustrated in Fig. 7(b), and
the ground elevation is selected as the zero of the coordi-
nate. It can be easily observed that the trend of the data
almost maintains it consistently with a linear distribution,
which means that the side friction maintains nearly a con-
stant value within the original linear, with the increase in
the buried depth of the cutting edge. However, the loca-
tion of the peak value tends to move down and the length
of the linear tends to increase. Thus, the side friction, f,,
for the linear part, which is above the peak value of side
friction, can be written as

f. =k,y,htans (2)

where k, is the average lateral earth pressure coefficient of

the soil layers passed through by the open caisson; vy, is

the average weight of the soil layers passed through by the

open caisson; h is the sinking depth of the open caisson;
Side friction/kPa

0 5 10 15 20
0 = T T T 1

£ LI
DY
] 3 x* {x
X
2 -6 Xy X xx§
=] xx ¥ x
é -9+ %X xXx
g . X Xy
) x = x
Ao o, .
B %

x x
4%_15_ x 3
8 N
Zosl %
.2 ‘<
e x*

21kt

(a)
Side friction/kPa

0 5 10 15 20
0 \ T T T 1
S x\
}o x \\(
I
E 3k ox oaa
a 3 xx ;\ x
= \
% - x"‘\}
E -6 x X
ECT Troen
) x Nox
g x \\! x x
< x N\ x
© -9 x N x
151 \
g N
z Jo =koynhtand, N
(=} N

1
Ju
[3%)

r

(b)
Fig.7 Distribution of side friction. (a) All side friction; (b) Side
friction with their locations above the peak value of side friction

8,, is the average external friction angle of the soil layers
passed through by the open caisson.

For the monitored data below the peak value, a nor-
malized approach is applied to each data by using Matlab.
The procedures of the normalized approach are summa-
rized as follows.

1) Fit the side friction with the Gaussian-polynomial
function, and obtain the peak value, f, .. of the fitting
curve and the corresponding depth, H,, below the earth
surface.

2) Select a field monitoring data, f,, as the target val-
ue and the corresponding depth is s, and then calculate
the objective function as follows:

7] :f; _fi.max (3)

where f, . is the fitting result corresponding to f;.

3) Build a rectangular coordinate system with the y-ax-
is of the (f, = f, na)/f max and the x-axis of the perpendic-
ular distance (h — H,) away from the location of the peak
value, and mark the result obtained by Eq. (3) in the co-
ordinate system.

Based on the procedures mentioned above, each moni-
tored piece of data below the peak value is processed and
depicted in Fig. 8. The location of the peak value is se-
lected as the zero point of the coordinate. It can be ob-
served from Fig. 8 that the variation trend of (f, —f, ,...)/
fima With the (h — H,) is relatively consistent, which
means that the buried depth of the cutting edge almost has
no effect on the value of (f; - f, ...)/fi - Moreover,
the relationship of the (f, —f; ,...)/f, mx and (A —H;) can
be well fitted by a hyperbolic function as follows:

fs_fs.max= h_Hl
fi.max (h_H]) -4

where H, is the location of the peak value below the
earth’s surface and the meanings of the other notations are
the same as the former.

In conclusion, when the buried depth of the cutting edge
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Fig.8 Distribution of side friction below the peak value



134

Ouyang Xiaoyong, Zhao Wenguang, Li Jin, and Li Song

of the open caisson is smaller than a certain depth H (H,
~6.0 m, for the open caisson in the southern anchorage
of the Maanshan Yangtze River Highway Bridge), the
side friction linearly increases with the increase in the bur-
ied depth of cutting edge. However, as the buried depth
of cutting edge is larger than H,,, the side friction shows a
distribution diagram with small at both ends and large in
the middle, the top of the distribution can be regarded as
linear curve, while the bottom as hyperbolic curve. As
the buried depth of the cutting edge of the open caisson
increases continuously, the peak value of the side friction
linearly increases and the location of the peak value grad-
ually drops.

2 Revision of Calculation Mode for Side Friction

In standard GB 50069—2002""', the calculation mode
for the side friction during the sinking is illustrated in Fig.
9. Clearly, the trapezoid diagram of the side friction can-
not reflect the fact that the peak value increases gradually
with the buried depth of cutting edge and the location of
the peak value gradually moving down. More importantly,
the trapezoid diagram is significantly different from the pa-
rabola diagram commonly observed by field monitoring.
Hence, the calculation mode in GB 50069—2002'"" is not
suitable for the large open caisson.

H-5.0

LLLTLT T e

fo
Fig.9 The calculation mode of side friction in GB 50069—
2002 (unit: m)

Except for the calculation mode in GB 50069—2002""",
Chen et al. " proposed a calculation mode, and the corre-
sponding mathematical expressions are as follows:

O'f—ﬁfo h<H,
1
o =f H <h<H, (5)
— Lh_Hz h>H
o =h\1=3 gy =
2

where H, is the location of the peak value below the earth
surface and the recommendation value is 8§ to 12 m in
Ref. [3]; f, is the unit maximum side friction, which is
related to some parameters, such as the soil properties
and the buried depth of the cutting edge; H, is the lower

bound depth where the side friction reaches the maximum
value f; and will not change with the buried depth of the
cutting edge, and the recommendation value of (H, — H,)
is 1.0 to 5.0 m in Ref. [3]; & is the calculation depth.
However, the fact that the peak value increases gradual-
ly with the buried depth of the cutting edge and the loca-
tion of the peak value gradually moving down is not con-
sidered in the calculation mode presented by Chen et
al.", even though the parabola distribution characteristic
of side friction has been considered. As a result, the dis-
crepancy between the calculated result and field monitoring
data is great. Thus, it is necessary to propose a revised
calculation mode for the large open caisson. On the basis of
the distribution characteristic of side friction presented in the
preceding section, a revised calculation mode of the large
open caisson will be focused on in the following subsection.
As previously mentioned, when the buried depth of the
cutting edge of the open caisson is smaller than a certain
depth H,, side friction linearly increases with the increase
in the buried depth of the cutting edge, as shown in Fig.
10(a). However, as the buried depth of the cutting edge
is larger than H,, the side friction shows a distribution di-
agram with small at both ends and large in the middle,
the top of the distribution can be regarded as linear, while
the bottom as hyperbolic, as shown in Fig. 10(b). Thus,
the following piecewise function can be proposed to de-
scribe the distribution characteristic of the side friction:

kyy . htand,, H<H,
fo= h-H, (6)
ol +1 ] H=H
O e >H,
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Fig.10 The revised calculation mode of side friction. (a) H <
Hy, (b) H>H,
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where £ is the depth and has a negative sign for the sub-
surface. H, is the critical depth for the distribution of the
side friction turning from linear to parabolic; generally,
H,=6.01t0 8.0 m; H,=6.0 m for the project relied up-
on in this study and H; =7.0 m for the field monitoring
data in Ref. [3]. H, is the location of the peak value of
side friction. As shown in Fig. 10, H, can be obtained by
the mathematical expression as follows:

H, =k(H-H,) +H, (7)

where k is the variation coefficient for the location of peak
side friction. The reduction proportional relationship be-
tween the decline of the peak side friction location and the
increment of the buried depth can be directly characterized
by the value of k. k=0.6 for the project relied upon in
this study and k= 1. 0 for the field monitoring data in
Ref. [3]. f, .. is the peak side friction and it can be writ-
ten as

-fs, max — kO’YmHl tanam ( 8)

Clearly, the revised calculation mode for the side fric-
tion of caisson defined by Eq. (6) can not only reflect the
distribution with small at both ends and large in the mid-
dle, but also effectively consider the characteristic that the
peak value of the side friction increases gradually with the
buried depth of the cutting edge and the location of the
peak value gradually moves down. Fig. 11 presents the
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Fig. 11 Comparison between the side friction predicted by Eq.
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(8) and field monitoring data. (a) Field monitoring data in this pa-
per; (b) Field monitoring data in Ref. [3]

comparison between the side friction empirically estimated
by Eq. (6) and the field monitoring data, while the val-
ues of the corresponding parameters have been listed in
previous section. As can be seen, the distribution of the
data is almost around the oblique line of 45°, which
means that the estimated f, agrees well with the field mo-
nitoring data ( coefficient of determination R’ =0.917 for
the southern anchorage of the Maanshan Yangtze River
Highway Bridge and R* = 0. 936 for the engineering in
Ref. [3]). Hence, the feasibility of the proposed revised
calculation mode is verified.

3 Conclusion

In this study, the side friction distribution of the large
open caisson is underlined with the field monitoring data
of the southern anchorage of the Maanshan Yangtze River
Highway Bridge. Meanwhile, a revised calculation mode
of the large open caisson is proposed. From this investi-
gation, the following conclusions can be drawn.

When the buried depth of the cutting edge of the open
caisson is smaller than a certain depth H,, the side fric-
tion linearly increases with the increase in the buried
depth of cutting edge. However, when the buried depth
of the cutting edge is larger than H,, the side friction
shows a distribution with small at both ends and large in
the middle. The top of the distribution can be regarded as
linear, while the bottom as hyperbolic. As the buried
depth of the cutting edge of the open caisson increases
continuously, the peak value of the side friction linearly
increases and the location of the peak value gradually
moves down. On the basis of these conclusions, a revised
calculation mode of the large open caisson is presented.
The feasibility of the proposed revised calculation mode is
verified through analyzing the results obtained from the
revised calculation mode and the field monitoring data.
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