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ABSTRACT

Previous studies on Konstruksi Sarang Laba-Laba (KSLL) foundations have primarily focused on bearing
capacity and overall foundation performance, while limited attention has been given to soil-structure
interaction, stress distribution, and reinforcement design of KSLL ribs using the Winkler method. This
study investigates the stress distribution in KSLL foundation ribs and determines the corresponding
reinforcement requirements under different subgrade conditions. A numerical modeling approach was
employed using a structural analysis program to simulate KSLL foundations on three soil categories—
soft, medium, and stiff soils—with three rib/column connector dimensions of 30 x 30 cm, 50 x 50 cm,
and 80 x 80 cm. The analysis was based on the modulus of subgrade reaction (Ks) to represent Winkler-
type foundation springs. The results show that Ks increases with soil stiffness, indicating stronger
subgrade support in stiffer soils. Soft soil consistently produced the highest normal stress, shear stress,
and settlement, followed by medium and stiff soils. The ratio of normal stress between soft and stiff soils
ranged from 1.5 to 3.0, while the shear stress ratio ranged from 1.4 to 2.0 at support zones and 1.6 to
1.9 at span regions. The effect of column-size variation on normal stress was relatively limited, although
larger column dimensions reduced shear stress at supports by improving force distribution. The
required main reinforcement increased with normal stress, reaching 7-8 bars in soft soil, 6 bars in
medium soil, and 5-6 bars in stiff soil. Shear reinforcement spacing decreased as shear demand
increased, with minimum spacing of 110 mm in soft soil, 150 mm in medium soil, and 260 mm in stiff
soil. These findings demonstrate the importance of incorporating soil-structure interaction, subgrade
stiffness, and rib-specific reinforcement design in KSLL foundation analysis to achieve safer and more
efficient shallow foundation design.
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INTRODUCTION

Foundations transfer structural loads from the superstructure to the supporting ground;
however, their actual performance is governed by the coupled response of the structure,
foundation, and underlying soil. When the supporting soil deforms, contact pressure,
settlement, internal forces, and the response of the superstructure are redistributed. This
coupled mechanism is generally referred to as soil-structure interaction (SSI) [1], [2]. Although
fixed-base idealization may be acceptable for structures founded on very stiff ground, SSI
becomes increasingly important for shallow and raft-type foundations resting on medium to
soft soils, where foundation flexibility and subgrade deformability can no longer be neglected

[1]-[3].
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Because rigorous continuum modeling is often computationally demanding, simplified
foundation models remain widely used in engineering practice. Among these, the Winkler
model continues to be one of the most practical approaches for representing foundation-soil
interaction, especially in finite-element analyses of shallow foundations and mat or raft systems
[3]-[5]. In this approach, the supporting soil is idealized as a system of discrete springs, and the
governing parameter is the modulus of subgrade reaction (Ks), which relates contact pressure
to settlement at a given point [4]-[6]. Owing to its simplicity, computational efficiency, and
compatibility with structural analysis software, the Winkler approach remains attractive for
design-oriented studies in which stress redistribution and reinforcement demand must be
evaluated efficiently [3], [5].

An accurate estimate of Ks is essential because it directly affects predicted settlements,
contact pressures, bending moments, shear forces, and, ultimately, reinforcement
requirements. Recent studies have shown that Ks is not solely a soil parameter, but is also
influenced by foundation width, relative soil-foundation stiffness, and the nonlinear load-
settlement response of the supporting ground [4]—[6]. As a result, the use of an inappropriate
or overly simplified Ks value may lead either to unconservative assessment of structural actions
or to unnecessarily conservative reinforcement design [5], [6]. This issue is particularly
relevant in practical foundation engineering, where serviceability performance and
reinforcement economy are strongly influenced by how soil support is idealized in the
numerical model.

For shallow foundation systems that require higher stiffness and improved settlement
control, ribbed or stiffened raft concepts have received growing research attention. Recent
investigations on raft and stiffened raft foundations indicate that soil stiffness, foundation
geometry, raft thickness, stiffening beam depth, and structural rigidity significantly influence
deformation patterns, bending moments, stress redistribution, and serviceability response [4],
[7], [8]. In Indonesian geotechnical practice, the issue is even more relevant because low-
bearing-capacity clayey subgrades remain common in developing areas and often require
either ground improvement or the adoption of stiffer foundation systems [9].

The Spider Nest Structure Foundation (Konstruksi Sarang Laba-Laba, KSLL) is a ribbed
shallow foundation system in which a thin concrete slab, vertical ribs, and confined soil fill act
together to enhance foundation rigidity and improve load transfer. From a structural
perspective, KSLL shares important mechanical similarities with a stiffened raft foundation.
However, the available literature on comparable ribbed and raft-type systems has focused
predominantly on overall foundation performance, settlement behavior, and global stiffness
response [4], [7], [8], while rib-level stress distribution and reinforcement demand under
Winkler-based modeling remain insufficiently discussed for KSLL-type systems. This gap is
important because the structural safety and efficiency of KSLL foundations depend not only on
global bearing performance, but also on how normal stress and shear stress are distributed
along the ribs under varying soil conditions and connector dimensions.

Therefore, this study investigates the soil-structure interaction response of KSLL
foundations using the Winkler method, with particular emphasis on stress distribution in
foundation ribs and the resulting reinforcement design. The analysis considers three subgrade
conditions such as soft, medium, and stiff soils, and three rib/column connector dimensions. By
relating subgrade stiffness to rib-level normal stress, shear stress, and reinforcement
requirements, this study aims to provide a more design-oriented interpretation of KSLL
behavior and to extend the current understanding of ribbed shallow foundation systems.
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METHOD

This study was designed as a quantitative numerical parametric study based on secondary
geotechnical and structural data. The adopted workflow consisted of: (1) classifying the
supporting soil into soft, medium, and stiff categories; (2) converting the soil consistency
classes into representative SPT-N values in accordance with SNI1 1726:2019; (3) estimating the
soil elastic modulus and the modulus of subgrade reaction (Ks); and (4) evaluating the response
of the KSLL foundation through finite-element-based structural modeling. This approach is
consistent with current practice in soil-structure interaction studies, where the supporting soil
is represented by discrete springs in order to capture the influence of subgrade stiffness on
internal forces, settlement, and reinforcement demand in shallow or raft-type foundations
[10]-[13].

In this study, the soil elastic modulus Es was estimated from the adopted empirical
correlation with the corrected SPT value:

E = 766 Nspr (KN /m?) (1)

The modulus of subgrade reaction was then calculated using the Vesic-based expression
adopted in the analysis:

— Es
= vam (2)

where ks is the modulus of subgrade reaction, Es is the soil elastic modulus, B is the effective
foundation width in contact with the supporting soil, and y is the soil Poisson’s ratio. The use
of ks as a spring parameter is appropriate for Winkler-type modeling because it allows the soil
support to be introduced directly into finite-element analysis as nodal or distributed spring
stiffness. Previous studies have also shown that the estimated value of ks strongly influences
settlement, shear force, bending response, and the resulting reinforcement requirements of
raft-type foundations [11], [12], [14].

The numerical model of the KSLL foundation was developed using structural analysis
software and analyzed as a system of structural members supported by soil springs. The plan
dimensions of the modeled foundation were 16 m in the X-direction and 18 m in the Y-direction.
The KSLL layout was divided into four ribs in the X-direction and three ribs in the Y-direction,
forming a ribbed shallow-foundation system with column/rib connectors as the main load-
transfer nodes. Soil support was assigned through spring elements derived from the calculated
Ks values for each soil condition. Such a modeling strategy is consistent with recent numerical
studies on raft and stiffened raft systems, in which soil stiffness, foundation rigidity, and
geometric configuration govern stress redistribution and deformation behavior [15], [16].

As summarized in Table 1, the study consisted of nine numerical models arranged in a 3 x
3 parametric matrix. The first parameter was soil type, comprising soft, medium, and hard/stiff
soil conditions. The second parameter was the column dimension, with three variations: 30 x
30 cm, 50 x 50 cm, and 80 x 80 cm. Thus, each soil category was analyzed with three connector
dimensions, resulting in three models per soil class and nine models in total. Table 1 also
indicates that each model contained 21 global reference points, which served as the basis for
model geometry and response extraction. This table is important because it clearly defines the
scope of the parametric study and confirms that the numerical program systematically
compares the combined influence of subgrade stiffness and connector size on KSLL rib
behavior.
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Table 1. Number of foundation models

No Soil types Column Number of Number of
dimensions (cm) reference models
point

1 Softsoil 30x30 21

2 50x 50 21 3
3 80 x 80 21

4  Medium soil 30x30 21

5 50x 50 21 3
6 80 x 80 21

7  Hard soil 30x30 21

8 50x 50 21 3
9 80 x 80 21

Although each model contained 21 reference points, only four representative reference
columns were selected as detailed observation points for inter-model comparison. This
refinement was intended to focus the analysis on representative rib zones while still preserving
the overall foundation response. As illustrated in Figure 1, the KSLL model comprises a three-
dimensional ribbed foundation configuration, and the four selected observation locations—
labeled Points 1, 2, 3, and 4—are distributed across different structural zones of the foundation.
Figure 1 therefore functions not only as a geometric illustration of the KSLL system, but also as
a map of the critical observation locations used for stress evaluation. In practical terms, the
figure helps the reader understand that the selected points represent different rib
environments within the foundation, including interior and perimeter-influenced zones.

Figure 1. Fondation Model

For each observation point, the connected rib was evaluated at two critical longitudinal
positions: the support zone and the mid-span zone. The support position was taken at one-
quarter of the rib span from the column, while the mid-span position was taken at one-half of
the rib span from the column. This sectioning strategy was adopted to capture the change in
stress distribution between rib regions dominated by column restraint and regions governed
more strongly by flexural span action.

At each evaluation section, the rib depth was discretized into nine stress extraction points,
coded from 0 to 8. Point 0 corresponds to the bottom fiber of the rib or foundation base,
whereas point 8 corresponds to the top fiber at the foundation surface. The stress values at
these discrete points were extracted from the numerical model and plotted to obtain the
through-depth stress distribution. The resulting normal-stress and shear-stress diagrams were
then used as the basis for identifying the critical tensile and shear zones and for determining
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the required reinforcement in the foundation ribs. In this way, the method links the numerical
soil-foundation interaction analysis directly to the structural design stage of the KSLL ribs.

RESULT AND DISCUSSION

Soil Elastic Modulus (E) and Subgrade Reaction Modulus (Ks)

The calculated values of the soil elastic modulus (E) and the modulus of subgrade reaction
(Ks) for each soil type and rib direction are presented in Table 2. For all rib directions, the
lowest values were obtained for soft soil, while the highest values were obtained for hard soil.
In the X-direction, the soft-soil model had an elastic modulus of 5,362 kN/m? and a subgrade
reaction modulus of 11,784.62 kN/m?, whereas the hard-soil model reached 45,960 kN/m? and
101,010.99 kN/m?, respectively. The same order was observed in the Y-direction and cross-rib
direction.

Table 2. Subgrade Reaction Modulus (Ks) Values Used

. . Soft Soil Medium Soil Hard Soil
Rib Foundation
No direction width (m) E Ks E Ks E Ks
(kN/m2) (kN/m3) (kN/m?) (kN/m3) (kN/m?2) (kN/m3)
1 X 0,5 5362 11784,62 24512 53872,53 45960 101010,99
2 Y 0,75 5362 7856,41 24512 35915,02 45960 67340,66
3 Cross 0,9 5362 6547,01 24512  29929,18 45960 56117,22

For each soil category, the Ks value decreased as the effective foundation width increased
from the X-direction rib to the Y-direction rib and the cross rib. The calculated Ks values were
used as spring stiffness input in the numerical model. Figure 2 shows the spring-support
arrangement applied at the base of the KSLL foundation.

Figure 2. Spring Support Model

Analysis of Normal Stress

The maximum normal stress values obtained from the SAP2000 model are shown in Figure
3 for the support positions and in Figure 4 for the mid-span positions. In all observation points,
the highest normal stresses were recorded in soft soil, followed by medium soil and hard soil.
At the support positions (Figure 3), the maximum normal stress at Point 1 for the 30 x 30 cm
column model was 1,211.3 kN/m in soft soil, 611.6 kN/m in medium soil, and 513.0 kN/m in
hard soil. At the same point, the normal stress decreased as the column size increased to 50 x
50 cm and 80 x 80 cm. The same trend was observed at the other reference points.

Across all support positions, the largest normal stress occurred at Point 3. For the 30 x 30
cm model, the values at Point 3 reached 2,158.0 kN/m in soft soil, 1,903.0 kN/m in medium soil,
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and 1,607.0 kN/m in hard soil. For the 80 x 80 cm model, the corresponding values were
reduced to 2,034.0 kN/m, 1,808.0 kN/m, and 1,498.0 kN/m, respectively.
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$1 M1 H1 S2 M2 H2 S3 M3 H3 5S4 M4 H4

80x 80 652.1 551.9 438.0 1191. 687.2 455.7 2034. 1808. 1498. 1644. 956.2 587.8
50x50 674.4 582.3 475.5 1201. 690.5 464.5 2086. 1915. 1526. 1654. 972.3 603.7
===30x 30 1211. 611.6 513.0 1206. 720.7 509.3 2158. 1903. 1607. 1669. 1000. 647.3

S: Soft Soil M: Medium Soil  H: Hard Soil
1: Reference Point 1 3: Reference Point 3
2: Reference Point 2 4: Reference Point 4

Eg: S 1= Reference point 1 on soft soil

Figure 3. Graph of Maximum Normal Stress Values at Support Positions

At the mid-span positions (Figure 4), the same soil-dependent order was observed. The
normal stress values at mid-span were generally higher than those at the supports. At Point 1
for the 30 x 30 cm model, the mid-span normal stress reached 1,549.7 kN/m in soft soil, 1,045.0
kN/m in medium soil, and 820.3 kN/m in hard soil. The highest mid-span normal stress was
again found at Point 3, where the values reached 2,653.0 kN/m for the 30 x 30 cm model,
2,643.0 KN/m for the 50 x 50 cm model, and 2,664.0 kN/m for the 80 x 80 cm model in soft soil.
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Figure 4. Graph of Maximum Normal Stress Values at Mid-Span Positions

Overall, the normal-stress results show a consistent ranking of soft soil > medium soil >
hard soil, while the effect of increasing column size was relatively limited compared with the
effect of soil type.

Analysis of Shear Stress

The maximum shear stress values are presented in Figure 5 for the support positions and
in Figure 6 for the mid-span positions. At the support positions, the largest shear stresses were
generally recorded in the soft-soil models. At Point 2 in the support zone, the 30 x 30 cm column
model produced the highest shear stress in the entire support dataset, with values of 2,173.5
kN/m in soft soil, 1,339.4 kN/m in medium soil, and 1,109.7 kN/m in hard soil. At the same
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point, the shear stress decreased to 1,573.0 kN/m, 1,348.0 kN/m, and 1,110.0 KN/m for the 50
x 50 cm model, and to 1,577.0 kN/m, 1,347.0 kN/m, and 1,103.0 kN/m for the 80 x 80 cm model.
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50x 50 958.2 770.1 826.9 1573. 1348. 1110. 1884. 1619. 1230. 1731. 2329. 2014.
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S: Soft Soil M: MediumSoil  H: Hard Soil
1: Reference Point 1 3: Reference Point 3
2: Reference Point 2 4: Reference Point 4

Eg: S 1= Reference point 1 on soft soil

Figure 5. Graph of Maximum Shear Stress Values at Support Positions

Furthermore, at the support positions, high shear stress values were also observed at
Points 3 and 4. For example, at Point 4, the 30 x 30 cm model produced 1,727.0 kN/m in soft
soil, 2,065.0 KN/m in medium soil, and 2,030.0 kN/m in hard soil. In the 80 x 80 cm model, the
corresponding values were 1,730.0 kN/m, 2,061.0 kN/m, and 2,006.0 kN/m. At the mid-span
positions (Figure 6), the shear-stress pattern was more variable than that observed for normal
stress. At Point 1, the 30 x 30 cm model produced 653.2 kN/m in soft soil, 420.0 kN/m in
medium soil, and 256.2 kN/m in hard soil. When the column size increased to 80 x 80 cm, the
corresponding values became 256.2 kN/m, 418.9 kN/m, and 253.4 kN/m. A similar variation
was observed at the other observation points. At Point 2, the mid-span shear stress ranged from
757.9 kKN/m in soft soil for the 30 x 30 cm model to 695.4 kN/m in soft soil for the 80 x 80 cm
model, while the corresponding values in medium soil increased from 465.5 kN/m to 1,223.0
kN/m. At Points 3 and 4, the values were distributed more evenly among the three soil types,
with several cases in hard soil exceeding those in soft soil.
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Figure 6. Graph of Maximum Shear Stress Values at Mid-Span Positions

Overall, the support-zone shear stress showed a clearer reduction with increasing column
size than the mid-span shear stress. The mid-span results varied according to the observation
point and model configuration
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Settlement of the Foundation

The settlement values obtained from the numerical model are shown in Figure 7. The
highest settlement was recorded at Point 3 in soft soil, with a value of 12.5 mm. The next highest
values were observed at Point 2 (8.2 mm), Point 4 (7.7 mm), and Point 1 (3.9 mm) in the same
soil category. The smallest settlements were recorded in the hard-soil models, with minimum
values of 0.6 mm at Points 1, 2, and 4. At Point 3, the hard-soil model produced a settlement of
1.4 mm. The settlement values in the medium-soil models ranged from 1.2 mm at Point 1 to 3.7
mm at Point 3. Across all observation points, the settlement order was consistent: Point 3 had
the highest value, followed by Point 2, Point 4, and Point 1. The maximum-to-minimum
settlement ratio in the dataset was approximately 20.8, based on 12.5 mm and 0.6 mm.

14

= =
o N

Settlement (mm)

S1 M1 H1 S2 M2 H2 53 M3 H3 54 M4 H4
Settlement 3.9 1.2 06 8.2 1.8 06 125 3.7 14 7.7 1.9 0.6
S: Soft Soil M: Medium Soil  H: Hard Soil
1: Reference Point 1 3: Reference Point 3

2: Reference Point 2 4: Reference Point 4
Eg: S 1= Reference point 1 on soft soil

Figure 7. Graph of foundation settlement

Number of Main Reinforcements

The required number of main reinforcement bars for each rib group is presented in Figure
8, while the reinforcement detailing is illustrated in Figure 9. The main reinforcement used in
the design had a diameter of 16 mm. Among the three soil categories, the soft-soil models
showed the highest reinforcement demand. The largest requirement was observed in the
settlement rib in the Y-direction, particularly for the 80 x 80 cm column configuration, where
the demand reached four D16 bars in one fiber, equivalent to eight bars in total when the top
and bottom fibers are considered together. The medium-soil models showed intermediate
reinforcement demand, while the hard-soil models required the smallest number of bars. In
several rib groups under hard-soil conditions, the required longitudinal reinforcement was
close to the minimum practical provision. In the detailing stage, a minimum of two longitudinal
bars was maintained for these cases.

 Support (30) Span (30) Support (50) Span (50) W Support (80)  ® Span (80)

2

TOP BOTTOM TOP BOTTOM TOP BOTTOM TOP BOTTOM TOP BOTTOM
FIBER FIBER FIBER FIBER FIBER FIBER FIBER FIBER FIBER FIBER

NUMBER OF REINFORCEMENT BARS

SETTLEMENTIN SETTLEMENTIN CONSTRUCTION CONSTRUCTION CROSS
THE X-DIRECTIONTHE Y-DIRECTION IN THE X- IN THE Y- CONSTRUCTION
DIRECTION DIRECTION

NUMBER OF REINFORCEMENT BARS IN FOUNDATION ON
SOFTSOIL
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Figure 8. The number of main reinforcements for each foundation rib across all soil types

Figure 9 demonstrates the typical reinforcement layout adopted for the ribs. The figure
includes configurations with two, three, and four D16 longitudinal bars combined with @8 shear
reinforcement for both the top and bottom fibers.

WF?@

Shear (D 8 Shear@ 8 Shear@ 8
| Longitudinal 3  Longitudinal 4
D 16 D16 D16

Top fiber reinforcement

1800

"

=
Shear@ 8 Shear@ 8 Shear @ 8
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D16 D16 D16

Bottom fiber reinforcement
"
o2

Figure 9. Main Reinforcement Detailing of Foundation Rib
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Shear Reinforcement Spacing

The required spacing of shear reinforcement is shown in Figure 10. The transverse
reinforcement used in the design had a diameter of 8 mm. The smallest stirrup spacing in the
entire dataset occurred in soft soil at the Y-direction construction rib, where the spacing at the
support position was 110 mm. In the same rib group, the span region used a spacing of 500 mm.
The medium-soil models showed intermediate spacing values, including 100-150 mm in
several support regions of the construction ribs. The hard-soil models generally allowed wider
stirrup spacing, with several rib groups reaching 500-520 mm. For the settlement ribs in the
X-direction, the spacing values were relatively wide in all soil types, ranging from 470-500 mm
in soft soil, 500-510 mm in medium soil, and 500-520 mm in hard soil. Narrower spacing was
concentrated in selected support regions of the construction ribs and cross-construction ribs.

m Support (30) m Span (30) m Support (50) Span (80) m Support (80) mSpan (80)

500
500 500 500

500

SHEAR REBAR SPACING (MM)

SETTLEMENT IN SETTLEMENTIN CONSTRUCTION CONSTRUCTION CROSS
THE X-DIRECTIONTHE Y-DIRECTION IN THE X- IN THE Y- CONSTRUCTION
DIRECTION DIRECTION

REBAR SPACING ON SOFT SOIL

M Support (30) MSpan(30) © Support (50) Span (50) W Support (80) M Span (80)

510

510 510

SHEAR REBAR SPACING (MM)
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THE X-DIRECTIONTHE Y-DIRECTION IN THE X- IN THEY- CONSTRUCTION
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SHEAR REBAR SPACING (MM)

Figure 10. Shear reinforcement spacing for each foundation rib across all soil types
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Location of Each Foundation Rib

The rib classification used in the reinforcement results is shown in Figure 11. The
perimeter ribs are grouped into settlement ribs in the X-direction and settlement ribs in the Y-
direction. The interior ribs are classified as construction ribs in the X-direction, construction
ribs in the Y-direction, and cross-construction ribs, which are further divided into four groups.
This grouping was used as the basis for presenting the reinforcement quantity in Figure 8 and
the shear-reinforcement spacing in Figure 10.

Figure 11. Location of each foundation rib

Discussion

Influence of Subgrade Stiffness on the KSLL Response

The results clearly show that the mechanical response of the KSLL foundation was
governed primarily by subgrade stiffness, as represented by the modulus of subgrade reaction
(Ks). The increase in Ks from soft to hard soil was accompanied by lower normal stress, lower
shear stress, and smaller settlement values, indicating that the stiffness of the supporting soil
strongly controls the level of force redistribution within the rib system. This trend is consistent
with recent studies showing that the selection of Ks has a direct influence on foundation
deformation, internal force development, and reinforcement demand, and that Ks should be
treated as a soil-foundation system parameter rather than as a constant soil property alone
[17], [18]. In this respect, the present results reinforce the importance of representing subgrade
stiffness explicitly when analyzing ribbed shallow foundations using the Winkler method.

The same tendency has also been observed in recent research on raft, stiffened raft, and
pile-raft systems, where softer supporting media produced larger foundation deformation and
stronger redistribution of internal actions. Studies on residential stiffened slabs and piled rafts
indicate that settlement behavior is highly sensitive to support stiffness, load pattern, and
structural rigidity, particularly when the foundation works as a load-spreading plate rather
than as a set of isolated footings [19]-[23]. Therefore, the present study extends that
understanding to the KSLL system by showing that the rib network is not only a stiffening
feature, but also a medium through which soil stiffness is translated into localized structural
demand.

Normal Stress Distribution and Critical Flexural Regions

The normal-stress results indicate that soft soil consistently generated the highest flexural
demand in the KSLL ribs, while hard soil produced the lowest demand. Mechanically, this is
reasonable because a softer subgrade offers lower reaction stiffness, allowing greater
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downward deformation of the slab-rib system and increasing the curvature that must be
resisted by the ribs. Under these conditions, the foundation behaves less like a uniformly
supported plate and more like a deformable structural grid with uneven support intensity. This
interpretation is in line with recent studies showing that foundation flexibility, support
nonuniformity, and load distribution strongly influence bending response in raft-type systems
[17], [20], [24], [25].

Another important finding is that the mid-span normal stress was generally higher than the
support normal stress, especially in the soft-soil models. This suggests that the KSLL ribs were
not governed solely by local support restraint near the column, but also by span-dominated
flexural action along the rib length. In practical terms, this means that reinforcement design
should not be concentrated only near the column-rib junctions; span sections may become
equally or more critical depending on soil stiffness and tributary load transfer. Comparable
behavior has been reported in stiffened raft and piled-raft studies, where internal stress
redistribution depended not only on support stiffness but also on the stiffness contrast between
the structural element and the supporting medium [19], [20], [22], [26].

The consistently high normal stress at Point 3 deserves special attention. Based on the
geometry shown in Figures 1 and 11, this location appears to represent a structurally critical
region with more concentrated tributary action and less redundancy in the surrounding rib
network. The present results therefore suggest that the KSLL system does not respond
uniformly across the plan, even when the overall foundation layout is regular. Similar
conclusions have been drawn in settlement-sensitive foundation studies, where local geometry
and stiffness distribution caused certain zones to attract disproportionately large bending and
settlement demand [18], [20], [24], [25]. This has an important design implication: rib-specific
design is more rational than uniform rib reinforcement throughout the foundation.

Shear Stress Response and the Effect of Column Dimensions

The shear-stress results broadly followed the same soil-dependent trend as the normal-
stress results, with the highest values occurring in soft soil and the lowest values in hard soil.
This confirms that the weakening of subgrade support does not only amplify flexural demand,
but also intensifies local shear transfer within the rib network. In the present study, the support
zones were particularly sensitive to changes in column dimension, and larger column sizes
generally reduced the support shear stress. This indicates that increasing the stiffness of the
column-rib connection improves local force diffusion and reduces the intensity of shear
concentration at the nodal zones. Such behavior is consistent with current piled-raft and
combined foundation research, which shows that local stiffness enhancement at load-transfer
points can modify force sharing and reduce local demand concentrations, even when the global
settlement trend remains soil-controlled [21], [22], [26].

However, the response at mid-span was less uniform, indicating that the influence of
column size became weaker as the distance from the support increased. In other words,
increasing the connector dimension improved the local nodal behavior more clearly than it
altered the overall flexural-shear interaction along the entire rib. This distinction is important
because it shows that geometric enlargement of the connector is not a universal substitute for
adequate soil support. The broader literature similarly suggests that changing structural
stiffness can improve local response and differential settlement control, but the magnitude of
the benefit still depends on the relative stiffness of the soil-foundation system and the load
distribution pattern [20], [23], [24].

Settlement Pattern and Serviceability Interpretation
The settlement pattern shown in Figure 7 closely mirrors the normal-stress distribution,
especially the critical behavior at Point 3. This is a significant result because it indicates that the
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most highly stressed KSLL ribs were also the regions with the greatest vertical deformation. In
structural terms, this means that serviceability and strength in the KSLL system are strongly
coupled: locations that deform more also tend to develop larger internal actions. Recent field-
based and numerical studies on mat and raft foundations have reported the same relationship,
namely that settlement variation is not merely a geotechnical output but also a driver of force
redistribution within the structural system [18], [20], [24], [25].

The large settlement contrast between soft and hard soils also highlights the serviceability
sensitivity of KSLL foundations. Even though the KSLL concept is intended to enhance rigidity,
the present results indicate that soil condition still remains the dominant variable in controlling
the magnitude and distribution of settlement. This observation is consistent with recent studies
on mat foundations, adjacent-building settlement, and soft-soil foundation systems, all of which
emphasize that structural stiffening can reduce—but not eliminate—the influence of weak
support conditions [18], [23], [27], [28]. Accordingly, the design of KSLL foundations on soft
soil should place strong emphasis on differential settlement control, not only on overall bearing
capacity.

A further implication is that settlement may be used as an early design-screening indicator
for identifying critical ribs. Because the present results show a strong correspondence between
high settlement and high normal stress, settlement contours or settlement-based ranking of
observation points may assist engineers in prioritizing detailed reinforcement checks. This
interpretation aligns with recent design-oriented studies in which settlement distribution was
used to identify zones of higher restrained internal force or heightened serviceability risk [20],
[25], [29].

Implications for Main Reinforcement and Shear Reinforcement

The reinforcement results confirm that the structural demand in KSLL ribs is highly
nonuniform, and that soil stiffness directly affects reinforcement requirements. The larger
number of D16 longitudinal bars required in soft soil reflects the increased bending demand
caused by higher normal stress, while the tighter stirrup spacing reflects the higher local shear
demand. Importantly, the present study does not merely show that “soft soil needs more
reinforcement”; it demonstrates that the increase is rib-specific, position-specific, and load-
path dependent, as shown by the differences among settlement ribs, construction ribs, and
cross-construction ribs. This design outcome is compatible with recent work showing that
more realistic SSI representation can materially change reinforcement optimization, force
redistribution, and material demand in foundation design [17], [22], [24], [25].

The support-span distinction is also structurally meaningful. The present results indicate
that the most severe shear demand generally occurred near supports, whereas the most severe
normal-stress demand could shift toward mid-span in some ribs. This means that the
reinforcement strategy for KSLL ribs should remain section-sensitive: longitudinal
reinforcement should be governed by the location of maximum flexural demand, while
transverse reinforcement should be governed by the location of maximum shear demand.
Similar serviceability-driven design differentiation has been emphasized in recent foundation
studies where the governing demand changed spatially according to settlement pattern,
support stiffness, and load concentration [19]-[21].

The present findings also suggest that enlarging the column dimension is more effective for
relieving support-zone shear than for substantially lowering the overall bending demand
caused by soft soil. In practice, this means that increasing local connection stiffness may
improve detailing efficiency, but it should not be expected to compensate fully for poor
subgrade support. For design, therefore, the most rational strategy on soft ground is likely a
combination of: (1) realistic Ks-based SSI modeling, (2) selective strengthening of the most
critical ribs, and, where necessary, (3) ground improvement or support enhancement to reduce
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serviceability demand. Recent studies on settlement rectification, micropile-raft intervention,
and shallow-foundation improvement in weak soil provide additional support for this
interpretation [27]-[29].

Broader Significance and Scope of the Present Study

From a broader perspective, this study contributes to the KSLL literature by shifting the
analysis from global bearing performance toward rib-level structural response. Previous work
on comparable foundation systems has often emphasized overall settlement, bearing capacity,
or global load sharing, whereas the present study links SSI directly to normal stress, shear
stress, and reinforcement detailing at the rib level. In that sense, the study provides a more
design-oriented interpretation of KSLL behavior and helps bridge the gap between geotechnical
support modeling and reinforcement design for ribbed shallow foundations [20]-[23], [26].

At the same time, the findings should be interpreted within the limits of the adopted
modeling framework. Because the analysis was conducted using secondary data and a Winkler-
type spring representation, the reported stress and reinforcement values are best understood
as design-oriented estimates for comparative evaluation, rather than as universally
transferable values for all KSLL configurations. Recent advanced SSI studies show that
nonlinear constitutive behavior, time dependency, and more detailed coupling can alter the
magnitude of predicted structural response, especially in soft soils [30], [31]. Therefore, the
present conclusions are most robust in a relative sense—that is, in identifying trends, critical
locations, and design sensitivity—rather than in claiming a universal quantitative law for all
KSLL foundations.

CONCLUSION

This study demonstrates that the structural response of KSLL foundations is
predominantly influenced by subgrade stiffness, which directly affects stress distribution,
settlement, and reinforcement requirements in the foundation ribs. The Winkler-based analysis
shows that softer soil causes a more critical response. Changes in column size have a secondary
effect and mostly help with local force redistribution in some areas. This study correlates soil-
structure interaction with rib-level normal stress, shear stress, and reinforcement
requirements, thereby enhancing the evaluation of KSLL foundations beyond mere bearing
performance and offering a more design-focused framework for structural assessment and
reinforcement strategy.

Future research ought to integrate primary field data, encompassing site-specific
geotechnical properties and actual structural loading, to enhance the model's practical
applicability. Additional research is necessary to investigate nonlinear soil behavior, alternative
soil-foundation interaction models, and validation through field measurements or
experimental data, enabling the assessment of structural response and reinforcement design of
KSLL foundations under more realistic conditions.
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