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ABSTRACT

The use of foundation systems on clayey soils poses serious challenges due to their low shear strength and high
compressibility, making the need for appropriate sustainable foundation systems necessary. This study analyzed the
structural capacity and the material effectiveness of reinforced concrete piled raft and pile cap foundation systems through
full-scale field tests. Tests were carried out using reinforced concrete piles with a square cross-sectional size of 30 cm X 30
cm, and lengths ranging from 8—12 m, along with a reinforced concrete raft fabricated through C30 concrete. The tests were
carried out based on the ASTM D1143 method to test the load-settlement relationship and the load-sharing mechanism. The
results revealed that the piled raft foundation system performed better in terms of load-bearing capacity and settlements than
the conventional pile cap foundation system. For instance, the four-pile piled raft system had a maximum load-carrying
capacity of 300-310 kN, which is about 20% higher than the pile cap system with a load-carrying capacity of 250 kN.
In the same way, the two-pile system had a maximum load-carrying capacity of 225 kN, and settlements were lower.
Raft—pile—soil interaction facilitated the efficiency of load sharing and minimization of the use of extra piles. The research
is an important contribution to the development of sustainable foundation engineering as it provides practical evidence
through experimentation that pile raft foundations can improve the performance of structures while minimizing the use of
construction materials. The results will assist engineers in designing optimum reinforced concrete foundations in clay soils.
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1. Introduction

Deep foundations have been widely recognized as an
integral part of modern construction practices, especially in
cases where the subsurface consists of soils of poor bearing
capacity and very high compressibility such as clay soils.
Considering the field of building material science and en-
gineering, the relationship between construction materials
and geotechnical systems has received increasing recogni-
tion in recent years because the performance of construction
materials cannot be examined without considering ground
conditions under which construction materials are placed.
Construction materials like reinforced concrete, which has
been considered as one of the most commonly used materials
in construction, can be widely seen in foundation construc-
tions owing to its relatively higher compression strength and
ability to resist various types of loads!'~3!. The efficient use
of reinforced concrete material in foundation systems has
remained a problem until now, especially in cases of deep
foundations where not only the stability but also geotechnical
considerations need to be satisfied. Clay soils having poor
shear strength, high compressibility and time-dependency
should be treated with deep foundations like pile foundations
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to satisfy construction and safety requirements
types of foundations used in such cases include piled raft
foundation systems and conventional pile caps.

In recent times, sustainability in the building process
has gained a lot of attention in relation to saving resources
used during construction. Sustainable construction practice
has emphasized the reduction of material use in addition to
enhancing their performance. As such, much importance
has been placed on foundations that not only ensure stability
but also promote the efficient use of construction materi-
als by avoiding wasteful application of reinforced concrete
and minimizing the cost of construction and environmen-
tal degradation!®®l, The piled raft foundation involves the
combined load-bearing capacity of the raft and the piles to-
gether. This foundation contrasts with traditional pile group
systems that involve pile caps working essentially as distrib-
utors of loads with no involvement in sharing the loads with
soil®"11. Through the direct interaction between the raft and
the underlying soils in the foundation, piled rafts have the
capacity to lower the total number of piles, thus optimizing

12-14

the use of reinforced concrete materials[!'>"14. Despite these

advantages, piled rafts have yet to be widely adopted in engi-

neering practice owing to uncertainties associated with their
load-sharing capabilities and settlement, as well as material
effects on their performance.

There have been several studies carried out concern-
ing the performance of piled raft foundation systems using
experimentation, analytical studies, and numerical analysis.
For example, Randolph ! studied the performance of raft
foundations with piles that are connected and not connected,
and it was revealed that incorporating piles reduces the settle-
ment of the system. Similarly, Fattah et al.['] experimented
on piled raft foundations in sandy soil conditions, and it was
noted that the performance of the foundation was influenced
by factors such as pile spacing, number of piles, and dimen-
sions of the raft. Additionally, Yin et al.['”} investigated the
influence of pile driving on clayey soils, considering soil
displacements and the resulting effect on foundations. Singh
et al.['81 analyzed the load-sharing process between the raft
and the piles in different soil conditions. Finally, Mukher-
jee and Borthakur['”) performed field and laboratory tests
to determine the load-carrying role played by the raft and
piles in foundation systems. Analytical models for predicting
load sharing ratios of piled raft structures considering the
effects of geometric factors such as pile spacing and pile
lengths have been provided by Guo et al.[?%). Finite ele-

ment modeling has been used by Ahmed et al.[?!]

to study
the efficacy of piled raft foundations in increasing bearing
capacity and reducing resource use through appropriately
chosen piles. Similarly, the effect of piles’ driving on the soil,
especially clay, has been investigated by Soomro et al. 2],
who observed the requirement of more accurate prediction
models for designing and building piled raft systems. It can
be seen that these studies have provided significant infor-
mation about piled raft structures; nevertheless, most of the
studies conducted have relied on laboratory-scale tests and
computer simulations.

Even though many research works have been published
on this topic, a few significant gaps still persist. For instance,
while plenty of experiments were done in order to prove one
or another assumption, a comprehensive study of piled raft
and pile caps’ performance compared directly to each other in
similar geological and load conditions is lacking. In particu-
lar, no research is available on the comparative performance
of piled rafts and pile caps in clayey soils. Additionally,

an aspect of how reinforcement materials’ properties—their
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stiffness and strength—impact the process of load-sharing
and foundation settlements is yet to be examined. Moreover,
existing literature mostly revolves around geotechnical is-
sues and does not pay enough attention to material efficiency
and sustainability. Finally, the influence of a raft itself on
soil properties, and thus, on the total number of piles needed,
is unknown, and consequently, the conservative approach to
design leads to wastefulness. Therefore, a combined geotech-
nical and materials perspective is to be taken into account
when examining foundation systems’ performance.

The motivation behind conducting the current study
is the shortcomings in past investigations concerning piled
raft foundation systems. Although past research has shown
the benefits of piled raft foundation through experiments
and numerical analysis, there has not been much research
conducted on comparing piled raft and pile cap foundation
systems using identical clayey soil in the real world. Also,
while the previous research was focused on the geotechni-
cal aspects of piled raft foundations, the aspects of material
properties and load sharing, along with material efficiency,
have not been studied much. As a result, further field investi-
gation will be needed for optimizing sustainable foundation
systems.

As aresult of the research gap, the following hypothesis
will be tested in the current research:

H1. Reinforced concrete piled raft foundation system per-
forms better than conventional pile cap foundations when
it comes to load-bearing capacity, material efficiency, and

settlement control due to the interaction of all three elements.

The hypothesis will be analyzed by asking the follow-
ing research questions: (i) How does the load-settlement
relationship of piled raft foundations differ from the conven-
tional pile caps under full-scale field conditions? (ii) What
is the influence of raft-soil interaction on the improvement
of load transfer mechanisms and the bearing capacity? (iii)
What is the effect of reinforced concrete properties on struc-
tural and material efficiency of the considered foundation
types? As such, the objectives of this research are to compare
the structural efficiency of the considered foundation types
using full-scale experimental field tests; assess their load
transfer mechanisms and settlements; evaluate the impact of
reinforced concrete properties on the foundation behavior;
and establish the most efficient and economically optimized

foundation configurations.

The uniqueness of this research stems from the integra-
tion of full-scale experimental field testing and analysis of
material efficiency of the investigated reinforced concrete
foundation system. Contrary to previous research, which was
mainly based on laboratory-scale experiments and numerical
simulation models, the current research gives experimental
insight into the interaction between reinforced concrete com-
ponents, piles, raft, and clay soil. Furthermore, this study
includes a comparison of pile raft and pile cap systems, which
is based on the structure and efficiency of materials used,
and thus adds some valuable information about sustainable
foundation designs and construction processes. The remain-
der of this paper is outlined as follows. First of all, a review
of the literature will be conducted, which is related to the
subject matter and includes important findings regarding the
piles, raft, and pile cap foundations. After that, a discussion
of soil conditions at the site will be provided, thus setting the
context for the experimental research of the subject matter.
In the fourth part, an outline of the process of conducting the
experiments, including the description of the experimental
setup and methods used in the course of research, will be
provided. In the fifth part, a discussion of the results of the

experiments will be presented.

2. Materials and Methods

Experimental investigations of this research were in-
tended to analyze structural performance and material effi-
ciency of reinforced concrete pile-raft and pile cap founda-
tion systems under full-scale field testing, taking into account
the following factors related to soil properties, constructional
elements, and testing procedures. This research was executed
on the test site that is dominated by clay soil. To obtain the
detailed subsurface profile and determine foundation design,
the Cone Penetration Testing (CPT) procedure was employed
at the site. The CPT data were used to characterize the subsur-
face conditions and to determine appropriate pile dimensions
and embedment depths for the experimental program. The
interpretation procedure followed the recommendations of
ASTM D5778 and established geotechnical design princi-
ples for pile-supported foundation systems!?3l. Meanwhile,
the layers located beneath these layers have relatively low
stiffness, so it is appropriate to use piles having lengths equal

to 8-12 m. Thus, these results could be taken into account
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when calculating pile embedment depths.

In connection with the construction materials of the
experimental project, it should be pointed out that the rein-
forced concrete items were primarily applied, which include,
in particular, the piles, raft foundation (in situ), and pile caps.
In particular, the piles were designed with a square cross-
section of 30 x 30 cm and fabricated from the grade C30
concrete possessing a compression strength of about 43 MPa,
established in the laboratory in accordance with ASTM C39.
The yield strength of the reinforcement bars was specified
at 420 MPa. The selection of the concrete material can be
explained by the wide application of grade C30 concrete in
foundation engineering projects, providing an optimal bal-
ance of strength, durability, and economy. Raft and pile cap
components were fabricated with a size of 2 m X 2 m and
a depth of 0.4 m, allowing for proper flexural stiffness to
transfer the applied loads and establish a good interaction
with the underlying soil mass. The material properties and
foundation configurations used in the experimental program
are summarized in Table 1. The details of testing standards,

equipment, and procedures adopted for full-scale evaluation
are presented in Table 2. The sequence of steps followed dur-
ing the experiment, namely the preparation of the foundation,
positioning of the test beam, instrumentation and loading,
are illustrated in Figure 1.

Different configurations of the foundation were used
in the experiments to allow for comprehensive comparison
of results. They included the single pile rafted foundation,
two piles rafted foundation, four piles rafted foundation, and
their respective pile cap foundation, where the pile config-
uration was similar for each configuration. In the rafted
foundation case, the raft was allowed to be in contact with
the soil surface to permit the involvement of the soil in the
load-carrying capacity, while in the case of the pile cap, the
cap was located about 0.5 m above the ground surface. This
was important in assessing the load-carrying capacity of the
raft itself, and the effect of the soil structure interaction on
the performance of the foundation. The similarity in the
pile configuration, including diameter, spacing, and material

properties, facilitated this comparison.

Table 1. Material properties and geometric configuration of reinforced concrete foundation systems used in the study.

Parameter Specification
Concrete grade C30
Compressive strength 43 MPa
Reinforcement yield 420 MPa
Strength
Pile cross-section 30 x 30 cm
Pile length 8-12m
Raft dimensions 2mXx2m
Raft thickness 0.4m

Pile arrangement
Foundation types
Cap elevation
Pile cap system

Single, 2-pile (2 x 1), 4-pile (2 x 2)
Piled raft, pile cap

0.5 m above ground

Table 2. Experimental standards, equipment, and procedures adopted for full-scale foundation testing.

Component

Description

Soil investigation method
CPT standard
Concrete testing standard
Load testing standard
Loading system
Measurement devices
Loading method
Settlement recording
Ultimate load determination
Test condition

Cone Penetration Test (CPT)
ASTM D5778
ASTM C39
ASTM D1143
Hydraulic jack with reaction frame
Dial gauges/displacement transducers
Incremental static loading
At each load increment until stabilization
Tangent intersection method
Full-scale field testing in clayey soil
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Figure 1. Experimental program: (a) Construction of reinforced concrete test foundation showing formwork, reinforcement, and casting
stages; (b) Installation of test beam, hydraulic jack, load cell, and dial gauges for displacement measurement; (¢) Loading setup with
reaction system using concrete blocks; (d) Completed full-scale test arrangement for static load testing.

The major testing method used in the present investiga-
tion was the static load test, performed following the standard
ASTM D1143 protocol, which has been established as the
most suitable technique for assessing the load-settlement re-
lationship and ultimate bearing capacity of deep foundations.
The test setup included a hydraulic jack system for applying
loads on the footing and also a reaction frame system/ken-
tledge system to resist the applied loads. Loads were applied
in an incremental manner, and the settlements were measured
by means of extremely sensitive dial gauges/displacement
transducers located in suitable positions in the footing. The
load application technique adopted in the testing was the
maintained load method, which involved maintaining the ap-
plied load up to a certain point when the settlements reached
stability. The significance of the maintained load test was
more pronounced in clay soils due to consolidation effects.
The entire process of the experiment, as well as the test con-
figuration classification into pile cap, single pile, and piled
raft systems, is shown in Figure 2.

Load-settlement data were continuously collected
throughout testing to obtain typical graphs for each foun-
dation system. From these graphs, critical stages of the

behavior of foundations have been identified such as elastic
behavior stage, transition from elastic behavior to non-linear
behavior stage, and plastic yielding till the collapse of the
foundation. The ultimate load capacity of foundation was
obtained through the tangent intersection method, which in-
cludes drawing a tangent line to the initial linear region as
well as a tangent line to the non-linear region of the load-
settlement graph; the intersection point between both lines
is then projected on the load axis. This method was adopted
since it is appropriate to determine the ultimate load of grad-
ual failure cases which are usually encountered in clayey
soils.

Apart from performing the load tests, construction pro-
cedures were also taken into consideration to make sure that
the models used during experimentation would simulate real-
life conditions as closely as possible. Pile installation was
done through proper driving techniques considering the site
conditions in order to allow sufficient penetration into the
target bearing strata. The driving technique would be prop-
erly controlled to meet refusal criteria representing sufficient
end-bearing capacity. Castings for the raft and pile caps
were also conducted in accordance with conventional con-
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struction practices to produce concrete that had satisfactory
material properties. The reinforcement provided at the inter-

face between piles and raft in the piled raft foundations was

—
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Figure 2. Schematic flowchart of the experimental program showing site investigation and foundation testing configurations, including
pile cap systems (group 2 x 2 and 1 X 2), single pile load test (PLT), and piled raft systems (group 2 % 2 and 1 x 2), along with

corresponding static load tests (SLT).

The use of full-scale testing as the main experimental
procedure was an important consideration during experimen-
tation. Full-scale tests involve testing structures of the same
size as those under analysis. Unlike small-scale laboratory
models and computer simulations, full-scale testing provides
realistic interaction behavior between the structure and foun-
dation soils. In addition, the use of different configurations
with differing pile counts provided an opportunity to exam-
ine the correlation between the number of piles used, the
efficiency of load distribution, and the amount of materials
utilized. This consideration is especially important when
evaluating material efficiency because it helps to identify
combinations of piles that provide the best performance while
minimizing the use of reinforced concrete.

On the whole, the proposed methodological approach
in this research combines standard testing protocols, realistic
material properties, and controlled comparative testing to en-
sure an in-depth analysis of the efficiency of reinforced con-
crete foundations. The application of internationally known
ASTM test standards assures validity and repeatability of
the research results, whereas the execution of a full-scale
test allows one to understand the behavior of the foundation

structures. With the combination of the above methods of

geotechnical, materials and structural analysis, it is possible
to evaluate the relation between building materials and foun-
dation structures. Many scientists have studied the behavior
and performance of piled raft foundation systems in terms
of analytical, experimental, numerical and hybrid models.
Previous research has shown the advantages of the piled rafts
in reducing settlement, load-sharing, and bearing capacity.
Nevertheless, numerous studies were confined to lab-scale
testing, and numerical simulations or full-scale field tests
were lacking. In order to define the research gap and place
the current study within the existing body of literature, the
comparative table of selected studies is provided in Table 3.

Based on the results highlighted in Table 3, previous
studies have shown that there are many benefits associated
with piled raft foundations regarding their load-sharing abil-
ity, minimizing settlement effects, and increasing bearing
capacity through the use of analysis, numerics, and scale
model test methods. However, most of the literature is con-
strained in one way or another through simple assumptions
in analysis, unrealistic numerical models, scaled laboratory
tests, or lack of full-scale field verification. In addition, com-
parative studies of piled raft foundations compared with the

traditional pile cap foundations have not been done much, es-
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pecially in terms of efficient concrete reinforcement use and

sustainable foundation design. The above-mentioned short-

comings define the research gap filled in this study through
full-scale field tests.

Table 3. Summary of representative studies on piled raft foundation systems, including methodologies, soil conditions, key findings, and
identified limitations, highlighting the research gap addressed by the present full-scale experimental investigation.

Study Method Soil Type Main Findings Limitation

Randolph (13 Analytical Various soils Piles reduce raft settlement Limited field validation
Fattah et al. [16] Experimental Sandy soil Pile spacing influences capacity Laboratory scale

Singh et al.[8] Numerical (FEM) Cohesive soil Improved load sharing mechanism Numerical assumptions

Mukherjee and

Borthakur[19] Experimental/Prediction Various soils
Ahmed et al. [21] FEM-ML Hybrid Soft clay
Present Study Full-scale field testing Clay soil

Enhanced bearing capacity prediction Limited full-scale data

Improved capacity estimation Lack of field verification
Direct comparison of piled raft and pile cap

. . . Site-specific conditions
systems with material efficiency assessment P

2.1. Concrete Specifications

All foundation elements were constructed using normal-
strength reinforced concrete designed to satisfy the structural
requirements of the experimental program. The concrete
was specified to be of C30 grade concrete made of ordinary
Portland cement, river sand as fine aggregate, and crushed
stone as coarse aggregate. The design compressive strength
of concrete was 30 MPa for a 28-day period, whereas the
average value of compressive strength was 43 MPa from the
compression tests.

The assumed mix proportion of concrete that was used
in the experimental foundations was cement to fine aggregate
to coarse aggregate of 1:1.8:3.0 with the water-to-cement
ratio of 0.45. All concrete processes, such as mixing and cast-
ing of concrete, were done according to relevant construction
practices in order to ensure uniformity in the test cases.

The steel reinforcement used in the experimental foun-
dations had a nominal yield strength of 420 MPa. Steel rein-
forcing bar placement was done to satisfy structural needs
and avoid premature cracking due to loading. The reinforce-
ment bar placement included longitudinal and transverse bars

in the foundation elements.

2.2. Instrumentation and Settlement Measure-
ment

Vertical settlements were determined by dial gauges
and displacement transducers arranged symmetrically about
the circumference of the tested foundation element. The
layout of instruments was meant to allow not only recording
of the average settlement but also possible differential set-

tlements under loading. The instruments were installed on a

separate reference frame that is independent of the loading
system in order to avoid errors due to the deformations of
the reaction frame.

The data on vertical settlement were taken at all stages
of loading and unloading. The average settlement was taken
as a basis for determination of the load-settlement curve.

2.3. Equipment Calibration and Quality Con-
trol

Before testing, all the hydraulic loading machines, load
cells, dial gauges, and displacement sensors were checked
and calibrated in line with the manufacturer’s recommen-
dations and appropriate testing procedures. The calibration
certificates were checked prior to conducting the experimen-
tal work to ensure accurate and consistent measurements.
Furthermore, alignment of the loading system and the in-
strumentation was checked prior to each test to reduce any

eccentricity of loading and measurement uncertainties.

2.4. Geotechnical Properties of the Clay Soil

Along with the CPT evaluation, the engineering prop-
erties of the clay formation were assessed to offer a complete
description of the test site. In particular, the soil profile ex-
amined was found to be comprised mainly of clay of medium
to high plasticity through the entire depth affected by the
foundation structure.

The following geotechnical properties were taken into
account in the study: groundwater conditions, undrained
shear strength, unit weight, plasticity, and compressibility.
All these parameters assisted in interpreting the results of

full-scale loading tests.
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3. Results

The results obtained with the help of the full-scale ex-
perimental study allow for a detailed analysis of the structural
behavior and material performance of reinforced concrete
pile-raft and pile cap foundations in clay soils. This conforms
to the research objective of assessing material-structure inter-
action in field conditions. It may be concluded on the basis
of the Cone Penetration Test carried out in accordance with
the provisions of ASTM D5778 that the variability of the
cone resistance (varying from approximately 1.0 MPa in the
deeper soil layers to approximately 4.0 MPa in the shallow
soil layers) implies that the soil profile consists of cohesive
soils demonstrating the tendency to increased compressibil-
ity at greater depths. The soil stratification was the major
factor influencing the load-settlement characteristics of the
considered foundation systems. Reinforced concrete, with a
grade of C30 and an experimentally established compressive
strength of 43 MPa according to ASTM C39, was used in
constructing all structural members, providing satisfactory
rigidity for distributing the applied loads effectively in raft-
type foundations. Steel reinforcement with a yield strength
of 420 MPa guaranteed structural durability when applying
high loads without experiencing structural collapse. The re-
sults of load-settlement relationships of different foundation
types are presented in Table 4.

The load—settlement relationships that were established

during the static loading test carried out according to the

ASTM D1143 specification gave an insight into the com-
parative analysis of different pile configurations. As far as
the single pile—piled raft combination is concerned, the load-
settlement relationship showed the linearity of the response
up to 70-80 kN, corresponding to settlements up to 5 mm.
That means that the behavior was elastic, caused by the high
stiffness of the reinforced concrete raft. However, beyond
the mentioned values, a nonlinearity of the response occurred
between 80 and 140 kN, where the settlement continued to in-
crease gradually from 5 mm to 15 mm due to the contribution
of pile shaft resistance and participation of the surrounding
clayey material. The ultimate load-carrying capacity of the
investigated configuration, calculated with the help of the
tangent intersection method, was equal to 109 kN. It can be
considered substantially larger than in the case of the isolated
piles. That improvement in the ultimate load carrying capac-
ity is possible because of the composite effect of the raft-pile
combination, since the raft contributes to the load transfer
directly by soil contact. Table 5§ summarizes the ultimate load
capacities and corresponding settlements for all tested foun-
dation configurations, including the single-pile, two-pile, and
four-pile piled raft systems, together with the two-pile and
four-pile pile cap systems. Among these configurations, the
four-pile piled raft foundation achieved the highest ultimate
load capacity (approximately 300-310 kN) and was therefore
selected as the representative case for graphical presentation in
Figures 3 and 4. The remaining configurations are discussed

quantitatively using the values presented in Table 5.

Table 4. Summary of load—settlement response for different reinforced concrete foundation configurations.

Foundation System No. of Piles Load Range (kN) Settlement Range (mm) Behavior Stage
Piled Raft 1 0-80 0-5 Elastic
Piled Raft 1 80-140 5-15 Nonlinear
Piled Raft 2 0-100 0-3 Elastic
Piled Raft 2 100-200 3-10 Transition
Piled Raft 4 0-230 0-5 High stiffness
Piled Raft 4 230-330 5-20 Nonlinear

Pile Cap 2 0-100 0-5 Elastic

Pile Cap 2 100-200 5-12 Nonlinear

Pile Cap 4 0-150 0-5 Elastic

Pile Cap 4 150-250 5-30 Progressive yielding

Table 5. Comparison of ultimate load capacity and corresponding settlement for different foundation systems.

Foundation System No. of Piles Ultimate Load (kN) Settlement at Ultimate Load (mm)
Piled Raft 1 109 ~20-25
Piled Raft 2 225 ~15
Piled Raft 4 300-310 ~20
Pile Cap 2 200 ~25
Pile Cap 4 250 ~30
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Figure 3. Representative load—settlement response of the four-pile reinforced concrete piled raft foundation obtained from full-scale
static load testing, corresponding to the ultimate load capacity reported in Table 5.
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Figure 4. Representative load—settlement curve of the four-pile reinforced concrete piled raft foundation illustrating the tangent-
intersection method used to determine the ultimate load capacity (300-310 kN) reported in Table 5.

In the case of the two-pile piled raft foundation, a
marked improvement in stiffness and load capacity has been
recorded. The first elastic range ranged up to around 100
kN, where the settlement was small, i.e., less than 3 mm,
indicating the high degree of rigidity due to the presence of
extra piles. The next nonlinear range spanned from 100 kN
to 200 kN, where the settlement was noted to be about 8-10
mm, meaning that there was a progressive activation of shaft
resistance along the shafts. For high loads of around 300
kN, the settlement was about 13—15 mm, with a relatively
constant slope of the graph, indicating that there was ade-
quate distribution of loads between the raft and piles. The
allowable load capacity for the two-pile configuration was

calculated to be around 225 kN, which was about twice the
load-carrying capacity of the one-pile system. Notably, this
increment in load-carrying capacity cannot be entirely at-
tributed to the addition of more piles, thus reflecting the non-
linear effect of the pile-soil-raft system and the efficiency of
the piled raft method in saving materials. Figure 3 presents
the representative load—settlement response obtained from
the four-pile piled raft foundation, which exhibited the high-
est load-bearing capacity among all tested configurations.
This representative curve was selected to illustrate the char-
acteristic transition from the initial elastic response to non-
linear deformation, and the tangent-intersection method was

adopted for determining the ultimate load capacity in accor-
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dance with ASTM D1143. The load—settlement responses of
the remaining foundation configurations (single-pile piled
raft, two-pile piled raft, two-pile pile cap, and four-pile pile
cap) are summarized quantitatively in Tables 4 and 5 and
discussed throughout this section.

The performance of the four-pile piled raft system was
the best out of all systems, with an improved load-carrying
capacity and well-controlled settlement. The load-settlement
graph stayed almost straight up until about 200-230 kN, with
the maximum settlement of less than 5 mm, implying that
the initial stiffness is quite high due to the joint contribution
of piles and the reinforced concrete raft. When the loading
value exceeded 250-330 kN, a nonlinear load-settlement

behavior occurred with a settlement value of about 15-20

mm. Finally, when the load exceeded 330 kN, there was an
even steeper slope, meaning that plastic deformation of clay
started, and shaft and end-bearing resistances were mobilized
fully. Thus, the maximum load was about 300-310 kN, much
more than those in the one-pile and two-pile systems. It is
clear that the more piles there are, the better the capacity of
the pile system becomes, but the function of the raft should
not be overlooked. In terms of material efficiency, it can be
concluded that the best load-carrying capacity is exhibited
by the piled raft of four piles, although there was only a
relatively small increase in the amount of concrete used. Ma-
terial efficiency and concrete efficiency are measured using
Table 6, whereas performance efficiency between piled raft

and pile cap systems is analyzed using Table 7.

Table 6. Material efficiency assessment based on load capacity and pile usage.

Foundation System No. of Piles Relative Concrete Usage Load Capacity (kN) Efficiency (kN per Pile)
Piled Raft 1 Low 109 109
Piled Raft 2 Moderate 225 112.5
Piled Raft 4 High 300 75
Pile Cap 2 Moderate 200 100
Pile Cap 4 High 250 62.5

Table 7. Comparative evaluation of piled raft and pile cap systems in terms of structural and material performance.

Parameter

Load-bearing mechanism
Ultimate load capacity
Settlement control
Initial stiffness
Material efficiency
Concrete utilization
Sustainability

Optimized
Improved

Piled Raft System Pile Cap System
Raft + piles + soil interaction Piles only
Higher (up to ~310 kN) Lower (up to ~250 kN)
Better Moderate to high
High Moderate
High (fewer piles required) Lower

Higher consumption
Less efficient

On the other hand, the pile cap systems demonstrated
completely different behavior because of the lack of contact
between the raft and soil. In the case of the four-pile pile
cap system, initially, the load-settlement curve depicted stiff
behavior up to 100—150 kN load level, when the settlement
did not exceed 5 mm due to elastic pile deformation along
with soil deformation. However, with an increase of load
above this load level, a strong nonlinearity became apparent
and the settlement reached 25-30 mm at approximately 250
kN load level. Finally, the ultimate load for this particular
system turned out to be approximately 250 kN, which is
significantly less than the ultimate load of the four-pile piled
raft system even though both systems have equal numbers
of piles and almost identical material parameters. Therefore,

the main function of the pile cap as a load transfer element
does not exist in this case. Similarly, the two-pile pile cap
system exhibited an ultimate load capacity of approximately
200 kN, with higher settlement values compared to the cor-
responding piled raft configuration, further emphasizing the
advantages of raft-—soil interaction in reducing settlement
and enhancing capacity. For clarity, the tangent-intersection
point corresponding to the ultimate load has been identified
directly on the representative load—settlement curve shown
in Figure 4.

The comparison among all of the designs shows how
the piled raft design is more efficient regarding its capacity
to bear loads and mitigate settlements. In particular, the re-
sults prove that the presence of a reinforced concrete raft
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directly interacting with the ground allows increasing load-
sharing effectiveness and transferring part of the load from
piles to the soil itself, thus reducing the load-bearing role
played by piles. From a quantitative perspective, the four-
pile raft design allowed increasing the bearing capacity by
about 20% compared to the corresponding pile cap design
and also proved smaller settlement values at equal loads.
Such differences may be attributed to the characteristics of
the reinforced concrete raft, especially in terms of flexural
stiffness that makes the distribution plate effective. It can
be noted that achieving higher performance with fewer piles
can help in reducing concrete use and thus improving the
environmental sustainability of the construction. As far as
the relationship between load and settlement is concerned, it
can be seen in Figure 4 how the curve starts off being almost
linear (elastic) until around 250 kN.

Material science-wise, the obtained data illustrate the

importance of the reinforced concrete characteristics when
considering the behavior of foundations. The high compres-
sive strength (43 MPa) and stiffness of the C30 concrete
helped achieve the initial elasticity of the system and pro-
longed the onset of the nonlinear zone, whereas reinforce-
ment was necessary for ensuring the integrity of the structure
and preventing cracks caused by the high level of stress. In
addition, the interaction of the reinforced concrete raft and
the clay soil affected the development of plastic strain zones
due to the role of the raft as the distributing element, which
prevents the formation of high-stress zones. Overall, the
presented results prove that the characteristics of foundation
depend not only on the geotechnical factors, but also on the
choice of materials. According to Figure 5, the bearing ca-
pacity of the foundation substantially grows with the use of
piles, with the maximum value observed for the four-pile
raft.
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Figure 5. Comparison of allowable bearing capacity of different foundation systems, including raft, piled raft (1, 2, and 4 piles), and pile
cap configurations, demonstrating enhanced load-carrying performance of piled raft systems.

In general, the experimental results prove that piled raft
foundations are a better choice than pile cap foundations in
terms of efficiency and sustainability. The fact that high load
capacity can be obtained using fewer piles contributes signif-
icantly to saving building materials, reducing construction
expenses, and minimizing negative effects on the environ-
ment. In addition, the reliability of the experiments carried
out under different conditions indicates the high reliability
of the experimental methods used in this work. The com-

bination of the study of material properties together with

problems connected with the structure and geotechnics of
the studied region makes it possible to give some valuable
recommendations on the design of appropriate foundations
in accordance with present tendencies in building materials

science.

4. Discussion

It can be stated that good performance of the piled

raft systems under consideration in the current paper is also
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confirmed by the results of the investigation conducted by
Randolph!'3], which shows that participation of the raft con-
tributes to the reduction of settlement due to the redistribution
of loads between the raft and the piles. Also, according to
Fattah et al.['), stiffness and load-sharing effectiveness of
the foundation systems are improved when raft-soil inter-
actions are taken into account in the design process. Thus,
the current experimental data obtained during the field test-
ing prove the above statement, as the piled raft systems had
less settlement and higher bearing capacity compared to the
respective pile cap systems. As far as the discussion about
the current investigation is concerned, it should be noted
that the experimental results will be interpreted in relation
to the performance of the materials and load distribution, as
well as application of the results in sustainable foundation
design. It is clear from the experimental results that, apart
from geologic factors, the performance of the foundation sys-
tem is greatly influenced by the mechanical properties of the
reinforced concrete components and their interaction. The
reinforced concrete raft, with a relatively rigid cross-section
and high compressive strength, was able to transfer loads
actively without simply connecting piles. Therefore, stress
was distributed within a greater area, while demands were
shifted from the piles. This type of performance corresponds
to the theory of piled rafts and the contribution of rafts to
load distribution.

In terms of materials, the significance of reinforced
concrete on the performance of the foundations is quite pro-
nounced. The use of concrete with C30 grades, with a con-
firmed compression strength of 43 MPa, helped ensure the
stability of the raft and pile structures even with high load
values, thus helping achieve a smooth transition to a nonlin-
ear stage of the loading curve, without causing any failures
at the structural level. The stiffness of the concrete raft
controlled the first stage of the curve, which was linear in
nature—there was no movement of the structure even with
an increase in the load values, thus showing that material
stiffness is important for controlling the serviceability prop-
erties, especially in soils with a lot of clay where excessive
deformations are a major problem. In addition, the inclusion
of reinforcement with yield strengths of 420 MPa allowed
the raft to have enough ductility. The influence of reinforced
concrete stiffness observed in this investigation is also sup-

ported by previous studies. As observed by Singh et al.[18],

increased stiffness of the rafts facilitates efficient load trans-
fer and ensures proper control of settlement for cohesive
soil. Similarly, Ahmed et al.[>!! have found from their finite
element analysis that optimal piled raft systems can attain
high bearing capacity along with stability. The current study
provides field-scale experimental evidence supporting these
numerical and analytical findings.

In making this comparative analysis between the piled
raft and pile cap foundations, it can be noted that there was
better efficiency in terms of the amount of material used
in the piles since the piled raft foundation carried heavier
loads but with fewer piles compared to the other foundation
type. This means that there was higher efficiency in the
use of materials, which can significantly help in reducing
costs of the construction projects. The main reason for this
increased efficiency is the inclusion of the raft component
in load-carrying, in which case there was less dependency
on the piles for transferring loads. The isolation of the piles
from the ground made this process difficult in the pile cap
method, and the outcome was higher settlement and thus

24261 This goes to show the significance of

low efficiency!
taking into consideration the interaction between the raft and
the ground in design.

The non-linear behavior evident in the load-settlement
graphs gives further understanding of the mechanisms in-
volved in the foundations. Initially, the behavior exhibited
was mainly elastic, whereby the raft carried most of the
loads because it was directly in contact with the soil. As
the loads continued to increase, the piles were increasingly
contributing to the loading process by mobilizing shaft re-
sistance and bearing capacity at their tips. This is evidence
that the system transitions from one mode of operation to
another when subjected to different loads. The lack of fail-
ure at a certain point in time, especially in clay soils, means
that the system gradually fails, an aspect considered favor-
able during design since there are early warnings before the
complete collapse of the system. This behavior supports the
use of techniques such as the tangent intersection method in
calculating ultimate loads.

The conclusions drawn from this experimental research
are in general agreement with other studies related to piled
raft foundations. Randolph!'3] found out that using piles re-
duces settlement due to the presence of load transfer between
piles and raft; therefore, the reduction in settlements is ob-
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served in this study as well. Singh et al.['® have proven that
load sharing in piles and raft helps to improve the foundation
performance in cohesive soils and explains the increased car-
rying capacity of the studied piled rafts. In addition, Ahmed
et al.[2!]

to increase bearing capacity and at the same time save re-

showed that optimization of piled raft systems helps

sources. This study contributes to this topic as it provides
full-scale field results and compares the piled raft systems
and pile caps in clay soil conditions. As a result, it is proven
that the interaction of the raft and soil plays an important role
in increasing load transfer efficiency and saving materials
compared to the traditional pile cap foundations. Concerning
sustainability, the present results are in line with the current
scientific literature, which points out that reducing the num-
ber of piles via load sharing increases the resource efficiency
of foundation systems.

This notion is proven experimentally by the present
research, as piled raft systems are capable of providing bet-
ter performance in terms of structural design while using
foundation materials in a more efficient manner compared
to conventional pile cap systems. Differences in the per-
formance of foundations are highly associated with the
behavior of reinforced concrete materials in the investi-

27281 Using C30 concrete in conjunction

gated systems!
with reinforcing steel having a yield strength of 420 MPa
was found to have enough stiffness to ensure proper load
distribution between raft, piles and the soil. The better
performance achieved by the piled raft systems shows that
efficient use of reinforced concrete materials could lead
to improvement of load distribution without requiring any
other foundation element. This research is important in
the field of building materials science as it clearly shows
that structural performance is the result of material and
structure interaction. Better structural performance does
not necessitate more use of materials. With the use of piled
raft systems, efficient use of reinforced concrete materials
can lead to better load-carrying capacity and settlement
control. These advancements make possible sustainable
construction techniques through reduction in the amount of
material needed for comparable or better structural perfor-
mance. Therefore, the results have implications in favour
of the continuing trend in building materials research into
high-performance and low-material usage structural sys-

tems 2932,

A drawback of this current research is that there were
no quantified results for the environmental and economic
implications of the system studied, using methods such as
material take-off analysis, costing, or life cycle analysis. In
other words, the results on sustainability only relate to the po-
tential improvement in use of foundations. Further research
in sustainability should include quantification of embodied
carbon content, material usage, and economic implications of
piled raft foundation systems. In recent years, the notion that
sustainable foundation engineering requires the combination
of geotechnical efficiency and effective material usage to ob-
tain increased structural reliability and decreased ecological
footprint has received increasing attention from scientific
communities. Recent studies indicate that the enhancement
of the efficiency of interaction between the elements of the
foundation and soil leads to load sharing, improved bear-
ing capacity, and reduction of excess material usage. This
fact supports the hypothesis that foundation engineering can-
not be based merely on the increase of structural elements’
quantity, but should rather be based on the improvement of
efficiency of the system’s operation3>37). The results ob-
tained in the current study prove this idea by showing that
piled raft reinforced concrete systems are capable of pro-
viding enhanced structural efficiency along with effective

material usage.

5. Conclusions

This study was undertaken to address the limited avail-
ability of full-scale experimental investigations comparing
piled raft and conventional pile cap foundation systems in
clayey soils, particularly with respect to load-sharing behav-
ior, structural performance, and material efficiency. Through
the field tests conducted at controlled loads, this research was
able to fill this gap in the knowledge base and to practically
prove the performance of such foundations. In general, all re-
search questions formulated at the initial stage of the research
were properly covered in the course of the experimental study.
It was possible to prove the effect of the raft-soil interaction
in improving the behavior of such foundations and also the
significance of taking into account the role of the raft as the
load-bearing structure. In addition, information on the role
of the reinforced concrete characteristics in the performance
of foundations was obtained.
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As for the proposed hypothesis that piled raft founda-
tions would perform better in terms of load-bearing capacity,
settlement behavior, and efficiency compared to pile cap
foundations in clayey soils, the results confirmed its correct-
ness. In general, the results proved that the combination of
such factors as raft, piles, and soil provides more efficient
load-bearing performance. The study evaluated the load—
settlement behavior of different foundation configurations,
investigated load-sharing mechanisms, assessed the contribu-
tion of reinforced concrete material properties, and examined
the relative efficiency of piled raft and pile cap systems. This
enabled the researchers to have a holistic appreciation of the
foundation performance in the field.

The primary scientific contribution of this research is
the production of full-scale experimental results on the inter-
action between piles, raft and clay soil. Different from many
earlier investigations which focused mainly on analysis or
numerically based experiments, the current study offers di-
rect validation of the piled raft and pile cap foundations in
field conditions. Besides, this research contributes to sus-
tainable foundation engineering by demonstrating how the
use of construction materials could be made efficient via
foundation design optimization.

While the current study provided useful experimen-
tal results about the behavior of reinforced concrete piled
raft and pile cap foundations on a full scale, there are some
limitations of this study that need to be mentioned. First,
the experiment was conducted under the condition of static
load applied at one clay soil site, and the results cannot be
generalized to different soil types or loading situations, such
as seismic or impact loading. Second, the study involved
only the conventional C30 reinforced concrete and certain
pile-raft configurations, and did not consider more innova-
tive cement materials, reinforcement systems, or optimized
foundation designs. Moreover, the current investigation did
not consider durability issues such as creep, shrinkage, re-
inforcement corrosion, variations in groundwater levels, or
the effects of exposure of the structure over time. Sustain-
ability has been considered only on a qualitative basis, that
is, material efficiency, but no quantitative assessment has
been done for embodied carbon footprint, life-cycle assess-
ment, life-cycle costing and economic optimization of the
structure. Future studies should overcome all these short-
comings in their investigations by carrying out full-scale

tests under varied geotechnical conditions, considering vari-
ous dynamic loading cases, examining the sustainable and
high-performance concrete materials, and optimizing the
pile raft foundation design through numerical and artificial

intelligence techniques.
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