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ABSTRACT: When performing the open-cut method, ground heave due to excavation may impact existing
structures, causing deformation and other effects. Therefore, predicting the effects of ground heave near
structures and considering countermeasures is essential. However, the interaction between the structure and
ground during ground heave is not fully understood, leading to discrepancies between predictions and actual
measurements. We analyzed this interaction through model experiments. Initially, we conducted an excavation
experiment using an aluminum rod model ground that simulates sand behavior in two dimensions to assess
whether ground heave could be accurately reproduced. This model enables image-based analysis to capture
displacement and strain distribution near structures. We placed two earth retaining wall models, each 200 mm
high, in a model ground measuring 1000 mm in width and 400 mm in height. Using a ground anchor model, we
subjected the walls to tension equivalent to the earth pressure at rest. The primary experimental variable was
the distance between the earth retaining walls. The intervening ground was excavated, and images were
analyzed to assess the resulting ground behavior. Results confirmed that the aluminum rod model ground could
simulate the upward vertical displacement patterns similar to those of the actual ground. These findings provide
valuable reference data for future model experiments involving embedded structures such as tunnels.
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1. INTRODUCTION tunnels using various approaches, including three-
dimensional finite element method (3D-FEM)
In urban areas, many cases have been reported analysis and centrifuge model tests. For instance, a
in  which nearby excavation induces ground simplified prediction method has been proposed to
settlement, heave, or lateral displacement, evaluate the zone of influence on adjacent tunnel
damaging nearby structures [1-3]. Excavation displacements caused by deep excavation in thick
reduces overburden pressure, causing the release of soft soil [7]. However, most of these studies focused
in-situ stresses and resulting in upward deformation primarily on lateral displacement or ground
at the excavation base, a behavior known as ground settlement. Experimental investigations on tunnels
heave [4]. When open-cut excavation occurs near located directly beneath or adjacent to an excavation
existing underground structures, it is crucial to are limited, particularly with respect to their
assess the impact of ground heave and accurately longitudinal bending deformation induced by ground
predict the resulting ground deformation. Accurate heave (Fig. 1).
prediction requires an understanding of ground- To experimentally investigate such deformation
structure interaction, and various analytical behavior, a model ground capable of reproducing
approaches have been proposed for this purpose [5- excavation-induced stress release and allowing
7]. Moreover, experimental data on this interaction detailed observation of ground deformation is
during ground heave are still limited, and methods required. The aluminum rod model ground (Fig. 2)
for predicting such deformation need further has been widely used in geotechnical model tests
development. Consequently, discrepancies may still since the 1960s. For example, aluminum rod model
exist between predicted and observed ground grounds have been applied to studies of braced
deformation [8]. excavations [9] and tunnel excavations [10]. In
Previous studies have investigated the effects of addition, they have been used in various
excavation-induced ground deformation on adjacent geotechnical problems, including shallow
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foundations, retaining structures, and underground
excavations [11-15].

Owing to its nonlinear stress—strain relationship
and dilatancy characteristics, the aluminum rod
model ground can be regarded as a two-dimensional
model of medium-dense sand [16,17]. Furthermore,
because the internal deformation of the ground can
be directly observed from the side surface, image
analysis techniques can be employed to evaluate
displacement and strain distributions within the
ground [18]. These features make the model
particularly suitable for investigating excavation-
induced ground deformation and soil-structure
interaction. In addition, its simplicity and high
reproducibility enable systematic parametric
investigations  under  various  experimental
conditions.

However, the fundamental ground heave
behavior and unloading characteristics of the model
ground itself have not been sufficiently clarified.
Therefore, this study investigates the ground heave
characteristics of the aluminum rod model ground
through excavation tests. In addition, biaxial
extension tests were conducted to examine its
fundamental unloading characteristics.
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Ground heave

Fig. 1 Influence of excavation on
an existing subway tunnel

Fig. 2 Aluminum rods
The remainder of this paper is organized as
follows. Section 2 describes the research significance

of this study. Section 3 reports the summary of the
excavation experiment using the aluminum rod
model ground. Section 4 presents the experimental
results, including the displacement distribution
obtained through image analysis. Finally, the
conclusions of this study are summarized.
Additionally, the results of the biaxial extension test
on the aluminum rods are provided in the Appendix.

2. RESEARCH SIGNIFICANCE

No previous studies have simulated ground
heave using an aluminum rod model. This
experiment enhances our understanding of the
ground heave characteristics of the aluminum rod
model. The data provide fundamental insights for
future excavation experiments near existing
structures and into the mechanical behavior of the
aluminum rod model ground under unloading
conditions. Future experiments will improve the
prediction accuracy of ground heave and develop
more reliable evaluation methods for the effects on
existing underground structures.

3. EXPERIMENT SUMMARY
3.1 Model Ground

Fig. 2 depicts the aluminum rod model ground,
and Fig. 3 illustrates the experimental apparatus
used in this study. The model ground was prepared
using three types of aluminum rods with diameters
of 1.5 mm, 2 mm, and 3 mm in equal weight
proportions (1:1:1). The overall dimensions of the
model ground were 1000 mm in width and 400 mm
in height. Preparation involved placing 50 mm-thick
layers of aluminum rods and compacting each layer
using a small vibrator. The unit weight was 21.5
kN/m?3.

When the model ground reached a height of 200
mm (half the total height), a level ensured the
surface was parallel to the base. Cross markers were
placed at 30 mm intervals (Fig. 4) for image analysis.
These markers were cross-pattern blocks affixed to a
wooden board (1 mm thick, 7 mm wide, and 160 mm
long). Two aluminum retaining wall models (6 mm
thick, 200 mm high, and 150 mm deep) were
installed vertically, with the distance between them
(excavation width, W) either 400 mm or 250 mm
(positions 300 mm or 375 mm from both ends of the
model ground). The remaining 200 mm height was
prepared using the same compaction method.

As illustrated in Fig. 5, a wire simulating a ground
anchor was connected to the top and bottom ends
of each retaining wall. Weights equivalent to the at
rest earth pressure were attached to the wire ends.
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Since retaining wall deformation was not the focus
of this study, the at rest earth pressure (with Ko =0.5)
was used to minimize experimental variation. These
weights were suspended via pulleys to apply tensile
force externally to the apparatus.
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Fig. 5 Attached wires and weights
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3.2 Testing Methods

Excavation of the ground model was performed
as shown in Fig. 6. Excavation was conducted in
incremental stages, with the thickness of each stage
decreasing progressively as the excavation depth
increased. A laser level projected the target depth
for each excavation stage, guiding the placement of
the aluminum rods from the front to the back of the
model (Fig. 7). After each excavation, the weight of
the excavated aluminum rods was measured and
photographed using a digital camera (6000 x 4000
pixels, 0.2 mm/pixel) for image analysis. This process
was repeated until the excavation depth h reached
190 mm, leaving a 10 mm overburden above the
cross markers. Each test was replicated three times
for excavation widths W of 400 mm and 250 mm,
respectively.

stage

Fig. 6 Excavation stages

N

Direction to pull out aluminum ro

Fig. 7 Excavation of aluminum rods

4. EXPERIMENTAL RESULTS
4.1 Displacement Distribution Of Model Ground

Image analysis (Digital Image Correlation method
with Ditect’s DippStrain software) was used to obtain
the vertical and horizontal displacement distribution
at the excavation depth h = 190 mm (after
excavation was completed). The results are
presented in Figs. 8-11.

Fig. 8 and Fig. 9 show displacement distributions
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within £1.0 mm. Fig. 8(a) and Fig. 9(a) illustrate
significant vertical displacements concentrated in a
narrow zone inside the retaining walls confirming
ground heave in the model ground. Fig. 8(b) and Fig.
9(b) depict the horizontal displacements of the
ground behind the retaining walls in the active
pressure direction.

Fig. 10 and Fig. 11 present detailed displacement
distributions within a narrower range of £+0.2 mm.
These figures reveal upward vertical displacement
occurring approximately 100 mm below the
excavation bottom within the retaining walls, along
with horizontal displacements toward the center of
the model. Similar distribution results were obtained,
regardless of W.

[ —
-1.0mm

(a)£1.0 mm, vertical

(b) £1.0 mm,horizontal

Fig. 8 Displacement distribution (W = 400 mm)

(a)£1.0 mm, vertical

(b) £1.0 mm, horizontal

Fig. 9 Displacement distribution (W = 250 mm)

(a)x0.2 mm, vertica

(b) £0.2 mm, horizontal

Fig. 10 Displacement distribution (W = 400 mm)

(a)£0.2 mm, vertical

(b) £0.2 mm, horizontal
Fig. 11 Displacement distribution (W = 250 mm)

4.2 Vertical Displacement Of Each Cross Marker

The distribution of vertical displacement, defined
as ground heave displacement &g, was analyzed at
each cross marker, which was initially placed under
an overburden of 200 mm. The vertical displacement
at the excavation depth h = 190 mm (end of
excavation), corresponding to the reduction of
overburden from 200 mm to 10 mm, was calculated
using the correlation tracking function of Ditect's
Dipp-Motion V software. Note that this method
generally provides sub-pixel accuracy; that is, the
measurement error is less than 1 pixel (0.2 mm) in
this study. The relationship between &z and the
distance from the model center is shown in Fig. 12(a)
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for W =400 mm and in Fig. 12(b) for W = 250 mm.

The cross markers, located +200 mm (W = 400
mm) or £125 mm (W = 250 mm) from the model
center, were positioned beneath the retaining wall.
As the retaining walls settled during excavation, égin
these locations became negative.

In contrast, within the excavation area, the
distribution of 6 appears approximately rectangular,
when averaged, as indicated by the orange lines in
Fig. 12. This rectangular distribution shape aligns
with the ground displacement predictions from 3D
finite element analysis in a previous study [19].

Although the heave displacement at the
excavation bottom was not uniform, variations were
observed among individual cross markers. Each
experiment focused on cross markers within the
retaining walls—12 points for W = 400 mm and 6
points for W = 250 mm—excluding any markers
located less than 30 mm from the retaining walls.
Box plots illustrating the range of &g variations are
shown in Fig. 12. Across the three experiments, the
averaged values were &g = 0.87 mm and 0.90 mm for
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Fig. 12 Horizontal distribution
of ground heave displacement
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W =400 mm and 250 mm, respectively. The standard
deviations were 0.11 mm and 0.07 mm.

These variations were clearly larger than those
observed outside the excavation area and therefore
cannot be attributed solely to the accuracy of image
analysis. Because the overburden thickness was
extremely small—only 10 mm—at the final stage of
excavation, it is likely that manual excavation caused
slight local movements of the cross markers.
However, these fluctuations can be regarded as
occurring randomly among the three tests, and it is
evident that averaging the results provides a nearly
constant displacement within the excavation area.

4.3 Change In Ground Heave With Progress Of
Excavation

The value of &g at each excavation stage was
obtained by averaging the displacements of the cross
markers within the excavation area. Fig. 13 presents
these averaged values of &g. The lower horizontal
axis of Fig. 13 shows the excavation rate, calculated
by dividing the excavation depth h by the initial
overburden thickness (200 mm), while the
corresponding overburden pressure is indicated on
the upper horizontal axis. The average axial strain of
the lower ground, calculated by dividing ¢ (shown
on the left vertical axis) by the height of the ground
below its measurement position (200 mm), is shown
on the right vertical axis.
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Fig. 13 Variation in ground heave displacement
according to the stage of excavation

By considering the heave of the model ground as
an increase in axial strain caused by unloading, the
unloading behavior of the model ground was
observed to be nonlinear, as shown in Fig. 13. This
nonlinear stress—strain tendency agrees reasonably
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well with the results of the biaxial extension
(unloading) test presented in the Appendix,
supporting the validity of this interpretation. In
addition, the aluminum rod model ground clearly
exhibits ground heave and, moreover, allows such
deformation to be captured easily through image
analysis. These advantages suggest that this model
ground has potential applicability for investigating
the interaction between ground heave and tunnel
deformation during excavation.

4.4 Comparison Of Previous Studies And The
Results Of This Experiment

To compare the ground heave behavior observed
in this study with that of actual sandy ground, results
from centrifuge excavation tests on Toyoura sand
[20] were used for comparison. Fig. 14 presents the
centrifuge model used in the Toyoura sand
excavation tests [20]. The L6 measurement point at
the center of the excavated area in Test S was
selected for comparison because no tunnel existed
beneath the excavation. The model ground was
prepared using Toyoura sand, achieving an average
dry density of 1546 kg/m3, corresponding to a
relative density Dr of 69%. The centrifuge
acceleration was set to 60 g. Within the diaphragm
walls, ZnCl, fluid—density adjusted to match
Toyoura sand—was placed inside the latex
membranes, and excavation was simulated by
draining the fluid in three stages. The model ground
consisted of dry sand, so the influence of
groundwater was not considered. The vertical
displacement at the excavation center in Test S was
extracted for each stage. A plot of ground heave
displacement versus excavation rate was prepared,
as shown in Fig. 15.

A comparison of Figs. 13 and 15 indicates that the
average maximum heave for the aluminum rod
ground is 0.88 mm (corresponding to 0.44% average
axial strain in the lower ground), whereas for
Toyoura sand, it is 0.17 mm (corresponding to
0.028% average axial strain). Additionally, the
ground heave of Toyoura sand due to unloading
occurs almost linearly, in contrast to the nonlinear
heave observed in the aluminum rod model.

As aluminum rods are an artificial material
distinct from natural sand, it is unsurprising that the
quantitative relationship between excavation rate
and strain shown in Fig. 13 does not match that of
Toyoura sand in Fig. 15. Nevertheless, the aluminum
rod model ground exhibited a clear monotonic
increase in strain during excavation, sufficiently
distinct to be detected through image analysis.
Although the aluminum rods are fundamentally two-
dimensional elements and have idealized circular

cross sections, in contrast to the three-dimensional
irregular particles of natural soil, the mechanism by
which this simple assembly reproduces such
qualitative ground behavior remains unclear. Even
so, the ability of the aluminum rod model ground to
reproduce excavation-induced heave provides a
useful new insight for modeling ground-tunnel
interaction.
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5. CONCLUSION

In this study, excavation tests utilized an
aluminum rod model. We confirmed that ground
heave can be simulated by combining image analysis
with excavation tests on a model ground. Regardless
of excavation width, the average distribution shape
of the excavation bottom was rectangular, aligning
with previous studies. The change in ground heave
with excavation progress was confirmed to be
nonlinear.

The results provide reference data for future
excavation experiments. Future work will focus on
subway tunnels, using the same experimental model
to embed a model of an existing tunnel in the
longitudinal direction. Excavation over this model
will simulate nearby excavation work. The primary
experimental parameters will include excavation
width W and tunnel model bending stiffness EI. We
will investigate the influence of these factors on the
vertical displacement of the tunnel caused by ground
heave.
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7. APPENDIX: BIAXIAL EXTENSION TEST ON
ALUMINUM RODS

A.1 Experimental Overview

To investigate the unloading behavior of the
aluminum rod model ground, a biaxial extension test
(corresponding to a triaxial extension test on sand
after Ko-consolidation) was conducted as an element
test. In this test, the vertical stress (ov) was
decreased while maintaining a constant horizontal
stress (on) on the specimen mixed with aluminum
rods. Notably, the “extension” in this test does not
involve applying direct tensile force to the specimen,
instead, the extension state was produced solely by
reducing the vertical stress o, from the initial Ko-
consolidated condition.

Fig. A-1 shows a schematic front view of the
biaxial testing apparatus, while Fig. A-2 presents a
photograph of the apparatus. The testing procedure
is outlined as follows.

A specimen of the aluminum rod model ground
was prepared with the same mixing ratio as in the
excavation test. The specimen size was 200 mm x
200 mm and 150 mm deep, with a unit weight of 21.6
kN/m3. The sidewalls were fixed during preparation,
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and an initial vertical stress (ovw) was applied via the
loading plate. The applied stress was 4.35 kN/m?,
which corresponds to the initial overburden pressure
in the excavation test. The initial vertical stress (ovo)
was applied not by the jack but by the self-weight of
the loading plate and an additional weighting plate
placed between the plate and the jack.

The side confinement plates compressed the
specimen laterally through wire tension. The wire
attached to the left confinement plate passed in
front of and behind the aluminum rods, routed
through a pulley on the right side, and connected to
the weighting plate. This mechanism applied a
constant horizontal stress (on) to the specimen
throughout the test.

To simulate the Ko-consolidation condition, the
reduced stress calculated from Ko = 0.5 was used as

" | Wire base plate

Wire \ **/‘

Teflon-coated plate / Loading plate

| Linear shaft
| +

’/’ Linear bearing

Hook screw

A A A

| | Stopper screw
b,
T ®

Pulley

=]
£
Q

£ . ©
( Specimen
i g i

Left lateral
confinement plate

Right lateral
confinement plate

Fig. A-1 Schematic view of the biaxial testing
apparatus

Fig. A-2 Photograph of the biaxial testing apparatus
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the weight of the weighting plate (2.17 kN/m?),
which applied the corresponding horizontal pressure
through the side confinement plates. After this setup,
the sidewall fixation was released.

The loading plate was connected to an electric
displacement-controlled jack via a wire, and
unloading was applied upward. The decrease in
vertical load was measured using a load cell attached
directly to the jack. The vertical stress (o.) was
calculated by dividing the measured load by the
initial top surface area of the specimen. In contrast,
the horizontal stress (on) was obtained by dividing
the weight of the weighting plate by the initial side
surface area.

Displacements of the loading plate and both side
confinement plates were calculated using image
analysis (correlation tracking function of Ditect's
Dipp-Motion V software, 0.11 mm/pixel), as in the
excavation test. The unloading rate was set to 0.01
mm/s, and the test continued until the separation of
the loading plate from the specimen surface was
visually confirmed.

A.2 Experimental Results

Fig. A-3 shows the tracked marker positions
obtained from the image analysis and the tracking
results at the end of the test. The tracking markers
were placed approximately 7 mm inward from each
edge, with five markers assigned along each side.
The displacement of each marker was obtained by
performing pattern matching within a 70-pixel x 70-
pixel window centered on the marker.

The vertical strain &, was calculated from the
difference between the average vertical positions of
the five markers along the top and bottom edges of
the specimen. The corresponding vertical strain &y
and the vertical stress ov were obtained at each step
within this range. Vertical stress o, was determined
from the jack load displayed on the monitor
captured images.

Fig. A-4 illustrates the relationship between the
vertical stress oy and vertical strain .. No distinct
peak is observed in the stress—strain relationship.

In the horizontal direction, almost no
displacement was observed, indicating that the
mechanism behind this behavior requires further
investigation. One possible explanation is that the
sidewalls hardly moved due to frictional resistance,
which may have resulted in a non-uniform horizontal
stress on distribution within the specimen. Although
these factors may influence deformation behavior in
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the biaxial extension test, a more detailed analysis
requires additional tests under varied conditions.
Thus, further investigation is required in future work.

1.0mm

0.5mm

Fig. A-3 Trajectories of tracking markers
in image analysis
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A.3 Relationship to Displacement Observed In
Excavation Tests

Using the same procedure as in the excavation
test (Figs. 8-11), the displacement distribution was
obtained and is shown in Fig. A-5. Both tests
exhibited similar vertical displacement patterns.
However, in the biaxial extension test, deformation
was non-uniform throughout the specimen; only the
upper approximately 100 mm of the specimen
displayed deformation.
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Additionally, Fig. A-4 compares the relationship
between vertical strain ev and released overburden
pressure ov from both the excavation and biaxial
extension tests.

The two tests demonstrate a comparable trend in
overall deformation response, indicating that the
biaxial extension test effectively reproduces the
vertical deformation behavior observed during
excavation.

(b) £0.2 mm, vertical

Fig. A-5 Displacement distribution
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