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Abstract: Underground cavities can develop below structures, leading to ground settlement and
hindering the development of urban infrastructure. Soil flow protectors (SFPs) have been developed
to prevent and alleviate problems due to the formation of such cavities. In this study, we performed
scaled model experiments to develop a design method for an SFP with an adequate safety factor
under different installation lengths of its upper and lower parts in sandy ground. The installation of
the SFP reduced the average surface settlement ratio to the range of 0.44–0.72, thus demonstrating
its effectiveness in reducing ground settlement. In addition, we proposed a relational equation for
determining the optimal length ratio of the SFP and the settlement ratio. An analysis of the influencing
factors showed that the lower part of the SFP influenced the settlement reduction, whereas the upper
part influenced the stability of the SFP depending on the ground settlement ratio. Finally, we have
proposed an optimal length equation for the SFP and presented a flowchart for the design method.
The results of this study can serve as a design basis for the efficient construction of infrastructure.

Keywords: scaled model experiment; sandy ground; soil flow protector; design method; optimal
length ratio; safety factor; influencing factor

1. Introduction

Structures such as abutments and box culverts, which serve as connections between
roads and bridges or between two roads, are typically supported by pile foundations on
rigid ground. Although they generally experience limited amounts of ground settlement,
cavities are created due to water movement and internal soil erosion, and also cause
by consolidation, drying shrinkage, and poor compaction as time passes (Figure 1a). In
addition, the inflow of groundwater and soil from the surrounding ground at the point
where the cavities occur can cause rapid settlement.

Hearn [1] reported that ground erosion due to water penetration underneath a struc-
ture can be attributed to cavity formation. White et al. [2] confirmed that cavities can
develop below a structure due to the lack of compaction and settlement of the backfill.
Briaud et al. [3] noted that surcharges on compressive ground can cause cavities to develop.
Moreover, the occurrence of differential settlement (Figure 1b) in the soil causes faults
relative to the surrounding ground; this displaces the underground water and soil, thus
developing a cavity, which causes rapid ground settlement or ground failure [4–6]. The
stress relaxation area of the surrounding ground expands continuously, inducing faster set-
tlement [7]. However, it is difficult to provide a clear solution to these problems because the
ground conditions, cavity shape, and ground abnormalities have a complex correlation [8].
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The most frequently used measure to address these problems is the overlay method. 
However, in reinforced ground, the continuously overlaid pavement load causes the con-
tinuous settlement of the adjoining ground and reduces the usability of public roads ow-
ing to ongoing construction, which incurs additional economic and social costs. Therefore, 
there is no clear solution to the problems caused by ground settlement. In addition, the 
currently used measures are highly inefficient in terms of economic feasibility, construc-
tability, and usability. Therefore, it is necessary to explore construction methods that can 
prevent ground settlement due to cavity development below structures. 

Based on this necessity, engineers have developed a soil flow protector (SFP) that can 
be easily installed beside a structure to reduce or prevent the various problems due to the 
development of cavities underneath structures supported by pile foundations. By in-
stalling the SFP beside the structure, as shown in Figure 2a, soil inflow is blocked from 
the adjacent ground into the cavity, thus ensuring stability. When ground settlement oc-
curs, the SFP moves downward to the same extent. Even after the cavity develops, the soil 
in the adjacent ground continues to block the soil inflow into the cavity, which prevents 
the sudden settlement of the adjacent ground [9]. In other words, preventing the rapid 
settlement of the ground improves the stability of the structure, thus aiding sustainable 
urban development. 

  
(a) (b) 

Figure 1. Example of a problem due to the difference in the settlement between a structure supported by a soil foundation 
and the lateral ground [9]: (a) cavity development; (b) failure of the approach slab pavement. 

  
(a) (b) 

Figure 2. Principle of a soil flow protector (SFP) used to solve problems related to cavity development [9]: (a) with SFP; 
(b) without SFP. 

Figure 1. Example of a problem due to the difference in the settlement between a structure supported by a soil foundation
and the lateral ground [9]: (a) cavity development; (b) failure of the approach slab pavement.

The most frequently used measure to address these problems is the overlay method.
However, in reinforced ground, the continuously overlaid pavement load causes the con-
tinuous settlement of the adjoining ground and reduces the usability of public roads owing
to ongoing construction, which incurs additional economic and social costs. Therefore,
there is no clear solution to the problems caused by ground settlement. In addition, the cur-
rently used measures are highly inefficient in terms of economic feasibility, constructability,
and usability. Therefore, it is necessary to explore construction methods that can prevent
ground settlement due to cavity development below structures.

Based on this necessity, engineers have developed a soil flow protector (SFP) that
can be easily installed beside a structure to reduce or prevent the various problems due
to the development of cavities underneath structures supported by pile foundations. By
installing the SFP beside the structure, as shown in Figure 2a, soil inflow is blocked from
the adjacent ground into the cavity, thus ensuring stability. When ground settlement occurs,
the SFP moves downward to the same extent. Even after the cavity develops, the soil
in the adjacent ground continues to block the soil inflow into the cavity, which prevents
the sudden settlement of the adjacent ground [9]. In other words, preventing the rapid
settlement of the ground improves the stability of the structure, thus aiding sustainable
urban development.
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According to Suchowerska et al. [8], studies on cavity and surface settlement adopt the
following techniques: empirical data utilization, calculations through analytical methods,
and simulation techniques using numerical models. Among these, the empirical methods
include field tests for full-size models and scaled models. In the former case, it is advan-
tageous to predict future settlement through physical behavior; however, experimenting
under different conditions is difficult because of time and cost constraints. In contrast, the
latter case avoids these constraints, and it allows the analysis of settlement mechanisms
under different conditions. Therefore, it is extremely important to analyze the influence of
SFP installation on the trends and behavior of a ground settlement under various conditions
through scaled model experiments.

Prior to performing the experimental investigation, we performed a literature review
to analyze and verify the results of existing scaled model experiments, verified the reliability
of the study results, and performed additional research to complement existing results.

Yoo et al. [9] experimented by classifying the material stiffness of SFPs in terms of
their flexibility and rigidity in sandy soil. They divided the SFPs into upper and lower
sections based on the lower edge of the box structure and varied the installation length
from 0 to 300 mm. The installation of the SFP reduced settlement, particularly for rigid SFP
materials. Settlement also decreased with the increase in the installation length of the SFP,
and the ratio of the settlement gradually decreased over a certain installation length. In
summary, they proposed the optimum length ratios of 1.38 and 0.73 for flexible and rigid
SFPs, respectively. Here, the length ratio is the length of the SFP divided by the height of
the box structure.

In previous studies, experiments were conducted by increasing the upper and lower
installation lengths of the SFP at the same ratio, and the optimum length ratio between the
overall length of the SFP and the height of the box structure was proposed for calculating
the optimal length. However, the settlement of the ground and the change trend in the
upper and lower section lengths of the SFP should also be considered. Moreover, in
applying the results of a prior scaled model experiment in a field test, the SFP length was
determined without considering the ground settlement and the earth pressure. Therefore,
the overall length of the installed SFPs was too short. Subsequently, the lengths of the upper
and lower SFPs were set differently, considering the stability of the earth pressure, and the
results differed from those under the installation conditions reported in the previous study.
To consider the effects of SFPs with different lengths and ground conditions, additional
field tests should be executed. However, field tests are expensive and time-consuming.

Therefore, in this study, we conducted a scaled model experiment to analyze the
ground surface settlement reduction effect and suggest an optimal installation length
based on the influencing factors with the SFP installed. We achieved this by analyzing the
effects of changes in the installation lengths of the upper and lower sections of the SFP in
sandy soil, as well as the interactions between the SFP and the ground. Furthermore, we
varied the installation lengths of the upper and lower sections of the SFP to determine the
relationship between the settlement volume based on changes in the installation length
of the SFP, and we confirmed the behavior of the SFP and the adjoining ground through
visual analyses. Finally, we determined the optimal installation length, while considering
economic feasibility and stability by aggregating the results of existing research and those
of the scaled model experiments performed in this study.

2. Scaled Model Experiment
2.1. Test Programs

Yoo et al. [9] conducted three additional experiments under non-reinforced conditions
because they obtained different results for the common settlement behavior due to the
inflow of ground soil adjacent to the box structure into the cavity. To evaluate the settlement
behavior of the SFP for different upper and lower installation lengths, they fixed the lower
lengths of the SFP at 100 and 150 mm, and increased the upper length from 50 to 200 mm in
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increments of 50 mm. In this manner, they conducted a scaled model experiment involving
seven cases. Table 1 lists the experimental conditions.

Table 1. Test cases.

Case Length of Upper
Part of SFP (mm)

Length of Lower
Part of SFP (mm)

Total Length of
SFP (mm)

Non_SFP - - -
U50_L50 50 50 100

U100_L50 100 50 150
U150_L50 150 50 200
U50_L150 50 150 200
U100_L150 100 150 250
U150_L150 150 150 300
U200_L150 200 150 350
U50_L250 50 250 300
U100_L250 100 250 350

Notes: Non: non-reinforcement; U: length of the upper part of the SFP with reference to the edge of the box
structure; L: length of the lower part of the SFP with reference to the edge of the box structure; the numbers 50,
100, 150, 200, and 250 indicate the lengths of the upper and lower parts of the SFP. .

2.2. Experimental Setup
2.2.1. Similitude Law

It is necessary to consider the similitude ratio when fabricating an experimental
model. The analogy law represents the relationship between an actual prototype and
a scaled model. This law is based on dimensional analysis, which is a mathematical
technique for inferring the theoretical relationship between variables to explain physical
phenomena. Model-based experiments that do not consider the similitude ratio yield
incorrect predictions of quantitative behaviors. Therefore, before conducting a model
experiment, it is necessary to define a prototype that can meet the research objectives and
to identify and apply a similitude ratio that conforms with the behavior of the prototype.
These are performed to review the model behavior [10].

To solve the aforenoted problems, many researchers have proposed various methods
for model ground construction and verification. Kagawa [11] studied the similitude laws
of ground structures subjected to dynamic loads that use force ratios. Kokusho and
Iwatate [12] studied the similitude laws of the nonlinear dynamic responses of soils using
Buckingham’s π theorem. Iai [13] proposed the overall analogy of a saturated soil–fluid–
structure system based on the geometrical similitude ratio (λ) and the similitude ratio with
respect to the density (λρ) and strain (λε). Iai and Sugano [14] classified the similitude
law introduced by Iai [13] into three types, using the concepts of cyclic mobility and strain
softening. They also conducted a 1-G shaking table model reduction experiment on a quay
wall structure by applying the similitude law.

In this study, we used the similitude law and dimensional analysis suggested by
Iai [13] (Table 2) and applied a similitude ratio (λ) of 18. We applied this similitude ra-
tio of 18 to consider the size of the field and scaled model tests. For the tests presented
in this paper, we used type 3 similitude because it is a strain-softening type with con-
stant deformation even after the vibration stops, and a size–strain relationship cannot be
introduced owing to the large deformation. We applied the value calculated using the
relational expression of each parameter to the scaled model experiment using the applied
similitude ratio.
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Table 2. Similitude law adopted in the model-based test [13].

Contents Iai’s Similitude Ratio Type 3

Length λ

Time λ 0.5

Acceleration 1
Displacement λ

Stress λ

Strain 1
Stiffness λ

2.2.2. Plane Strain Soil Tank

The box structure applied in this study was a continuous structure connected to the
road. We conducted the experiments using a plane strain soil tank (PSST), as shown
in Figure 3, to apply the plane strain conditions. We simplified the behavior in two
dimensions [15,16] to compare and analyze the results. The interior of the PSST had a
length of 1700 mm, a height of 760 mm, and a width of 410 mm. We prepared a 30-mm-
thick wall made of modeling clay with transparent acrylic and suppressed the deformation
using steel reinforcements. Furthermore, we installed a vibration motor at the bottom
of the PSST and a spring to easily transmit the generated vibration. The vibration load
was applied to simulate the ground settlement behavior. This differs from actual ground
settlement conditions; however, the purpose of this study was to analyze the effect of
ground settlement reduction with an SFP installation and to calculate the optimum length
in the event of a ground settlement. Therefore, we forcibly generated a ground settlement
by applying a vibration load for 1440 s.
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2.2.3. Experimental Model

The actual box structure is generally supported on solid ground using a pile founda-
tion. However, in this study, we fixed it to the upper frame of the model earth to ensure
that the weight of the box structure did not cause settlement. The box structure model was
408 mm wide, 350 mm long, and 340 mm high; it was prepared using 20-mm-thick acrylic,
as shown in Figure 4a. The height of the ground adjacent to the actual box structure was
250 mm from the bottom of the box structure. In addition, in the SFP model, a rectangular
acrylic plate with a thickness of 10 mm was used to resist the earth pressure due to the
settlement, as shown in Figure 4b. We varied the height of the SFP from 150 to 350 mm in
increments of 50 mm depending on the experimental conditions; a width of 408 mm, i.e.,
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with a clearance of 1 mm, was set on both sides to avoid friction between the SFP and the
PSST wall.
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2.2.4. Ground Material

The ground material was prepared with Jumunjin standard sand from the Jumunjin
area, which is commonly used for research in Korea [17–19]; Table 3 presents its physical
characteristics. This sandy soil maintains a constant density, rendering it suitable for
creating a ground for experiments. This is because the density varies with the drop
height (Figure 5a), whereas the mechanical properties vary with the density (Figure 5b,c).
Therefore, in this study, we used the air pluviation method [20–23] to ensure a constant
ground density. The key factors affecting the relative density of the air-pluviated sand
include the particle drop height [24] and the rate of deposition [25]. The drop height of
the sand was 0.1 m, its average dry density was 1.487 g/cm3, and the relative density
was 44.5%.

Table 3. Physical characteristics of the Jumunjin standard sand.

Specific gravity, Gs 2.650
Water content, w (%) 0.90

Average particle size, D50 (mm) 0.580
Effective particle size, D10 (mm) 0.448

Uniformity coefficient, Cu 1.370
Coefficient of the curvature, Cg 0.960
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2.3. Experimental Method

The model test procedures consisted of five steps: ground composition, small-scale
box structure and SFP installation, vibration generation, image acquisition, and settle-
ment measurement.

First, to create a loose sandy ground with a constant density, we dropped the sand
from a drop height of 0.1 m. We installed the SFP model in advance while considering the
horizontal position of the box structure, and applied grease between the wall surfaces of
the PSST and the SFP models. As the SFP model (408 mm) was narrower than the PSST
model (410 mm), the applied grease prevented the sand from the constructed ground from
flowing toward the SFP model.

Second, we conducted the experiment by applying air pluviation to the lower level
where the SFP model was installed. Thereafter, we dropped sand onto the bottom level
where the box structure was installed to ensure that no differences occurred in the earth
pressure between the front and back surfaces of the SFP model. To prevent penetration and
minimize the friction of the sand, we applied grease to the contact surface between the box
structure and the SFP model when installing the box structure.

Third, to analyze the effect of the SFP settlement reduction, we forcibly generated the
settlement of the soil in the PSST using a vibration motor installed under the PSST. The
settlement was the highest after a vibration time of 1440 s.

Fourth, for the visual analysis, we monitored the variations in the ground behavior
and the SFP model from the front of the PSST.

Fifth, after applying the vibration for 1440 s, we measured the settlement at each
point from 0.1 B to 3.0 B on the model structure based on the width of the box structure
(B = 350 mm). The settlement was measured at the front, middle, and rear of the wall sur-
face of the PSST and the obtained values from the three locations were averaged. Figure 6
presents the installed ground, box structure, and SFP model. We applied the experimental
conditions of the structure and ground at half sections to evaluate the settlement behavior
up to a certain distance from the box structure during the scaled model experiment. This
allowed the observation of the settlement reduction due to wall friction on the left side
of the PSST; however, settlement reduction only appeared on a small section along the
wall, which had little effect on the overall settlement beneath the box structure. In addition,
the rightmost end of the model soil was located at a distance of more than three times
the width of the box structure B, which helped to minimize the impact on the settlement
behavior due to the wall friction.
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Figure 6. Test setup: (a) front view of the box structure and SFP; (b) settlement measurement points.

Finally, the experimental results were summarized in terms of the ratio between the
distance from the end of the box structure and the width of the box structure. We compared
the results and analyzed them based on the surface settlement at the corresponding point
when the SFP was not installed.

3. Results and Analysis
3.1. Settlement

The largest settlement occurred in areas adjacent to the structure, similar to the
results reported by Yoo et al. [9]. However, the various ground settlements studied by
Briaud et al. [3] and White et al. [2] were mostly due to surcharge or the weight of the
ground. In this study, the forced settlement was due to the vibration loads, yielding a
different result in each experiment. Therefore, we averaged the test results when the SFPs
were not installed to ensure the reliability of the research outcome.

Table 4 summarizes the average settlement ratios with and without the SFP. With the
SFP, the surface settlement ratio ranged from 0.44 to 0.72, indicating a reduction in the
surface settlement. In the absence of the SFP, the soil flowed beneath the box structure, as
shown in Figure 7. This resulted in a more rapid settlement of the adjoining ground of the
box structure. In comparison, in the presence of the SFP (Figure 7), the inflow of the soil into
the cavity beneath the box structure was blocked, which reduced the surface settlement.

Table 4. Average settlement ratios for the various test conditions.

Case Minimum
Settlement (mm)

Average
Settlement (mm)

Maximum
Settlement (mm)

Standard
Deviation Average Settlement Ratio

Non_SFP 63.3 77.1 89.9 6.81 Non_SFP/Non_SFP 1.00
U50_L50 46.1 55.6 65.6 6.47 U50_L50/Non_SFP 0.72

U100_L50 42.2 54.2 63.7 7.42 U100_L50/Non_SFP 0.70
U150_L50 42.6 53.4 64.2 7.35 U150_L50/Non_SFP 0.69
U50_L150 29.6 36.7 43.8 4.80 U50_L150/Non_SFP 0.48

U100_L150 27.9 36.8 43.7 5.59 U100_L150/Non_SFP 0.48
U150_L150 27.2 35.7 43.9 5.76 U150_L150/Non_SFP 0.46
U200_L150 27.8 36.2 43.7 5.46 U200_L150/Non_SFP 0.47
U50_L250 26.6 33.7 41.2 4.97 U50_L250/Non_SFP 0.44

U100_L250 26.3 33.9 39.8 4.95 U100_L250/Non_SFP 0.44

Notes: Non: non-reinforcement; U: length of the upper part of the SFP with reference to the edge of the box structure; L: length of the lower
part of the SFP with reference to the edge of the box structure; the numbers 50, 100, 150, 200, and 250 indicate the lengths of the upper and
lower parts of the SFP.
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Figure 7. Soil inflow behavior: without SFP; with SFP.

The average settlement ratios for the lower SFP lengths of 50, 100, and 150 mm
were 0.71, 0.47, and 0.44, respectively; the settlement decreased with an increase in the
lower length. However, the results obtained with an increase in the upper length were as
follows. (1) The settlement reduction was minor in comparison to that due to the increase
in the lower length (Figure 8 and Table 4). (2) The settlement tended to increase across
the test cases, as depicted in Figure 9. Based on this result, the surface settlement was
predominantly affected by the changes in the lower length of the SFP. (3) There was a
proportional relationship, in which greater settlement corresponded to greater dry density.
This shows that settlement farther away from the box structure correlates to greater dry
soil density after the test.
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3.2. Optimal Length Ratio

The optimal length ratio (OLR) is the installation length of the SFP divided by the
height (h) of the box structure; this is used in practical field applications. It is difficult
to apply the results of scaled model experiments to a full-size structure. Therefore, it is
advantageous to apply the OLR while considering the height of the structure.

To calculate the OLR of the SFP, previously reported results and those from the scaled
model experiments conducted in this study can be depicted as a graph of the relationship
between the surface settlement ratio and the ratio of the lower length of the SFP to the box
structure height, as shown in Figure 10. The relationship is represented by Equation (1),
where α = 1.394 and β = 0.297. The results show that the surface settlement decreases with
the increase in the length, and the trend gradually converges above a certain length. The
optimum surface settlement ratio and the ratio of the lower length of the SFP to the height
of the box structure (h = 250 mm) are 0.34 and 0.45, respectively.

y = y0 −
x

αx + β
(1)

Appl. Sci. 2021, 11, x FOR PEER REVIEW 10 of 15 
 

Figure 9. SFP settlement trend across the test cases. 

3.2. Optimal Length Ratio 
The optimal length ratio (OLR) is the installation length of the SFP divided by the 

height (h) of the box structure; this is used in practical field applications. It is difficult to 
apply the results of scaled model experiments to a full-size structure. Therefore, it is ad-
vantageous to apply the OLR while considering the height of the structure. 

To calculate the OLR of the SFP, previously reported results and those from the 
scaled model experiments conducted in this study can be depicted as a graph of the rela-
tionship between the surface settlement ratio and the ratio of the lower length of the SFP 
to the box structure height, as shown in Figure 10. The relationship is represented by 
Equation (1), where α = 1.394 and β = 0.297. The results show that the surface settlement 
decreases with the increase in the length, and the trend gradually converges above a cer-
tain length. The optimum surface settlement ratio and the ratio of the lower length of the 
SFP to the height of the box structure (h = 250 mm) are 0.34 and 0.45, respectively. 𝑦 = 𝑦 𝑥𝛼𝑥 + 𝛽 (1)

 
Figure 10. Relationship between the settlement ratio and the ratio of the lower length of the SFP to 
the box structure height. 

3.3. Stability 
Practically applying the SFP requires the establishment of relevant standards and de-

sign methods. To apply a relevant design method, the stability of the SFP should be re-
viewed. For this purpose, we examined the behavior of the SFP and the deformation in 
the ground for stability against the soil pressure using visual analyses. As shown in Figure 
11a, the settlement increases with the distance from the box structure and proceeds in the 
downward direction of the structure. As shown in Figure 11b, movements of the upper 
part of the SFP wall in the opposite direction to the structure and of the lower part in the 
direction of the structure have occurred. 

The upper and lower parts of the SFP can be classified based on the lower edge of the 
structure; the surrounding ground and the structure were considered to be the front and 
rear sides, respectively. During the initial stage, the earth pressure acting on the SFP pen-
etrated the ground and generated an active earth pressure at the front of the SFP and a 
passive earth pressure at the rear; the state of the static earth pressure resulted in a settle-
ment. However, the direction of the ground’s behavior at the front surface of the SFP was 

Figure 10. Relationship between the settlement ratio and the ratio of the lower length of the SFP to
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3.3. Stability

Practically applying the SFP requires the establishment of relevant standards and
design methods. To apply a relevant design method, the stability of the SFP should be
reviewed. For this purpose, we examined the behavior of the SFP and the deformation
in the ground for stability against the soil pressure using visual analyses. As shown in
Figure 11a, the settlement increases with the distance from the box structure and proceeds
in the downward direction of the structure. As shown in Figure 11b, movements of the
upper part of the SFP wall in the opposite direction to the structure and of the lower part
in the direction of the structure have occurred.
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Figure 11. Visual analysis: (a) ground behavior; (b) SFP movement.

The upper and lower parts of the SFP can be classified based on the lower edge of
the structure; the surrounding ground and the structure were considered to be the front
and rear sides, respectively. During the initial stage, the earth pressure acting on the SFP
penetrated the ground and generated an active earth pressure at the front of the SFP and
a passive earth pressure at the rear; the state of the static earth pressure resulted in a
settlement. However, the direction of the ground’s behavior at the front surface of the SFP
was not clearly shown in this study. If the ground movement and the movement of the
upper part of the SFP occur in opposite directions, a passive earth pressure is generated,
and no earth pressure acts on the SFP wall in the same direction. Yoo et al. [26] performed
an inverse analysis based on the numerical analyses of the results of inclinometer tests
(Figure 12a) performed during field experiments. As shown in Figure 12b, the upper part
of the SFP moves toward the outside of the structure. Therefore, it was confirmed that
the displacement occurred in the lower front part of the structure; thus, the earth pressure
occurred at the upper front of the SFP at rest, whereas the active and passive earth pressures
occurred at the lower front and the rear side, respectively.
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Based on the results obtained by Yoo et al. [26], we considered the earth pressure
acting on the upper part of the SFP conservatively to be zero during the safety assessment
of the structure. Figure 13 presents a schematic for analyzing the stability of the SFP against
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the soil pressure. The safety factor (Fs) was calculated by considering the active earth
pressure on the lower front surface of the SFP, the passive earth pressure on the rear surface,
and the ground load on the upper front surface of the SFP. A standard safety factor of 1.2
was used for the retaining wall. The temporary earth retaining wall design standard gives a
standard safety factor of 1.2 [27]. As a result, the safety factor was 1.690 when the optimum
length ratio was 0.34 and the surface settlement ratio was 0.45; even with a settlement of
82.3 mm, the safety factor was 1.2 or higher. However, the surface settlement ratio did not
increase significantly with an increase in the lower length of the SFP.
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3.4. Design Method

Prior to developing the design method, we comprehensively analyzed the research
results. The lower length of the SFP is a ground settlement reduction factor, and the
upper length influences the SFP stability in terms of the ground settlement. Therefore,
Equation (2) can be used to calculate the optimal length (LSFP), while considering the
function and role of the SFP that satisfies the safety factor (Fs) of 1.2 for the stability and
has a significant settlement reduction effect. Here, lα is the lower length of the SFP and
is a factor influencing the settlement reduction effect; and lβ is the upper length of the
SFP and is obtained by applying a margin coefficient n for the predicted settlement (n·δ).
The value of the margin coefficient is used in the safety review, considering the ground
conditions and the residual settlement; this value may be applied at the discretion of the
technician. The maximum value of the upper length (lβ) does not exceed the height (h) of
the box structure.

LSFP = lα + lβ (Fs > 1.2) (2)

We found the sum of the 85.0 mm lower length (lα) (OLR of 0.34 and a surface
settlement ratio of 0.45) and 52.1 mm upper length (lβ) with a margin factor of 1.5 to be
137.1 mm, using this equation. The method for calculating the total length of the SFP is
depicted via a flowchart in Figure 14.
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4. Conclusions

In this study, we performed a scaled model experiment to propose a design method
for the optimal installation length of an SFP and conducted stability analyses based on the
influencing factors. We achieved this by analyzing the changes in the installation lengths
of the upper and lower sections of the SFP in sandy soil, as well as the behavior of the SFP
and the adjoining ground. The results were as follows.

1. We summarized the surface settlement due to the development of a cavity below the
box structure as the average settlement ratio when the SFP is installed. We compared
the situations with and without SFP installation, and found that the installation of the
SFP could effectively reduce the surface settlement ratio in the range of 0.44–0.72. A
visual analysis of the structure without the SFP showed that the soil flowed into the
cavity, which caused a rapid settlement of the adjoining ground of the box structure.
In comparison, by installing the SFP, the surface settlement was reduced because the
inflow of soil into the cavity underneath the box structure could be blocked.

2. The settlement decreased with an increase in the lower length of the SFP, and the
trend gradually converged above a certain length. The optimum length ratio of the
SFP was 0.34, and the surface settlement ratio was 0.45.

3. The overall average settlement ratios were 0.71, 0.47, and 0.44, corresponding to SFP
lower lengths of 50, 100, and 150 mm, respectively; the settlement decreased with
an increase in the lower length. However, the effect of the settlement reduction due
to the increase in the upper length was minimal when compared with that due to
an increase in the lower length. Thus, we confirmed that surface settlement was
dominantly affected by the change in the SFP lower length.

4. We calculated the safety factor (Fs) by considering the active earth pressure at the
lower front surface of the SFP, the passive earth pressure on the rear surface, and the
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earth pressure generated at the upper front surface of the SFP, which we considered
to be zero. When the optimum length ratio was 0.34 and the ground settlement ratio
was 0.45, the safety factor was 1.69; even after ground settlement of 82.3 mm, the SFP
remained stable with a safety factor of 1.2 or higher.

5. Our comprehensive analysis of the results showed that the lower length of the SFP
is the key factor causing the reduction in the surface settlement, whereas the upper
length influences the SFP stability with regard to the ground settlement. Based on
these results, we proposed an equation for calculating an efficient and economical
optimal length (LSFP), while considering the function and role of each SFP. This
calculated length has a significant settlement reduction effect, and it satisfies the
safety factor (Fs) of 1.2. Based on this design method, we found the sum of the
85.0 mm lower length (lα) (OLR of 0.34 and a ground settlement ratio of 0.45) and the
52.1 mm upper length (lβ), while using a margin factor of 1.5, to be 137.1 mm.

6. In this study, we proved the settlement reduction effect of the SFP based on the
test results; we calculated the OLR and proposed a design method. Apart from the
settlement analyses, further studies are required to establish a more reasonable and
comprehensive design method; these studies must focus on a variety of conditions,
such as the earth pressure and underground conditions, which are used to identify
different properties, such as the soil viscosity, for various construction site applications.
We expect the findings of this study to be beneficial for urban construction. The
proposed methodology can be applied to analyze the settlement under various SFP
lengths and to determine the optimal length to ensure the robustness and safety
of structures. However, the scaled model experiment performed during this study
only analyzed the results obtained via settlements arising from vibrations in loose
sandy soil. Therefore, further studies will be required on the effects of ground surface
settlement reduction using SFP installations under conditions where actual ground
surface settlement occurs, such as settlement due to the consolidation of clayey ground
or settlement due to overburdening.
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