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Abstract
The present paper aims to investigate the effects of defective piles in horizontally loaded piled raft
foundations. Close to real scale foundation models of defective and intact three-piled systems were
submitted to horizontal load tests. The models used bored type piles drilled with 5 m in length and 0.25 m
in diameter, connected to a concrete raft founded on a tropical soil pro�le at the University of Campinas
research site. Based on the experimental data, a tridimensional �nite element analysis was initially
calibrated and consequently used to study the effects of the defective element at the pile load distribution
and the horizontal subgrade forces at the pile shaft. The results show that the presence of a defective pile
increases the raft tilting, which affects both vertical and horizontal load distributions among the raft and
the piles, and among trailing and leading piles.

1. Introduction
The concept of deep foundations enhanced with a raft element in full contact with the soil has received
considerable attention in recent years for the foundation design of buildings subjected to high horizontal
loadings, such as onshore wind turbines (Ravichandran et al. 2018; Shrestha et al. 2018) and pencil
towers (Poulos 2016). However, when dealing with horizontally loaded structures, the friction resistance
at the raft-soil interface is not the only factor responsible for the superior performance of piled rafts over
“conventional” pile groups. One shall remind that conventional groups are those designed without
consideration on the raft-soil contact.

Unsever et al. (2015) showed using 1g small-scale models and tridimensional �nite element analysis (3D
FEA) that the higher contact pressures, which the raft transfer to the ground, increase the stiffness and
the strength of the soil surrounding the piles, improving their behavior.

On the other hand, centrifuge tests in piled raft models indicate that as the magnitude of the horizontal
load increases, so do the pile loads, which causes a constraining effect in the upper soil beneath the raft,
reducing its shear deformation and consequently the mobilized shear stresses at the raft-soil interface
(Horikoshi et al. 2003).

These aspects show the complexity of predicting the behavior of horizontally loaded piled rafts, whose
behavior in �eld conditions will depend on a series of factors, of which one can highlight the mechanical
properties of the soil, and the geometric characteristics of the foundation, such as the dimensions and
spacing of the piles and the raft, and other aspects that are addressed in different papers (Zhang and
Small 2000; Kitiyodom and Matsumoto 2002, 2003; Rollins and Sparks 2002; Sawada and Takemura
2014; Kavitha et al. 2016; Cunha and Poulos 2018; Stacul 2018; Kumar and Vasanwala 2021; Rosendo
and Albuquerque 2021).

However, given unfavorable soil or installation conditions, a certain level of damage might develop in the
piled system. This may happen both in driven precast piles, as �ssuring on the concrete due to the
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constant hammering on the cap, and in cast in place piles, as necking, soil inclusion, ‘soft toe’ conditions,
and other integrity problems caused by a poor drilling technique (Karandikar 2018).

Despite the continuous advances in pile integrity tests and foundation quality control (Zhussupbekov and
Omarov 2016; Hannigan and Piscsalko 2021), many cases of defective piles cannot be readily identi�ed,
that eventually may alter the foundation designed behavior. Some research has been already done to
investigate the effects of defective piles in piled rafts and pile groups subjected to vertical loads
(Albuquerque et al. 2017; Freitas Neto et al. 2020; Cunha et al. 2021), but in cases involving horizontally
loaded piled foundations, the scienti�c literature is scarce.

This paper therefore investigates the effects of defective piles in laterally loaded piled raft foundations.
With this objective, two three-piled rafts founded on a tropical soil pro�le at the research site of the
University of Campinas were executed, and subjected to horizontal load tests to failure. The piles were
drilled with 5 m in depth and 0.25 m in diameter, with 1.25 m spacing (axis to axis). In one of the tested
foundations, one of the piles had a damaged region, which was speci�cally designed to simulate a
structural defect. The tests were analyzed using 3D FEA, which allowed to understand the system’s
mechanics in terms of load distribution, raft tilting, and horizontal subgrade reactions among trailing and
leading piles.

2. Materials And Methods

2.1 Experimental Program
Horizontal load tests were carried out at the experimental research site of the University of Campinas
(Unicamp) in the city of Campinas (Sao Paulo, Brazil). The geotechnical pro�le consists of a 2 m thick
layer of very soft silty clay overlying 6 m thick silty sand strata of low to medium (increasing) compacity.
The bedrock is made of a fractured Diabase, from 8 m deep onwards. The main geotechnical properties
obtained from physical characterization tests and consolidated undrained triaxial compression tests
(Gon 2011) are shown in Table 1.
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Table 1
Typical geotechnical parameters from the research site (Freitas Neto 2013).

Depth (m) USCS γnat (kN/m3) w (%) Es (MPa) c’ (kPa) ϕ’ (o)

1.00 MH 14.1 28.3 13.8 7.4 22

2.00 ML 14.2 27.9 11.4 7.8 21

3.00 ML 14.0 28.0 8.5 11.6 22

4.00 ML 14.4 25.5 11.5 5.7 23

5.00 ML 15.5 26.2 9.9 24.0 21

6.00 ML 15.3 26.1 19.9 42.4 22

7.00 ML 15.4 28.3 10.9 41.9 22

8.00 MH 15.2 32.3 11.0 26.4 22

USCS: Uni�ed soil classi�cation system; MH: High compressibility silt; ML: Low compressibility silt;
γnat: Soil speci�c weight in natural conditions; w: Moisture content; Es : Soil Young’s modulus; c’: Soil
effective cohesion; ϕ’: Soil effective friction angle.

Two horizontal load tests were carried out in three-piled rafts, with pile spacing equal to 1.25 m. The
foundations were composed of bored piles, with 5 m in length and 0.25 m in diameter, as shown in
Fig. 1a. After the pile installation, the raft steel reinforcement was placed and the �uid concrete was
poured against the soil to ensure a full raft-soil contact during the tests.

Figure 1b shows the horizontal load tests apparatus, in which is possible to notice the excavation of the
soil around the lateral of the raft, to avoid the in�uence of any sort of passive earth pressure reaction. The
experimental testing setup and load sequence were carried out in accordance with the Brazilian Standard
NBR 12131 (ABNT 2006). The tests were slow maintained, with a semi-static increasing load sequence
using a 15 kN load increase at each stage. A 200 kN load cell was used to monitor the applied horizontal
force and four 0.01 mm dial gauges were placed for the measurements of the raft tilt and horizontal
displacements. 

One of the tested foundations had all its three piles intact (CC3) and the other had one of the piles with a
damaged region (CF3), with the aim to simulate a pile’s shaft region with structural breakage, as shown in
Figs. 2a and 2b. The damaged zone consisted of a hollow concrete region, with 0.245 m in external
diameter and 0.195 m in internal diameter, concreted with a low resistance concrete, whose compressive
strength was computed from several resistance compression tests done by a previous doctoral thesis
(Freitas Neto 2013). The pile defective section was 0.60 m long and without steel reinforcement, as
shown in Fig. 2b. The damaged section was expected to, and indeed broke, during the load tests.

The pile defect was intentionally located at 8 pile diameters below the soil surface, which is the typical
zone where a plastic hinge may eventually form, and a crack might develop within the pile’s shaft from
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laterally loaded foundation structures. This hypothesis was con�rmed after the pile’s exhumation.

2.2 Numerical Modelling
To allow a better understanding of the effects of the defective pile in different aspects of the piled raft
behavior, such as pile load distribution, raft tilting, and the mechanisms of geotechnical failure, the tests
were analyzed using a 3D �nite element model, developed using the software Abaqus. To simulate the
pile behavior and its structural failure, the numerical model included the simulation of the soil dominium
and the foundation structural components.

A damaged plasticity constitutive model was employed to simulate the concrete and an elastic-perfectly
plastic model was used to simulate the steel’s stress-strain behavior. A perfect bond was assumed at the
interface between the concrete and the steel reinforcement. Table 2 shows the main mechanical
parameters of these materials. The other parameters of the damaged plasticity model were null, i.e.,
eccentricity, viscosity, the ratio of biaxial to the uniaxial compressive yield stresses, and the ratio of the
second stress invariant on the tensile meridian to that on the compressive meridian.

 
 
 

Table 2
Parameters used for the concrete and steel reinforcement in the numerical model.

Concrete γc (kN/m3) fck (MPa) Ec (GPa) νc Dilation Angle

Raft and piles 21.6 36.7 45.0 0.2 15°

Pile (defective zone) 21.6 2.0 5.9 0.2 15°

Steel reinforcement γy (kN/m3) fyk (MPa) Ey (GPa) νy Diameter (mm)

Rods and stirrups 77.0 500.0 231.0 0.3 10.0 (rods) and 6.3 (stirrups)

γc and γy: Speci�c weight of the concrete and the steel, respectively; Ec and Ey: Young’s modulus of
the concrete and the steel, respectively; νc and νy: Poisson’s ratio of the concrete and the steel,
respectively; fck is the characteristic compressive strength of the concrete, and fyk is the
characteristic yield strength of the steel.

An elastic-perfectly plastic model with the Mohr-Coulomb failure criteria was used to model the soil. The
model was initially calibrated using the soil strength and stiffness parameters presented in Table 1. Then,
based on those initial results, a subsequent back analysis procedure was carried out, with the aim of a
closer match between experimental results and numerical predictions.

It is important to highlight that several unknown factors might be somehow involved during the lateral
loading, such as soil anisotropy, variation in soil moisture in shallow depths, and the loss of the original
soil structure during pile installation. However, these factors are intrinsically shown in the obtained
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experimental curves, and for this reason, the back analysis procedure is a reasonable approach to
calibrate the numerical model.

After the numerical procedure, the �nal geotechnical parameters were obtained, as shown in Table 3. The
soil’s Poisson’s ratio (νs), dilation angle (ψs) and coe�cient of earth pressure at rest (k0) were equal to νs 
= 0.3, ψs = 0 and k0 = 0.4 in all soil layers. The interface between the pile’s shaft and the surrounding soil
was considered using the β method (Burland 1973), which unit shaft resistance (fs) values for each layer
are shown in Table 3. The contact between the raft’s base and the underlying ground was considered,
using a frictional coe�cient of 0.15 without any maximum shear stress limit.

 
 
 

Table 3
Geotechnical parameters used in the numerical simulations.

Layer Thickness (m) Es (MPa) c (kPa) ϕ (o) fs (kPa)

1 0.45 49.6 7.4 22 2.56

2 1.00 41.1 7.8 21 3.54

3 10.55 36.0 13.8 22 11.63

The numerical analyses were performed using an incremental procedure to the horizontal load advance.
Since the analysis involves a highly nonlinear behavior, with signi�cant changes in the structure stiffness
matrix, the Riks method was applied.

3. Results And Discussion
Figure 3 shows the load-displacement curves obtained for the CC3 and CF3 tests. Considering the
displacement failure criteria (10% of pile diameter, i.e. 25 mm), the foundation ultimate capacity (Qult) of
the systems CC3 and CF3 were de�ned as 188 and 122 kN, respectively, which corresponds to a reduction
of approximately 35% in the load capacity of the defective system.

The results in Fig. 3 also show good agreement between experimental and numerical curves. The back-
analyzed parameters used to adjust the numerical prediction were able to capture both foundation
stiffness and geotechnical failure. The software graphical output (Fig. 4) shows the formation of passive
lateral earth pressure wedges (along soil’s surface) for both leading and trailing piles in the �nal steps,
close to the overall soil failure.

The horizontal displacement contour map in Fig. 4 shows that the leading pile sustained most of the
mobilized horizontal reaction. The plot also shows the importance of a reliable characterization of the
soil upper layers, since the horizontal displacements were con�ned to a soil depth equal to 5–6 times the
pile diameter. Both aspects are in accordance with the �ndings of Reese and Van Impe (2001). A gaping
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zone in the back part of the trailing piles is also noticed, indicating the actual separation that takes place
between the soil-pile interfaces as the system approaches geotechnical failure.

Once the model was calibrated, it was possible to estimate output system variables that could not be
measured during the experimental program. Hence, the numerical predictions of the pressure mobilized at
each pile’s base, the raft tilting, the raft-soil contact normal forces, and the unit horizontal subgrade force
at the borehole’s surface.

3.1 Mobilized pressure at the pile base, raft tilting, and raft-
soil contact normal forces
The results of the numerically computed pressure at each pile base (Pi) were normalized in relation to
maximum unit bearing pressure at the tip of the respective pile (Pimax). The results are shown in Fig. 5, for
increasing values of the applied horizontal load (Qh), from 20–100% of the horizontal failure load (Qult).
The Qult value applied to the normalized Qh was the one obtained from the defective system (CF3), in
which Qult = 122 kN.

Figure 5 shows that despite the presence of a damaged zone, the defective pile continued to absorb and
transmit a percentage of vertical load to its base. The results show a migration of vertical load from the
trailing piles (piles 2 and 3) to the leading one (pile 1) when the system is defective, due to its tilting. This
phenomenon is very contrasting when compared to the intact case system, which indicated a different
distribution of loads between leading and trailing piles, establishing a more homogeneous distribution
than the defective system.

For both CC3 and CF3 systems, the Pimax values of the leading pile (P1max) were around 10 to 16 times
the values for the piles 2 and 3 (P2max and P3max – the trailing ones); the latter, in turn, presented very
similar values between them, even in the defective system.

To understand the reason of the load spread that occurred by the presence of the defective pile, the raft’s
tilting at each loading stage has to be assessed. Figure 6a shows the numerically derived tilt angle (ψ),
normalized to its maximum value (ψmax), developed at the system’s ultimate load stage. The results show
a relation between tilting and load migration to the leading pile tip in both defective and intact systems.
Indeed, the increase in foundation tilting when the CF3 system is submitted to a horizontal loading
between 40% and 80% of Qult, explains the load migration from trailing piles to the leading one (Pile 1) –
as depicted in Fig. 5.

It shall be noticed that the relative tilting was much greater for the defective system than for the intact
one, which was already expected given the in�uence of the defective trailing pile. This greater tilting was
responsible for almost zeroing the unit bearing pressure for trailing pile 3 in the defective system (Fig. 5).
On the other hand, in the intact system, this same pile still carried vertical load until the latest loading
level.
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Figure 6b shows the raft-soil normal force (qrs i), acting in two opposite nodes at the raft soil interface
(points T and L in Fig. 6b). The results are normalized in relation to its maximum value (qrs max), which
was measured in point L of the intact system (CC3). The results show that the presence of the defective
pile caused a large decrease in the contact normal forces acting in the leading pile region (CF3 – Point L),
to approximately 40% of the value computed in the intact system. This aspect will reduce the contribution
of the raft-soil interface to absorb horizontal loadings.

Another interesting aspect shown in Fig. 6b is the decrease of the qrs value acting at the point T (CC3
system), which occurs until approaching null values, at 60% of Qult. In the defective system, the same
point showed negligible values of qrs during all stages of the horizontal loading. This behavior
corroborates with a high tilt veri�ed to the CF3 system (Fig. 6a), and shows the large impact that the
defective pile can cause on the effectiveness of the use of the raft-soil interface to absorb horizontal
loads – hence the design as a piled raft.

3.2 Unit Horizontal Subgrade Force at Borehole’s Surface
The pile’s shaft-soil interaction was analyzed using the unit horizontal subgrade (reaction) forces acting
on both front and back surface positions of the borehole, at several depths of interest along with the pile’s
depth. The unit horizontal subgrade force (qiwl) was normalized by its respective maximum value (qiwl

max) developed throughout the analyzed loading stage.

Figure 7 shows the normalized horizontal subgrade forces for pile 1 (Fig. 7a), 2 (Fig. 7b), and 3 (Fig. 7c).
The results were solely computed to the allowable displacement level (working condition), i.e., the
horizontal load corresponding to a horizontal displacement level equal to 5% of the pile diameter (design
assumption). In the plot, positive signs indicate compression forces in the same direction as the
horizontal loading onto the raft, whereas a negative sign means compression forces acting in the
opposite direction. In both cases, the unit subgrade reactions at both borehole’s front and back surface
positions are originated from the passive earth pressure caused by the interaction between the piles and
the surrounding soil.

The results show that the reaction subgrade forces tend to be higher at the front surface position for the
�rst 2 m (8 times the pile diameter). From this depth onwards the subgrade reaction forces are greater at
the back surface position, independently of the pile type (leading or trailing) and condition (intact or
defective). Figure 7 also shows that depending on the pile type and on the analyzed pile depth, there was
a tendency of increasing or decreasing the subgrade force when comparing the intact to the defective
system case. For instance, pile 1 (leading) front surface position increased the (average) subgrade force
in the pile’s top region (0 to 3 m) for the defective case, when compared to similar results in the intact
case.

A reverse phenomenon (decrease) was noticed for a similar comparison in the case of the trailing pile 3 in
the CF3 system. Again, this was related to the migration of load and new equilibrium stage that was
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accomplished by the simultaneous tilting of the raft (intact system) and tilting plus defective pile
in�uence (defective system).

Similar to the unit base pressure, the defective trailing pile 2 continued to generate horizontal subgrade
reaction forces on the surrounding borehole surface at working displacement level. Nevertheless, the
effectiveness of this pile has decreased, as it generated a lower average subgrade force when compared
to the same pile at the intact system condition. On the other hand, the horizontal subgrade forces
distribution generated by the trailing pile 3 (intact) has not considerably change from the defective to the
intact case.

At the back surface position, for both intact and defective systems, the horizontal subgrade force has
zeroed for leading pile 1 and trailing pile 3, indicating the formation of a gap (as shown in Fig. 4), with
total loss of contact between the pile’s shaft and the borehole’s surface.

4. Conclusions
An experimental and numerical study of piled raft foundations with defective piles was carried out under
horizontal loading conditions, given its scarcity in literature. The defect was imposed on the upper part of
the pile, in a zone where the occurrence of plastic hinges and structural failures is common. The
experimental results were used to calibrate a �nite element model, which allowed a detailed analysis of
the effects of the defective pile on the overall foundation behavior, thus extrapolating experimental data.
The main conclusions based on the study are listed as follows:

1. In horizontally loaded piled rafts, the presence of a defective pile increases the intensity of the raft tilt,
causing a migration of vertical load from the trailing to the leading pile. Some migration also happens
when the system is intact, given the tilting caused by the horizontal load, but in the latter case, the load
distribution tends to be more homogeneous within the pile.

2. The presence of a defective pile signi�cantly diminishes the effectiveness of the raft-soil contact in
absorbing part of the applied horizontal loading, thus affecting the design when considering piled raft
conditions.

3. At the back surface of the piles (either leading or trailing) the horizontal subgrade forces are null on the
upper positions, indicating that a “gap” is generated with total loss of contact between the pile’s shaft and
the borehole. This is valid for both intact and defective systems once laterally loaded at high levels –
close to herein adopted failure limits.

4. The presence of a defective pile increases the values of the horizontal subgrade forces at the upper
part of the leading pile front surface (�rst 2 to 8 pile diameters). The opposite is true for trailing piles. In
this way, the defective pile in�uence causes an uneven distribution of lateral forces within the foundation
system that produces a torsion outcome. Depending on the load level, this particular effect needs to be
structurally taken into account.



Page 10/16

5. The present research has focused on defective piles with a narrowed structural breakage of the pile’s
shaft, which has been present since the beginning of the loading process. The conclusions of this study
may be as well qualitatively extrapolated to other types of pile defect, with care and proper considerations
(necking type �aws, short length piles and so on). The authors understand that more research is needed
(and is scarce) in this �eld.
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Figure 1
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Horizontal load test scheme (a) and a picture of the test during its execution (b).

Figure 2

Intact (CC3) and defective (CF3) piled raft systems (a) and hollow concrete cylinder designed to represent
the defective zone (b): modi�ed from (Freitas Neto 2013).
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Figure 3

Load-displacement curves of the 

Figure 4

Horizontal displacement contour map for the CF3 system.
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Figure 5

Normalized unit bearing pressure at each pile base for both CC3 and CF3 systems.

Figure 6

Normalized raft tilting (a) and raft-soil contact forces (b) for both CC3 and CF3 foundation systems.
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Figure 7

Normalized unit horizontal subgrade forces for piles 1 (a), 2 (b) and 3 (c) for both CC3 and CF3 systems.


