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Abstract 
The methodologies for designing pile foundations can be complex since the simultaneous interactions among 
the block, piles and surrounding soil should be taken into account. Therefore, in addition to the discussions 
on construction, instrumentation, testing and simulation of a defective pile, this paper discusses the practical 
issues arising from the observed numerical using three-dimensional finite elements and experimental studies. 
The main issues discussed in this paper refer to as the decrease in load capacity of bored instrumented piles 
when subjected to a structural defect. It was observed in the results that given the presence of the defect, 
the failure load of the system has decreased from 190 kN to 110 kN, i.e. around 40% reduction of the intact 
reference value. Using the data obtained by numerical analysis, laboratory test, and field application, it was 
possible that the results were satisfactory and reasonable, enhancing our understanding of this complex 
foundation system’s behavior, especially in the presence of a defective pile. 

Keywords 
Bored pile, Defective piles, Loading test, Numerical analysis, instrumentation 

Graphical Abstract 

 
  

https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-9488-4123
https://orcid.org/0000-0002-2264-9711
https://orcid.org/0000-0003-0726-7165
https://orcid.org/0000-0002-8645-2555
https://orcid.org/0000-0001-7552-6646


Experimental and numerical analyses of a deep foundation containing a single defective pile Osvaldo de Freitas Neto et al. 

Latin American Journal of Solids and Structures, 2020, 17(3), e270 2/15 

1 INTRODUCTION 

When a deep foundation is designed in the traditional manner, only the piles have the ability to receive and 
distribute superstructure loads imposed on the surrounding soils. In this case, the (positive) contribution of the pile cap 
is ignored, in terms of the bearing capacity, so it is assumed that the foundation behaves as a piled group. In the case of 
a piled block foundation, the load capacity is considered to be shared between the shallow foundation (block) and the 
deep foundation (piles). The present paper is related to a piled block system foundation, given that the block contribution 
has been taken into account and effects of interactions among different components of the foundation system (pile, soil 
and block) are also considered.  

Unfortunately, the studies on the use of pile blocks in tropical soils are rarely reported. Besides, the studies on 
simulation of defected piles within piled block systems are scarce, especially for large-scale models. 

A deep foundation group using the typical piled block design methodology in terms of the number and length of 
piles is commonly adopted. In this perspective, Freitas (2018) presents the analysis of the foundations of a wind turbine 
in northeastern Brazil. In this study, the author proves that when considering the foundation as a pile raft, the number 
of piles could be reduced from twenty-four to eight, without compromising the performance of the foundation in terms 
of load capacity, settlement, rotational and translational stiffness. In this way, as the number of piles under a piled block 
tends to be smaller than that in standard piled groups, these piles will assume greater loads in the foundation system. 
For this, it is important to employ an effective quality-control method during construction in order to minimize or avoid 
the occurrence of defective piles.  

Various studies have been developed on the subject of piled blocks containing defective piles. In general, however, 
these studies are mainly of theoretical, numerical, or reduced-scale model studies, for example the studies of Makarchian 
and Poulos (1994), Abdrabbo (1997), Xu (2000), Petek et al. (2002), Kong and Zhang (2004), Novak et al. (2005), Cordeiro 
(2007), Cunha et al. (2007, 2010a, 2010b), Zhang and Wong (2007), Leung et al. (2010), Omeman (2012), Chung et al. 
(2013) and Freitas Neto et al. (2014). Experimental studies on piled blocks, particularly the full-scale testing, are rare in 
terms of pile defects. In this study, the behavior of a piled block with defective piles was evaluated numerically along 
with the built-in interaction variables. Due to the lack of information concerning the blocks and foundation groups with 
defective piles, the present study focused on the behavior of a full-scale block sitting on a single defective pile. The piled 
block was constructed at the experimental site of the College of Civil Engineering, Architecture, and Urbanism at the 
State University of Campinas, Brazil (FEC-Unicamp). The defective area of the pile was constituted by two types of 
structural defects. During the execution of the pile, a pre-cast piece with a diameter smaller than the pile diameter was 
installed, simulating a reduction in the cross section of the pile (necking). In addition, the defective area was made with 
mortar, that is, with lower mechanical properties (weakened zones), compared to the concrete that constituted the 
integral area of the pile. The respective defect was measured and analyzed in the laboratory prior to being installed in 
the field. A slow maintained load test (SMLT) was performed until structural failure occurred in the defective pile. 

2 DEFECTS IN PILED FOUNDATIONS 

  Defects in piles can be of structural and/or geotechnical origin. Geotechnical defects occur due to the poor designs 
or insufficient geotechnical studies. Among the geotechnical defects, the most common are the base (point load) and 
lateral (friction) load-bearing capacities that are lower than the predicted one, in particular in presence of lenses of low-
strength materials. According to Poulos (2005), these conditions do not significantly interfere with the required load-
bearing capacity, but they require elevated relative pile displacement (settlement) to mobilize them. 

Defects of structural origin are generally associated with the pile execution, where it is common to occur 
discrepancies in dimensions, strength and/or stiffness of a pile in comparison with predict of design (Poulos, 1997). These 
defects usually manifest themselves as a sudden reduction in the cross-sectional area of a pile due to local concrete 
failures, known as necking (reduced pile cross-sectional area), weakened zones, fractured zones, and damaged zones in 
the pile. 

The most common problems encountered in bored piles are associated concrete segregation, collapse of 
unprotected boreholes, pile discontinuity, or reduced cross-sectional area. In the present paper, the effects of necking 
and the use of material with a compressive strength and modulus of elasticity lower than those of the concrete in the 
pile’s intact zone were selected.  

Klingmüller and Kirsch (2004) presented the German perspective with regard to defective piles and showed that 
15% of tested piles presented anomalies in PIT (pile integrity test) signs and 5% of the tested piles had to be denominated 
as defective that might require intervention. The authors have also mentioned that 30% of the defective piles showed 
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problems related to concrete quality, 21% had insufficient lengths (i.e. less than those in the design), 14% showed 
“necking” in the shaft, and 35% showed structural cracks. 

3. EXPERIMENTAL SITE 

The experimental site is located within the city of Campinas and covers approximately 600 m2, which consists of 
soils in an unsaturated and “porous”, tropical condition with collapsible characteristics. The first studies on this site were 
performed by Gon (2011) and Scallet (2011), followed by Rodriguez (2013) and Schulze (2013), who performed 
geotechnical characterization tests of the area in both the laboratory and field, along with load tests on isolated piles. 
The results of the laboratory tests obtained by Gon (2011) are summarized in Table 1 and were used as inputs for the 
numerical analyses carried out herein. The soil parameters corresponding to a depth of 10 m were assumed as being the 
same as those obtained at a depth of 9 m. 

Figure 1 shows a simplified geological profile of the experimental site obtained from an in situ testing program of 
standard penetration test (SPT) performed by Rodriguez (2013). In Figure 1, it is observed that the SPT blow count shows 
little variability, perhaps as a function of the effect of suction variations. The range of results increases below 8 m, 
perhaps as a function of the proximity of the rock strata which presents variable depth within the site. Scallet (2011) and 
Schulze (2013) performed static load tests on single piles, which have the same geometric characteristics and 
instrumentation as the pile tested herein. This also serves as a basis to the present analyses. 

Table 1. Geotechnical parameters obtained from unsaturated compressive triaxial tests with the soil moisture content constant - 
CW-type (modified from Gon, 2011). 

Depth (m) USCS γ (kN/m3) w (%) Suction (kPa) c (kPa) ϕ (°) ES (MPa) 

1.0 MH 14.1 28.3 43.0 7.4 22.0 13.8 
2.0 ML 14.2 27.9 55.0 7.9 21.0 11.4 
3.0 ML 14.0 28.0 39.0 11.6 22.0 8.5 
4.0 ML 14.4 25.5 85.0 5.8 23.0 11.5 
5.0 ML 15.5 26.2 - 24.0 21.0 9.9 
6.0 ML 15.3 26.1 110.0 42.4 22.0 19.9 
7.0 ML 15.4 28.3 20.0 41.9 22.0 10.9 
8.0 MH 15.2 32.3 - 26.4 22.0 11.0 

9.0-10.0 MH 15.2 40.6 - - - - 

Note: γ is the specific weight of the soil; USCS is the unified soil classification system; w is the moisture content of the soil, obtained on 20 and 21 February 
2010; suction is obtained from the retention curve of the soil; c is the drained soil cohesion; ϕ the drained internal friction angle; and ES the drained modulus 
of rigidity of the soil; ML: Low compressibility silt; MH: High compressibility silt.  

 
Figure 1 Simplified typical geological profile of the experimental field and summary of the standard penetration test (SPT) (modified 

after Rodriguez, 2013). 
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4. METHODOLOGY 

The objective of this study was to evaluate the behavior of a piled block foundation containing a defective pile, using 
numerical analyses such as finite element method (FEM) and experimental tests performed both in laboratory and field 
on a full scale. Information on the foundation’s load-bearing capacity and the total settlements was obtained, either from 
numerical analyses or from static load tests carried out at the experimental site. 

4.1. Numerical analysis 

Numerical analyses were performed using CESAR-LCPC v. 4.07 software, developed by the Laboratoire Central des 
Ponts et Chaussées (Road and Public Works Research Institute). This program uses a three-dimensional (3D) numerical 
tool using FEM. To make the computational effort and convergence of the results compatible, a 15-noded pentahedral 
quadratic volumetric element was used in all the analyses.  

The limits of the model were defined in order to minimize the influence of stress on the limits of the foundation. 
The nodes on the two lateral limits of the model are fixed against horizontal movement (dx = 0), but free in the vertical 
direction. On the other hand, the nodes at the lower limit of the model are fixed against vertical and horizontal 
displacements (dx = dy = 0). The geometry of the model was determined by means of convergence tests, which involve 
verifying whether the results of the boundary conditions are in accordance with the boundary limits defined in the pre-
processing step. 

The dimensions of the model and the respective number of nodes and elements were checked. The evaluated 
geometries were: 30 m x 30 m, 40 m x 40 m and 50 m x 50 m. The boundary conditions imposed to the problem were 
verified at each simulation of the validation process, in which the boundary conditions of the 50 m x 50 m mesh exhibited 
maximum deformations less than one tenth of a millimeter, which is considered insignificant for the type of problem 
under analysis (Figure 2). 

 
Figure 2 Boundary conditions of one quarter a symmetric 3D model. 

The finite element mesh is composed of triangular elements of quadratic interpolation, which have been extruded 
at every meter of depth to produce a three-dimensional pentaedric element. The problem composition resulted in a 
finite element mesh comprising 16,116 elements and 45,860 nodes. To complement the validation analysis, refinement 
tests were performed on the finite element mesh to observe what changes were occurring in the maximum displacement 
obtained compared to other refinement conditions, with less density in terms of elements and nodes. 

The refinement of the mesh, by increasing the density of the mesh in finite elements, caused the displacement 
initially obtained to increase in the following stages until they were practically stable in the 3rd stage. Therefore, the 
option was to keep the mesh with the same number of elements and nodes as in the previous phase (2nd stage), as there 
would be no improvement with further refinement of this mesh. 
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Freitas Neto (2013) had calibrated the CESAR-LCPC software for the case studies of piled foundations available in 
the literature, verifying the simulations obtained from this numerical tool with the available published data. The literature 
results were obtained from other software tools, based on the FEM, boundary element method, and analytical method 
for the analysis of piled foundations.   

One of the challenges to predict the behavior of foundations lies in the adequate estimation of the geotechnical 
parameters needed to apply constitutive models to the problem. In the present study, the geotechnical parameters was 
obtained from Gon (2011) CW-type triaxial tests (consolidated with constant moisture content, unsaturated), and was applied 
to a Mohr-Coulomb linear-elastic perfectly plastic constitutive model elastoplastic, was used to simulate the non-linear 
behavior of the soil in terms of stress vs strain. Soil properties assigned to the soil followed adopted failure criteria and are 
given by the following parameters specific weight (γ); cohesion (c); friction angle (ϕ); modulus of elasticity (E) and Poisson's 
ratio (ν). The Plastic Parabolic model, offered by the CESAR-LCPC software, was adopted for materials with a fragile behavior 
(Parabolic Model) such as concrete from piles and raft, laboratory-determined  and attributed for compression strength (Rc), 
Ec and νc, and values for tensile strength (Rt = 10%·Rc) and γc were adopted. It was used to model the piles given the necessity 
to simulate their structural failure at a given load stage. 

The numerical analyses were divided into three stages. The first stage consisted of performing convergence tests 
where the vertical and horizontal domains were established for the interest. These domains were two and three times 
the length of the pile, respectively, for the aforementioned directions. Moreover, the level of refinement of the finite 
element mesh was established in this stage. This level was considered ideal when the convergence was reached for the 
structural pile elements, in terms of displacement and load distribution results. The second stage corresponded to the 
calibration of geotechnical parameters in the Mohr-Coulomb constitutive model, followed by the acquisition of 
parameters for dimensioning and molding the defective (structural) zone in the pile. The third stage involved a group of 
numerical analyses performed to simulate an intact piled block, as a reference system to compare the behavior of the 
experimental piled block with that of the defective pile loaded in the field. 

Based on the aforementioned numerical analyses, it was observed that the geotechnical parameters obtained 
by Gon (2011), shown in Table 1, are similar to that obtained experimentally in the load tests on an isolated pile 
performed by Scallet (2011) and Schulze (2013) (Figure 3). The Figure 3 also shows the results from the numerical 
simulation carried out by Freitas Neto (2013) with the CESAR-LCPC software. Because these piles had the same 
geometric characteristics (L = 5 m and D = 0.25 m) and were executed on the same experimental site in which was 
used for the present study, the geotechnical parameters obtained by Gon (2011) were used in all the numerical 
analyses herein. 

4.1.1. Calibration of geotechnical parameters and dimensioning of the defect 

According to Hachich et al. (1998), the ultimate capacity of a foundation can be called a “physical” failure when the 
relationship between the increment of the pile’s settlement and the incremental load tends to approach infinity. 
Otherwise, such failure is referred to as “conventional”, based on a criterion applied when there is no obvious physical 
failure of the foundation. Various criteria exist for determining the conventional failure load. The criteria proposed by 
Décourt (1993, 1995), and the British standard (BS 8004:1986, 1986) were adopted in order to determine the 
conventional ultimate capacity in this study. These criteria indicate that the defined failure load for displacement piles 
and bored piles must be equivalent to a settlement corresponding to 10% of the nominal pile diameter. In the present 
paper, the piles had a diameter of 25 cm, thus the defined (geotechnical) ultimate load capacity was equivalent to a 
settlement of 25 mm (= 10% × 25 cm). When applying these criteria to the load vs. settlement curves obtained by Scallet 
(2011) and Schulze (2013), the defined failure loads were equal to 150 kN and 175 kN, respectively (see Figure 3). 

Figure 3 also shows a defined geotechnical ultimate load capacity equivalent to 25 mm settlement obtained from 
the load vs. settlement curve in the numerical FEM analysis, performed by Freitas Neto (2013), which in this case was 
equal to approximately 163 kN (Figure 3). Because the loads were reduced along the depth, variation of the axial load 
along the pile axis (Figure 4) was also determined from the numerical analyses.  

The load in the section referring to the position where the defect would be inserted (varying between 1.9 m 
and 2.5 m of depth in the field) varied between 130 kN and 140 kN when the load on top of the pile measured 
163 kN. The average structural compressive load corresponding to this cross-section, where the defect would be 
experimentally installed, was 135 kN (Figure 4). Thus, applying a safety factor of 2 (according to Brazilian standard 
NBR 6122:2010), a value of 67.5 kN was obtained, i.e. equivalent to the load mobilized at the section during the 
admissible, working, and geotechnical conditions. Since the idea was to have the isolated pile failing structurally at 
the defective zone just before it reached this admissible load, the defective section had therefore to be designed 
to withstand a maximum structural load of 67.5 kN. 
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Figure 3 Numerical and experimental load vs. settlement curves of isolated intact pile (Scallet, 2011; Schulze, 2013; 

Freitas Neto et al., 2014). 

 
Figure 4 Numerical prediction of the compressive load along depth on the axis of the simulated isolated pile (Freitas Neto, 2013). 

This numerical FEM analysis performed by Freitas Neto (2013) focused solely on the defective zone, and on the 
adopted back-calculated data obtained from the experimental load test conducted by Scallet (2011). Table 2 shows the 
geometric and elastic parameters and the load applied to the pile, used in the referenced back-analysis process. The finite 
element meshes adopted in model the defective pile consisted of approximately 6,000 volumetric elements and 
18,000 nodes of quadratic interpolation. It should be pointed out that the vertical and horizontal domains, as well as the 
adopted refinement criteria, were the same as those previously discussed in Section 4.1. 

Once the axial compressive load was defined at which the pile would fail during the experimental tests, it was 
possible to mold and simulate in the laboratory the pile’s defective zone, i.e. the zone to structurally fail during tests. 
According to Poulos (2001), structural defects in piles can occur from cross-sections consisting of lower-quality materials, 
with compressive strengths and moduli of elasticity different from those of the material constituting the intact zone of 
the pile, and / or through a cross-sectional reduction in the pile. In this study, both characteristics were evaluated. 
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Table 2. Parameters used in the numerical analysis of the experimental load test performed by Scallet (2011) (modified 
after Freitas Neto, 2013). 

D (m) AP (m2) B (m) L (m) H/L Ep (GPa) k0 νC νS Pmax (kN) 

0.25 0.0491 3.L 5 2 22.85 0.626 0.15 0.45 200 

Note: D is the diameter of the pile section, AP the cross-sectional area of the pile, B the horizontal domain, L the pile length, H/L the vertical domain, Ep the 
modulus of elasticity of the pile, k0 the thrust coefficient at rest, νC the Poisson’s ratio of the concrete, νS the Poisson’s ratio of the soil, and Pmax the maximum 
load applied to the top of the pile. 

The defective pile section was molded with mortar at a cement/sand (C/S) ratio of 1:9 and water/cement (W/C) 
ratio of 1.5. The ideal mixture was determined by means of an experimental laboratory study in such a manner that 
the optimum sand/cement ratio and water/cement ratio produced an average rupture stress of 1500 kPa. The intact 
cross-section of the pile had a solid diameter of 25 cm.   

To mimic the reduction of the pile cross-sectional area, a hollow cylinder with a diameter equal to 18.4 cm was 
molded, decreasing the cross-section of the intact pile by 26.4%. Under these molding conditions, the full-scale 
specimens that simulated the pile’s cross-section underwent uniaxial compressive strength tests in the laboratory, with 
the same dimensions and possibly similar conditions as those that would be encountered in the field. Test results are 
presented in Table 3. It is noted that the specimen that simulated the defective zone of the pile failed at 38.5 kN, lower 
than the failure load predicted by FEM analysis, representing a safety factor higher than 1.5, which was the minimum 
required to guarantee a rupture in the field test, during the pile loading process. Thus, it was understood that if the 
defective zone of the pile was molded under such conditions and installed in the field, structural failure would actually 
occur before the predictions of the numerical analysis. 

Table 3. Results from simple uniaxial compression tests performed on defective sections similar to those installed in the field. 

Material Method DExtAVE (m) DIntAVE (m) DEQUIV (m) Pu (kN) Area (m2) σu (kPa) 

Mortar (C/S 
ratio of 1:9, and 
W/C ratio of 1.5) 

FEM prediction 0.245 0.15 0.194 67.5 0.0295 2,290 

Experiment (specimen 1) 0.237 0.242 0.182 40 0.0259 1,540 

Experiment (specimen 2) 0.239 0.244 0.185 38.5 0.0270 1,410 

Note: DExtAVE is the average external diameter of the defect region, DIntAVE the average internal diameter of the defect region, DEQUIV the equivalent diameter of 
the defect region, Pu the ultimate load capacity of the defective region, and σu the ultimate capacity of the stress defective region. 

4.1.2. Numerical analyses of the intact and defective piled block 

To obtain a model with which to compare the foundation containing a defective pile, numerical analyses were 
performed on the respective (idealized) block containing an intact pile. A numerical evaluation of the experimental block 
with defective pile was also made. The nomenclatures adopted for the numerical simulations were IPR(NUM) and DPR(NUM) 
for the block founded on an intact and defective pile, respectively; likewise, DPR(EXP) are for experimental studies. Table 4 
shows the geometric and elastic parameters used in the numerical analyses. The geotechnical parameters used for all of 
the numerical simulations are shown in Table 1. 

4.2. Installation of the piled block and static load test 

The pile cross-section is shown in Figure 5. From this figure, it is possible to note its general layout under the block, 
the dimensions of the piled block, the dimensions and location of the defect, and the respective positions of the 
instrumentation at the top and bottom of the pile. The pile was instrumented at these locations with strain gages installed 
in a complete full bridge-type arrangement. 

The first installation stage involved cleaning the ground and excavating the shaft to an approximate depth of 5 m with a 
borehole containing a short helical auger coupled to a telescoping stem, followed by the installation of the structural 
reinforcement cage and pouring of concrete. The defective pile was reinforced with 4 CA-50A steel bars (ϕ = 10 mm) and a helical 
stirrup of CA-50 steel (ϕ = 6.5 mm). In contrast to the defective pile, the reaction piles were reinforced along their entire length. 
The top block was structurally dimensioned by assuming it as a rigid element, i.e. with lines of internal compressive stresses 
inclined at an angle of around 40° to 55° to the horizontal. This procedure produced a reinforcement of 10 mm diameter steel 
bars spaced every 20 mm. The ultimate compressive strength of the concrete for both piles and block was 25 MPa. 

The installation procedure used for the defective pile differed from that of the reaction piles since, in the former 
case, the longitudinal reinforcement was divided into two 2.5-m segments, and an additional 0.6 m segment was cut on 
the upper half of the reinforcement. This region taken from the reinforcement corresponded to the position at which 
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the defect was installed. The defect was positioned in the upper medium segment of the pile, i.e. between depths of –
1.9 m to –2.5 m (Figure 5). This position was defined by considering that the closer the defect to the surface, the higher 
its influence on the foundation behavior. Figure 6 shows the longitudinal composition of the defective pile. In this case, 
the installation sequence followed the procedure given below:   

(1)  Positioning of the reinforcement in the lower region of the pile at the bottom of the borehole; 

(2)  Pouring of concrete for the lower 2.5-m-long region of the pile; 

(3)  Installation of the pre-molded, hollow mortar cylinder that represented the defective zone, or the defect itself, 
lowering it until it reached the previously poured region; 

(4)  Installation of the upper region of the pile, followed by the pouring of concrete; 

(5)  Preparation of the block (pile top block): excavation (Figure 7); positioning of the reinforcement (Figure 8) and 
concrete casting (Figure 9); and 

(6)  Excavation around the block to avoid lateral friction (Figure 10). 

Table 4. Geometric and elastic parameters used in the numerical analyses. 

DPI 
(m) 

DPD 
(m) 

API 
(m2) 

APD 
(m2) 

B 
(m) 

L 
(m) 

Ld 
(m) 

zd 
(m) 

Rc 
(MPa) 

Rt 
(MPa) 

σapplied H/L s/DPI 
EP = ER 
(GPa) 

EPD 
(GPa) 

ES 
(MPa) 

νc νS 

t (IPR(NUM) 
and 

DPR(NUM)) 
(m) 

0.25 0.185 0.049 0.027 3L 5 0.6 1.90 25 2.5 Variable 2 5 22.9 5.9 Table 
1 0.2 0.45 0.55 

Note: DPI is the diameter of intact piles; DPD the equivalent diameter of the defective cross-section; API the cross-sectional area of the intact zone of the piles; 
APD the cross-sectional area of the defective zone of the piles; Ld the length of the defective zone; zd the depth of the defect; t the block thickness; s/DPI the 
relative spacing; EP  and ER are the moduli of elasticity of the concrete in the pile and block, respectively; EPD is the modulus of elasticity of the defect material; 
σapplied the stress applied at the center of the block; Rc the compressive strength of the concrete; and Rt the tensile strength of the concrete. 

  
Figure 5 Schematic of the defective pile and instrumentation for DPR(EXP).  

Instrumentation 
at the pile point

Instrumentation at 
the top of the pile

 
Figure 6 Longitudinal design of the defective pile (total length, size and positioning of the defective zone and placement of 
instrumentation). 
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Figure 7 Excavation to the leveling mark of the pile for DPR(EXP).  

 
Figure 8 Positioning the reinforcement for DPR(EXP). 

  
Figure 9 Pouring the concrete for DPR(EXP).  

 
Figure 10 DPR(EXP) system excavated laterally. 
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The instrumentation (strain gages, connected in a full bridge configuration) was fixed to the axis of the 
reinforcement, thus positioned at the top and base of the tested pile. The encasement of the pile’s reinforcement in the 
block was guaranteed with a 10-cm indentation in all piles. Additionally, prior to positioning the reinforcement in the 
block, the instrumentation wires were duly protected by passing them through PVC tubes. 

Concrete specimens were molded from each stage during the installation process. The concrete samples, molded 
in the field, have been subjected to uniaxial compression tests to estimate their deformation and strength properties. 

The results of the compression tests are shown in Table 5 with both concrete and steel’s modulus of elasticity. The 
composite modulus of the reinforced concrete is also shown, calculated by considering that the deformations were equal 
in both concrete and steel elements at the instrumentation’s level, since the instrumentation bar was fully immersed in 
the pile’s concrete. The value of this combined modulus was adopted during the interpretation of the results from the 
pile’s instrumentation in the aforementioned static load test. 

Table 5. Summary of the results obtained from the compression tests and corresponding moduli of elasticity used for interpreting 
the instrumentation of the pile in the DPR(EXP) system. 

Concrete σRupt (MPa) EConcrete (GPa) ESteel (GPa) EComposite (GPa) 

Pile in DPR(EXP) system 27.8 32 210 33.1 

Note: σRupt is the ultimate load capacity of concrete of the pile, EConcrete is the modulus of elasticity of the concrete, ESteel is the modulus of elasticity of the steel, 
and EComposite is the modulus of elasticity of the composite. 

4.3. Static load test 

The load test shown in this study was performed as per the Brazilian standard NBR 12131:2006 (2006). In addition 
to the test pile, mechanically bored type reaction piles were also installed, with dimensions of 0.6 m × 9.0 m (diameter × 
length). These piles were designed to resist the tensile forces caused by the reaction system during the load tests and 
were reinforced with 10 CA-50 steel bars (ϕ = 10 mm) and a helical CA-50 steel stirrup (ϕ = 6.5 mm). This reinforcement 
was complemented by the installation of a Dywidag type steel bar with an identical length and diameter of 32 mm. The 
reaction beam used in the load tests was 5.3 m long and assembled by the union of two I-shaped steel profiles, the cross-
section of which had flange and web of 0.32 m and 0.74 m, respectively. It weighed approximately 31 kN and had a 
resistance capacity of approximately 2,000 kN (Figure 11). An ordinary load cell with the maximum capacity of 2,000 kN 
was used for the load measurement devices applied to the top of the block. The displacement readings were performed 
using four displacement transducers (LVDT) with range of 100 mm. These transducers were fixed on two orthogonal axes 
with magnetic bases and a flexible extensible arm. In this way, it was possible to obtain both the average and the 
differential settlement on the piled block before and after the structural pile failure (at defective zone). 
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Figure 11 Front view sketch of the main reaction system (Garcia, 2015). 
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5. RESULTS AND DISCUSSION 

This section presents and discusses the experimental results obtained for the piled block founded on a single 
defective pile (DPR(EXP)), via static load test, and the numerical simulations via 3D FEM modeling using CESAR-LCPC 
software (DPR(NUM) and IPR(NUM)). Table 6 gives the values of the defined (geotechnical) ultimate load capacity and 
settlement results obtained from both numerical analyses and the static load test carried out in the field. The defined 
(conventional) ultimate load capacity was set at 25 mm of settlement from the load vs. settlement curves, as previously 
stated. 

Table 6. Summary of the results obtained from the load tests performed in the field and the numerical analyses (IPR(NUM), DPR(NUM) and DPR(EXP)). 

Piled block NE NPD ΔQ (kN) Pu (kN) ρMRUPT (mm) ρMAX (mm) ρDMAX (mm) 

IPR(NUM) 1 0 15.0 190.0 25.0 59.8 - 
DPR(NUM) 1 1 20.0 133.0 25.0 91.0 - 
DPR(EXP) 1 1 15.0 110.0 25.0 ~ 100.0 ~ 25.6 

Note: ΝE is the number of piles under the block, ΝPD the number of defective piles under the block, ΔQ the load increment applied at each loading stage, Pu 
the geotechnical ultimate load capacity of the foundation, ρMRUPT the average settlement at ultimate load capacity, ρMAX the maximum settlement at the end 
of the loading stage; and ρDMAX the maximum differential settlement. 

Figure 12 compares the load-settlement curves obtained numerically for the simulated intact and defective piled 
blocks, IPR(NUM) and DPR(NUM), respectively, together with the experimental data for the defective piled block DPR(EXP). 
Considering only the numerical results, it is hypothesized that a block founded on an intact pile would have a conventional 
geotechnical failure load of 190 kN. This load was defined as the value corresponding to a 10% displacement of the pile 
diameter, as mentioned previously. Due to the defective pile, the failure load drops to 133 kN. Taking into account a 
common definition for safety factor, i.e. the ratio between the ultimate failure load (at intact condition) over the actual 
load, some interesting scenarios are observed. First, according to the numerical modeling of the defective pile implies an 
approximately 30% decrease in the pile failure load. Secondly, by developing a defective zone, the defective DPR(NUM) 
system geotechnically fails at a safety factor of 1.4 but not 1, as previously expected when applying the (Brazilian) design 
standard (allowable load at safety factor of 2). It is also noticeable that the value of αpr during failure, i.e. the division of 
load between the block and defective pile, was around 0.5 (50%) for both experimental and numerical cases. 

 
Figure 12 Comparison of the load vs. settlement curves for the distinct piled blocks either numerically simulated or experimentally tested. 

Comparing the numerical and experimental results that are respectively valid for the IPR(NUM) and DPR(EXP) systems, it can 
be concluded that there is a decrease of approximately 40% of the failure load of the system foundation. The defective system 
geotechnically fails at a safety factor of ∼1.7 rather than 1. In this latter case, if the system was designed assuming an allowable 
load of 95 kN at a safety factor of 2 (based on intact IPR(NUM) failure load), the conclusion is that if a defective zone develops, it 
leads this system to be at an imminent failure stage (at 110 kN, with an actual safety factor of 1.16). 

By adopting the defined (conventional) load-bearing capacity value of the numerical IPR(NUM) system as a 
benchmark, the global safety factor at each loading level was determined for both defective experimental DPR(EXP) and 
intact numerical IPR(NUM) systems. For instance, at 95 kN load level, the intact system has a designed safety factor of 2, 
i.e. 190/95 (hence this would be the allowable working load of the system). Under the same load, the defective system 
has an actual (generally unknown by the designer) safety factor of 1.16, i.e. 110/95.  
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As observed, the load vs. displacement behavior obtained in the numerical simulation of the defective pile did not 
satisfactorily represent the field performance, especially for values close to the failure load. This can be attributed to the 
particular characteristics of the soil next to the pile (tropical soil), and principally to the failure mode of the defective 
section. It should be noted that the material of the pile presents a fragile type rupture, whereas in the numerical 
simulation, this specific characteristic could not be employed. 

One should realize that this is just an academic exercise on the comments given in previous sections of the paper, 
where it was stated that the defect was actually molded intentionally to “activate” itself around the admissible 
(geotechnical) load of the isolated pile. The installed defect in the pile was intended to simulate typical structural 
pathologies found in such foundation elements. To do so, it was assumed that one pile segment 0.6 m in length would 
consist of mortar, whose mechanical properties are inferior to those of the pile’s concrete. The defect therefore would 
simulate a necking type structural failure of the pile’s shaft. It was designed to present and quantify, roughly, the 
consequences of a defect in a piled block system. Nevertheless, the discussion clearly serves to describe how misguided 
one can sometimes be with the design once a hidden defect turns out to be active in the foundation. It is also obvious 
that, the larger the number of piles, the lower the influence of this variable on final behavior and safety standards. In 
fact, Freitas Neto (2013) demonstrated this with other (larger) piled block systems tested on this same site.  

To check the structural failure of the pile defective zone, after the load test, a 3 m-deep trench with a 0.9 m diameter 
was excavated next to the pile. Figures 13 and 14 confirm the structural failure hypothesis and corroborate the 
predictions (experimental and numerical) for the pile behavior in this particular zone along the testing stages. Indeed, it 
is noticeable that the defect was fully mobilized, leading to the total failure of this zone. Moreover, by comparing the 
overall geometric aspects of both failed zones from the laboratory and the field, the failure mechanisms of the defective 
zone were similar, which was concentrated along one direction of the shaft, perhaps allowing for the extreme angular 
distortions observed for the tested system in the post failure stage. 

  
Figure 13 Defective zone in the pile mobilized after load test performed on DPR(EXP) system.  

 
Figure 14 Another detail of the defect after load tests performed on DPR(EXP) system. 

0.
6  
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6. CONCLUSIONS 

The numerical modeling represented by DPR(NUM) analysis, failed to simulate the behavior of the pile under the 
field’s loading procedure DPR(EXP) analysis, especially for stages with loads higher than the workload (loads greater than 
95 kN). The main reason for this was the fragile rupture of the pile in the defective zone, which resulted in the loss of 
bearing capacity after the element breakdown. 

Once a defect is mobilized, i.e. “activated” within the pile, there is an inevitable loss of bearing capacity of the entire 
piled block system, and simultaneous increase in displacement for the same load level, when compared to an “intact” 
non-defective system. The present numerical (DPR(NUM)) and experimental (DPR(EXP)) analysis demonstrate that, for a 
system with a single pile (worst case scenario), the failure load can be decreased to 40% of the intact condition (IPR(NUM) 
analysis). In this particular case, one can also observe that the envisaged safety factor of the system (in terms of bearing 
capacity) is misleading in allowable design conditions. The failure load of the intact piled block was 190kN. Assuming a 
safety factor of 2, the allowable load on this intact foundation would be 95kN. Observing the results obtained both in the 
numerical simulation and in the load test, it was concluded that at 95 kN the defective foundation was in the imminence 
of the rupture, that is, with a safety factor of close to 1, when the expectation for such load level was that the was 2. 

In light of the above, it is therefore noticeable that detection procedures for checking possible defects, to allow for 
quality assurance for the piles of a foundation system, must be encouraged.  

It is finally worth emphasizing that the results obtained in the present research cannot be extrapolated 
indiscriminately to blocks with a larger number of piles, because the geometry of a block and the number and positioning 
of intact and defective piles can exert significant influence on the behavior of the foundation system. Indeed, as 
demonstrated by Freitas Neto (2013), there seems to be a tendency to diminish the importance of the defective pile in 
larger piled block systems, with a higher number of piles, but further studies in this field are essential. 
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