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Three-dimensional Numerical Study of the Effect of Convex Corners on the
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ABSTRACT: In most excavation projects, the excavation plan is irregular in shape, including concave
and convex corners. In practice, the 2D (i.e., plane strain) analysis is often employed to evaluate the factor
of safety and displacements induced by excavation for concave and convex corners. However, contrary
to concave corners, using the plane strain analysis is not on the conservative side for convex corners. The
present paper uses a numerical modeling methodology to study the effects of the convex corner on the
displacements induced by excavation for soil-nailed walls. In this regard, a series of parametric studies
are carried out, involving 2D and 3D deformation analyses of nine soil-nailed excavation models with
three wall heights and three types of soil. The results of the paper show that the lengths of the affected
zone (i.e., the zone adjacent to the convex corner along which the 3D settlements at the wall crest are
higher than the 2D one) increase by decreasing the soil strength. Moreover, the results indicate that the
maximum ratios of 3D settlement to 2D one along the affected zone are independent of the wall height
and soil type. In addition, the results suggest that giving azimuth to soil nails along the affected zone
causes the wall displacements along this zone to increase significantly.
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1. INTRODUCTION

In most excavation projects, the excavation plan is
irregular in shape, including convex and concave corners. The
three-dimensional geometry effects of corners cause special
conditions for the design and construction of excavations.
In practice, the plane strain (i.e., two dimensional) condition
is usually assumed for the corners to avoid performing 3D
deformation analyses. This assumption is on the safe side
for the concave corners but could be non-conservative for
the convex ones. A lot of research has been conducted to
study the effects of convex corners on the pattern of wall
displacements during excavation [1-8]. However, in most
of them, the retaining structure was a diaphragm wall or
a braced cut system. The present paper uses a numerical
modeling methodology to examine the geometry effects of
convex corners on the displacements of a soil nailed wall,
which has been less studied in the past.

2. METHODOLOGY

In the present study, 2D and 3D deformation analysis
of 9 soil-nailed walls with three heights of 10, 15, and 20m
and three soil types of weak, medium, and strong were
performed. For each soil-nailed wall, first, the initial soil
nails design involving the soil nails arrangement, soil nails
lengths, and diameters were determined using the FHWA
guidance [9]. Then the factor of safety (FOS) of the soil-
nailed wall was calculated using the GeoSlope software and
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if it was necessary, the initial soil nails design was modified to
achieve the minimum design FOS of 1.35. Afterward, the 2D
deformation analysis of the soil-nailed wall was performed
using the FLAC3D software. The soil nails design was revised
again if the maximum horizontal displacement or settlement
was higher than the allowable value (herein 0.003H where H
is the height of the wall). Finally, the 3D deformation analysis
for the convex corner model of the soil-nailed wall with the
same design as the 2D one was carried out. It should be noted
that the soil nails were assumed to be perpendicular to both
sides of the convex corner (i.e., the soil nails had no azimuth).

Fig. 1 compares the 2D and 3D contours of settlement for
the 10m soil-nailed wall with the weak soil. It can be seen
that by approaching from the boundaries to the corner tip, the
3D settlements of the soil-nailed wall increase considerably
compared with the 2D one. This could be attributed to the 3D
geometry effects of the convex corner.

3. RESULTS AND DISCUSSION

To study the effects of the convex corner on the settlements
of the soil-nailed walls, a parameter called the plane strain
ratio (PSR) for settlement is employed. The PSR for settlement
(called hereafter the PSR for the sake of brevity) is defined as
the ratio of 3D settlement to 2D one. The zone at the vicinity
of the corner tip along which the 3D settlements are higher
than the 2D one (i.e., PSR>1) is defined as the affected zone.
The length of the affected zone for the 10m model with the
weak soil is depicted in Fig. 1, which is equal to two times the
wall height (i.e., 2H).
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Fig. 1. The 2D (a) and 3D (b) contours of settlement for the 10m soil-nailed wall with the weak soil
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Fig. 2. Variations of PSR values versus d/H for the models: a) Weak soil b) Medium soil ¢) Strong soil

Fig. 2 shows the variations of PSR values versus d/H for soils are equal to 2H, 1.5H, and 1.25H, respectively. This
the models, where d is the distance from the corner tip. The indicates that the length of the affected zone depends on the
lengths of the affected zone for various models are depicted in soil type and increases by decreasing soil strength. Moreover,
the charts by the vertical dashed lines. It can be seen that the it can be observed that the maximum PSR values (i.e., the PSR
lengths of the affected zone for the weak, medium, and strong values at d=0) do not vary remarkably by the soil type and
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Fig. 3. Various modes for soil nails azimuth in the affected zone: a) No azimuth, b) Constant azimuth, and ¢) Variable azimuth

Table 1. The maximum PSR values for various azimuth modes (the 15m model)

Maximum PSR
Type of soil
No azimuth Constant azimuth Variable azimuth
Weak 1.48 29.47 10.2
Medium 1.73 8.3 493
Strong 1.49 4.56 3.11

wall height; they are on average equal to 1.5. Accordingly, it
can be said that the 3D deformation analysis is required for
the convex corner of a soil-nailed wall. However, if the 2D
analysis is employed, it could be suggested that 1.5 times of
the estimated 2D settlement is controlled by the allowable
settlement in the design process.

To investigate the effects of soil nails azimuth on the
maximum PSR value along the affected zone, the convex
corner model of the 15m soil-nailed wall was analyzed with
three azimuth modes depicted in Fig. 3: no azimuth (the default
mode of the present study), constant azimuth (the azimuth
of soil nails is equal to 45 degrees in the affected zone) and
variable azimuth (the azimuths of soil nails vary from zero
to 45 degrees in the affected zone). Table 1 compares the
maximum PSR values for the three abovementioned modes.
It is obvious that giving azimuth to soil nails causes the wall
settlements increase significantly.

4. CONCLUSION

The present paper adopted a numerical modeling
methodology to study the geometry effects of convex corners
on the deformation of soil-nailed walls. In this regard, 2D
and 3D deformation analyses of 9 soil-nailed walls with three
heights and three types of soil were performed using the
FLAC3D software. Then the 2D and 3D settlements for the
models were compared using a parameter called the PSR (i.e.,
the ratio of 3D settlement to 2D one). The main conclusion of
the present paper are as follows:

1. The length of the affected zone (the zone at the vicinity
of the corner tip along which the 3D settlements are higher
than the 2D one; in other words, PSR>1) depends on the soil
type in the way that it decreases by increasing soil strength.

The lengths of the affected zone for the weak, medium, and
strong soils are equal to 2H, 1.5H, and 1.25H, respectively.

2. The maximum PSR values along the affected zones do
not depend on the soil type and wall height, being on average
1.50. Accordingly, if 3D deformation analysis for the convex
corner model of a soil-nailed wall is not conducted in the
design process, instead, the 1.5 times of the 2D settlement
could be controlled by the allowable settlement. From an
engineering viewpoint, this criterion is on the safe side.

3. Giving azimuth to the soil nails in the affected zone
increases displacements considerably and is not recommended
at all.
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Table 2. The properties of soils considered in the sensitivity analysis
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Fig. 2. Normalized horizontal displacement and settlement of the wall crest versus the ratio of the model height to the

wall height (soil 1)
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Fig. 3. Normalized horizontal displacement and settlement of the wall crest versus the ratio of the model height to the
wall height (soil 2)
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Fig. 4. Normalized horizontal displacement and settlement of the wall crest versus the ratio of the model width to the
wall height (soil 1)
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Fig. 5. Normalized horizontal displacement and settlement of the wall crest versus the ratio of the model width to the
wall height (soil 2)
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Fig. 6. Zoning the model to determine of mesh density
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Table 3. Information of the soil nailed wall in the verification analysis
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Zone X Displacement(m)
Cut Plane: front
1.2219E-02
1.2000E-02
1.1000E-02
1.0000E-02
9.0000E-03
8.0000E-03
7.0000E-03
6.0000E-03
5.0000E-03
4.0000E-03
3.0000E-03
2.0000E-03
1.0000E-03
0.0000E+00

L
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Fig. 8. Horizontal displacement of the soil nailed wall in the verification analysis
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Zone Z Displacement(m)
Cut Plane: front
4.3571E-03
4.0000E-03
3.0000E-03
2.0000E-03
1.0000E-03
0.0000E+00
-1.0000E-03
-2.0000E-03
-3.0000E-03
-4.0000E-03
-5.0000E-03
-6.0000E-03
-7.0000E-Q3
-8.0000E-03
-8.7133E-03
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Fig. 9. Settlement of the soil nailed wall in the verification analysis
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Fig. 10. Horizontal displacement of the soil nailed wall at a distance of 1.5 meters from the wall facing (Comparison of
experimental and numerical results)

Distance from the wall(m)

0 2 4 6 8 10 12
2 0
)
& 5
g .
5 6
T we
® 12

14

Numerical (This Study)

® Experimental [11]

(govs g (2 Cul.u o lio) 051990 w31 (60 VY alold i ‘;l’ oylgso oy ) (0 ) Cemminind J.d’).a RN
Fig. 11. Settlement of the soil wall up to a distance of 12 meters from the wall facing (Comparison of experimental and
numerical results)
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Table 4. Properties of soil types
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Table 5. The retaining structure designs for the various models
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Horizontal Displacement(m)
Cut Plane: front
2.5706E-02
2.5000E-02
2.2500E-02
2.0000E-02
1.7S00E-02
1.5000E-02
1.2500E-02
1.0000E-02
7.5000E-03
5.0000E-03
2.5000E-03
0.0000E+00

Settlement(m)

Cut Plane: front
1.1793E-02
1.0000E-02
7.5000E-03
5.0000E-03
2.5000E-03
0.0000E+00
-2.5000E-03
-5.0000E-03
-7.5000E-03
-1.0000E-02
-1.2500E-02
-1.5000E-02
-1.7500E-02
-2.0000E-02
-2.0502E-02
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Fig. 12. The contour of horizontal displacement and settlement for the 10 m model with the weak soil
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Horizontal Displacement(m)

Cut Plane: front
3.6049E-02
3.5000E-02
3.2500E-02
3.0000E-02
2.7500E-02
2.5000E-02
2.2500E-02
2.0000E-02
1.7500E-02
1.5000E-02
1.2500E-02
1.0000E-02
7.5000E-03
5.0000E-03
2.5000E-03
0.0000E+00

Settlement(m)
Cut Plane: front
1.8542E-02
1.7500E-02
1.5000E-02
1.2500E-02
1.0000E-02
7.5000E-03
5.0000E-03
2.5000E-03
| 0.0000E+00
| -2.5000E-03
-5.0000E-03
-7.5000E-03
-1.0000E-02
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-2.5942E-02
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Fig. 13. The contour of horizontal displacement and settlement for the 20 m model with the strong soil
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Fig. 14. Three-Dimensional model of a convex corner
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Horizontal Displacement(m)
2.6369E-02
2.5000E-02
2.2500E-02
2.0000E-02
1.7500E-02
1.5000E-02
1.2500E-02
1.0000E-02
7.5000E-03
5.0000E-03
2.5000E-03
0.0000E+00

Settlement(m)
1.1292E-02
1.0000E-02
7.5000E-03
5.0000E-03
2.5000E-03
0.0000E+00
-2.5000E-03
| -5.0000E-03
| -7.5000E-03
-1.0000E-02
-1.2500E-02
-1.5000E-02
-1.7500E-02
-2.0000E-02
-2.2500E-02
-2.5000E-02

-2.7500E-02
-3.0000E-02
-3.2500E-02
-3.3558E-02

Cinnd S Uy (5 yi0 Vo 395 Comidd 9 31 o dils 5l yeuls 1O JSCi
Fig. 15. The contour of horizontal displacement and settlement for the 10 m model with the weak soil
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Horizontal Displacement(m)
3.7728E-02
3.7500E-02
3.5000E-02
3.2500E-02
3.0000E-02
2.7500E-02

. 2.5000E-02
2.2500E-02
2.0000E-02
1.7500E-02

| 1.5000E-02
1.2500E-02
1.0000E-02
7.5000E-03
5.0000E-03
2.5000E-03
0.0000E+00

Settlement(m)
1.8679E-02
1.5000E-02

l 1.0000E-02
5.0000E-03
0.0000E+00
-5.0000E-03
-1.0000E-02
-1.5000E-02
-2.0000E-02
-2.5000E-02

4 -3.0000E-02
-3.5000E-02
-4.0000E-02

-4.0172E-02
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Fig. 16. The contour of horizontal displacement and settlement for the 20 m model with the strong soil
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Fig. 17. Variations of the components of along the wall, perpendicular to the wall and the total magnitude of horizontal
displacement at the wall crest versus distance from the corner tip: a) 10 m model with the weak soil, b) 20 model with
the strong soil
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for Horizontal Displacement
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Fig. 18. PSR diagrams of horizontal displacement at the wall crest versus distance from the corner tip: a) weak soil b)
medium soil ¢) strong soil
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Table 7. The excavation stability safety factors
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Fig. 20. Failure wedges resulting from the stability analysis by the limit equilibrium method
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Fig. 21. Two-dimensional and three-dimensional failure wedges obtained from the stability analysis by the strength
reduction method (10 m model with the weak soil)
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Fig. 22. Two-dimensional and three-dimensional failure wedges obtained from the stability analysis by the strength
reduction method (20 m model with the strong soil)
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Table 7. The excavation stability safety factors
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Table 8. Maximum horizontal displacement and settlement of 15 m model for various types of soil and azimuths
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