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Abstract.   Pile-to-pilecap connection performance is important as Integral abutment bridges (IABs) have no 
expansion joints and their flexible weak-axis oriented supporting piles take the role of the expansion joint. This 
connection may govern the bridge strength and the performance against various lateral loads. The intention of this 
study is to identify crack propagation patterns when the pile-to-pilecap connection is subjected to lateral loadings and 
to propose novel connections for improved performance under lateral loadings. In this study, eight different types of 
connections were developed and modeled, using Abaqus 6.12 to evaluate performances. Three types were developed 
by strengthening the connections using rebar or steel tube: (i) PennDOT specification; (ii) Spiral rebar; and (iii) HSS 
tube. Other types were developed by softening the connections using shape modifications: (i) cylindrical hole; (ii) 
reduced flange; (iii) removed flange; (iv) extended hole; and (v) slot hole connection types. The connections using 
the PennDOT specification, HSS tube, and cylindrical hole were shown to be ineffective in the prevention of cracks, 
resulting in lower structural capacities under the lateral load compared to other types. The other developed 
connections successfully delayed or arrested the concrete crack initiations and propagations. Among the successful 
connection types, the spiral rebar connection allowed a relatively larger reaction force, which can damage the 
superstructure of the IABs. Other softened connections performed better in terms of minimized reaction forces and 
crack prevention. 
 

Keywords:   pile-to-pilecap connection; crack control; FEM; integral bridge 
 
 
1. Introduction 
 

Integral abutment bridges (IABs) have been successfully constructed and have served for three 
decades in the U.S. and Europe, due to their improved structural performance and low construction 
and maintenance costs. These benefits are gained due to the removal of the expansion joints and 
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substituting with flexible supporting piles. 
Recently, the trend for the removal of expansion joints is presented in even longer bridges. In 

the U.S., both a 358 m long concrete girder IAB and a 318 m long steel girder IAB have been 
constructed and are now in service (Kunin and Alampalli 2000), with much longer bridges 
expected to be constructed with integral abutments. The lengthening of the IAB is mainly 
dependent on the supporting pile performance, i.e., the lateral displacement capacity of the 
supporting piles and the connection between the steel HP piles and the concrete pilecaps. Arsoy et 
al. (2002) conducted 75-year cyclic load testing under laboratory conditions for concrete piles, 
weak-axis oriented steel piles, and steel pipe piles, and concluded that the weak-axis oriented steel 
pile is a suitable choice for IABs because of its relative ductility and lower stiffness. Also, 
Abendroth et al. (2007) observed cracks in concrete piles of 33 m-long IAB although Gama and 
Almeida (2014) reported adequacy of concrete piles in IABs based on numerical studies. However, 
only limited research related to the weak-axis oriented steel pile-to-pilecap connection has been 
conducted, although numerous integral abutment bridge research studies have been completed and 
are still being carried out at the time of writing (Baptiste et al. 2011, Kim and Laman 2012, 2013, 
Kalayci et al. 2012, Civjan et al. 2013, Kim et al. 2014). Others (Ahn et al. 2011, Kim et al. 2012, 
Chacon et al. 2013) also numerically and experimentally investigated behavior of piles and girders 
separately. 

Research related to IABs has focused on thermal movement and the soil-structure interaction 
between the soil and the supporting piles, backfill, and abutment (Kim and Laman 2010a, b). 
However, the pile-to-pilecap connection is one of the most vulnerable structural components of 
IABs due to lateral bridge movement caused by thermal effects and seismic loads (Baptiste et al. 
2011, Ahn et al. 2011, Kim et al. 2013). Concrete pile to pile cap connection were studied by many 
researchers (Harries and Petrou 2001, Pam and Park 1990, Silva 1998), but steel pile to concrete 
pile cap connection studies were limited (Xiao et al. 2006, Xiao and Chen 2013). Nevertheless, 
currently no bridge design specification is available for the connection in AASHTO LRFD (2010) 
and PCI bridge design manual (2011). 

Thus, the intention of this study is to identify crack propagation patterns when the pile-to-
pilecap connection is subjected to lateral loadings, and to propose novel connections for improved 
performance under lateral loadings. 

Previous studies showed that a spiral rebar strengthened connection significantly improves the 
performance of the connection when compared to a conventional or PennDOT rebar strengthened 
connection (Kim et al. 2013, Frosch et al. 2009, PennDOT 2007). It was found that the rebar can 
effectively control the crack propagation. However, the stiffness was increased, causing a 
relatively larger reaction force which will damage the superstructure of the IABs. 

Therefore, the intention of this study is to develop a new pile-to-pilecap connection satisfying 
the ductility and low stiffness requirements compared to a conventional connection, to 
accommodate a 100 mm lateral displacement, which is equivalent to a 463 m-long concrete girder 
IAB or 347 m-long steel girder IAB. Additionally, a parametric study has been carried out for 
investigating the effects of spiral rebar geometries on the connection between the pilecap and pile. 

In the U.S., a 358 m-long concrete girder IAB and a 318 m-long steel girder IAB were 
successfully constructed and are now in service. In this study, connections were firstly designed 
for large displacement and relatively large reaction force as the pilecap stiffness was increased. 
Subsequently, connections were designed for large displacements and small reaction forces in 
order to minimize possible girder and pile connection damages due to thermal displacement. Three 
different strengthened connection types with rebars (PennDOT, Spiral rebar type (SR) and HSS 
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tube type (HSS)) and five different types of connections without rebar (Cylindrical hole type (CH), 
Reduced flange type (RDF), Removed flange type (RMF), Extended hole type (EH) and Slot hole 
type (SH)) were studied. Detailed descriptions for the connection designs will be discussed in a 
later section. 
 
 
2. Proposed pile-to-pilecap connection details 
 

The benefits of using IABs are gained due to the removal of the expansion joints and 
substituting them with flexible supporting piles. However, currently, no bridge design 
specifications stipulate the rebar details for the pile-to-pilecap connection. PennDOT DM-4 4 (Fig. 
1 (a)) specifies the rebar detail for the connection, but this detail was developed to compensate for 
down-drag force in the supporting piles. Spiral rebars (Fig. 1(b)) are easy to install and are proven 
to be very effective against seismic and lateral loads (Kim et al. 2013, Frosch et al. 2009). The 
proposed HSS tube connection (Fig. 1(c)) utilized the steel tube for the prevention of crack 
propagation. The removed flange detail utilized a modified shape of HP pile, where the embedded 
part of the flanges was removed and the steel plate is used to support the pilecap effectively. These 
three connections utilize rebars to strengthen the connection. In this study, this type of connection 
is called a “Strengthened connection” as indicated in Fig. 1. However, the stiffness of the 
strengthened connection was increased, causing relatively larger reaction forces. A large reaction 
force might damage the superstructure of the IABs. Therefore, another type of connection was 
developed. In this study, this is called the “Flexible connection”, as indicated in Fig. 1. The 
flexible connection utilized the noble mechanical connections that were developed in this study, 
rather than using rebars. It allows certain amount of displacement at a local connection between 
the pile and concrete pilecap without generating large reaction forces. First, the flexible connection 
type is a cylindrical hole type (see Fig. 1(d), CH). The cylindrical hole embedded in the concrete 
pilecap prevents contact stress between the concrete and the flange edges of the HP pile, as shown 
in Fig. 1(d). A 40 mm diameter was considered in the CH type. The depth of the cylindrical hole 
was the same as the depth of the embedded part of the HP pile (450 mm). 

Secondly, shape modification of the HP pile was considered. An HP pile with reduced flange 
(RDF) from 30 cm to 10 cm was used as shown in Fig. 1(e). The reduced flange allows a plastic 
hinge at the reduced section. Because a longer embedded depth showed a larger energy absorption 
capacity, the embedment length of the pile was also increased up to 600 mm from 450 mm. The 
reduced flange size was calculated in order to make a larger moment capacity in the concrete 
pilecap rather than in the HP pile. Accordingly, 33% of the original flange width was considered 
as a plastic hinge. 

Thirdly, a removed flanged (RMF) HP pile was devised. The part of the flanges embedded in 
the concrete pilecap was removed in order to minimize the stress concentration, as presented in Fig. 
1(f)). By removing the flanges, the stiffness of the connection and crack initiations were expected 
to be minimized and mitigated, respectively. To effectively resist axial forces transferred from the 
superstructure, 15 mm plates were also attached to the pile at the bottom of the concrete. The 
corner parts of the embedded web in the pilecap were cut off to reduce possible stress 
concentration that could cause another crack initiation. A single 900 mm long D19 rebar was also 
used at 150 mm below the top of the pile to prevent the pile from being pulled out due to down-
drag forces. 

Fourthly, an artificial gap was utilized in the connection EH. To artificially insert the gap 
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between the H-pile and the concrete pilecap, polystyrene was used to fill the gap (Fig. 1(g)). When 
the concrete is poured, due to the polystyrene, a gap between the pile and concrete pilecap will be 
formed. Since the polystyrene has a very small stiffness compared to the other construction 
materials, the polystyrene was neglected in the FE model. A 20 mm gap between the HP pile and 
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the concrete pilecap was made in the model. The gap in the transverse direction was not 
considered and only the gap along the loading direction was considered. The other conditions are 
the same as those in the conventional connection. 

Finally, similar to the extended hole details (EH, Fig. 1(g)), to insert the gap, a slot connection 
was utilized as shown in Fig. 1(h). The H-pile was cut into two parts: one part is the embedded 
part in the concrete pilecap and another is a part left exposed. Two separate HP piles are connected 
using a slot connection. In order to make a slot, two additional 16 mm thick plates were assumed 
to be welded to two cut surfaces of the HP pile. A 40 mm length of slot was placed into the two 
plates which are designed to be welded to the HP pile. The selected diameter for the bolt used in 
the slot was 18 mm. 
 
 
3. Numerical analysis 
 

A non-linear 3D numerical model was developed as shown in Fig. 2 by using ABAQUS 6.12 
explicit. The superstructure rotational stiffness was considered as a rotational spring because its 
rotational capacity influences the pilecap rotation when it is subjected to the lateral displacement. 

The backwall was modeled using beam elements to reduce the complexity of the model. The 
concrete pilecap was assumed to be a stub-type abutment which is typical in IABs, and was 
modeled using 3D non-linear solid elements. 

Differential rotation at the construction joint between the superstructure and substructure as 
reported by Kim and Laman (2012) was also considered by using a calculated rotational stiffness 
in the model. Chore et al. (2014) and Conte et al. (2013) also proposed extensive numerical 
analysis methods for horizontally loaded piles. However, this study utilized the equivalent 
cantilever method proposed by Greimann and Wolde-Tinsea (1988) and Abendroth et al. (1989). 
Kim and Laman (2010b) also recommended to use the method to exclude nonlinear soil strata 
boundaries and to reduce computational costs. The equivalent cantilever model was 
experimentally evaluated by Girton (Girton et al. 1991) and was proven to be sufficiently accurate 

 
 

Fig. 2 Model developed for numerical analysis 
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for design purposes. PCI Bridge Design Manual (2011) also includes the equivalent cantilever 
method for laterally loaded pile design. In this study, the elastic modulus for concrete and steel are 
21.76 GPa and 200 GPa, respectively. 

In order to accurately predict the crack pattern, the damaged plasticity concrete model 
developed by Lee and Fenves (1998) was used. The Damage Plasticity model which was built in 
Abaqus has shown strong general solving capabilities for various concrete cracking behaviors. It 
provides a general capability for modeling concrete. It assumes non-associated multi-hardening 
plasticity and scalar damaged elasticity to model the irreversible damage. It allows user control of 
the stiffness recovery at the cracked region during cyclic load reversals. As a further study, other 
concrete material models such as the smeared cracking model should be used and the obtained 
results should be compared with the results in this study. The detailed theory could be found in an 
ABAQUS 6.12 user manual. For compressive behavior of concrete, Hognestad compression 
hardening curves were used and the tensional behavior of the concrete was determined based on 
recommendations of CEB-FIP (2010). The fracture energy of concrete was 126 N/m. The 
compressive strength and tensile strengths of the concrete were 20.68 MPa and 2.26 MPa, 
respectively. The yield strength of the rebar was 523 MPa. The model details for the rotational 
spring and backwall can be found in Kim et al. (2010b). 

 
3.1 Model verification 
 
FEM analysis results were compared with the experimental data by Frosch et al. (2009). The 

test specimen was secured to a strong floor using a clamping system. Axial and lateral loads were 
applied to the pile tip using a hydraulic machine. Detailed descriptions using the figures and test 
set up could be found in Frosch et al. (2009). The overall trends of the numerical analysis 
satisfactorily matched the experimental data, as presented in Fig. 3. The displacement was 
estimated with consideration of elastic deformations of the clamping rods under the applied load as 
described in Frosch et al. (2009). It should be noted that cyclic loads were applied in experimental 
conditions, while the FE analysis in this study only considered unidirectional displacement of the 
pile. Since the stress-strain relation of the concrete is relatively unique under the static condition 
according to Sinha et al. (1964), comparison of envelope of cyclic load-displacement curve with 
monotonic load-displacement is adequate. 

A material model used in this study for concrete is the damage plasticity model built in Abaqus 
 
 

Fig. 3 Comparison of load-displacement graphs 
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(a) Model result (b) Experimental result (Frosch et al. 2009) 

Fig. 4 Comparison of crack pattern 
 
 

commercial program. If the loads were applied in opposite direction repeatedly (cyclic loadings), 
fully damaged (cracked) and remained (not deleted) elements might affect the stiffness of the pile-
to-pilecap connection; erroneous simulation results will be obtained. It was observed that the 
elements around the cracked regions were severely deformed after crack progression and reached 
up to the outer face of the pilecap. Therefore, after the cracking of the pilecap, the data was 
disregarded and was not plotted in Fig. 3. 

The maximum forces which generated the complete cracks in the pilecap were approximately 
111kN obtained from Frosch et al. (2009) compared to 107 kN in this study. The difference in load 
between the experiment and the predicted cases was within 4%. Similarly, the displacement 
difference between the experiment and the predicted cases was within 12% at maximum loads. In 
the experimental condition for structural tests, a deformation of the test frame due to the applied 
load can cause a possible additional gap between the supports and a loading point, which is a 
common situation. This could lead to an additional displacement to be added to the actual 
displacement. Therefore, the 12% difference in displacements was considered to be acceptable for 
model verification in this study. 

Crack patterns were also well predicted as shown in Fig. 4. As explained earlier, cyclic loads 
were applied in experimental conditions, while the FE analysis in this study only considered 
unidirectional displacement of the pile. Therefore, crack propagations occurred in only one 
direction with the FE analysis. Based on the FEM results as shown in Fig. 4, the modeling 
methods and material models could be reliable for investigating pile-to-pilecap connections. 

A preliminary study has investigated the possible crack patterns between the concrete pilecap 
and the steel pile using finite element analyses (Kim et al. 2013). 

It was found that the crack patterns are sensitive to the boundary conditions specified in the 
simulation. It was concluded that depending on the abutment geometry and boundary conditions, 
i.e., abutment height, soil stiffness, pile sectional properties, etc., different crack patterns may 
occur. Therefore, in order to delay or minimize the crack occurrence, steel reinforcement should 
cover the four diagonal paths or the HP pile shape should be modified in order to mitigate crack 
occurrence. 

Previous research proved that a spiral rebar could be used very effectively for delaying crack 
propagation (Kim et al. 2013). However, the large stiffness due to the addition of spiral rebars 
could cause a larger reaction force. Large reaction forces can damage the superstructure of IABs. 
Therefore, appropriate amount of the spiral rebar in the pilecap should be embedded to control the 
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overall behavior of the IABs under the thermal loading. In this study, a parametric study for shape 
and steel ratio of the spiral rebar had been investigated.  

 
3.2 Analysis Results of Strengthened Connections (PennDOT, SR and HSS) 
 
Obtained simulation results from strengthened connections such as PennDOT, SR and HSS 

types are shown in this section. Except SR, both PennDOT and HSS were not proven to be 
effective on strengthened connections. It is concluded that the performance of the SR detail is 
significantly higher than the PennDOT and HSS tube detail. Detailed information is as follows. 

 
3.2.1 Obtained simulation results from PennDOT 
Obtained analysis results from the PennDOT model are presented in Fig. 5. The crack initiation 

and propagation pattern was similar to the conventional case, as shown in Fig. 4. A complete 
pilecap crack was observed and this implies the pilecap body was split into two pieces due to 
cracks. Maximum stress in the rebar was approximately 33 MPa, which was only 11% of yield 
stress as shown in Fig. 5(c). After the complete pilecap crack at 61 mm displacement (Fig. 5(c)), 
maximum rebar stresses were 203 MPa (68% of yield stress). This implies that the PennDOT rebar 
is ineffective for mitigating crack initiation and propagation in the pile-to-pilecap connection. The 
D19 rebar was only used for preventing the pile from being pulled out due to down-drag forces. 
The maximum stress at D19 rebar was generated due to the down-drag forces. 

 
3.2.2 Obtained simulation results from Spiral Rebar connection (SR) 
As mentioned previously, a preceded research found that a spiral rebar is useful for delaying or 

arresting crack propagation (Frosch et al. 2009, Kim et al. 2013). However, a larger reaction force 
also could be generated if a steel ratio of the spiral rebar is massive. Accordingly, a parametric 
study on the shape and steel ratio of the spiral rebar (SR, Fig. 1(b)) was conducted in order to 
investigate the sensitivity of the pilecap behavior depending on the spiral rebar. Selected input 
parameters are the spacing between the pitch of the spiral rebar, diameter of the rebar and diameter 
of the spiral (width). Standard spiral rebar used in this study has 12.7 mm diameter of rebar, 50 
mm pitch and 470 mm width. Observed output parameters are the load-displacement graphs of the 
pilecap and stress contour of the spiral rebars. Fig. 6 shows obtained results from the parametric 
study. Load-displacement graph was finished at the point of the cracking failure of the concrete 
pilecap. 

 
 

 (a) Crack at ∆ = 6.3 mm  (b) Final crack at ∆ = 61 mm (c) Rebar stress contour  

Fig. 5 Crack location and stress in rebars (PennDOT) 
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(a) L-D graph (spacing of the pitch) (b) Stress contour (Pitch: 25 mm) 

  

 
(c) L-D graph (diameter of the rebar) (d) Stress contour (Diameter of the rebar: 25.4 mm)

  

 
(e) L-D graph (diameter of the spiral) (f) Stress contour (Spiral width: 670 mm) 

Fig. 6 Load-displacement graphs and stress contour of the various spiral rebar 
 
 
As expected, the load-displacement behavior of the pile-to-pilecap connection under the lateral 

load was very sensitive to the geometry of the spiral rebar. As the spacing of the pitch is reduced 
from 100 mm to 50 mm and from 50 mm to 25 mm, the load carrying capacities of the pile-to-
pilecap connections were increased up to 14.4% and 3.2% respectively (see Fig. 6(a)). Likewise, 
as the diameter of the rebar was increased from 9.53 mm to 12.7 mm and from 12.7 mm to 25.4 
mm, the load carrying capacities of the pile-to-pilecap connection increased up to 10.2% and 0.8%, 
respectively (see Fig. 6(c)). Similarly, as the diameter of the spiral is decreased from 670 mm to 
570 mm and from 570 mm to 470 mm, the load carry capacities of the pile-to-pilecap connection 
increased up to 5.6% and 10.9%, respectively (see Fig. 6(e)). This indicates that the three selected 
parameters are the key parameters for controlling the behavior of the pile-to-pilecap connection. 
Additionally, it shows that the increased load carrying capacities are not in linear relations with the 
selected parameters. 

Furthermore, the spacing and aggregate sizes of the concrete could be determinants for properly 
designing the spiral rebar. Therefore, careful optimization procedures to properly design the shape 
and size of the spiral rebar depending on the geometry of the pilecap and concrete properties 
should be conducted for SR connection. Increased displacement capacities of various conditions 
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 (a) Crack at ∆ = 33 mm (b) Final crack at ∆ = 55 mm (c) Tube stress contour  

Fig. 7 Crack location and stress in HSS tube 
 
 

could be the same as the results of the maximum applied load since the load-displacement graph 
shows approximately a linear line. In this study, the optimized size of the spiral rebar with 12.7 
mm diameter of rebar, 50 mm pitch, and 470 mm width showed the best efficiency which could be 
considered as an optimized size and shape. 

 
3.2.3 Obtained simulation results from HSS connection (HSS) 
The obtained analysis results from the HSS model are presented in Fig. 7. The first crack was 

initiated from the corners of the HP pile as expected, and this crack was effectively arrested by the 
tube. Fig. 7(a) shows the crack at 33 mm of displacement. However, second cracks also occurred 
at locations other than the corner region of the HSS tube, resulting in earlier complete failure of 
the concrete pilecap (Fig. 7(b)) compared to that of conventional connection type (no rebar). It was 
found that both the rounded corner shape of the HSS tube and the shallow concrete cover depth 
between the tube and pilecap resulted in earlier crack failure. The maximum load at the complete 
pilecap crack was 83 kN, which is smaller than the conventional connection type (90 kN). The Von 
Misses stress of the tube obtained at maximum load was 49 MPa, indicating that the tube was 
ineffective in the pile-to-pilecap connection as shown in Fig. 7(c). 

 
3.3 Analysis results of flexible connections (CH, RDF, RMF, EH, and SH) 
 
Obtained simulation results from flexible connections such as CH, RDF, RMF, EH, and SH 

types are shown in this section. The CH type was found to be ineffective for connections. However, 
other types were proven to be effective for allowing large displacement without generating large 
reaction forces. Detailed information is as follows. 

 
3.3.1 Compasrion of Cylinderical and Extended Hole connections (CH, EH) 
Analysis results for the CH type are presented in Figs. 8(a) and (b). With the addition of the 

cylinderical holes, a complete crack occured at 60.34 mm displacement. This indicates that the CH 
did not effectively prevent the occurrence of the crack. It was found that the web of the HP pile 
pushed the concrete surface of the pilecap. Accordingly, stress concentration was generated at a 
local point of the cylinderical hole surfaces. The stress concentration at the cylinderical hole 
caused an early crack in the concrete pilecap. When the complete propagation of the crack 
occurred at 60.34 mm, the maximum stress in the HP pile was 298 MPa. The CH type is found to 
be ineffective for the pile-to-pilecap connection. 
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 (a) Final crack at ∆ = 60 mm (CH) (b) Zoomed view of CH (before contact)  

 

 

(c) Final crack at ∆=100 mm (EH) (d) Zoomed view of EH  

Fig. 8 Crack locations in CH and EH 
 
 
Analysis results obtained when using the extended hole details are shown in Figs. 8(c) and (d). 

Since the polystyrene was intended to be used between the concrete pilecap and the pile, a 20 mm 
gap was considered in the developed model. Unlike the CH type, in the HP pile, the pilecap and 
web have a 20 mm gap. Therefore, the contact stresses were not transferred to the concrete pilecap 
before the gap disappeared between the pile and pilecap. Thus, the reaction force was 
approximately zero until the 20 mm gap was closed. However, after this 20 mm displacement, both 
the pile and pilecap were in contact, resulting in a small crack on the contacted surface as shown in 
Figs. 8(c) and (d). However, this crack was not fully propagated, even under a displacement of 
100mm. This indicates that the proposed connection of the EH could be used for mitigating cracks 
in the pilecap. The 20 mm gap between the pilecap and pile used in this study could be readjusted 
in order to allow a larger displacement. However, a larger gap might cause structural instability of 
the connection and a constructability issue. Therefore, a further study should be conducted in order 
to optimize the gap between the concrete pilecap and the HP pile. The calculated maximum stress 
of the HP pile at the contacted area was 55.9 MPa, which is much lower than the yield stress of the 
steel pile (400 MPa). At a displacement of 81 mm, plastic strain was generated at the fixed 
location of the H-pile, with no crack propagation being observed from the concrete pilecap. 

It was found that the preformed gap should be used at both the flange and web of the HP pile. 
For example, the CH type that only has gaps at the flanges caused a stress concentration and 
resulted in early crack propagation of the pilecap. 

 
3.3.2 Numerical analysis of RDM, RMF and SH 
Analysis results for the RDM and RMF are presented in Figs. 9(a) and (b). Both types were 
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intended to be designed for a plastic hinge. Therefore, the plastic strained zone from both types 
were observed. 

Figs. 9(a) and (b) show RDF analysis results. A crack propagation did not occur (Fig. 9(a)). 
Instead, a small crack initiation was observed near the flange of the pile. A plastic hinge was also 
formed at the pile as shown in Fig. 9(b). Plastic strain at 100 mm dispalmcent was 1.1%. 

Figs. 9(c) and (d) show RMF analysis results. A small crack was observed from the side of the 
embedded web (Fig. 9(c)). Concrete cracks on the pilecap were not completely propagated at the 
full displacement of 100 mm (Fig. 9(c)). Since flanges were removed and the web was embedded 
in the centerline of the concrete pilecap, the stress concentrations that generally occurred at the 
pile edges (where the pile flanges and concrete pilecap were in contact) disappeared. Improved 
crack prevention performance and reduced reaction forces were observed when using the removed 
flange details. This implies that the removed flange details could be used for better energy 
absorption in pile-to-pilecap connection details under lateral loads. The rebar stresses were mostly 
concentrated at the connection between the web and the rebar due to the downwards force 
generated by the lateral movement. Plastic strain was also observed on the web of the pile located 
at the bottom surface of the concrete pilecap (Fig. 9(d)). However, fatigue resistance capacity of 
the removed flange should be further studied since plastic strains were formed at the thin plate 
(web of HP pile) and concentrated at the connection as shown in Fig. 9(d). 

Fig. 10 shows SH analysis results. Analysis results obtained using the slotted hole connection 
details are shown in Fig. 10. Since the 40 mm slot was placed, 20 mm of displacement was 
allowed without any stress transferring to the concrete pilecap. However, after a displacement of 

 
 

 
 (a) Final crack at ∆ = 100 mm (RDF)  (b) Location of plastic strain (RDF) 

 

  

(c) Final crack at ∆ = 100 mm (RMF) (d) Location of plastic strain (RMF) 

Fig. 9 Crack locations and plastic strain in RDF and RMF 
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20 mm, the bolt and slot surface were in contact and the contact forces started to transfer. Finally, a 
small crack formed on the concrete side due to the contact stress under the 100 mm displacement 
as shown in Fig. 10(a). Fig. 10(b) shows the deformed shape after the contact. It was found that the 
plastic strain of the HP pile occurred at the slot connections but did not cause a crack in the 
concrete pilecap. Fig. 10(c) shows the stress contours in the HP pile before the contact. The 
obtained maximum stress for the HP pile before contact as shown in Fig. 10(c) was 0.06 MPa. 
After the contact had occurred, the maximum stress increased rapidly up to 16.96 MPa. The level 
of the stress was continuously increased up to the final 100 mm displacement. It should be noted 
that the plastic behavior of the bolts was not considered in this simulation. As previously 
mentioned, an 18 mm bolt diameter was used in this study. Stresses larger than the yield stress 
were generated from the bolting area as shown in Fig. 10(b). The stress level in the bolting area 
could be reduced by increasing the number of bolts and bolt size (diameter). Therefore, a further 

 
 

  
(a) Crack location (b) Stress and slip at slot connection 

 

 
(c) Stress contours of the pile before contact 

Fig. 10 Crack patterns and stress contour of SH type 
 
 

 
Fig. 11 Comparison of load-displacement graphs 
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Table 1 Comparison of obtained results of various connections 

Connection Types Displacement (mm) Reaction force (kN) Energy (kN-mm) 

Conventional* 58 90 2610 

PennDOT* 61 93 2827 

SR* 93 137 6371 

HSS* 55 83 2283 

CH* 60 90 2614 

RDF 100 120 6694 

RMF 100 100 5940 

EH 100 95 3987 

SH 100 96 4022 

*: Connection types failed by cracking before 100 mm displacement 
 
 

study is needed in order to optimize the number and size of the bolts that connect the two plates of 
the HP piles. In this simulation, similar to the previous extended hole detail, a negligible crack was 
found at the contact area between the concrete pilecap and the HP pile. Therefore, the slotted hole 
connection could be a possible option for designing the pile-to-pilecap connection against large 
lateral displacements. 

 
3.4 Comparions of load-displacment curves 
 
Obtained load-displacement curves by Abaqus 6.12 explicit solver from each type were 

compared as shown in Fig. 11. Moving average smoothing algorithms were used to plot and 
compare the load-displacement graph. The calculated energies (area under the load-displacement 
curves), maximum loads, and displacements are also shown in Table. 1. 

The PennDOT connection showed a similar performance (2827 kN-mm) to the conventional 
type. This indicates that the rebar used in the PennDOT specification was ineffective in controlling 
crack propagation. However, the SR connection exhibited 1.6 times higher strength and 
displacement compared to the conventional type. Because of the confinement by the spiral rebar, 
concrete cracks were delayed and strength was significantly increased. The energy absorption of 
SR was 6371 kN-mm. However, the stiffness was not changed. 

The HSS tube type could not prevent crack propagation and allowed a large reaction force; thus, 
concrete crack failure occurred at a displacement of 56 mm. The connection failure occurred even 
earlier than the conventional connection. The first crack was initiated at the corners of the HP pile 
and seemed to be effectively arrested by the tube. However, secondary cracks abruptly developed 
from the corner region of the HSS tube, resulting in earlier cracking failure at a reaction force of 
83 kN compared to the conventional type. 

CH showed almost similar load-displacement behavior as the conventional type. Any 
improvement was observed from the preformed holes around the flange tip in the concrete pilecap. 

The other proposed connections exhibited better performance to accommodate a 100 mm 
lateral displacement, which is equivalent to a 463 m-long concrete girder IAB or 347 m-long steel 
girder IAB, and all observed concrete cracks were negligible. 

The RDF connection showed smaller energy and reaction force at 100 mm compared to the SR 
type. Among flexible connection types, the largest reaction force (120 kN) at 100 mm was 
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measured from the RDF connection. The reaction force of RDF could be reduced if a smaller 
percentage of the original flange width is considered as a plastic hinge. However, the structural 
stability and capacities under the vertical and lateral loads should also be checked. 

The RMF connection showed even smaller energy compared to the RDF connection since a 
smaller reaction force was generated due to the effect of the plastic hinge formed at the removed 
flange section. The maximum reaction force at 100 mm displacement was 100 kN. The D19 rebar 
inserted for resisting the downwards force from the pile started to yield at a displacement of 98 
mm and showed a plastic strain of 160 με at 100 mm. The RMF connection acted as a plastic hinge, 
as intended. 

Both the EH and SH connections showed no reaction forces up to a displacement of 20 mm 
because of the addition of the extended holes and slotted holes. However, after contact occurred, 
the reaction forces significantly and rapidly increased. 

It should be noted that these simulations were conducted using explicit methods and quasi-
static loading steps in order to save on the computational cost and avoid convergence problems 
that can occur in large deformation analyses of the composite materials with non-linear material 
properties. Therefore, after contact, a small impact was generated, causing oscillations in the 
extended hole and slot connection models as shown in Fig. 11. The oscillations were considered to 
be a negligible factor for the purpose of this study since the amplitude is small and FE results 
showed that the dynamic behavior does not affect the overall behavior of the pile-to-pilecap 
connection. 

SR can take a larger energy of 6371 kN-mm, but it reached a full cracked condition at a 
displacement of 93 mm. Although other proposed connections such as RDF, RMF, SH and EH 
produced smaller energy absorption compared to the SR, these proposed connections can still 
displace the pilecap beyond a displacement of 100 mm with negligible cracking. Ductile and low 
stiffness pile-to-pilecap connections preventing cracks in the pilecap are the key to increasing the 
IAB length, to reduce the axial force in the superstructure and to allow a larger displacement 
without concrete cracking. This indicates that the proposed connection types with low energy 
absorption and larger displacement capacity can be successfully used in IABs against the large 
lateral displacement. SH and EH types showed smaller energy and displacements more than 100 
mm. However, SH type may not be economical in practice. Therefore, RDF, RMF and EH types 
are recommended as the most suitable solution for increasing the IAB length among others. 
 
 

4. Conclusions 
 

The intention of this study was to develop new pile-pilecap connection types for IABs to 
improve bridge length, which is currently limited due to bridge thermal movement. However, the 
thermal movement capacity of the IABs could be improved by a better performing pile-to-pilecap 
connection which allowed larger displacements and lower reactions. To reduce stiffness and 
mitigate the four-way diagonal cracks from the HP pile, the use of rebars did not effectively 
improve the connection performance because the stiffness remained the same as the previous 
stiffness. In particular, the HSS tube and CH are not recommended because they caused equivalent 
or earlier complete cracking failure of the concrete pilecap compared to the conventional 
connection. Although rebars can effectively control crack propagation (e.g., SR), the stiffness was 
not reduced, causing a relatively larger reaction force compared to the flexible connections. Four 
types of flexible connection, including RDF, RMF, EH, and SH without rebars and one type of 
strengthened connection, SR, were proven to be effective under the lateral movement caused by 
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thermal variations. These developed flexible connections allowed displacement without generating 
relative larger reaction force and mitigated crack propagation. The following conclusions and 
recommendations could be derived from this study. 

 

(1) The overall behavior of the developed models using Abaqus 6.12 explicit program with 
the concrete damage plasticity mode satisfactorily matched the experimental data. 

(2) It was found that, using the developed models, the spiral rebar is very effective for 
controlling the crack propagation. The steel ratio and geometric shape of the spiral rebar 
was found to be a very sensitive parameter to control the behavior of the pile-to-pilecap 
connections. 

(3) The HSS tube arrested the crack propagation from the first crack. However, at the same 
time, secondary cracks abruptly occurred, finally resulting in earlier failure and smaller 
energy absorption compared to the conventional connection. 

(4) The CH type was demonstrated to be ineffective against lateral load. For the CH type, it 
was found that the web pushed the contacted surface of the pilecap, resulting in local stress 
concentration at the cylinderical hole surfaces. The stress concentration at the cylinderical 
hole caused an early crack in the concrete pilecap. 

(5) Flexible connection types such as RMF, RDF, EH, and SH, without using spiral rebars, 
did not cause crack propagation and cracking failure. 

(6) Having gaps between the pile and pilecap, the EH and SH connections successfully 
allowed a certain amount of displacement without generating a reaction force and 
structural instability. It is expected that these connections could also be applicable under 
the cyclic load on a daily basis; e.g., fatigue resistance. 

(7) The absorbed energy generated at a 100 mm displacement of flexible connections was 
smaller than that of SR, and the proposed connections (RMF, RDF, EH, and SH) in this 
study performed better in terms of both minimized reaction forces and crack prevention. 

(8) As a further study, a model sensitivity study with various concrete material models and 
contact properties is recommended. 

(9) In this study, the equivalent cantilever pile length to exclude nonlinear soil strata 
boundaries was used. However, depending on the bridge abutment geometries and 
boundary conditions (i.e., abutment height and soil stiffness), different crack patterns may 
occur. Therefore, a soil-structure interaction analysis is recommended. 

(10) Parametric studies for thickness and size of tube, cover depth of concrete pilecap, shape of 
tube, size of the bolt, and plate thickness are needed in order to optimize the proposed 
connection types. 
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