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A B S T R A C T

In tall and light structures, such as transmission towers, wind turbines, and light-gauge steel structures, there is
an increasing application of pile cap with helical pile foundation systems to resist the uplift loads due to the
effects of windstorms and earthquakes. There is a lack of knowledge, published literature, or analysis methods to
account for the effects of the pile cap, helical pile group, and soil interactions on the holistic response of the
foundations, particularly, for the load conditions creating net uplift loads. In the lack of such, discrete modeling
approaches are frequently employed in practice. These approaches isolate each system component and analyze
them individually, neglecting the interactions between them. In an attempt to bridge this knowledge gap, this
study proposes a system-level modeling methodology for the holistic analysis of pile cap systems in dry soil and
static load conditions, while accounting for the effects of interactions between system components and the
inherent material nonlinearities. The methodology employs a three-stage process in which the material and
interaction properties are calibrated with the experimental benchmark specimens. The failure mechanisms are
also experimentally verified based on the relative displacement of the piles. Important modeling considerations
are discussed, and experimental benchmark specimens are provided to assist practitioners in accurately per-
forming system-level analyses. The effectiveness of the proposed methodology is discussed, and the responses
obtained, including the load–displacement responses, load capacities, and failure modes, are compared with
those obtained from the discrete modeling approaches. The results demonstrate that discrete modeling ap-
proaches significantly underestimate the load capacity while not accurately predicting the governing behavior
and the failure modes.

1. Introduction

The design of tall and light structures, such as latticed towers
(supporting telecommunication equipment or transmission lines), wind
turbines, and light-gauge steel frame structures, are typically governed
by the large overturning moments generated by lateral loads. These
moments create tension–compression force couples and may expose
windward side foundations to significant net uplift forces, which are
typically more challenging to resist than the compression loads. Helical
piles are increasingly more commonly used in practice to resist the
uplift effects of the lateral loads due to their high tensile capacities, low
disturbance to surroundings, and suitability to construction sites with
limited access or space [1,2]. Helical piles are typically installed in
groups and connected to a pile cap or a pile cap strip (e.g., a grade
beam) to create two- or one-way stress flows. A successful design of a
helical pile foundation system requires accurately capturing the re-

sponses of the pile cap, pile group, soil, and the interactions between
them [3-9]. There is, unfortunately, a lack of knowledge and analysis
methods in the literature to account for these effects holistically when
resisting uplift loads. Analysis of helical foundation systems is pre-
dominantly conducted in practice using discrete modeling approaches
performed by structural and geotechnical engineers separately. In this
approach, the structural analysis focuses on the isolated pile cap [10-
12] and neglects the effects of the piles and soil by assuming pile shafts
pinned or fixed (e.g., Fig. 1a). The main focus of the structural analysis
is to design the concrete foundation and obtain the pile end reactions
(i.e., the forces applied to piles). The geotechnical analysis, on the other
hand, uses these reactions and models the soil and the helical piles
explicitly [13-15] while the effects of the pile cap, including pile to pile
cap connections, are neglected (e.g., Fig. 1b). There is a need to es-
tablish a system-level modeling methodology (e.g., Fig. 1c) to overcome
the current challenges and asses the consequences of using the currently
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employed discrete modeling approaches.
The current advancement in the computational capabilities of high-

fidelity nonlinear finite element (NLFE) modeling has proven to be a
versatile tool for studying the behavior and the interactions between
structural and geotechnical components [16-19]. As compared to other
methods such as the finite difference method, NLFE modeling provides
advantages for the simulation of the holistic response of the founda-
tions, including the concrete and connection modeling. In addition,
NLFE is more flexible for the analysis of complex geometrical problems
with several interactions between system components [20,21]. Several
studies employing NLFE modeling have attempted to predict the soil
response using theories such as the Mohr-Coulomb [22], Drucker-
Prager [23] or Modified Drucker-Prager [24] while employing contact
elements with interactions defined by friction factors between the
concrete, steel, and soil [25-29]. Past studies proposed modeling ap-
proaches for common types of pile foundation – such as circular or
prismatic concrete piles – subjected to tensile uplift load conditions
(e.g., [30-33]). Fewer studies investigated the helical piles and soil
under uplift loads [4,34-36]. Some of these studies employed two-di-
mensional (2D) finite element models [26,27] while more recent stu-
dies presented three-dimensional (3D) finite element models
[29,34,35]. These studies, however, did not attempt to generalize or
propose a methodology for the modeling of helical piles; rather, they
presented models created and calibrated to meet case-specific applica-
tions (i.e., usually a few experimental tests).

This paper presents a 3D system-level modeling methodology for
helical pile foundation systems. The methodology can be applied to
evaluate the static response of foundations, including static-equivalent
forces from dynamic excitations such as earthquakes or windstorms, in
dry soils while accounting for material nonlinearities, and the effects of
pile cap, helical pile group, and soil interactions. The proposed meth-
odology does not require the use of specific computer software because
it calibrates the material and interaction properties with experimental
benchmarks studies from the literature, which are also presented in this
paper to assist researchers and practitioners in employing the proposed
methodology. The methodology uses an experimentally verified failure
mechanism of the helical pile foundation system based on the relative
displacement of the helical piles. The traditional, discrete modeling
approaches are also employed to demonstrate how the response pre-
dictions compare with the proposed system-level modeling metho-
dology in terms of the load–displacement responses, load capacities,
and failure modes. In addition, numerical studies are performed to
demonstrate the influences of critical parameters such as the soil con-
ditions, embedment depth of the helical piles inside the concrete
foundation and the soil, and the number of helix plates. While a special
emphasis is placed on the load conditions creating net uplift loads, the
applicability of the methodology to more traditional compression load
cases are also presented.

2. Proposed system-level modeling methodology

The proposed methodology employs three main stages as summar-
ized in Fig. 2. These stages include: 1) verification of the behavior of the
discrete pile cap model, 2) verification of the behavior of the discrete
helical pile group and soil model, and 3) system-level modeling. The
goal is to obtain the experimentally calibrated material and interaction
models in Stages 1 and 2 using experimental benchmark studies (to be
presented below) such that an experimentally verified system-level
model could be created in Stage 3.

2.1. Verification of the behavior of discrete pile cap model

The first stage of the proposed methodology requires the creation of
a NLFE model for the discrete pile cap. Any NLFE modeling software
can be used, on the condition that it has capabilities for simulating the
expected nonlinear behaviors of materials and interaction properties
after the calibration studies presented below. In this study, the concrete
damage plasticity (CDP) model, which is based on scalar plastic damage
models proposed by Lee and Fenves [37], and Lubliner [38], is em-
ployed as a constitutive model to simulate the nonlinear response of
concrete (see Fig. 3a). The CDP model can also simulate the effects of
the interactions between the concrete and reinforcing bars. Reinforcing
bars are modeled as an elastic–plastic material, with the stress–strain
response shown in Fig. 3b.

These material models were previously used in other studies to
capture significant failure modes, including punching shear (see
Fig. 4a), one-way shear (see Fig. 4b), and flexural failures (see Fig. 4c)
[39,40].

After the material behaviors are defined, boundary conditions are
applied at the support ends of the foundation. If a symmetrical model is
created, rollers should also be defined along the axis of symmetry. A
pushover analysis is performed up to the failure of the foundation using
a displacement-controlled loading protocol which permits the analysis
to continue into the post-peak stages of the response, thereby showing
the ductility and hardening or softening behavior of the foundation. At
the end, the load–displacement response is obtained. To verify the NLFE
load–displacement response, experimental benchmark studies are con-
ducted to assess the accuracy in terms of the initial stiffnesses, ultimate
load capacities, and the failure modes. In the case of a discrepancy (e.g.,
larger than±10%), the material models and/or their required input
properties (see Fig. 3) should be adjusted, and the process is repeated
until an adequate accuracy is obtained.

2.1.1. Experimental benchmarks for discrete pile cap model
A number of suitable experimental benchmark specimens are

identified from the literature, which can be used for the calibration of
the NLFE material models when employing the proposed methodology.
The specimens are selected to exhibit predominantly shear and shear-

Fig. 1. Modeling approaches: (a) discrete foundation model (i.e., structural modeling), (b) discrete helical piles and soil model (i.e., geotechnical modeling), and (c)
the proposed system-level model.
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compression types of failures because most foundations are deep con-
crete elements and exhibit these types of failures, and they are more
challenging to capture as compared to reinforcing-steel-governed flex-
ural failures. Both the compression and uplift load conditions are con-
sidered.

For the compression loading, the NLFE response can be verified with
the experimental specimens tested by Vecchio and Shim [41]. This
benchmark set includes twelve simply supported beam strips of height
552 mm with different lengths and design configurations subjected to
monotonically increasing compression loads at their midspans. Test
results including the load–displacement responses, load capacities, and
failure modes are reported in detail in reference [41]. The cross-sec-
tional details, material properties, failure loads (Pu), and failure dis-
placements (δu) are presented in Table 1.

For the load cases involving net uplift loading, the NLFE responseFig. 3. Constitutive models for (a) concrete, and (b) reinforcing bar.

Fig. 2. Flowchart of the proposed system-level modeling methodology.
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can be calibrated with the experimental specimens tested by Diab [42].
This benchmark set includes seven discrete pile cap strips of dimensions
500 × 500 × 1600 mm subjected to uplift loading. The test results,
including the load–displacement responses, load capacities, and failure
modes, are reported in detail in Ref. [42]. The uplift loading is applied
by pulling the specimens from the embedded pile shafts with varying

embedment depths (de). The material properties, failure load (Pu), and
failure displacement (δu) are shown in Table 2. The calibrated material
model parameters that yield acceptable response simulations with the
experimental benchmark sets are recorded for use in Stage 3 when
creating a system-level model.

2.2. Verification of the behavior of the discrete helical pile group and soil
model

The second stage of the proposed methodology requires the creation
of a NLFE model for the discrete helical pile group and soil model
through a two-step process involving a single helical pile, and a group
of helical piles. The single helical pile, made up of steel material, is
modeled with an elastic–plastic constitutive model as shown in Fig. 3b.
The soil is modeled with an elastoplastic constitutive model with a
failure mode governed by the Mohr-Coulomb criterion [43]. While this
model has limitations [44-46], it has been shown to yield satisfactory
results from granular to cohesive, fine-grained soils under both drained
and undrained load conditions (e.g., [19,32,33,47]). In this study, the
presence of water in the soil continuum is not modeled, and a dry soil
condition is considered. If the shear stress (τ) is greater than c + σ tan

Fig. 4. Global failure modes of a discrete pile cap: (a) punching shear, (b) one-way shear, and (c) flexure.

Table 1
Experimental benchmark set for discrete foundation modeling under compression [41].

Beam number Length (mm) Width (mm) f’c (MPa) Ec (MPa) Bottom rebar Top rebar Stirrups Pu (kN) δu (mm)

VS-OA1 4100 305 22.6 36,500 2 M30, 2 M25 – – 331 9.1
VS-OA2 5010 305 25.9 32,900 3 M30, 2 M25 – – 320 13.2
VS-OA3 6840 305 43.5 34,300 4 M30, 2 M25 – – 385 32.4
VS-A1 4100 305 22.6 36,500 2 M30, 2 M25 3 M10 D5 @ 210 459 18.8
VS-A2 5010 305 25.9 32,900 3 M30, 2 M25 3 M10 D5 @ 210 439 29.1
VS-A3 6840 305 43.5 34,300 4 M30, 2 M25 3 M10 D4 @ 168 420 51.0
VS-B1 4100 229 22.6 36,500 2 M30, 2 M25 3 M10 D5 @ 190 434 22.0
VS-B2 5010 229 25.9 32,900 3 M30, 2 M25 3 M10 D5 @ 190 365 31.6
VS-B3 6840 229 43.5 34,300 3 M30, 2 M25 3 M10 D4 @ 152 342 59.6
VS-C1 4100 152 22.6 36,500 2 M30 3 M10 D5 @ 210 282 21.0
VS-C2 5010 152 25.9 32,900 2 M30, 2 M25 3 M10 D5 @ 210 290 25.7
VS-C3 6840 152 43.5 34,300 2 M30, 2 M25 3 M10 D4 @ 168 265 44.3

Sectional areas: M10 = 100 mm2; M25 = 500 mm2; M30 = 700 mm2; D4 = 25.7 mm2; D5 = 32.2 mm2.

Table 2
Experimental benchmark set for discrete foundation modeling under uplift [42]

Spec-
imen

f’c (MPa) Top &
bottom
rebars

Stirrups de (mm) Pu (kN) δu (mm)

T1 30 4–15 M 2-#2 @ 200 152 154.0 2.5
T2 30 4–15 M 2-#2 @ 200 203 201.0 3.6
T3 30 4–15 M 2-#2 @ 200 254 232.0 2.0
T4 40 4–20 M 2-#2 @ 200 203 222.5 1.3
T5 40 4–25 M 2-#2 @ 200 203 252.3 1.0
T6 40 4–15 M 4-#2 @ 200 203 256.3 6.4
T7 40 4–15 M 2-#2 @ 200 203 253.2 2.7

Sectional areas: M15 = 200 mm2; M20 = 300 mm2; M25 = 500 mm2;
#2 = 32 mm2.
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Φ, where c is the cohesion, Φ is the friction angle of soil, and σ is the
normal stress, the soil fails as per Fig. 5a. This failure criterion is used
for its simplicity and applicability for simulating the soil-structure in-
teraction as demonstrated in other studies (e.g., [43]). Two in-
dependent material parameters (Young’s modulus E, and Poisson’s ratio
v) are also required as input. This material model, which can easily be
applied to commercial software packages, can simulate the two primary
failure modes: individual plate uplift bearing where the failure occurs
above each individual helix plate (see Fig. 5b), and cylindrical shear
where a global failure is formed through the plate and the soil acting
together to create a cylinder failure surface (see Fig. 5c). Individual
plate uplift bearing occurs when helical piles are installed in dense
homogeneous cohesionless soil whereas the cylindrical shear occurs

when helical piles are installed in homogeneous cohesive soil (e.g.,
[19]). The spacing between the helix plates also influences the failure
mode experienced by the helical pile, where spacings lower than 3–4
helix plate diameters are found to cause cylindrical shear failures [48].

The main objective of Stage 2 is to obtain the experimentally cali-
brated interaction model to simulate the interface between the soil and
the piles. The typical soil deformations that occur in soil-pile interac-
tions include plastic flow and expansion (i.e., dilation), which can occur
with shear deformation, soil compaction, and soil distortion. These
interactions in the interface between the pile cap, helical piles, and the
soil depend on the friction angle and adhesion. For deep helical piles,
the contribution of the friction along the pile shaft may be considered.
The interaction behavior between soil and pile is typically defined by an
experimentally determined coefficient of friction. The friction between
the two surfaces in contact depends on the material properties of the
surfaces. In the absence of experimental results, common soil-structure
friction factors from NAVFAC standards [49] may be used, as presented
in Table 3. While some studies (e.g., [34]) suggested a reduction in the
friction factors shown in Table 3 to account for uplift loads, other
studies (e.g., [35]) were able to validate helical pile models under uplift
loads without friction factor changes. For the helical pile foundation
system investigated in this study (to be discussed in Section 3), reducing
the friction factor did not result in a significant change in system-level
response.

A displacement-controlled axial loading is applied at the top of the
helical piles while the helix plate displacements are recorded. The
load–displacement response is obtained for verification with the

Fig. 5. Discrete helical pile model: (a) soil constitutive model, (b) individual
plate bearing failure, and (c) cylindrical shear failure.

Table 3
Interface properties of different materials [49].

Interface materials Friction factor Friction angle

Concrete Rock 0.70 35
Gravel 0.55–0.60 29–31
Medium sand 0.35–0.45 19–24
Stiff clay 0.30–0.35 17–19

Steel Gravel 0.40 22
Silty sand 0.25 14
Fine sandy slit 0.20 11

Fig. 6. Geometrical details of the benchmark pile specimens.

Table 4
Soil properties for the benchmark pile specimens.

Specimen E (MPa) Φ (o) ψ (o) c (kPa) Soil Type (USCS)

SP1 23 56 33 0 GW
SP2 54 28 0 10 OL
SP3 48 35 5 1 GM-GL
SP4 48 35 5 1 GM-GL
GP1 50 22* 0 25 CH

* Estimated based on USCS soil classification [54].
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experimental benchmark studies to assess the accuracy in terms of the
initial stiffness, the ultimate capacity and displacement, and the failure
mode. In the case of a discrepancy (e.g., larger than ± 10%), the soil
input material and interaction properties are adjusted, and the process
is repeated until an adequate accuracy is obtained. Depending on the
degree of confidence in the soil properties used in the model, certain
combinations of the required material properties (i.e., E, v, c, Φ) may
need to be adjusted. In addition, the interaction friction factor between
the soil and helical piles may require adjustment, as this interaction
property is the source of extensive debate in the literature (e.g.,
[19,32,47]).

For helical pile groups, past research revealed that no significant

group interactions should occur if the piles are placed at a horizontal
distance of at least three and five times the diameter of the largest helix
plate for compression and uplift load conditions, respectively [35,50]. If
these distance limits are satisfied, only the verification of the single
helical pile response is necessary; otherwise, a model of the helical pile
group should be created and verified in a similar manner.

2.2.1. Experimental benchmarks for single and grouped helical pile-soil
model

A number of suitable experimental benchmark specimens are se-
lected from the literature and can be used for the calibration of the
NLFE model when employing the proposed methodology. The geo-
metric details and the soil properties are presented in Fig. 6 and
Table 4, respectively. For the single pile model, the NLFE response can
be verified with four experimental specimens (SP1, SP2, SP3, and SP4)
tested by Gavin et al. [51], Sakr [52], and Livneh and Naggar [35]. For
the helical pile group model, the NLFE response can be verified with the
2 × 2 experimental helical pile specimens (GP1) tested by Lanyi and
Deng [53]. These specimens are selected to exhibit predominantly cy-
lindrical shear failures common in helical pile foundations. Test results,
including load–displacement responses, load capacities, and failure
modes, are reported in detail in references [35,51-53]. The properties of
the soil are provided and classified by the united soil classification
system (USCS) standards [54]. The available data is sufficient to model
the soil using the Mohr-Coulomb criterion [43], as discussed previously.

2.3. Establishing the system-level model

The system-level model of the helical pile foundation systems is
created based on the experimentally calibrated material and interaction
models obtained from Stages 1 and 2. When creating a system-level
model (e.g., Fig. 7a), the main consideration should be given to how the
interface is defined between the soil and pile cap (denoted with sub-
script sc) and soil and helical piles (denoted with subscript sp). In this
study, these interfaces are defined by pairing contact elements as shown
in Fig. 7b. This interaction model is based on the Coulomb law of
friction [22,43] which relies on the coefficient of friction (µsc or µsp)

Fig. 7. (a) A sample system-level model, (b) interface model, and (c) interaction model at the interfaces.

Fig. 8. Details of the system investigated.
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between two surfaces in contact (see Fig. 7c). The interface between the
helical pile termination brackets and the pile cap is considered to be
perfectly bonded to the surrounding concrete given that it is a cast-in-
place connection.

When defining the boundary conditions, special attention should be
paid to ensure that the variations in the strain gradient are contained
within the modeled soil area to ensure that the model of the soil mass is
sufficiently large. Prior to the application of the load, the soil unit
weight is accounted for in the numerical model as an initial stress
through a geostatic equilibrium. In this pre-loading stage, the bound-
aries on the bottom and sides of the soil continuum are fixed and the
gravitational acceleration is applied [55]. The lateral earth pressure
resulting from the vertical stresses are calculated using Eq. (1), where σh
is the horizontal stress and σv is the vertical stress. For practical pur-
poses, the value of K is considered as 1.0 [56]. The stable state of the

system-level model under gravity loads is obtained and the stresses
calculated by this step are used as the initial loading state for the
analysis. Helical piles cause little disturbance to the surrounding soil;
therefore, the effects of pile installation method, including the shear
strength modification, are not considered in this study. In the case of
employing square shafts in cohesive soils, however, these modifications
may help improve the prediction accuracy.

=K h

v (1)

A displacement-controlled loading is desired, as opposed to a force-
controlled one, at the top of the concrete pile cap (see Fig. 7a) in a
monotonically increasing manner until the failure. Displacement con-
trol will allow the analysis to continue in the post-peak region allowing
the quantification of the deformation capacity of the system and more
accurate identification of the failure mode. The Mohr-Coulomb failure
criterion with an 8% displacement cut-off (i.e., 8% of the topmost helix
plate diameter, Dt) is found to successfully capture the experimental
responses considered in this study. Similar failure criterion ranging
from 5% to 10% of the lead helix diameter are also found suitable in
other studies (e.g., [19,35]). At the end of the analysis, a system-level
load–displacement response is obtained from which the stiffness, peak
load capacity, and the displacement ductility can be obtained. The
failure mode of the system should be carefully determined after ex-
amining the deformed shape, stress and strain contours, and the post-
peak stages of the load displacement response.

Fig. 9. (a) Load-displacement responses, (b) experimental crack patterns at failure [41], (c) predicted stresses distributions, and (d) predicted crack patterns under
compression load.

Table 5
. Input parameters for concrete under compression.

Parameter Value

Dilation angle (ψ) 35
Eccentricity (∊) 0.1
fbo/ fco 1.16
K 0.667
Viscosity (µ) 0.0001
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3. Application of the system-level modeling methodology

In this section, numerical studies are presented to illustrate the
application of the proposed methodology for performing system-level
modeling of a helical pile foundation system embedded in silty sand
(i.e. 50% of the coarse fraction passing the 4.75 mm sieve). The geo-
metric and material details of discrete components (i.e. concrete
foundation, steel helical pile, and the soil) of the system to be modeled
is shown in Fig. 8.

The proposed methodology requires that a discrete concrete

foundation model is created and experimentally verified first. While the
program Abaqus [57] is used in this study, any other NLFE modeling
program can be used, on the condition that it can capture the primary
behaviors expected from the system being modeled. The pile cap is
discretized with eight-node, first-order, and reduced integration con-
tinuum solid element C3D8R with three translational degrees of
freedom at each node and one integration point at the centroid. The
reinforcement bars are discretized with two-node, first-order, 3D truss
element T3D2 with three translational degrees of freedom at each node
and one integration point at the mid-length of the elements. In Stage 1,
the material properties, interaction properties, and boundary condi-
tions for concrete pile cap model are defined as discussed in Section 2.
The model calibration process is performed herein for both compression
and uplift loads for demonstration purposes. The compression load
verification is conducted using the experimental benchmarks VS-OA1,
VS-OA2, and VS-A3 subjected to mid-span displacements. The complete
load–displacement responses (see Fig. 9a) and the failure modes (see
Fig. 9b, c, and d) are obtained and compared with the experimental
results. The von Mises stresses are used to visualize how stresses are
distributed within the discrete pile cap, identify if the material yields or
fractures, and consistently compare with the stresses obtained in the
rest of this study. It should be noted that the use of von Mises stresses is
not recommended for brittle materials like concrete. The strain gra-
dients are used to visualize the damage patterns; as such, the plastic
strain contours in the concrete model are compared with the experi-
mental cracking patterns for validation purposes. At the end, the dis-
crepancy between the FE simulation and experimental values of the
peak load capacities are found to be less than 10%, indicating a suc-
cessful calibration for the material model parameters shown in Table 5,
where fbo/fco is the ratio of the initial biaxial compressive yield stress to
the initial uniaxial compressive yield stress, and K is the ratio of the
second stress invariant on the tensile meridian to that on the com-
pressive meridian. It should be noted that the benchmark specimens
should be carefully selected to incorporate the expected behaviors. The
specimens VS-OA1 and VS-OA2 used in this study contained no shear
stirrups, similar to the pile cap modeled, and failed in diagonal-tension
and shear-dominated failure modes.

A similar process is employed for the uplift load case using the
benchmark Specimen FT1 (see Table 2). The results of the experimental
verification study are presented in Fig. 10 in terms of the load–displa-
cement response and failure modes. The calibrated material model
input is presented in Table 6.

In Stage 2, a discrete helical pile group and soil model is created (see
Fig. 11a) through a two-step process. The first step involves experi-
mentally verifying a single helical pile model while the second step
involves verifying the helical pile group model (incorporating the ca-
librated single pile models) to obtain the calibrated material and in-
teraction properties. For the first step, the material properties and
boundary conditions are defined as discussed in Section 2. The C3D8R
continuum solid element is used to discretize the helical piles and the
soil medium. The helix plates of each helical pile are idealized as a
planar cylindrical disk, as opposed to a pitched geometry, which is a
simplifying approach validated in several other studies (e.g.,
[19,26,58]). To model the interaction between soil and helical pile, the
master-and-slave surface approach with hard contact is adopted, which
is defined with the coefficient of friction obtained from Table 3.
Pushover analyses are performed to obtain the load–displacement re-
sponses for comparison with the experimental results. For the second
step, a benchmark helical pile group system model (i.e., GP1 in Fig. 6) is
created and the material models are calibrated, following a similar

Fig. 10. (a) Load-displacement response, (b) experimental crack patterns [42],
(c) stress distribution, and (d) plastic strains from the FE simulation under
tension load.

Table 6
Input parameters for concrete under tension.

Parameter Value

Dilation angle (ψ) 37
Eccentricity (∊) 0.1
fbo/ fco 1.16
K 0.667
Viscosity (µ) 0.0001
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process. The simulated load–displacement responses and failure modes
captured those of the experimental benchmarks (i.e., SP1, SP3, SP4, and
GP1 in Fig. 6), as shown in Fig. 11. The von Mises stresses distribution
of the helical pile group and soil model is used for predicting the load
transfer and failure mechanisms (e.g., [3]), assuming the soil is under
plastic yielding. The discrepancy between the FE simulation and ex-
perimental values of the peak load capacities is found to be less than

10%, indicating the successful calibration of the soil model.
In Stage 3, a system-level model is created, as shown in Fig. 7a. The

experimentally calibrated material models for the concrete and soil, as
obtained from Stages 1 and 2, are employed. The interaction between
the soil and piles are modeled by a hard contact algorithm that mini-
mizes the penetration of the soil surface into the pile (and vice-versa)
while not allowing the transfer of tensile stresses normal to the

Fig. 11. (a) Discrete single pile and soil model, (b) load–displacement response, (c) soil stress distribution at failure, and the load–displacement responses for (d) SP3,
(e) SP4, and (f) GP1.

Fig. 12. Mesh distribution of the helical piles.
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interface. The tangential behavior is dictated by a friction contact al-
gorithm with a coefficient of friction (μsp) of 0.2. Similarly, the inter-
action between the soil and pile cap is modeled by a hard contact al-
gorithm and a with a coefficient of friction (μsc) of 0.35 as per Table 4.
The appropriate support conditions are applied and a displacement-
controlled pushover analysis is performed for both the compression and
uplift load cases.

A mesh sensitivity study is conducted to investigate the influence of
the size of the elements used for the helical piles, soil, and pile cap. The
mesh sizes of the soil and pile cap elements varied from coarse to in-
termediate, and fine meshes. The results obtained from the inter-
mediate and fine meshes showed insignificant differences; conse-
quently, the intermediate mesh (shown in Fig. 12a) is employed for
computational efficiency. The mesh size of the helical pile, on the other
hand, is found to have a significant influence on the system-level re-
sponse; consequently, a fine mesh is used in the model. For the shaft
elements, the mesh aspect ratio is kept below 3.0 (with the longer sides
parallel to the shaft length) whereas for the helix plate elements, the
mesh aspect ratio is defined as 1.0 for higher accuracy, as shown in
Fig. 12. It is found that at least three elements are required through the
thickness of the helix plate, where the strain gradient is higher, to better
capture the stress distribution in the helix plates due to the soil bearing,
as shown in Fig. 12.

The load–displacement response of the system, shown in Fig. 13b,

can be divided into three distinct regions: the initial linear-elastic re-
gion with a high stiffness, the non-linear hardening region, and the
plastic yielding and failure region, as shown in Fig. 13b. The first region
represents the shaft friction while the second one represents the stress
distribution to the soil surrounding the pile shaft and helices. The
failure corresponding to 8% of the topmost helix diameter of 250 mm
occurs at the transition from the second to third regions with an uplift
capacity of 610 kN. The stress distribution in Fig. 13a demonstrates that
the soil failure occurred above the topmost helix through the formation
of a soil cone where the shear stress exceeds the shear strength of the
soil, causing the soil element to fail above the topmost helix. The in-
terface element between the concrete foundation and the soil con-
tributes to the redistribution of the stresses, causing a reduction in the
resisting forces at the ends of the piles and ultimately increasing the
load and displacement capacities. The concrete foundation showed
local cracking but did not fail, as the stresses were distributed uniformly
on the interface between the foundation and the soil.

4. Comparisons with the discrete modeling approach

To demonstrate how the results from the traditional discrete mod-
eling approach compare with those from the proposed system-level
modeling methodology, the discrete pile cap and the discrete helical
pile group and soil model are created, as shown in Fig. 14a and 14c. The
results are examined in terms of the load capacities and the failure
modes.

In the discrete pile cap model (see Fig. 14a and b), diagonal shear
cracking occurred in the pile cap, which eventually led to the failure of
concrete around the pile cap termination bracket. Hence, the uplift
capacity of the discrete model was found to be 450 kN. In the discrete
helical pile group and soil model (see Fig. 14c), the failure mode was in
the soil above the topmost helix as shown in Fig. 14d, similar to the
system-level model, with a capacity of 450 kN. Note that both system
components are intentionally designed for the same load capacity to
avoid an inconsistency due to the failure of the weaker component. The
capacities obtained from these two discrete models are represented
with horizontal lines in Fig. 15 and compared to the load–displacement
response from the system-level model. The results show that the dis-
crete models underestimate the load capacity by 26%. The load sharing
and interaction between the system components permits the re-dis-
tribution of stresses, allowing for larger load and displacement capa-
cities in the system-level model.

5. Influence of the soil type on the system-level response

To demonstrate the significance of the soil type, two more system-
level models are created using organic clay (OL) and well-graded gravel
soil (GW) with the properties shown in Table 7. Soil types are selected
to represent conditions from soft to stiff, following the USCS soil clas-
sification.

The simulated load–displacement responses are presented in Fig. 16
along with the capacity lines obtained from the discrete models. The
results indicate that stiffer soil not only significantly increases the ca-
pacity of the models but also reduces the discrepancy between the
discrete and system-level models. This phenomenon can be attributed
to the fact that, as the soil gets stiffer, the discrete modeling assumption
of fixed or pinned piles becomes more realistic, thereby providing
closer approximation to the system-level models.

Fig. 13. (a) Stresses distribution at failure, and (b) system-level load–displa-
cement response.
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6. Influence of critical design parameters

To identify the design parameters critical for the uplift load per-
formance, additional numerical studies are performed as discussed
below.

6.1. Pile embedment into the pile cap

A system-level analysis is performed to estimate the ultimate ca-
pacities with different embedment depths of the helical pile termination
brackets inside the pile cap. The simulations are performed in three
embedment depth conditions inside the concrete pile cap as shown in
Fig. 17a. The system-level uplift capacities obtained are plotted in
Fig. 17b. The increase in the embedded depth inside the pile cap from
bottom to middle increases the uplift capacity by 25%. This conclusion
agrees well with the findings published in references [59,60]. By fur-
ther increasing the embedment depth from the middle to the top, the
uplift capacity only increases by 8%. The use of bottom embedment
depth resulted in pre-mature cracking of concrete around the connec-
tion zone; the failure occurred in these zones by the detachment of the
helical piles from the pile cap. Consequently, a middle embedment
depth inside the pile cap is recommended considering both uplift and
compression loads.

6.2. Pile embedment in the soil

Embedment depth is defined as the distance from the topmost helix
plate to the ground surface. System-level models with three-helix piles
are analyzed with soil embedment depths from 4000 mm to 5000 mm.
The embedment in the concrete pile cap is fixed at 300 mm. The uplift
capacities obtained are shown in Fig. 18a. The uplift capacity increases
by 18% if the pile embedment in the soil is increased from 4000 mm to
4500 mm. On further increasing the embedment depth by 500 mm, the

Fig. 14. (a) Discrete pile cap model, (b) deformations and stresses at failure, (c) discrete helical pile and soil model, and (d) soil stress at failure.

Fig. 15. Comparison of the discrete and system-level models (tensile load ca-
pacities).

Table 7
Soil parameters as per USCS [54].

USCS Soil-class Description c (kPa) Φ (o) Remarks

GW Well-graded gravel 0 40 stiffer
GM-GL Silty gravel 0 35
OH Organic clay, organic silt 10 22 soft
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capacity gain is similarly found to be 16%. With the increase in the pile
embedment in the soil, the initial linear segment of the load–displace-
ment curve becomes stiffer, which contributes to the increase in the
capacity of the system.

6.3. Number of helices

The number of helices is varied from single to double and to triple.
The load–displacement curves are shown in Fig. 18b. The uplift capa-
city of the pile is found to increase by 36% as the number of plates
increases from single to double, where the soil between two helix plates
act as a solid mass and provide extra capacity. By increasing the helix
plate number from double to triple, the increase in the load capacity is
found to be a smaller value of 18%.

7. Conclusions

A methodology is proposed for the system-level analysis of pile cap
systems. The methodology can be applied to evaluate the static re-
sponse of foundations on dry soils accounting for the material non-
linearities, and the interactions between the pile cap, helical pile group,
and soil, using the experimentally verified failure mechanisms based on
the relative displacement of the helical piles. The effectiveness of the
methodology is demonstrated by comparing the results with the tradi-
tional discrete modeling approaches. In addition, the influences of the
soil type, embedment depths, and number of helices on the holistic
responses under uplift loads are investigated. The results from this
study support the following conclusions:

– The traditional discrete modeling approaches have significant
shortcomings in capturing the failure modes and the load capacities
of the helical pile foundation systems. The influence of the soil is
neglected during the structural pile cap modeling while the influ-
ence of the concrete pile cap is neglected during the helical pile and
soil modeling.

– As compared to the system-level model, including all system com-
ponents, the discrete modeling approach underestimated the load
capacities by up to 33% under uplift for the systems considered in
this study. The largest discrepancy is obtained for softer soils.

– The load capacity predictions from the discrete and system-level
modeling approaches converge as the soil becomes stiffer because
the discrete modeling assumption of fixed or pinned boundary
conditions become more realistic in stiffer soils.

– The system-level models demonstrate that the location of the helical
pile termination bracket inside the concrete pile cap has a sig-
nificant influence on the uplift capacity of the entire system. The
bottom embedment depth resulted in failures at load capacities that
were 25% less than those obtained from the middle embedment
depths. In addition, the bottom embedment depth resulted in pre-
mature concrete cracking at the connection zone – a concern for
long-term durability.

– A well-defined 3D modeling methodology is proposed to better
understand the holistic behavior of helical pile foundation systems
and more accurately quantify their load and displacement responses
and failure modes, including the premature and undesirable ones
involving connection zones.

– The proposed methodology uses experimentally calibrated material
models without requiring the use of any specific computer program
on the condition that the program used can capture the significant
failure mechanisms demonstrated in this study. Experimental
benchmark sets and how the calibration process is conducted is
defined in detail in this study.

– The studies conducted demonstrate the suitability of using a failure
criterion based on a displacement equivalent to 8% of the topmost

Fig. 16. Influence of different soil types on the three modeling approaches examined.

Fig. 17. (a) Embedment depths examined, and (b) variation of uplift capacities
with the embedment depth.
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helix plate diameter. This finding is also supported by the experi-
mental evidence available in the literature.

– The system-level modeling results demonstrate that higher load
capacities are obtained with the increase in the number of helices,
the pile embedment depths inside the soil, and the termination plate
embedment inside the concrete pile cap.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.engstruct.2020.110977.
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