The 2026 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM26)
23-25, August, 2026, Convensia, Incheon, Korea

End-Bearing Behavior of Pile Groups Considering Soil-Wedge
Interaction

Jin-Woo Im", Jun-Ho Moon?, Won-Hyeong Lee" Kabboo Kim* and
*Young-Uk Kim®

). 2)3) pepartment of Civil and Environmental Engineering, Myongji Univ, Yongin
17058, Korea
4 Busiddol Inc., Republic of Korea
3 yukim@miju.ac.kr

ABSTRACT

This study investigates the influence of pile spacing on the bearing behavior of
group piles in dense sandy soil and examines the limitations of applying conventional
design criteria. While current guidelines recommend a minimum pile spacing of 2.5D, this
study explored the potential for increased bearing capacity at closer spacings based on
soil wedge theory. For this purpose, a theoretical equation for the spacing that maximizes
the interference effect was derived and verified through numerical analysis. Applying an
internal friction angle of approximately 41°, corresponding to Jumunjin standard sand at
Dr = 90%, the theoretically predicted optimal spacing was approximately 1.7D.
Subsequently, model loading tests were conducted on the same ground with pile spacing
(1.3D, 1.5D, 1.7D, and 2.5D) as a variable, and the load—settlement behavior was
analyzed. The results showed that the maximum ultimate bearing capacity and a group
efficiency exceeding 1.0 occurred at a spacing of approximately 1.7D, whereas at some
spacings a nonlinear behavior was observed in which the efficiency decreased due to
the interference effect. These results suggest that, under dense sandy soil conditions,
the behavior of group piles may differ from conventional design assumptions, and that
the optimal spacing can be influenced by ground properties. However, since this study is
based on a reduced-scale model experiment with rigid-wall boundaries, these limitations
should be considered in interpreting and applying the results.

1. INTRODUCTION

Pile foundations are a representative foundation type for stably supporting
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structural loads in soft ground; in particular, foundations for large structures are
commonly applied in the form of pile groups rather than single piles. The bearing behavior
of a pile group cannot be explained as a simple sum of individual piles, and mutual
interference effects arise depending on the pile spacing, arrangement type, and ground
conditions(Nasrollahzadeh and Hataf, 2019). Such interaction is generally expressed as
group efficiency and acts as an important factor in design(Al-Mhaidib, 2007).

According to previous studies, as the center-to-center spacing of a pile group

increases, the stress overlap between adjacent piles decreases and the behavior
approaches that of individual piles, whereas as the spacing decreases, the overlap of
stress zones within the ground increases and the group efficiency decreases(Poulos,
1989; Randolph, 1994). Accordingly, practical design generally recommends securing a
center-to-center pile spacing of at least 2.5D. However, this criterion is mainly an
empirically derived design standard, and the bearing behavior under specific ground
conditions—particularly dense sandy soil—has not been sufficiently examined.
In dense sandy sail, it has been suggested that as the failure zone formed beneath the
pile interacts with adjacent piles, a local increase in bearing capacity may occur not only
due to simple interference but also due to ground confinement and arching
(Nasrollahzadeh and Hataf, 2019). However, this possibility has so far been mentioned
mainly at a qualitative level, and quantitative verification of whether the bearing capacity
of a pile group can exceed the sum of individual piles under specific spacing conditions
has still not been carried out.

Therefore, this study aims to experimentally analyze the influence of pile spacing
on bearing behavior, and in particular whether the bearing capacity can be improved
even at close spacings. By varying the pile spacing, the change in bearing capacity in
the relatively dense spacing range was compared together with the existing design
criterion.

In addition, based on the geometric interaction of the failure zones with pile spacing,
a theoretical equation for the spacing at which the interference effect can be enhanced
was derived and verified through numerical analysis. Using this verified theoretical
equation together with model tests, the bearing behavior with spacing was analyzed,
aiming to confirm that as the pile-group spacing decreases the bearing behavior may
exhibit a nonlinear enhancement rather than a simple decrease, and to identify its
possible mechanism.

2. THEORETICAL BACKGROUND

2.1 Mechanical mechanism of pile interference

The bearing behavior of a pile group is determined by the interaction between
adjacent piles. In conventional pile-group analysis, it is explained that as the pile spacing
decreases, the stress distribution zones formed by each pile overlap, increasing ground
deformation and thereby reducing bearing capacity—a dominant negative interference
effect (Das, 2016).

However, in ground with strong inter-particle interlocking, such as dense sandy saill,
this interpretation may not necessarily hold (Stuart, 1962). When the pile spacing
decreases, stress overlap does not merely increase deformation; it can act to restrain
the lateral deformation of the ground between piles, thereby increasing the confining
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pressure (Kishida and Meyerhof, 1965), which is related to the behavioral characteristics
of dense sandy soil with strong inter-particle interlocking (Bolton, 1986).

In this study, these two opposing tendencies are distinguished: the "interference effect"
is defined as the tendency of bearing-capacity reduction due to stress overlap, and the
"confinement effect" as the tendency of bearing-capacity increase due to restraint of
lateral deformation.

In particular, shear deformation concentrates beneath the pile, and in this process
an arching effect can develop, inducing stress redistribution and increased shear
resistance. This is because the ground between piles does not deform independently but
forms a structure that transmits load laterally, which can consequently contribute to an
increase in bearing capacity. Therefore, it can be assumed that within a certain spacing
range, interference between adjacent piles acts not merely as a negative influence but
as a mechanism that improves bearing performance through the ground confinement
effect.

2.2 Soil-wedge failure theory and limitations of the existing approach

The bearing capacity of a pile embedded in sandy soil is directly influenced by the
behavior of the soil-wedge-shaped failure zone formed beneath it. According to theories
such as that of Terzaghi (1943), in the ultimate equilibrium state the failure surface of the
soil wedge forms an angle of 45°+@/2 with the horizontal plane, depending on the internal
friction angle ¢ of the ground. For a single pile the soil wedge freely undergoes expansive
failure, but in a pile group interference between the failure surfaces of adjacent soil
wedges can occur. When geometric overlap between soil wedges occurs, ground
deformation is restrained, increasing the confinement effect, and shear resistance along
the failure surface increases, which can improve bearing capacity (He et al., 2017).

In previous research, the condition maximizing this interference effect was defined
as the critical state where the soil-wedge height equals the pile diameter (Kim et al.,
2025). There, the failure-surface trajectory is assumed to be a log spiral, and the clear
spacing between piles was calculated using the radius developed along the spiral. Also,
the soil-wedge failure angle was simplified to the internal friction angle ¢, and the clear-
spacing ratio was derived from the condition satisfying h = D.

However, when this approach is rearranged with respect to the internal friction
angle, two limitations emerge. First, the center-to-center spacing calculated from the
valid solution that satisfies h = D and yields a positive clear spacing increases as the
internal friction angle increases, exceeding the design criterion of 2.5D above about 34°.
That is, this approach predicts that the spacing at which bearing capacity is maximized
in dense sandy soil lies in a range even wider than 2.5D. However, since the interest of
this study is the increase in bearing capacity at spacings narrower than 2.5D, such a
wide optimal spacing suggested by this approach does not suit the purpose of this study.
Second, when the internal friction angle becomes about 37° or higher, no solution
satisfying h = D physically holds. In this case the clear spacing is calculated as a negative
value or the development angle reaches an unrealistic range, making the approach itself
difficult to apply to the dense sandy soil targeted in this study.

Furthermore, the region below 34°, where this approach is valid, corresponds to a
relatively loose state for Jumunjin standard sand. Several references report that the
internal friction angle of Jumunjin standard sand increases as the relative density
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increases, and 34° corresponds to a relatively low, loose state within this range (Park et
al., 2008). That is, under the conditions of this study, which targets dense sandy soil, the
range of internal friction angle for which this approach is valid is unlikely to appear; in
particular, under the high internal friction angle found in dense sandy soil, no solution
satisfying h = D exists, so it cannot be applied.

2.3 Derivation of the Optimal Spacing Considering Soil-Wedge Interference

In this study, the geometric conditions of the soil wedge were redefined to improve
the limitations presented above. In a pile group, adjacent soil wedges penetrate one
another, restricting the development of the outer passive failure zone and reducing the
effective radius (Stuart, 1962); in this study this reduced effective radius was taken as ro
and used as the basis for calculating the clear spacing. In addition, the soil-wedge failure
angle was set to 45°+@/2, consistent with Terzaghi's theory, instead of the ¢ used in the
existing theory. The geometric definitions of the effective radius ro and the development
angle 8 are shown in Fig. 1.
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Fig. 1 Failure pattern beneath the pile tip
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When the pile spacing is wide, the soil wedge of each pile behaves independently,
but as the spacing narrows, adjacent wedges intrude upon and push against one another.
When the mutually pushing areas become equal, left—right symmetry is achieved and the
two wedges meet at the center so that the pushing forces balance, forming arch support;
furthermore, in the h = D state, where the soil-wedge height equals the pile diameter, the
arch attains its complete shape and the confinement effect is maximized.

Under these redefined conditions, the pile diameter D and the clear spacing d are
expressed on the basis of the same effective radius ro, and the soil-wedge height h is
expressed as follows.

h:r{smﬁ—cosﬁ-tan(ﬁo—gﬂ (1)
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Applying the h = D condition that maximizes the interference effect at this point, the
center-to-center spacing ratio m is derived as a function of the internal friction angle and
the development angle.

m_d+D_ 2cosd
D sin 9—cost9-tan(45°—¢25j

+1 (2)

Applying a relative density of 90% to the relative-density—internal-friction-angle
empirical formula for Jumunjin standard sand, ¢ = 0.001-D* + 0.009-Dr + 32.182 (Han et
al., 2014), the internal friction angle is calculated as approximately 41°. Substituting this,
the development angle satisfying the h = D condition is approximately 73.5°, and the
center-to-center spacing ratio m is derived as approximately 1.7; thus the theoretically
predicted optimal center-to-center pile spacing is approximately 1.7D.

2.4 Theoretical verification through numerical analysis

To examine the validity of the theoretical equation derived above, a numerical
analysis was performed using the finite-element analysis program PLAXIS 3D. Since the
theoretical equation is derived as a dimensionless relationship with respect to the pile
diameter(D) and thus holds regardless of scale, the analysis model was constructed to
reflect an actual field scale. The analysis conditions are given in Table 1, and the internal
friction angle and pile center-to-center spacing were set to the values corresponding to
the theoretical optimal spacing condition. Under these conditions, the development of
arching and passive earth pressure between adjacent piles was examined.

Table.1 Properties and conditions of the numerical analysis
Program Soil model Pile model ® D L Spacing
PLAXIS 3D | Hardening Soil | Linear Elastic | 41° | 400mm | 5,000mm 1.7D

Fig. 2 shows the horizontal stress distribution under this condition, where the
stress-concentration zones formed at the bottom of each of the two piles meet at the
center and connect in an arch shape. This is judged to be consistent with the soil-wedge
mutual-intrusion and arch-support formation mechanism presented above.

The soil-wedge height h was calculated by extracting the horizontal stress
distribution with depth from the pile base, as the distance to the point where the stress
decreased and then converged. As a result, the arching zone was found to form to a
maximum depth of 340mm from the pile base. Comparing this with the development
depths predicted by the existing theory and by the theory of this study, the existing theory
predicted 948mm, showing a large difference from the actual development depth,
whereas the theory of this study predicted 462mm, relatively closer to the numerical
result. The overprediction of the development depth by the existing theory is attributed to
the use of the radius r1, developed along a logarithmic spiral, in calculating the clear
spacing. Because r1 is, by definition, larger than the effective radius ro, the predicted
development depth consequently exceeds the actual value. In contrast, the theory of this
study is based on ro owing to the intrusion of adjacent soil wedges, so its development-
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depth prediction is closer to the numerical result. Although the maximum arching depth
obtained from the theory of this study and from the numerical analysis did not exactly
match, the error was substantially reduced compared with the existing theory, suggesting
that the arching behavior in dense sandy soil can be explained more reasonably.

Fig. 2 Horizontal stress distribution beneath the pile tip by analysis (® =41°, S = 1.7D)
3. EXPERIMENTAL METHOD

3.1 Test specifications

In this study, a soil box measuring 250mm(width)x460mm(length)x450mm(height)
was used. The model pile was a circular steel pile with a diameter(D) of 20mm and a
length(L) of 250mm. Considering the pile diameter and the maximum spacing condition,
it is necessary to examine the influence of the failure zone formed beneath the pile tip on
the soil-box boundary.

In sandy soil, the influence zone beneath the pile tip is generally known to develop
within about 3.5-5.5 times the pile diameter (Yang, 2006); in this experiment the distance
from the pile tip to the bottom of the soil box was secured at about 120 mm (about 6D).
This exceeds the generally suggested failure-zone range and was considered so that the
failure zone would not be directly affected by the soil-box bottom boundary. In addition,
the distance to the side walls was arranged to be sufficiently secured, and the soil-box
walls were fabricated as rigid bodies to restrain lateral deformation, thereby maintaining
the consistency of conditions across repeated tests.

However, these boundary conditions differ from actual infinite-ground conditions,
and in particular the stress redistribution may be partly affected by wall confinement. In
addition, this study was conducted on reduced-scale model piles, and there are
differences in the stress level and the pile-size-to-particle-size ratio compared with actual
field conditions. Since such scale effects may influence the bearing behavior and failure
mode, the results of this study should be interpreted with a focus on relative tendencies
rather than quantitative values.

3.2 Preparation of dense sandy ground

Jumunjin standard sand, which has a uniform grain-size distribution and well-
known engineering properties, was selected as the model ground material. Jumunjin
standard sand is a representative sandy soil widely used as a model-test material owing
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to its excellent reproducibility in repeated tests. In this study, maximum and minimum
dry-unit-weight tests were performed to reflect the physical properties of the sandy soil
used in the experiment. As a result, the maximum and minimum dry unit weights of
Jumunjin standard sand were determined to be yd4,max = 1.63g/cm?® and yd4,min = 1.40g/cm?,
respectively. To simulate the dense ground, which is the target condition of this
experiment, the relative density was set to 90%, and the target dry unit weight calculated
on this basis was about 1.61g/cm?®. During ground preparation, to uniformly secure the
target relative density, the interior of the soil box was divided into layers, and a volume—
weight control method that controls the weight of soil placed in each layer was combined
with vibratory compaction. Through this, the entire ground was formed at the target
relative density of 90%, and the loading test was conducted after confirming that the
target relative density had been secured.

3.3 Test variables and condition setting

This study set the pile center-to-center spacing as the variable to investigate the
change in the bearing capacity of the pile group due to interlocking beneath the pile tip,
and then analyzed the resulting change in bearing capacity. For this purpose, the number
of piles (2 piles, 3 piles) was set as the minimum configuration that can capture the basic
behavioral characteristics of pile-group interaction, and four center-to-center spacings
(1.3D, 1.5D, 1.7D, 2.5D) were configured as test variables. In particular, the 1.7D
condition is the theoretical optimal spacing at an internal friction angle of 41° derived
earlier through the geometric soil-wedge model, and the 2.5D condition was selected for
comparison as the spacing used as the design criterion.

In addition, apart from the spacing condition, the embedment depth of the piles, the
ground density, and the loading method were kept identical across all cases. To minimize
the influence of boundary conditions, a sufficient ground thickness was secured beneath
the pile tip so that the failure zone would not be affected by the soil-box boundary.
Furthermore, to reduce eccentricity and tilting that may occur during installation, a guide
block was used to control the position and verticality of the piles.

Fig. 3 Pile installation Fig. 4 Guide block

3.4 Test apparatus and procedure

The model loading test was performed according to a fixed procedure inside the
rigid soil box. Once the ground preparation at a relative density of 90% was completed
through the compaction process described above, the model piles were installed
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vertically at the planned spacing positions using the guide block. The guide block is a
device for securing the position and verticality of the piles by reducing the eccentricity
and tilting that may occur during installation. After pile installation, a pile cap designed to
transmit the load evenly to each pile was mounted on the pile heads.

For the 3-pile condition, four types of pile caps corresponding to the arrangement
for each spacing were fabricated and used, and each cap was designed to coincide with
the center of the pile arrangement. In contrast, for the 2-pile condition, a single pile cap
with multiple arrangement holes was used so that all spacing conditions could be realized
with one cap, excluding the influence of differences in cap shape and stiffness. During
testing, the hole corresponding to the relevant spacing was selectively used, and the load
line of action was arranged to pass through the center of the pile cap to suppress the
occurrence of eccentric loading.

Fig. 5 Pile cap for 3-pile condition Fig. 6 Pile cap for 2-pile condition

The loading was performed using a uniaxial compression tester, and a load cell
was installed on top of the pile cap to measure the axial load. The tester operated in a
displacement-controlled manner, raising the lower loading plate at a constant
displacement rate, and the reaction force generated during this process was continuously
recorded through the load cell. In this study, the displacement rate was kept constant at
1 mm/min, and the test was terminated after loading was performed until the load—
settlement behavior stabilized.

| g

(1) Grid marin of soil  (2) De'nsity formation by

box vibratory compaction (3) Guide block alignment (4) Casing penetration
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and alignment measurement

Fig. 7 Test procedure
4. TEST RESULTS AND DISCUSSION

4.1 Load-settlement curves and data distribution

Prior to calculating the ultimate bearing capacity, the overall trend of the load—
settlement curves of the loading tests repeatedly performed under each spacing
condition was examined. Under all spacing conditions, a rapid load increase due to high
stiffness appeared in the initial loading section, and as settlement progressed a nonlinear
load—settlement pattern in which the rate of load increase gradually decreased was
confirmed. This is consistent with the general load—settlement characteristics in which
local deformation expands and stiffness gradually decreases as loading progresses in
dense sandy ground (Vesic, 1963).

Meanwhile, a certain level of data scatter was confirmed among the results of the
tests repeatedly performed under the same spacing condition. This scatter is judged to
be due to factors that inevitably occur in model tests, such as slight non-uniformity of
ground density and position errors and verticality deviations during pile installation. Since
the overall trend of the load—settlement curves alone is thus limited in quantitatively
comparing the bearing performance by spacing condition, it is necessary to also examine
the representative ultimate bearing capacity calculated according to the same judgment
criterion.

4.2 Calculation and distribution of the ultimate bearing capacity by pile spacing

To evaluate the bearing-capacity characteristics with the change in pile spacing,
the ultimate bearing capacity was calculated from the load—settlement curves obtained
in the loading tests. In this study, the commonly used BS method was applied (Tomlinson
and Woodward, 2014), which defines the ultimate bearing capacity as the load at the
point where the pile-head settlement reaches 10% of the pile diameter. This method was
adopted because its settlement criterion is clear, allowing the same criterion to be applied
consistently to all loading-test results.

For each spacing condition, the loading test was repeated nine times, and the curve
corresponding to the median of the interval where the results were densely distributed
was selected as the representative load—settlement curve. Fig. 8 and Fig. 9 show the
representative load—settlement curves of the four spacing conditions (1.3D, 1.5D, 1.7D,
2.5D) for the 2-pile and 3-pile conditions, respectively. Through this, the difference in
load—settlement behavior and ultimate bearing capacity with spacing change at the same
number of piles can be directly compared.
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Fig. 8 Load—settlement curves by pile Fig. 9 Load—settlement curves by pile
center-to-center spacing (2-pile) center-to-center spacing (3-pile)

4.3 Ultimate bearing capacity and group efficiency by pile spacing

In this section, the ultimate bearing capacities calculated by the BS method for the
1-pile, 2-pile, and 3-pile conditions are comprehensively compared to analyze the
changes in ultimate bearing capacity and group efficiency with the pile center-to-center
spacing and the number of piles. All experimental cases were performed under the same
ground preparation and loading conditions, and the ultimate bearing capacity calculated
from the representative load—settlement curves selected earlier was used as the
representative value. For the 2-pile and 3-pile conditions, the group efficiency relative to
the single-pile bearing capacity was calculated. The group efficiency Eg is defined as the
ultimate bearing capacity Qg of the pile group divided by the sum of the individual pile
bearing capacities, as in Eq. (3).

g -2
¢ n.QS

3)

Here, n is the number of piles and Qs is the ultimate bearing capacity of a single
pile. The calculated results are summarized in Table 2.

Table. 2 Ultimate bearing capacity under the three conditions (N)

Classification m 1.3D 1.5D 1.7D 2.5D
1 pile BS 528.60
2 Pile BS 976.8 898.3 1296.5 1021.9
3 Pile BS 1329.3 1303.3 1753.4 1493.6
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Fig. 10 Group efficiency by pile center-to- Fig. 11 Group efficiency by pile center-to-
center spacing (2-pile) center spacing (3-pile)

Based on Table 2 and Fig. 10 and Fig. 11, the changes in ultimate bearing capacity
and group efficiency with the change in pile center-to-center spacing were analyzed as
follows.

First, under the 2.5D condition, which is the design-criterion spacing, the group
efficiency of both the 2-pile and 3-pile conditions tended to approach 1.0. This is
interpreted as the bearing characteristics approaching those of individual piles, as
commonly known, because the overlap of stress zones between adjacent piles is relaxed
as the pile spacing is sufficiently secured.

Second, under the theoretically derived 1.7D condition, both the 2-pile and 3-pile
conditions showed the highest ultimate bearing capacity and group efficiency, and the
group efficiency exceeded 1.0, confirming a bearing-capacity increase greater than the
simple sum of the single-pile bearing capacities. In particular, under the 3-pile 1.7D
condition, the load did not clearly converge but continued to increase, indicating that the
confinement and arching effects due to soil-wedge interlocking appeared relatively
strongly. This is consistent with the optimal spacing predicted in Chapter 2.

Third, under the 1.5D condition, the ultimate bearing capacity and group efficiency
decreased for both the 2-pile and 3-pile conditions. This is judged to be because, at this
spacing, the negative interference effect due to stress-zone overlap between adjacent
piles was dominant over the ground confinement effect.

Fourth, under the densest 1.3D condition, a tendency for the ultimate bearing
capacity and group efficiency to increase again compared with the 1.5D condition was
observed. This is interpreted as a result of the transition to a bearing mechanism partly
approaching block behavior, as the lateral deformation of the ground between piles was
strongly restrained with the further decrease in spacing.

In summary, in dense sandy ground the bearing performance of the pile group was
found to be governed dominantly by the center-to-center spacing rather than by the
number of piles. In addition, the fact that the optimal spacing appeared at 1.7D, narrower
than 2.5D, shows that the optimal spacing is not a fixed value but a variable that changes
with the internal friction angle of the ground. This suggests that setting the spacing
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considering the internal friction angle can be an important design variable for improving
the bearing efficiency of pile groups.

5. CONCLUSIONS

This study raised questions about the uniform application of the 2.5D design
criterion commonly used in dense sandy ground, and analyzed the spacing conditions
that can improve the bearing efficiency of pile groups based on soil-wedge failure theory.
After examining the applicability of the proposed theoretical model by comparing it with
numerical analysis results, the ultimate bearing capacity and group efficiency by pile
spacing were analyzed through model loading tests. The main results are as follows.

1. Under the conditions of Jumunjin standard sand (Dr = 90%, internal friction angle
41°), the optimal spacing predicted by the geometric soil-wedge model was
approximately 1.7D, and in the model loading tests the maximum ultimate
bearing capacity and a group efficiency exceeding 1.0 were also observed under
this condition for both the 2-pile and 3-pile cases. This is interpreted as being
related to the increase in ground confinement and arching effects due to the
interlocking of the soil wedges beneath adjacent piles, and shows that the
theoretical prediction and the experimental results are consistent.

2. The 1.7D derived in this study is not a fixed constant but a value determined by
the internal friction angle of the ground, meaning that, when ground properties
are reflected, the bearing efficiency can be improved even at spacings narrower
than 2.5D depending on the conditions.

3. The 1.7D condition exhibited higher bearing efficiency than the 2.5D condition at
the same number of piles, suggesting that efficient design of pile-group
foundations is possible through spacing optimization.

In summary, it was confirmed that in dense sandy ground, when the soil-wedge
effect is considered, behavior different from the existing empirical spacing criterion may
appear. In particular, in this experiment a group efficiency exceeding 1.0 appeared under
the 1.7D condition, suggesting that the optimal spacing can change with the internal
friction angle of the ground.

However, since this study is based on indoor model tests, there are limitations in
extending it to a general design criterion. In particular, boundary effects due to wall
confinement and scale effects of the reduced-scale model exist, and the experimental
conditions were also limited to a single relative density and a limited spacing range.
Therefore, the results of this study should be understood as having experimentally
confirmed that a spacing interval maximizing the bearing performance may exist
depending on the ground conditions, rather than presenting the universal application of
a specific spacing value. To utilize this in design, additional verification under various
ground conditions and at field scale is required.
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