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Although significant research has been conducted on helical piles, there is a lack of research and official design
guidelines on how to create resilient helical pile-to-pile cap connections, especially in tall and light structures
where tensile uplift loads may govern the foundation design. The objective of this study is to advance the current
understanding, quantify the influence of helical pile-to-pile cap connection detailing on the global system
behavior, and propose recommendations for their resilient design. For this purpose, high-fidelity nonlinear finite
element models are developed, experimentally verified, and 162 response simulations of helical pile cap systems
are conducted to quantify the influences of: termination bracket types, bracket embedment depths, reinforce-
ment ratios, shear span-to-depth ratios, and loading types. The results are analyzed in terms of the load,
deformation, cracking, and failure behaviors. The analysis of variance and the factorial design methods are
employed to quantify the percentage contribution of each parameter, as well as multi-parameter interactions, on
the system capacity. The results, which are also applicable to micropile connections, demonstrate that the helical
pile-to-pile cap connection capacity may govern the system capacity for the load conditions involving tension
components. The tension load capacities of the pile cap systems (all of which are doubly and symmetrically
reinforced) are found to be only 54% of their compression load capacities due to connection zone failures. This
result is in contrast with the results from the traditional sectional analysis methods, which are not intended for
the analysis of the connection zones and thus calculate the tension and compression capacities as equal. This
paper presents the studies undertaken, conclusions reached, and recommendations made to create resilient

helical pile-to-pile cap connections.

1. Introduction

Many structures are subjected to cyclic loads that promote the
sequential application of compression and tension loads due to events
such as windstorms, earthquakes, or heavy vehicular traffic. Tall and
light structures — such as telecommunication or transmission towers,
wind turbines, and light-frame steel buildings - are particularly
vulnerable to the tensile uplift loads due to large overturning moments
(e.g., Fig. 1). These forces must be safely resisted by the foundations
during the entire service life without cracking, settlement, or excessive
deformations.

Helical piles (see Fig. 2a) inherently possess high resistance to uplift
forces, thereby presenting a significant potential to create resilient,
durable, and faster-to-construct foundations. Helical piles are commonly
connected to the superstructures through concrete foundation elements,
such as pile caps, mat or strip footings, and grade beams, where they are
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terminated with a steel plate or bracket. The common bracket types used
in today’s construction practice include the single-plate (see Fig. 2a and
2b) and, less commonly, double-plate and studded-plate types (see
Fig. 2¢ and 2d). These connections, including the surrounding concrete
(termed as the connection zone), should be able to resist major cyclic
load demands while remaining crack-free and rigid.

Despite the critical importance of helical pile-to-pile cap connec-
tions, there is a lack of research, understanding, and official design
guidelines on how to analyze and design these connections to resist the
uplift load demands. The helical pile research is typically conducted by
geotechnical specialists while the concrete foundation research is con-
ducted by structural specialists. The geotechnical literature primarily
focuses on the axial load behavior of isolated or group piles and
consistently demonstrates the suitability of helical piles for the load
cases including tensile uplift [3-10] and compression [8,11-17]. The
structural literature, on the other end, focuses on the behavior of
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Fig. 1. Sample structures subjected to tensile uplift loads.
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Fig. 2. Helical pile termination bracket types [2].

traditional concrete pile caps supported by socketed concrete piles,
subjected to compression and shear loads [18-38]. The connection
research is left at the intersection without receiving full attention.

There is neither a clear understanding nor proven analysis methods
for creating reliable and efficient helical pile-to-pile cap connections for
tension load resistance. These connections are commonly designed in
practice using ‘rules of thumb’ or code expressions, such as punching
shear checks, which are not intended for this purpose. An experimental
study conducted by Diab [39] demonstrates that the connection
behavior might govern the entire system response. Another study [40]
investigated the failure of an Olympic-size swimming pool supported by
helical piles and found that the pool collapsed due to the connection
failure under uplift water pressure. In addition, the connection design
should prevent potential concrete cracks under daily service loads to
ensure long-term durability without water penetration, steel corrosion,
concrete spalling, and excessive deformations. These examples highlight
the importance of understanding and explicitly accounting for the
connection response when designing helical foundation systems.

The objective of this study is to advance the current understanding,
quantify the influences of helical pile-to-pile cap connection detailing on
the global system behavior, and propose recommendations for their
resilient design subjected to cyclic load reversals with tension compo-
nents. Using state-of-the-art high-fidelity nonlinear analysis methods,
numerical models are developed, experimentally verified, and 162
simulations are performed to understand and quantify the influences of
the bracket types, bracket embedment depths (h,), pile cap longitudinal
reinforcement ratios (p,) and shear span-to-depth (a/d) ratios, and the
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loading conditions. Additionally, the contributions and interactions
among these variables are examined using the analysis of variance
(ANOVA) and factorial design approaches. The design configurations
that result in premature concrete cracking or undesirable responses are
identified. The numerical results, which inherently include the influence
and failure modes of the helical pile-to-pile cap connections, are
compared with the traditional global analysis methods (i.e., sectional
flexure and shear) to assess the significance of considering or neglecting
the connection response when designing helical foundation systems.
While the failure modes associated with soil is outside the scope of this
study, the readers are referred to the references cited above for such
studies and Ref. [41] for a system-level modeling methodology.

2. Foundation system details

An archetype concrete foundation strip, representative of a
commonly used pile cap configuration, was designed following the CRSI
[42] and Guner and Carriere [1] recommendations. The strip is sup-
ported by two helical piles to create a one-way stress flow and better
isolate the connection response. The helical piles are terminated with
one of the three bracket types: single bracket (see Fig. 3a), double
bracket (see Fig. 3b), and studded bracket (see Fig. 3c). All bracket
plates have the same dimensions and material properties to facilitate a
consistent comparison. Influencing parameters investigated include:
three h, for the single bracket [i.e., 460 mm (top), 300 mm (middle),
140 mm (bottom)]; one h, for the double bracket [i.e., 460 mm]; two h,
for the studded bracket [i.e., 300 mm (middle), 140 mm (bottom)]; three
px for all bracket types [i.e., minimum 0.2% (5-#5 rebars) from ACI
318-19 [43], 0.4% (7-#6 rebars), and 0.8% (10-#7 rebars)]; and three
a/d ratios for all bracket types [i.e., 1.68, 1.42, and 1.11]. When
considering the three loading conditions (i.e., monotonic tension,
monotonic compression, and reversed cyclic), 162 design configurations
are created [(3+ 1 +2) x 3 x 3 x 3=162].

3. Nonlinear finite element modeling approach

A two-dimensional (2D), continuum-type, and plane-stress element
is used for the finite element modeling of the pile cap through the
computer program VecTor2 [44]. The formulation is based on the
Disturbed Stress Field Model [45], which is an extension of the Modified
Compression Field Theory (MCFT) [46] — a theory adopted by several
design standards [e.g.,47,48]. The MCFT employs a smeared, rotating
crack approach within a total-load, secant-stiffness solution algorithm,
and allows the consideration of the coupled flexure, axial, and shear
effects in a concrete element. The MCFT uses the average and local
strains and stresses in the concrete and reinforcement, and the widths
and orientations of cracks as the plastic deformations and damage
accumulate in the post-peak region. Although a 2D model, the triaxial
concrete confinement is accounted for by in- and out-of-plane rein-
forcement components. Additionally, VecTor2 incorporates a number of
advanced material behavior models that are specific to reinforced con-
crete, some of which are listed in Table 1. Important in this study, the
reversed-cyclic concrete and steel material hysteresis models, and the
load application protocols are shown in Fig. 4, where f; and f; are the
concrete and steel stresses, ¢, and ¢ are the concrete and steel strains,
and E; is the elastic modulus of the steel. More information on these
models is provided elsewhere [49].

3.1. The equivalent cone method (ECM)

Two-dimensional (2D) numerical models are computationally more
efficient and faster than the 3D models. One limitation of 2D models is
the assumption that stresses and strains are constant through the
thickness of the member. In reality, however, the stresses tend to
propagate in a conical shape from the tips of the termination plate to-
wards the surface of the concrete. When the tension capacity of the
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Fig. 3. Foundation and connection configurations examined.

Table 1
Material constitutive models used.

Material Behaviour Default Model
Concrete
Compressive Base Curve Hognestad

Compression Post-Peak
Compression Softening
Tension Stiffening
Tension Softening
Confined Strength
Concrete Dilation
Cracking criterion
Crack Width Check
Crack Slip

Reinforcing Bars
Hysteretic Response
Dowel Action
Buckling

Modified Park-Kent
Vecchio 1992

Modified Bentz 2003
Linear

Kupler/Richart
Variable-Isotropic
Mohr-Coulomb (Stress)
Agg/5 Max crack width
Walraven

Seckin w/ Bauchinger
Tassios (Crack Slip)
Akkaya et al. 2019 [50]
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concrete governs, a concrete breakout or cone failure occurs (to be
demonstrated in Fig. 11), resulting in a conical cracking pattern that
cannot be naturally captured by 2D NLFE models. To overcome this
limitation, the Equivalent Cone Method (ECM) [51] is employed. This
method determines an equivalent concrete thickness (tzp) for use in 2D
models to a yield breakout failure load that is approximately equal to the
load which would be predicted by a 3D model employing the same
theoretical basis (see Fig. 5). The steps and equations of this method can
be found elsewhere [51-54].

3.2. Numerical models

One sample numerical model developed for each bracket type is
presented in Fig. 6, where the concrete is modeled using four-node
rectangular elements with eight degrees of freedom each, and the lon-
gitudinal reinforcement is modeled using two-node discrete truss bar
elements with four degrees of freedom each. A fine mesh with a size of
20 mm x 20 mm was used and each helical pile is restrained with four
hinges to better isolate the pile cap response. A displacement-controlled
analysis was employed, which is advantageous when simulating the
post-peak response, ductility, crack patterns, and failure modes. The
loading was applied at the topmost ends of the anchor bolts with small
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Fig. 4. Material hysteresis models and loading protocols used.
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Fig. 5. Modeling concrete breakout failure using 2D models [51].
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Fig. 6. Samples of numerical models developed.

displacement increments in the range of 0.20 to 0.25 mm. An average
equivalent concrete thickness of 800 mm is used for all numerical
models to allow for a consistent comparison. Tables 2 and 3 show the
component properties in terms of their strengths and dimensions.

3.3. Verification of the modeling approach

To verify the numerical models developed in this study, the results
from an experimental study involving similar specimen and loading
conditions were used. The experimental study tested nine specimens
consisting of a single bracket embedded into 500 x 500 x 1600 mm pile
cap specimens shown in Fig. 7. Note that the test setup is an inverted pile
cap. The parameters investigated were termination plate embedment
depth he, longitudinal reinforcement ratio p,, bracket width b,,, shear
reinforcement ratio py, and the concrete compressive strength f°c. The
configurations tested are presented in Table 4; more details can be found
elsewhere [39].

Only one half of the pile caps are modeled (see Fig. 8) to reduce the
computational cost, taking advantage of the symmetry. A horizontal
roller is used at the top of the steel support plate while vertical rollers are

Table 2
Continuum region properties.
Region Description Color f e (MPa) fy(MPa) Thickness(mm)
1 Concrete 20.7 - 800
2 Helical Piles 552 44
3 Bracket Plates - 345 260
5 Anchor Bolts - 724 57
6 Studs - 420 14
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Table 3
Truss bar properties.
Truss Description Color fy (MPa) Px
1 Longitudinal bars 414 0.2%, 0.4%, or 0.8%
Restraining Hydraulic jack Helical pile shaft
beams
A 4- Sleeve
625 mm | f 15M T #2‘@200
aim 7 =152 [ = .
500 Plate 450
k{ ¥
— A
Supporting beams  4-10M 300
1530 mm N Section A-A

Fig. 7. Experimental test setup for Specimen T1 [39].

Table 4

Test specimen dimensions [39].
Specimen f'c (MPa) h, (mm) by, (mm) Px py (#2@200)
T1 30 152 165 4-15M 2 legs
T2 30 203 165 4-15M 2 legs
T3 30 254 165 4-15M 2 legs
T4 40 203 190 4-15M 2 legs
T5 40 203 229 4-15M 2 legs
T6 40 203 165 4-20 M 2 legs
T7 40 203 165 4-25M 2 legs
T8 40 203 165 4-15M 4 legs
T9 40 203 165 4-15M 2 legs

Bar areas: 15 M = 200, 20 M = 300, 25 M = 500, #2 = 32 mm?

o Steel plate Tension

Pile
Shaft
Single
bracket

elements

Concrete
elements

<Vertical

Truss bar rollers

elements

Fig. 8. Numerical model for Specimen T4.

added to the right edge to account for the symmetry. The load is applied
as an uplift displacement at the top of the bracket in small displacement
steps. Using the ECM [51], the equivalent thickness of the specimens for
use in the 2D models are calculated to range between 327 mm and 417
mm. More details can be found elsewhere [55].

The load capacities obtained from the numerical simulations are
compared to the experimental ones as shown in Fig. 9. Comparison re-
sults indicate that the simulations captured the experimental results
with an excellent accuracy —simulated-to-experimental ratio average of
1.01 with a coefficient of variation 6%.

Two sample load—-displacement response simulations are presented
in Fig. 10. The numerical simulations are in good agreement with the
experimental results, able to accurately simulate the nonlinear stages of
the overall behavior. The initial stiffnesses, which are not the focus of
this study, are somewhat overestimated. This phenomenon is commonly
encountered in numerical simulations due to various effects such as: the
perfect supports used in the simulations versus the experimental sup-
ports and loading system which may exhibit some flexibility, and
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Fig. 11. Verification of crack patterns and failure modes.

potential shrinkage cracks in the experimental specimens versus
perfectly uncracked and unstressed numerical models. The failure
modes and crack patterns are also simulated very well (see Fig. 11).

4. Simulation results

The results from the 162 numerical simulations were systematically
analyzed and compared according to the loading cases to which they are
subjected. The reversed-cyclic-load results are divided into two parts
and investigated as cyclic tension and cyclic compression (see Fig. 12a).
These two load cases are compared with the monotonic tension and
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monotonic compression load cases (see Fig. 12b and 12c). The load
capacity is defined as the peak load that can be resisted by the pile cap
configuration.

4.1. Tension behavior (Monotonic and cyclic tension cases)

The simulation results are analyzed in terms of the peak load ca-
pacities, h,, a/d ratios, and p, ratios. The results are graphically pre-
sented in Fig. 14a, 14b, and 14c, each of which contains 27, 9, and 18
simulation results, respectively. The results demonstrate that the load
capacity increases by an average of 30% when the h, is changed from
bottom to middle. This capacity gain can be explained by the increase in
the concrete mass in front of the helical pile bracket which yields a larger
tensile failure surface. In agreement with this finding, a connection zone
failure mode is predicted for the bottom h, (to be discussed in Section 5).
The further increase in h, from middle to top does not affect the capacity,
as shown by the overlapping of the red and green lines in Fig. 13a. When
inspecting the failure modes, it becomes clear that both models (with
middle and top h,) fail with a global failure mode and that the
connection zone failure does not govern the system response. The dou-
ble bracket has only one h, position, which exhibits a good performance
such that the connection zone conditions do not govern the system ca-
pacity (see Fig. 13b). The studded bracket has two h, positions, and the
change in h, does not influence the load capacity (see overlapping lines
in Fig. 13c) except for the higher p, ratios where the increased system
load capacity results in connection zone cracking in the bottom h, po-
sition such that connection zone starts to influence the response (see the
deviation in the dashed and dotted lines in Fig. 13c). If the bottom h,
must be used, the change of the bracket type from single to studded
improves the system capacity by an average of 29% for monotonic
tension (compare the slopes and positions of blue lines in Fig. 13a and
13c). The a/d ratio, which signifies how deep a concrete member is,
affects the system capacity significantly with lower ratios (i.e., deeper
members) providing exponentially higher system capacities as indicated
by the bi-linear nature of the lines in Fig. 13a to 13c. The cyclic tension
load case results (as presented in Fig. 13d, 13e, and 13f) confirm the
same findings with slightly smaller load capacities as expected due to
cyclic damage. In both loading conditions, the tension capacity of all
bracket types increases significantly with higher p, with the exception of
the bottom h, where the connections zone failure prevents any signifi-
cant capacity increase with higher p,.

4.2. Compression behavior (Monotonic and cyclic compression cases)

The simulation results are analyzed, using the same methodology as
in Section 4.1, and presented graphically in Fig. 14. The overlapping
nature of the lines of different colors demonstrates that the compressive
load resistance is independent of the changes in h, for all the bracket
types. This can be explained by the absence of connection zone cracking
or failure under compressive loading. One exception is the top h, of the
single bracket in higher p, configurations, subjected to reversed-cyclic
loads (see the dotted lines in Fig. 14d for deviations and in Fig. 14e
for the reduced rate of capacity increase). Due to the cyclic damage in
the tensile direction of the loading, the connection zone exhibits
cracking, thereby reducing the compression load capacities in these
configurations. In all configurations, the load capacity increases with the
increase in py and decreases in a/d ratios, similar to those in the tension
loading.

4.3. Tensile versus compressive load capacities

Fig. 15 presents the average load capacities obtained from the 54
simulations of all connection types in a particular loading type,
including the monotonic tension, monotonic compression, and reversed-
cyclic cases (54 x 3 =162 simulations in total). The results indicate that
the average system failure load in tension is merely 54% of that in the



S. Guner and S. Chiluwal

Engineering Structures 243 (2021) 112667

_______ 750 1200
lggg _l_ <+ Load —2A& N
—+ Capacit, N
500 600 000 1. CAPACity R
= 0 450 +
é 0 600 +
E -250 300 + h, :
3 500 Cyclic Top— * 300 +
-750 compression 150 1f Middle= = "ol
-1000 region Bottom """
-1250 0 . : | : 0 : : : :
2 -1 0 1 2 3 0 05 1 1.5 2 25 0 05 1 1.5 2 25
Displacement (mm)
(a) Reversed cyclic (b) Monotonic tension (¢) Monotonic compression
Fig. 12. Naming convention for load cases and the load capacity points (sample results shown for the single bracket).
Single Bracket Double Bracket Studded Bracket
(b) (©
~ o he
g é | P<% Top Middle Bottom
< A e oL | I IR A B PO I I —
§ .é} ..... PR . 04 —— —— ——
N Q 1 Z :
e & - e 02 — — —
] e -
S QO +~ -
3 - -
=
S«
S
g ;4 ! } } } ! Il
(e) ®
z
N
S
5 -‘:} It
S © - o Z
- ~ T .
= 5 ~ -
s © - -
s -~ -
O g
e
— 4 4 4 | 4 |
1.68 142 1.11 1.68 142 1.11
a/d ratio

Fig. 13. Load capacities at system failures subjected to tension loads.

compression load. This result agrees well with Diab’s experimental re-
sults [39] where this value is 55%. It should be noted that a small
number of load cycles were applied in this study to keep the computa-
tional demand at reasonable limits. It is expected, in reality, that the
cyclic damage and the load capacity degradation would be higher due to
a larger number of load cycles from wind and other lateral loads during
the lifetime of light and tall structures. It is of interest to note that the
pile caps examined in this study are doubly and symmetrically rein-
forced, and if analyzed with the traditional sectional analysis methods
(to be discussed in Section 7), their load capacities in tension (i.e., the
point load applied upwards) and compression (i.e., the point load
applied downwards) would be calculated as equal.

5. Crack patterns and failure modes

The simulated deflected shapes, crack patterns, and failure modes
are presented in Fig. 16 for the selected, representative specimens.
Major connection zone cracking and even failures are predicted for some
of the specimens subjected to monotonic tension and reversed-cyclic
loading. The bottom h, of the single bracket type exhibited the least
favorable performance of all bracket types examined in this study by
sustaining connection zone failures (see Fig. 16a and 16 g). While per-
forming better, the bottom h, of the studded bracket type exhibited

major connection zone cracking (see Fig. 16¢), which reduced the sys-
tem capacity by up to 10%. This type of cracking may be detrimental to
long-term durability. The middle and top h, of the single bracket
(Fig. 16b and 16 h), the middle h, of the studded bracket (Fig. 16d), and
the double plate bracket (Fig. 16e and 16f) performed satisfactorily with
no major connection zone cracking. The double plate bracket type may
provide additional advantages such as resilience to other types of loads
and long-term durability due to its extended shaft and top and bottom
plates confining the entire depth of the pile cap. Subjected to pure
compression loads, all specimens with all bracket types exhibited global
failure modes of flexure and shear, without exhibiting any major
connection zone cracking (Fig. 16i and 16;).

6. Contributions and interactions of design parameters

To better understand and quantify the influence of the investigated
parameters (i.e., bracket types, he, px, a/d ratios, and loading types) on
the system-level load capacities, two statistical analysis methods were
employed: the analysis of variance (ANOVA) and factorial design [56].
These methods are particularly useful to assess if the changes in the
simulation result due to the changes in single or multiple parameters are
statistically significant or not [57]. The analysis of variance relies on
partitioning the total variability of the collected dataset into its
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Fig. 15. Average load capacities of all simulations.

components. The total sum of squares is used as a measure of the overall
variability in the data. The results are analyzed under percentage con-
tributions, which is the measure of the contribution of each parameter’s
effect (and their respective interactions in the case of multiple param-
eters) relative to the total sum of squares.

Table 5 shows the contributions of each parameter to the system-
level peak load capacities for the single bracket type. The results for
the tension load case indicate that the a/d ratio, py, and h, parameters
dominate the response, accounting for 87.8% of the total variability,
whereas two- and three-parameter interactions account for the
remaining 12.2%. This conclusion diverges from the compression load
case, where parameter h,, and two- and three-parameter interactions are
found insignificant. Both results are also confirmed with the ANOVA
method. More details on these calculations can be found elsewhere [55].

The a/d ratio-py, a/d ratio-h,, and py-h,, interactions are plotted in
Fig. 17. The similar slopes of the curves in Fig. 17a verifies the conclu-
sion of no interaction between a/d ratio-p, parameters, while the
different slopes in Fig. 17b and 17c show interactions between p, - h, and
a/d ratio-h, parameters. Fig. 17b and 17c show that there is no differ-
ence in the tension load capacity when the middle or top h, is used while
the bottom h, provides significantly smaller capacities. The discrepancy
in the load capacity between the bottom h, and the other two h,

increasing the connection capacity. If these local influences, however,
introduce tension, the connection capacity could be lower than the
member capacity and a separate connection capacity assessment would
be required as per, for example, ACI 318-19 [43] clause 9.4.3.2 or CSA
A23.3-14 [47] clause 11.3.2.1. To assess the significance of considering
or neglecting the connection capacity under tension loads, the experi-
mental specimens are analyzed with the sectional methods contained in
the ACI 318-19 standard [43]. The sectional method requires the
calculation of the shear and flexural capacities at the most critical sec-
tions and comparing them with the shear and moment demands.

It is clear from Fig. 18 that the experimental capacities are much
smaller than those predicted by the sectional analysis method. This
result confirms that the connection capacity governs the entire system
response of these specimens and that the use of the sectional analysis
overestimates the system capacity by a factor of 2.2 on average.

8. Conclusions and recommendations

The influence of helical pile-to-pile cap connection detailing on the
global load, deformation, cracking, and failure behaviors of concrete
pile cap systems are studied. The parameters investigated are summa-
rized in Fig. 19.

The results of the investigations demonstrate that the helical pile-to-
pile cap connection capacity may govern the system capacity for the
load conditions involving tension components. The traditional global
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Fig. 16. Representative failure modes and crack patterns for the pile cap configurations examined.

Table 5
Contributions of parameters to the system load capacity.

Monotonic Tension Monotonic Compression

Parameters Contribution Contribution
Px 35.8% 46.9%

a/d ratio 28.1% 52.5%

h, 23.9% 0.0%

px-he 7.0% 0.0%

a/d ratio-h, 4.9% 0.0%

a/d ratio-py-h, 0.2% 0.0%

a/d ratio-p, 0.1% 0.6%

Total 100% 100%

analysis methods, which are not intended for the analysis of the
connection zones, are found to significantly overestimate the capacity of
the helical pile cap systems exhibiting connection zone failures by a
factor of 2.2 on average. The results justify the recommendation of
performing an explicit capacity check of the connection zones in addi-
tion to the structural and geotechnical checks if one of the foundation
load cases include tension or pullout loads. Detailed conclusions and
recommendations are provided below.

8.1. Monotonic and cyclic tension

e The helical pile-to-pile cap connection zone detailing influences the
global load capacity of the pile cap systems. When designing the
helical pile-to-pile cap connections, special attention should be given
to light and tall structures where one of the foundation load cases
may be tensile in nature.

The tension load capacities of the pile cap systems (all of which are
doubly and symmetrically reinforced) are found to be only 54% of
their compression load capacities. If analyzed with the traditional
sectional analysis methods, which are not intended for the analysis of
the local connection zones, their load capacities in tension and
compression would be incorrectly calculated as equal.
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Fig. 17. Interaction among parameters subjected to monotonic tension.
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Connection zone failure is predicted for the bottom h, of the single
bracket type, with a decrease in the global load capacity by 25% on
average. It is recommended that the middle h, be used if the single
bracket termination is to be used.

The statistical analysis of the results indicates that the combination
of low a/d ratios, high p,, and the middle h, yields the highest tension
load capacity for the single bracket. These analyses also indicate that
h, dictates the effectiveness of p, and a/d ratio. In other words, if
larger tension load capacities are desired, h, should be changed from
bottom to middle, as opposed to using the bottom h, and increasing
the py ratio or reducing the a/d ratio with hopes to increase the
global load capacity (which is not effective).

The double bracket type has only one embedment depth which
provides satisfactory responses with no connection zone failure in all
simulations contained in this study.

The studded bracket type has two h, positions. While no connection
zone failure is predicted, major connection zone cracking is observed
for the bottom h,. For the configurations involving the bottom h,, the
change of the bracket type from single to studded improves the
system capacity by an average of 22%; consequently, the studded
bracket may be preferred over the single bracket for the bottom h,.
For the most optimum results, however, the middle h, is recom-
mended for both the single and studded bracket types.

Although the bottom h, of the single bracket type demonstrated the
least-favorable behavior, it can still be successfully used for resisting
uplift forces if a special connection zone detailing is developed (e.g.,
sufficient amounts of vertical ties or stirrups in the connection zone).
This recommendation is also applicable to the bottom h, of the
studded bracket type.

8.2.

Engineering Structures 243 (2021) 112667
Monotonic and cyclic compression

The helical pile-to-pile cap connections are found to not influence the
monotonic compression load capacity of the helical pile cap systems
in any of the bracket types examined; no connection failures are
predicted.

The statistical analyses show that the h, parameter has no significant
contribution to the monotonic compression capacity of the helical
pile cap systems.

To maximize the load capacity, high p,, and low a/d ratios should be
used for all bracket types.

The compression capacity of the pile cap systems examined is found,
on average, to be 1.85 times higher than their tension capacity.

For the cyclic compression loading, connection zone cracks and
reduced load capacities (up to 10%) are predicted for the top h, of the
single bracket in some design configurations. It is recommended to
follow the tension load recommendations for the load cases involving
cyclic load reversals.
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