
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


BA$E FAILURE OF BRACED EXCAVATION STABILIZED BY DM METHOD 

RUPTURE DE FOND D’UNE EXCAVATION ETANCONNEE, STABILISEE PAR LA 

METHODE DM

H. Tanaka

Port and Harbour Research Institute, 
Yokosuka, Japan

SYNOPSIS Excavation work was stopped due to large heave of the vertical supports. Because of the great depth in spite of poor soil condition, the ground 
under the excavated bottom was stabilized by Deep Mixing (DM) method, in order to increase the passive earth pressure and resistance against base failure. Although 
large heave was measured, the bending stress in the retaining wall and strut force are within their allowable stress. A new stability number, A/,, is proposed, in stead 

of the circular method, which is widely used to examine base failure in Japan. From case studies, the allowable N, ranges from 4 to 5, under which the excavation is 

carried out without large heave.

X IIIIC S M F E , 1994. New Delhi, India /  X lll C IM STF, 1994, New Delhi, Inde

IN T R O D U C T IO N

The maximum depth of braced excavation is not more than 10m without a 

stabilization, where normally consolidated clay is thickly deposited. For deeper 

excavations, a stabilization method must be used to increase the passive earth 

pressure or the resistance against base failure. In Japan, Deep Mixing (DM) 

Method, in which soil is mixed in situ with cement, has been recently applied to 

large excavations with poor soil condition. A typical cross section of the 

excavation stabilized by DM method is shown in Fig. 1.

However, excavation work has come to a halt at several sites because of 

unusual behavior (reported by Sugimoto (1992) and Tachikawa et al., (1191)).

This paper describes behavior of braced excavations with the bottom ground 

stabilized by DM method, comparing to that of ordinary excavations without 

stabilization (Tanaka (1991)). A design method is proposed for determining Fig , Cross section of braced excavation at ^  A of KES 

the thickness of the stabilized soil layer to prevent base failure.

EXCAVATIO N W O R K

The braced excavations analyzed in this report were located at the Tokyo 

International Airport, where the Ministry of Transport is enlarging the present 

airport. Two sites, Route 8 (RT8 ) and Keihin Express underground Station 

(KES), are chosen as case studies. Their location and dimensions are 

presented in Fig. 2 and Table 1, respectively.

The soil layer and its properties at the KES site are shown in Fig. 3. BS and 

AC ] layer are quite recently reclaimed by sandy soil and clay, respectively.

Because of its high water content, low shear strength and high compressibility, 

the AC i layer was improved by band drains . The unconfined compression 

strength, qu indicated by the solid line in Fig. 3 shows the strength after the 

consolidation. Under the AC], there is an alluvial maiine clay, AC2, which has 

a qu of about lOOkPa at the top that gradually increases with depth. A diluvial 

clay layer, DC, with a q u o f about 200kPa, starts at an elevation of AP 

(Arakawa Pale) -35m. At AP -60m, a diluvial sand layer, DS, appears, that 

has an N  value of over 50. Fig,2 Location of braced excavation

1745



Tabic 1 Dimension and calculation result of braced excavations

f a c i l i t y RT8 KES

section B C D E A B

depth H (n) 14.9 18.5 15.1 14.1 19.5 20.9

width B (m) 25.3 32.7 30.9 24.5 30.6 30.7

nun. o f s tru ts 5 5 4 4 6 7

T' (■) 7.6 8.7 6.4 6.5 9.5 5.0

T/H 0.51 0.43 0.42 0.46 0.49 0.24

treated pattern T2 T T T O3 T

in te rrup tion no yes yes yes no yes

assumed sut(kPa) 200 200 200 200 150

SF fo r EEP5 1.81 1.42 1.62 1.86 1.39 -

SF fo r  BF6 1.77 1.39 1.30 1.51 1.73 -

1. thickness of treated soil 2. touched pattern 3. overlapped pattern 

4. no Ham 5.-safety factor for equilibrium of earth pressure

6 . safety factor for base failure (circular failure method)
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Flg.3 SoO properties at the site of KES

Figure 1 shows a typical cross section at the section A of KES. The final depth 

o f the excavation was 19.5m and width 30.5m. Six struts were placed, and a 

steel sheet pile with a diameter of 1.0m and thickness of 19mm was installed as 

a retaining w all The soil layer under the bottom was stabilized by DM method 

to a depth of 29m. Soil between retaining wall and the stabilized soil was 

improved by high pressure je t grouting, in which a mixture of cement and 

water is injected into the ground with high pressure.

In the process of excavation, as shown in Fig. 4, considerable heave of the 

vertical support was measured at all sections except for the section B of RT8

Section D of RT8

100mm 

dis. of wail

Fig,4 Displacement pattern observed at the section D of RT8  at the final stage

and the section A of KES. It was judged that there might be a possibility that 

the struts, which were supported by vertical supports, would buckle if the 

excavation had continued. Therefore, the excavation was stopped, and in order 

to prevent failure the ground level at the back sides of excavation was lowered. 

Deep well was also installed to lower the water table at the back sides. At the 

section D of RT8 , where the largest heave was measured, the amount of heave 

at the final stage was as much as 300mm at the center of the width of the 

excavation. As it can be seen in Fig. 4, however, the displacement o f the 

retaining wall was so small that the bending stress did not exceed the allowable 

stress of the retaining wall. The strut forces were also within the range of their 

allowable stress.

PR O PE R T IE S  O F TR EA TED  SO IL  BY DM M ETH O D

DM method was developed by Port and Harbour Research Institute in the 

Seventies (Okumura and Terashi (1975)). A similar method using powder lime 

was independently invented in Sweden in the same period (Broms and Boman 

(1977)). In DM method, a stabilizer (usually a mixture of Portland cement and 

water) is supplied into the ground and mixed with the soil in situ. Properties of 

the treated soil have been investigated by Terashi and Tanaka (1981 and 1983). 

The main properties are as follows:

1) The strength of the treated soil is much larger than that of resulted from the 

conventional stabilization methods, such as vertical drain method and sand 

compaction method. However, because the strength depends on many 

factors, such as clay mineral, water content, amount of stabilizer, curing 

time, and mixing efficiency, the treated soil presents considerable variable in 

strength.

2) In spite of large strength, the strain at failure is very small, i.e., less than 

1 %. The residual strength after peak is also small.

3) The tensile strength is very small compared to the compressive strength. 

From these features, treated soil by DM method is a typical brittle material.

The shape of treated column created in one cycle of operation is a pair eye- 

glaces, as shown in Fig. 5. For application of braced excavation, multiple 

treated soil columns are formed in the ground of the excavated side. There are 

two application patterns: one is called a touched pattern, where the treated 

columns just contact each other. The second is an overlapped pattern, in which 

some parts of the columns are overlapped, as shown in Fig. 5. Only the 

section A of KES has adopted the overlapped pattern, as indicated in Table 1.

30.9 unit m
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Fig.5 Treatment pattern

T H E  PR ESEN T D ESIG N  M ETH O D  FO R BASE FA ILU R E

There are three main procedures in the present design method used in Japan for 

braced excavation in the ordinary ground (without a stabilization),: equilibrium 

of earth pressure, examination of base failure and calculation of stress in 

retaining wall and struts. As indicated by the displacement pattern in Fig. 4, 

base failure seems to provide a key to solving the unusual behavior of these 

case studies. Among many methods proposed to assess the stability against 

base failure, the circular failure method is commonly used in Japan. In this 

method, which has been recommended by the Architectural Institute of Japan, 

the circular with its center at the lowest strut is assumed not to pass though the 

wall, as shown in Fig. 6 . The advantageous point over Terzaghi’s or Bjenum 

and Eide's methods, is that the variation in strength can be considered. This 

becomes important in the ground that shear strength increasing with depth.

Since DM method has been used to stabilize a few braced excavations up to the 

present, its design method is not yet firmly established. However, the design 

for excavations in Table 1 followed the method for ordinary braced 

excavations, assuming that the treated soil is the ground having a large shear 

strength. In this procedure, it is very difficult to determine the strength of the 

treated part. Even though the strength of the treated part has a strong influence 

on the calculation results, its determination is left to the engineer’s judgement 

without a reasonable theoretical concept. Using the assumed shear strength of 

treated part in the design, the calculated safety factors are indicated in Table 1. 

From the table, it can be seen that safety factors o f all the braced excavations 

herein satisfy those required in the present design method.

Q

Fig.6  The present design method for base failure

i / Z  (kPd)

Fig.7 Heave of vertical support due to reduction of burden pressure

OBSERVED HEAVE

Figure 7 shows the increase in heave of vertical support, s v with decreasing the 

burden pressure yz due to the excavation. As indicated in Fig. 4, the amount 

of heave varies with location of the vertical supports at the section D of RT8 

where the excavation was stopped due to the large heave. The heave at the 

center of the width, where the largest heave was measured, is indicated by the 

dashed line in Fig. 7, and that at the retaining wall is by the solid line. On the 

other hand, at the section A of KES and the section B of RT8 , whose 

excavations were complete without any obstacles, the amounts of heave were 

almost the same at every vertical supports. It is interesting that the amounts of 

heave at the retaining wall are nearly the same at every sections.

STA B ILITY  NUM BER

From the pattern of displacement as shown in Fig. 4, the primary cause for the 

interruption seems to be lack of stability against base failure. This view is 

supported by the fact that the ground stabilized by DM method consists of 

multiple treated soil columns. Therefore, the treated part presents a high 

resistance against horizontal force caused by the active earth pressure, but a low 

resistance against vertical force caused by reduction of the burden pressure.

When Nc is taken as the bearing capacity factor, and shearing resistance is 

ignored in the treated part, the bearing capacity at the bottom of the treated part, 

p , can be expressed by eq. (1):

p=Ncsu + y,T  (1)

where su is the shear strength of the untreated soil below the treated part, y, is 

tie  unit weight of the treated soil, and T  is the thickness of the treated part. If p 

is in equilibrium with the burden pressure, eq.(2 ) can be obtained.

p  = y(H+T) (2)

where H  is the excavation depth, and y  is the unit weight of the untreated soil.

Since the change in the unit weight of soil due to the stabilization is negligible, 

eq.(3) can be led, where a new factor, N,, is introduced instead of Nc.

1 7 4 7



N, =N< = yH/s u (3)
Present A irp o r t Tokyo Boy

The factor of N< is similar to the stability number, which was proposed by Peck 

(1969) to quantify the difficulty of excavations.

Considering the characteristics of treated soil, the allowable N,a, under which 

the excavation is carried out without large heave, can be expressed by the 

following function:

= f( C, Su,, T, B , s j z ,  t i) (4)

where £ is a factor determined by the width and accuracy of the overlapped part

of the treated columns (for the overlapped pattern, (, is large, for the touched

pattern, £ is small); is the strength of the treated soil; s j z  is the increment1 of

the untreated soil with depth; and T|  is a factor determined by the allowable 

heave of the braced excavation.

When the values of s m and T  are large and B is small, the treated part 

becomes to behave as a rigid plate with high stiffness, and the bearing capacity 

is determined by the strength of soil at a great depth. If s j z  is large in this 

condition, N,a becomes great.

Figure 8 shows the relationships between heave of the vertical supports and N , 

at each stages. The value of heave is taken at the center of the width, where the 

largest heave was measured, and is normalized by the width of excavation, B. 

Although the pattern of stabilization is different in each sections, it can be seen 

from the figure that the allowable N , is in the range of 4 to 5, except for the 

section B of RT8 . At this section, when N, is over 5, svmlu/B  rapidly 

increases. Even at the final stage (A/, =5.7), however, the value of svmax/B is 

relatively small.

Figure 9 shows the soil profile along RT8 . The great difference between the 

section B and the other sections in the profile is the depth of the sand layer. At 

all sections except the section B, the sand layer ( illustrated by AS in the figure) 

was excavated before the final stage. Therefore, the treated ground at section B 

shows a great resistance against base failure due to the existence of the sand

layer. This means that £ and s m of the section B in eq.(4) seems to be greater 

than those of the other sections.

N
t

Fig .8 Relationships between heave of vertical support and stability number

distance (m)
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Fig.9 Soil profile along RT8

C O N C LU SIO N S

The behavior of braced excavations stabilized by DM method was investigated

by the field observation. The following conclusions are obtained:

1) The cause for interruption of excavations is a large heave of the vertical 

supports.

2) The stability of base failure were examined to the interrupted excavations by 

circular failure method, which is extensively used in Japan. From these 

examination, however, a sufficient safety factor is obtained. This means that 

the present method is not suitable for the braced excavation stabilized by fW  

method.

3) For the examination of the stability against the base failure, a new stability 

number, N ,, is proposed. Although depending on many factors, the 

allowable N, for base failure is in the range of 4 to 5 from the present study.
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