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Abstract. Large-diameter bored piles are increasingly used in the foundations of bridges, viaducts, and high-rise
buildings. This paper proposes a normalized equation to predict the load-displacement curve of bored piles in
homogeneous sandy soils from the results of numerical analyses. Geotechnical investigation data and load test
results from Araquari Experimental Field were used to calibrate the numerical model run in Abaqus. Appropriate
simplifications were made to facilitate the analysis without compromising the representativeness of the real
conditions. Sixteen numerical analyses were performed in Abaqus, simulating load tests on piles of four different
diameters and four different lengths. The Mohr-Coulomb plasticity criterion was used to model the granular
behavior of the soil, while a linear elastic model represented the behavior of the pile due to its stiffness compared
to the soil. Based on the results of the numerical analysis, the total loads obtained by the model were compared
with those estimated by semi-empirical methods and measured in the in-situ load tests. A normalized equation has
been proposed to estimate the load-displacement curves. It is concluded that the methodology adopted in this work
was appropriate and the analysis results were satisfactory, contributing to the understanding of the behavior of
bored piles.
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1 Introduction

Deep foundations utilizing piles are extensively employed to resist and transfer superstructure loads to the soil.
The load transfer mechanism involves both lateral friction and pile tip resistance, contingent upon the
characteristics of the pile, soil, and applied load. Load testing is a prevalent method for predicting pile behavior,
yielding load-displacement curves. Numerous studies (Fleming, [1]; Liu et al. [2]; and others) have developed
methods to predict these curves using hyperbolic functions, which consider parameters related to the initial
stiffness and asymptote of the curve, calibrated manually based on soil parameters and pile characteristics.

This study aims to introduce a rational formula for predicting the load-displacement curve of individual bored
piles in homogeneous sandy soils, derived from numerical modeling results. Additionally, the bearing capacity of
bored piles obtained from the numerical model was compared with estimates from semi-empirical methods
proposed by Aoki-Velloso [3], Décourt-Quaresma [4], and Teixeira [5], which are widely utilized in Brazil.

2 Material and Methods

Sixteen static load tests were numerically simulated to investigate the effect of varying pile diameter and length
on load mobilization and interaction mechanisms. The reference diameter (D,..¢) and reference length (L,qf) were
established as 1 m and 24.25 m, respectively, based on the dimensions of the tested piles in Araquari Experimental
Field (AEF). The embedded pile lengths were 6.21 m, 12.28 m, 18.34 m, and 24.25 m, considering a free length
of 0.15 m above the ground. The diameters were 0.25 m, 0.50 m, 1.00 m, and 1.50 m.

The field tests conducted in AEF (area of 0.3 km?) in Santa Catarina, Brazil, revealed seven distinct layers
predominantly composed of compact to loose sands, with a relative density ranging from 27% to 75%. An
intermediate layer of silty-sandy clay is found at depths of 18 m to 22 m. The moisture content ranges from 10%
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to 70%, Nspr from 5 to 30, the corrected cone tip resistance (g, ) from 2.5 MPa and 10 MPa, the peak friction angle
ranges from 23.3° to 38°, the critical friction angle from 22.8° and 35.9°, and the void ratio from 0.61 and 0.95
(Lavalle [6]). The groundwater table was observed to be approximately 3 m below the ground surface (Nienov,
[7]). Further details about the experimental field and load tests are available in Nienov's work [7].

A simplified single-layer model was adopted for two key reasons: (1) the challenges associated with calibrating
seven-layer numerical models simultaneously (as discussed by Costa [8], and Sampa, Costa, and Nienov [9]), and
(2) the difficulty of deriving a rational equation given the numerous variables involved. It is important to clarify
that the primary objective of this paper is not to directly compare the results with AEF load tests, as several
simplifications were made. Instead, the focus is on developing a rational equation to predict the load-displacement
behavior of bored piles in homogeneous soils. The mean geotechnical parameters (Tab. 1) have been determined
through a weighted average of the values observed across the seven layers, using Eq. 1.

B/

where x is the weighted value of the parameter, x; is the value of the parameter for layer i, and h; is the

thickness of layer i.

Parameter Value Parameter Value
Peak internal friccional angle - ¢, (°)  33.091 | Permeability coefficient — k (m/s) 0.0001
Dilatancy angle — ¢ (°) 1.134 | Initial void ratio — eo 0.759
Lateral earth pressure at rest - K, 0.454 | Cohesion — ¢ (KN/m2) 7.965
Elastic Module — E (GPa) 33.402 | Bulk unit weight —y (kN/m3) 18.870
Poisson’s ratio — v 0.3 Friction coefficient - p 0.627

Table 1. Geotechnical parameters of the granular material.
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Figure 1. Boundary conditions and mesh of the discretized model.

Vertical load tests were simulated through two-dimensional Finite Element (FE) model, using Abaqus software.
To account for the symmetry, it was modeled a half-soil domain with dimensions of 12.5 m in length (12.5 times
pile diameter), and 36.25 m in depth (1.5 times the reference pile length). The domain size was deliberately
enlarged to minimize significant boundary effects on computed displacement, deformation, and stress. Refined
meshing was applied around the pile tip (Fig. 1).

Both vertical and horizontal displacements were constrained at the base, while only horizontal displacement
was restricted on the right side and along the symmetry axis. To simulate groundwater and saturated soil conditions,
a pore pressure of 0 kPa was imposed on the ground surface.

The pile was modeled as elastic, with a Young's modulus of 40.33 GPa and a Poisson's ratio of 0.3. The soil
was defined as an elastoplastic material following the Mohr-Coulomb failure criterion. Saturated soil layers used
solid homogeneous elements with pore pressure (CAX4RP), while the pile used CAX4R elements.

Pile-soil interactions were modeled using a surface-to-surface contact approach with a master-slave algorithm.
Contacts were treated as hard and normal to interfaces, with shear contact between soil and pile simulated through
the Coulomb friction model. The friction coefficient was related to the critical friction angle (¢ = tan ¢y).
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The vertical load test simulation consisted of three steps: geostatic analysis, pile installation, and the load test.
The initial step established the self-weight stress field using a body force option and a K, derived from 1 — sin ¢.
The deactivation technique was employed during pile installation, as accurately replicating the in-situ stress
conditions during numerical simulation is extremely complex. In the third step, a displacement boundary condition
was applied, allowing a maximum displacement of 10% of the D, (0.1 m), aligned with experimental load tests
conducted at the AEF.

The soil parameters from Tab. 1 and the reference pile dimensions were used to calibrate the numerical model.
A closer match between the experimental and numerical curves (Fig. 2) was obtained by adjusting the coefficient
of earth pressure at rest (K,) from 0.454 to 0.51. After calibration, 16 numerical simulations were performed,
varying pile dimensions while keeping soil and pile properties constant.

The numerical results were used to develop a normalized expression for estimating the load-displacement curve
and were compared with estimates from semi-empirical methods.
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Figure 2. Comparison between experimental and numerical load — displacement curves.

3 Results and Discussion

The load-displacement curves (Fig. 3) indicate that total loads (Q;) increase with pile length and displacement
for piles of the same diameter. In addition, total loads increase with pile diameter for piles of the same length. This
observation is consistent with expectations, as piles with larger diameters and lengths provide greater tip and lateral
surface areas, respectively, resulting in increased tip resistance and lateral friction.
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Figure 3. Load-displacement curves: a) D =0.25m, b) D=0.50 m, ¢) D =1.00 m, d) D = 1.50 m.

In Fig. 4, for a given pile displacement, both the total load (Q;) and the total load per unit area (q;) increase
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non-linearly with the normalized length (L/D). The Q, versus L/D curves for varying diameters display different
behaviors, with steeper slopes as pile diameter increases. In contrast, the g, versus L/Dcurves for different
diameters exhibit a more consistent trend.

Normalizing the total load as [(q;/Patm) * (L/D)] results in the convergence of the four curves for each
displacement (25 mm, 50 mm, 75 mm, and 100 mm) into a single curve, as depicted in Fig. 5a. This figure
demonstrates that, for a given L/D, the normalized load [(q;/Patm) * (L/D)] is solely dependent on displacement.

The atmospheric pressure (P, ) is 101.325 kilopascals.
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Figure 4. a) variation of total load and b) variation of total load per unit area versus L/D.
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To eliminate the influence of displacement on the curves in Fig. 5a and obtain a single curve, the values of
[(q¢/Patm) - (L/D)] for each displacement were divided by their respective values corresponding to a
displacement of 25 mm, as described by Eq. 2. Consequently, Fig. 5b illustrates the variation of the average A, as

a function of the normalized displacement (§ /1"), where 1 inch (1") is equivalent to 25.4 mm. Equation 3 describes
the relationship between A, and §/1".
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Figure 5. a) Normalized curves for each displacement, b) A, versus normalized displacement (5/1").
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The values of [(q;/Patm) * (L/D)] for each curve in Fig. 5a were divided by A, and then plotted as a function
of L/D (Fig. 6a), thereby normalizing the 16 curves shown in Fig. 4. Equation 4 describes the curve shown in Fig.
7a and allows the prediction of the total load per unit area for a given displacement, considering different pile
geometries. The generic expression for estimating load-displacement curve is given in Eq. 5, where the load factors
Ny, Ny, and N3, depend solely on the soil properties, and further studies with varying soil parameters are required
to calibrate these factors. From a practical standpoint, a single load test curve obtained in homogeneous soil can
be used to calibrate these factors. Once calibrated, the equation can then be applied to estimate the load-
displacement curves for different piles installed at the same location. The subsequent validation of this equation
using results from various load tests will not only promote the practical application of the method but also create
opportunities for reducing both costs and time.

Figure 6b compares the normalized load values from Abaqus with those estimated by Eq. 4 to evaluate the
accuracy of the proposed expression. The results show a high degree of agreement for low values of L/D, while a
larger scatter is observed for higher values of L/D (slender piles).
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Figure 6. a) Normalized load versus L/D, b) comparison between Abaqus results and estimated results (Eq. 4).
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Figure 7. Comparison of total loads: numerical and semi-empiric results.

To assess the consistency of the simplifications made during the simulation, Figure 7 compares the results obtained
from Abaqus with those estimated using semi-empirical methods. For clarity, Abq(1) considers Q; values at a
displacement of 100 mm, while Abqg(2) considers Q, values at displacements of 10% of the diameter. According
to Salgado's [10], the ultimate load corresponding to a displacement of 10% of the pile diameter can be sufficient

to induce operational failure or structural collapse of the element.
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In general, the Teixeira (1996) method produced the highest Q, values across all analyses, making it the least
conservative method. The Q; values from the other methods were in the same order of magnitude. For piles with
diameters of 1.00 m or less, the Abaqus results showed lower Q, values compared to the other methods and were
closer to the results predicted by the Décourt-Quaresma and Aoki-Velloso methods. The small discrepancy may
be due to methodological differences and simplifications resulting from layer homogenization. For larger pile
lengths, regardless of diameter, the Décourt-Quaresma method gave more conservative results than the Aoki-
Velloso method.

4  Conclusions

The paper proposes a normalized equation for predicting load-displacement curves based on the results of 16
numerical simulations involving different bored piles in homogeneous sandy soil.

A closer match between the experimental and numerical curves was observed, suggesting that the
simplifications made can be considered reasonable for the purpose of this study. When comparing the loads
obtained from numerical simulations and those estimated by semi-empirical methods, Teixeira's method proved to
be the least conservative, estimating higher values for total load, tip resistance, and lateral friction. For longer
piles, regardless of diameter, the Décourt-Quaresma produced more conservative total load estimates than the
Aoki-Velloso. For piles with diameters less than or equal to 1.0 m, the Abaqus results showed lower total loads
compared to other methods and were more consistent with the results of Décourt-Quaresma and Aoki-Velloso.

From a practical perspective, in homogeneous fields, the proposed equation can be a valuable tool for the
preliminary estimation of load-displacement curves, provided that the load factors N;;, N,;, and N3, - which
depend solely on soil properties - are calibrated in advance. A single load test curve obtained in homogeneous soil
can be used to calibrate these factors. Once calibrated, the equation can then be applied to estimate the load-
displacement curves for different piles installed at the same location.

The approach presented in the paper is innovative; however, it may raise several questions due to the
simplifications made in the numerical model. Consequently, ongoing research is focused on two main areas: 1)
comparing the results of the proposed equation with those from experimental field tests, and 2) extending the
equation to address non-homogeneous soils.
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