
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


Geotechnical Aspects of Underground Construction in Soft Ground Kusakabe, Fujita & Miyazaki (eds)
© 2000 Ba/kema, Rotterdam, ISBN 90 5809 1 066

Ground bottom heave due to large and deep excavation

'Il Inoue & M. N ishi - Hazarna Corporation, Osaka and Nagoya, Japan

Y K2m21Ol<2l, M. Iwagaki & M.U€kU1`l - Kansan Electric Power Company Incorporated, Osaka, Japan

K. IShjl{21Wa - NEWJEC Incorporated, Osaka, Japan

K.Ya€g21Sl'1i, A.UChida & H. KlkUChi - Hazama Corporation, Tokyo, Japan

ABSTRACT: This paper shows the behavior of grotmd bottom heave during large and deep excavation and the
moduli of defonnation of soils under rmloaded condition estimated by the back analysis for the measured values. The
excavation site is located in the higher land of Osaka City. The ground consists of diluvial deposits of gravelly sand,
clayey soil and sand. The excavation area was about ll2m x 40m at depth of 39m. The Lmderground structure was
constructed by inverted construction method. The groturd bottom heave was first observed at 3rd stage of excavation
(GL-lO_2m)_ The measured value increased due to excavations. Finally, the ground heave just below the excavation
bottom (GL-4 lm) was about l2cm. Moduli of defonnation of soils under unloaded condition obtained by back analy
sis depend on the vertical effective stress.

l INTRODUCTION

Ground bottom heave, a phenomenon in which the
ground bottom rises as the result of a reduction in stress
due to excavation, occurs in large-scale excavations.
The scale of urban construction projects has been in
creasing in recent years. For reasons of safety, shorter
construction periods, economy, and conservation of
working space, the inverse construction method is often
used in these large proj ects. In that type of construction,
earth retaining walls, pile foundations, and support
columns (which are structural columns for supporting
beams, slabs, etc.) are constructed prior to excavation.
And then the beams, slabs, and other structural mem
bers are constructed as the -excavation proceeds. How
ever, because the liit of pile foundations due to the
ground heave is not tmifonn, a large statically indeter
minate stress is generated on the structural columns,
beams, slabs, etc. Therefore, the prediction of grotmd
heave in at the design or construction stage is an im
portant issue when the inverse construction method is
used.

The investigation of the mechanical behavior of
grotmd heave began with the work of Terzaghi and
Peck (1965), and was continued in various subsequent
studies. The valuable result of that work was that the

behavior of ground heave due to excavation is re
stricted to within the range of elasticity of the ground
materials.

For computational methods of predicting ground
heave, the Steinbrenner formula (Tervzaghi 1995) used
by the elastic moduli under load removal condition is

popular. Recently, the finite element method, which
more accurately takes into account the effect of the
shape of the retaining walls on the intemal ground
stress distribution and the load on the support columns,
is applied to prediction of ground heave. Conceming
evaluation of the grotmd constant that is used in the
analysis on the other hand, research is being conducted
on methods of obtaining the constant value by investi
gation of soil properties and by back-analysis Hom
measurements, and so on.

Conceming ground heave prediction in particular,
the estimation ofthe modulus of ground due to excava
tion is an important problem, and various estimation
methods have been proposed For example, Tamano et
al. (1990) and Tamaoki et al. (1993) reported the de
pendence ofthe Young’s modulus on the level of strain
or the confining pressure.

Here, we report the results of an evaluation and
study of the Young’s modulus of each grotmd stratum
under removal condition. This work is based on obser

vation of the behavior of grotmd bottom heave and
back analysis from instrumented measurements made
during the large-scale excavation in the city of Osaka.

2 OUTLINE OF BUILDING, GROUND AND

MEASUREl\/I‘ENTS

The building in which measurements were taken had
eight above-ground stories and tive below-ground sto
ries and a mat foundation. The underground-structure
was ll2 m long and 40 m wide. The excavation depth
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Figure l(a)_ Plan and measurement points.
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Figure l(b)_ Section, excavation stage and sensor
arrangement.

was 39 m. The excavation was done by the inverted
construction method. Prior to excavation, reinforced
concrete (RC) diaphragm walls (Uchida et al. 1996),
pile foundations and support columns were constructed
The plan and section of the underground-structure and
the excavation depth of each stage are shown in Figure
l. As can be seen from the plan, the Lmder
ground-structure is partially connected to the vertical
shaft that is used for shield construction.

The soil stratum structure, N values, and PS log
ging values for the excavation site are shown in Figure
2. The ground at the site was a fairly horizontal strata
structure and consisted of upper layer of mostly sand
and gravel, and deeper strata of mainly diluvial clayey
soil and sandy soil. The building foundation is sup
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Figure 2. Ground condition.

ported by a diluvial 2 sandy soil stratum (DS2) whose N
value is greater than or equal to 50 at GL.-39m_

To observe the behavior of groimd heave due to
excavation, differential settlement gauges were placed
at the center and at the edge (0.75 m away from the
retaining walls) ofthe excavation area The instruments
were placed at depths of 25, 35, 41, 50, and 65 meters
below ground level. They were referenced to GL.-80m
and measured the amount of ground heave for each
ground stratum. The pore pressure of diluvial 3 and 4
sandy soil stratum (DS3 and D54 strata) was also meas
ured The sensor anangement and placement depths are
shown in Figure l(a) and Figure l(b).

3 MEASUREMENT RESULTS

The changes in the measured ground heave at observa
tion positions G2 and G3 for each observation depth as
the construction progressed are shown in Figure 3. The
depth distribution of the measured ground heave after
the 6-th, 8-th, 11-th, and 13-th stages of excavation and
the construction of the bearing slab. The instruments
placed at the depths of GL.-25m and GL.-35m were
respectively excluded from the 9-th and 12-th excava
tion stages.

Ground heave began after the 3-rd stage of excava
tion (GL.-10_2m) at all measurement positions, and the
amotmt of ground heave increased as the excavation
proceeded ln particular, a tendency for a sharp increase
in ground heave was seen near the bearing strattun
(GL.-4lm) at the final 13-th stage of the excavation.
That phenomenon is considered to be due to the effect
of the vfeight of excavated soil becoming large and the
non-linearity of the elastic modulus of soils, which de
creases as the ground heave increases.

Although the tendency for the amormt of ground
heave to increase was strikingly apparent during the
excavation, slight increases were also measured dining
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Figure 3. Ground heave of each soil layer associated with the excavation and construction process.
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Figure 4. Distribution of ground heave alter each stage
of excavation and construction of bearing slab.

the construction period after the excavation. That ten
dency was most noticeable in the central part of the
excavation area After construction of the bearing slab,
there was virtually no increase in the amount of ground
heave, and the ground heave was considered to have
neared it limit. The amount of additional ground heave
that occurred during the construction period after the
13th stage of excavation was about 2 cm.

The final amount of ground heave near the bearing
stratum (GL.-4lm) was about 12 cm in the central part
of the excavation area. At measure point near the re
taining walls, on the other hand, it was 9_5 cm, about
2_5 cm less.

As can be seen from Figure 4, the diluvial clayey
stratum (Deg) accotmts for about 65% of the ground

heave with respect to the total vertical displacement, so
it can be said that the grotmd heave is particularly large
for that stratum. Furthermore, the mean strain (i_e_, the
displacement between strata divided by the stratum
thickness) of stratum Dc; was 1_3 X l0`2_

At the GL.-50m depth of the G2 measurement po
sition, there was little fluctuation during excavation, at
the depth of GL.-65m, however, an inclination to settle
was observed. That observed phenomenon runs coun
ter to the behavior of the ground and is considered to
result Hom the placement of the sensors. Accordingly,
the measurements taken at GL.-4 lm were evaluated for

the ground bottom heave of the bearing strata, the
GL.-65m measurements were used as the reference for

relative displacements in the analysis described in the
next section for the study of the grotuid YoLmg’s
modulus.

4 INVESTIGATION OF GROUND BOTTOM
HEAVE

To improve the accuracy of ground heave prediction, it
is important to evaluate the suitable material constant
of soils. In this section, the non-linearity of the ground
Young’s modulus (i_e., the decrease in the Young’s
modulus due to excavation) is evaluated and studied by
back analysis based on measurement data. The ap
proach used in the study is described briefly below

_*_

4_1 Back-analysis ofthe ground Youngs modulus

The modulus of ground defonnation is obtained as the
Young’s modulus for the case in which the amount of
soil stratum swelling calculated by the linite element
method (FEM model is shown in Figure 5) is the same
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Figure 5. Analysis model.

as the measured expansion amotmts. In that case, the
ground compression and expansion that cause changes
in the eifective stress of the grotmd due to changes in
underground water level is not considered, and all of
the defonnation is taken to be due to load removal con

dition by the excavation.

4.2 Formula for estimating Youngs modulus

The modulus of grotmd defomiation decreases as the
effective stress is reduced by excavation. In order to
estimate Young’s modulus on next stage of excavation,
the regression formula is obtained dom the relation
between the Yotmg’s modulus ratio E/E0 and the eifec
tive stress ratio 01, /610. Here, E, o’\,0, Eg, and o’,, are
obtained in the following way.
1. The initial Young’s modulus, EO, is taken to be the
modulus of elasticity that is obtained by PS logging
perfonned in the plamiing stage.
2. The initial effective stress, o’,0, is taken to be the
vertical effective stress obtained from the water pres
sure distribution prior to excavation.
3. The Young’s modulus after excavation, E, is taken
to be the Young’s modulus that was obtained by the
back analysis described in the previous section.
4. The effective stress alter excavation, o’,,, is ob
tained with the following formula.
ol, == Gay] - Aov (1)
Where OJV1 =the vertical effective stress due to lower

ing of the water level only, excluding the excavation;
and Aov =the stress reduction due to unloading (total
stress).

5 INVESTIGATION RESULTS

The Young’s modulus for each ground stratum was ob
tained by back analysis using the measurement data at
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the G2 position that were obtained Hom the 3rd
through 13th stage of the excavation.

It is necessary to determine the relative displace
ment and mean strain of each stratum for the analysis.
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From the arrangement of dilferential settlement gauges,
in the D53 stratum and the Dc; stratum, those values
were measured. But for the D53, DCI, D53 and D53 strata,

the values were obtained by assuming that the strain
ratios of the D51 stratum and the D51 stratum, the D53
stratum and the D53 stratiun were equal to the strain
ratios of the D52 stratum and the D52 stratum.

The depth (at center) and plane distributions of the
amount of grotmd heave obtained iiom the back analy
sis are respectively shown in Figures 6 - 7. The ground
heave measured at each observation point is the dis
placement relative to the reference point at GL.-65m.

The ground Young’s modulus was suitably evalu
ated by back analysis for each ground stratum at each
stage of the excavation. There is good correspondence
between the calculated values and the measured values

of the ground heave in both the depth distribution and
the plane distribution.1 1 .
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For deeper soil strata (DS2, Dcz, DS3, D63 layer), the
relation between E/E0 and Gail/ /o’;/0 and the regression
curves for that data are plotted in Figure 8.

Excepting the D62 strattun, the Young’s moduli of
each ground stratum at the end of the 13-th excavation
stage, which was obtained from the regression curve of
the data before of the 12-th stage of excavation, corre
spond well to the measured values. For Dc; stratum, as
the value falls below the regression cruve, the Yotmg’s
modulus was over-estimated. As a result, the prediction
of the ground bottom heave based on measured values
before the completion of the 11-th stage of excavation
(96 mm) was lower than the observed value (l20mm).

For this reason, it is considered to be due to the
dispersion in the relationship between E/E0 and o’V
/GH/0 and due to the inability to properly evaluate the
increase in ground heave that occtured after the exca
vation was completed.

The Yoimg’s modulus after the final excavation is
considered to be about 1/20 the value obtained by PS
logging for the clayey ground stratum and from 1/5 to
2/5 the value obtained by PS logging for the sandy
stratum. Also, the relationship between the Yotmg’s
modulus ratio and the etfective stress ratio is simulated

by a first-degree equation of the effective stress ratio
with in the range that vertical load is reduced to 60% or
less of the initial vertical effective stress.

6 CONCLUSIONS

The results of the heave fluctuation measured at the

large-scale excavation and the back analysis are sum
marized as the following points.

1. Within the excavation depth of 39 m, ground
heave began to occur in the third stage of excavation (at
GL.-10.2m) and the amotmt of ground heave increased
as the excavation proceeded. The final, maximum
amount of grotmd heave was 12 cm at the center of the
excavation area near the bearing strata (GL.-4lm). At
the edge of the excavation area, near the retaining walls,
the amount of ground heave was 9.5 cm, about 2.5 cm
less than at the center Furthemiore, the diluvial clayey
strattun (Dcz) accounted for a relatively large propor
tion of the total grotmd heave.

2. Although the tendency for the amoimt of ground
heave to increase was strikingly apparent during the
excavation process, there was also a slight increase
during the period of construction alter the excavation
was completed. After the bearing slab was constructed,
there was virtually no ground heave, and the groimd
heave was judged to have reached its limit.

3. In the final stage, the Young’s modulus was about
1/20 the value obtained by PS logging for the clayey
grotmd stratum and from 1/5 to 2/5 the value obtained
by PS logging for the sandy stratum.

4. The lowering of the Young’s modulus due to the
excavation can be represented by a function of the ver

tical effective stress. ln particular, when the vertical
load is reduced to 60% or less of the initial vertical
stress, the reduction in the Young’s modulus can be
represented by a first-order function.
We believe that future design and construction will re
quire a more detailed understanding of grotmd heave
behavior and a more accurate prediction of that phe
nomenon. We are deeply grateful for the support and
cooperation of everyone involved in this work.
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