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Abstract

In modern construction, foundation design for high-rise buildings often requires transitioning from simple raft
foundations to more robust, yet costly, deep pile systems. Piled Raft Foundations (PRFs) offer an effective
intermediate solution, combining both elements to enhance performance while maintaining economic feasibility.
These systems are typically categorized as Connected Piled Raft Foundations (CPRF), with a rigid pile-to-raft
connection, or Unconnected Piled Raft Foundations (UPRF), which incorporate a compressible layer between the raft
and pile heads. This study investigates the behavior and performance of both systems through comparative 3D finite
element analysis of a 10-story building on layered soil. The superstructure was modeled in ETABS to determine
realistic column loads, yielding a total vertical design load of 12,636 kips, which was applied to the foundation models
in PLAXIS 3D. Both CPRF and UPRF systems were evaluated under progressive vertical loading to observe their
load-sharing response and settlement characteristics. Results show that the CPRF system exhibits a stiff and balanced
response, with piles carrying approximately 42% of the design load—closely matching the theoretical prediction of
41.5%. This confirms CPRF’s ability to fully mobilize both raft and piles and validates its conformity with
conventional design theory, making it suitable for heavily loaded structures. In contrast, the UPRF system showed
limited pile engagement (25%), indicating lower load-bearing efficiency but also potential for material and cost
savings. Therefore, CPRF is recommended for high-load applications, while UPRF is more appropriate for light to
moderate loads where some settlement is acceptable.

Keywords: Connected Piled Raft Foundation (CPRF),; Unconnected Piled Raft Foundation (UPRF); PLAXIS 3D;
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1 Introduction

Rapid urbanization in countries like Bangladesh has intensified the demand for efficient foundation systems in high-
rise construction, especially on soft or layered soils. Traditional shallow foundations such as rafts are economical but
often inadequate in weak subsoils due to excessive settlements. To address these limitations, piled raft foundations
(PRFs) have gained prominence by combining the load-spreading capacity of rafts with the deep load-bearing function
of piles.PRFs integrate a raft, which distributes loads across the ground surface, with piles that transfer excess loads
to deeper, stiffer soil layers. Two common configurations are used in practice: connected piled raft foundations
(CPRF), where piles are structurally tied to the raft and act together to share load (Fig. 1); and unconnected piled raft
foundations (UPRF), which include a compressible layer—known as a load transfer platform (LTP)—between the raft
and piles (Fig. 2), allowing for a more flexible interaction. CPRFs typically provide a stiff and unified response,
ensuring full mobilization of both raft and piles. UPRFs, on the other hand, are designed to reduce stress concentrations
on piles and limit differential settlement, often resulting in lower pile loads and material savings. Previous studies
have shown that the performance of PRFs, particularly UPRFs, is significantly influenced by the stiffness and
thickness of the cushion layer. For instance, (Yoon et al., 2023) proposed an analytical approach emphasizing the
cushion's role in settlement reduction and stiffness improvement, then he also work for simplified method for
estimating settlement based on finite element method (Yoon & Lee, 2025). (El Kamash et al., 2020) using the Modified
Cam Clay model, demonstrated that UPRFs could reduce settlement by 30-40% compared to connected systems.
Similarly, (Alhassani & Aljorany, 2020) reported that granular cushion layers could lower axial pile head stresses by
up to 38% based on 3D finite element modeling. Despite these advances, many existing studies rely on idealized soil
and loading conditions, limiting their applicability to real-world projects(Hussain et al., 2025). There remains a need
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for more comprehensive evaluation of PRF behavior under practical design scenarios involving layered soils and
realistic building loads.

Accordingly, this study aims to evaluate the performance of CPRF and UPRF systems under vertical loading
conditions. Additionally, the study seeks to identify and propose an economically optimized foundation solution based
on comparative performance outcomes.

Supesrtroctioe

Soil ‘™

Figure 1. Connected Piled Raft Foundation Figure 2. Unconnected Piled Raft Foundation

2 Methodology

The analytical approach for this study was rooted in a coupled structural-geotechnical framework, a method chosen
to accurately capture the complex soil-structure interaction. This integrated process ensures that the foundation
analysis is based on realistic loads derived directly from the superstructure's response. The methodology was executed
in two primary stages: first, a comprehensive structural analysis of the superstructure was performed to determine the
precise loads transferred to the foundation. Second, these loads were applied to a detailed 3D geotechnical model to
simulate the substructure's performance.

2.1 Superstructure Modeling:

To ensure the geotechnical analysis was based on authentic structural actions, it was first necessary to determine the
foundation loading profile. A detailed, three-dimensional model of a representative ten-story reinforced concrete
building was developed using the structural analysis software ETABS (Figure 3). The structure was designed in strict
accordance with the Bangladesh National Building Code (BNBC) 2020, incorporating all relevant gravity loads (dead
and live) and lateral loads. For its location in Rajshahi, this included wind loading based on a basic wind speed of 49.2
m/s and seismic loading based on Zone 1 conditions. Following the analysis of critical load combinations, the resulting
factored vertical reactions at the base of each column were extracted. This process yielded a non-uniform distribution
of forces (Figure 4), which accurately reflects the loading pattern of a real-world structure. These realistic column
loads, measured in kips, served as the primary input for the subsequent foundation analysis, thereby moving beyond
idealized, uniform loading assumptions.
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Figure 3 :10 storied building in ETABS Figure 4: Column Load from ETABS

2.2 Substructure Modeling in Plaxis 3D
A three-dimensional (3D) finite element analysis was performed using PLAXIS 3D to model the soil-structure
interaction of both CPRF and UPRF systems.

2.2.1 Soil Profile: The model was based on layered soil stratigraphy from a site in Rajshahi, Bangladesh. The soil
layers were modeled using the Mohr-Coulomb constitutive model. The properties of the soil layers are summarized
in Table 1 and the borehole properties of plaxis soil model is shown in figure 5

Table 1: Considered Soil Properties-.
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Figure 5: Borehole Property of Soil Model
in Plaxis 3D

2.2.2 Foundation Layout and Design Basis

The foundation layout was developed based on the superstructure loads and the site's geotechnical properties. The net
allowable soil bearing capacity was assumed to be 1.5 ksf. For the given raft area of 4930 ft?, this results in a raft-only
bearing capacity of approximately 7,395 kip. The total structural load from the superstructure was determined to be
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12,636 kip. This meant that theoretically, the raft was expected to carry approximately 58.5% of the total load, leaving
a remaining load of 5,241 kip (41.5% of the total) that must be supported by the piles. Based on soil parameters and
pile geometry, the ultimate capacity of a single pile was estimated at 170.37 kip. To safely support the remaining load,
a total of 30 piles were provided in the foundation model.
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Figure 5. Layout of piled raft foundation

2.2.3 Substructure Modeling:

Connected Joint

Unconnected Joint

Figure 6: Created soil Model in Plaxis Figure 8 : UPRF in plaxis

Figure 7: CPRF in Plaxis3D

The geotechnical behavior was simulated by creating a detailed 3D soil model in PLAXIS, as shown in Figure 6, using
the layered soil parameters specified in Table 1. The foundation elements were modeled to reflect their real-world
structural behavior. The raft, with dimensions of 83.5 ft x 56 ft, was represented by flexible plate elements to capture
its bending and deformation under load. The 40 ft long, 0.8 m diameter piles were modeled using 'Embedded Beam
Row' elements, a computationally efficient feature that accurately simulates the pile-soil interaction, including both
skin friction along the shaft and end-bearing resistance at the base. Two distinct models were then developed to
compare the foundation systems. For the CPRF model (Figure 7), a rigid structural connection was established
between the raft and the pile heads, ensuring they act as a single, composite unit. The concrete for both elements was
assigned a modulus of elasticity of 30x10° kN/m?. In contrast, the UPRF model (Figure 8) featured no direct structural
connection. Instead, a cushion layer, or Load Transfer Platform (LTP), was introduced between the raft and the
underlying soil. This layer, modeled as a clayey soil with a modulus of elasticity of 40,000 kN/m?, is critical as it
allows the raft to settle and mobilize the soil's bearing capacity before significant load is transferred to the piles,
effectively decoupling the two components and defining the system's unique performance.
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3.Results and Discussions

3.1 Performance of Connected Piled Raft Foundation (CPRF)
The Connected Piled Raft Foundation (CPRF) system demonstrates a stiff and efficient response, a direct result of the
monolithic connection between the raft and the piles which ensures effective composite action. The load-sharing and
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under Progressive Loading of Total Load under Progressive Loading under Progressive Loading
settlement behavior under progressively increasing loads are detailed in Figures 9, 10, and 11. As illustrated by the
load distribution in Figures 9 and 10, the raft consistently carries the majority of the superstructure load, while the
piles provide significant support. At the design load of 12,636 kip, the finite element analysis shows the raft supporting
7,397.5 kip (58% of the total load), with the piles carrying the remaining 5,292.5 kip (42%). By rigidly connecting the
raft and piles, the system is forced to act as a single, composite unit, ensuring the load distribution behaves as
theoretically designed. The simulation results confirm this, with the pile group supporting 5,292.5 kip, a value that
aligns almost perfectly with the theoretically required load of 5,241 kip. This result confirms that the CPRF system
effectively mobilizes the necessary pile resistance to support the portion of the load that exceeds the raft's bearing
capacity. The load-settlement response, presented in Figure 11, indicates stable and controlled deformation behavior.
At the 12,636 kip design load, the raft exhibits a settlement of 24.42 mm and the piles settle by 19.58 mm. Both of
these values are well within their respective allowable limits of 50 mm for the raft and 25 mm for the piles, confirming
the system's high margin of safety against serviceability failure. The minimal differential settlement between the
components further underscores the system's effective composite action. The overall stiffness, predictable load
distribution, and satisfactory settlement performance make the CPRF an ideal and reliable solution for supporting
heavy structures with stringent settlement limitations..

3.2 Performance of Unconnected Piled Raft Foundation (UPRF)

In stark contrast to the rigid, composite action of the CPRF, the Unconnected Piled Raft Foundation (UPRF) system
exhibits a fundamentally different behavior. This is intentionally engineered through the inclusion of a cushion layer,
which physically decouples the raft from the piles and governs the load-sharing mechanism, as detailed in Figures 12,
13, and 14. This decoupling allows the raft to settle and mobilize the bearing capacity of the surrounding soil before
significant load is transferred to the piles. The analysis clearly shows that the raft serves as the primary load-bearing
element across all loading stages. At the specific design load of 12,636 kip, the piles support a mere 3,213 kip, which
corresponds to just 25% of the total load. Consequently, the raft carries the vast majority of the load at 9,423 kip
(75%). This outcome highlights the core design principle of the UPRF: the piles are not primarily engaged for ultimate
load capacity but rather function as settlement-reducing elements, activating only as needed to keep deformations in
check. The settlement response, shown in Figure 14, reflects this behavior. At the design load, the pile settlement is
only 12.15 mm, while the raft settlement is significantly larger at 45.12 mm. Although the raft settlement approaches
its allowable limit of 50 mm, both values remain within their respective serviceability criteria. This performance
indicates that while the UPRF is a less stiff system that allows for more settlement, it functions effectively as an
economical design, using the piles strategically to keep settlement within tolerable serviceability limits.

895



S.H. Akash, Z.P. Jui & M. A. Alim

ICCEI 2025
@@= | 0ad on Piles (kip) Load on Raft (kip) o=@ % Load Taken by Pile %Load Taken by Raft @@ | 0ad on Piles (kip) Load on Raft (kip)
18000 15285 0% 1% 73% 75% 76% 18000 15285
£ 16000
B, E‘E 70% 14000
Fia000 10967 2 60% e 10967
£12000 9423 & on & 12000 9423
10000 g7 Z 10000
= 7076 c 40% 29% < 7076
< 8000 2 27% 25% 24% G 8000
5 4715 = 30% .~.~._. - 4033 4715
= © 6000
T 6000 2924 3213 4033 S 0% 9 2924 3213
S 4000 .___/ s 4000 *_/"—_.
- [
2000 0% 2000
0 0% 0
10 000 12636 15 000 20 000
10 000 12636 15 000 20000 10 000 12636 15000 20000
Applied Load (kip) Applied Load (kip) Applied Load (kip)

Figure 12: : Load Taken by Pile and Rafi under — Figure 13: % Load Taken by Pile and Raft of ~ Figure 14. Settlement of Pile and Raft under
Progressive Loading Total Load under Progressive Loading Progressive Loading

4. Conclusions

Connected Piled Raft Foundation (CPRF): The CPRF system demonstrated a stiff, composite response, with piles
supporting approximately 42% of the total design load, closely aligning with theoretical assumptions. This indicates
the full mobilization of both raft and pile components. With its predictable load-sharing and stable settlement behavior
well within allowable limits, the CPRF system is confirmed as a superior and dependable solution for heavily loaded
structures, especially where strict settlement control is required.

Unconnected Piled Raft Foundation (UPRF): The UPRF system exhibited limited pile engagement, with only 25%
of the total load being carried by the piles. While this reflects lower load-bearing efficiency, it suggests a potential for
significant material and cost savings, as fewer and shorter piles may suffice. As such, the UPRF system is more
suitable for light to moderately loaded structures where higher settlement is acceptable and cost-effectiveness is a
priority.

Design Recommendation: For high-load applications and strict performance requirements, the CPRF system is
recommended due to its superior structural response and reliability. The UPRF system, in contrast, offers an
economical foundation option for projects with moderate loading demands and more relaxed settlement criteria,
representing a trade-off between performance and economy.
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