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A B S T R A C T

Base pipe pin connections were developed to simulate a hinge behavior at the base of cast-in-place or precast
bridge columns. Base pipe pins are composed of two steel pipes: one pipe is embedded in the column and the
other in the adjoining member. Shear force is transferred through contact of the pipes and friction. The uplift
force is resisted by a tension member and welded studs on the surface of the column pipe. To investigate the
behavior and failure mode of base pipe pins under direct tension and to determine the ultimate tensile capacity
of the pins, two scaled pipe pin connections were tested under direct tension. Elaborate nonlinear finite element
(FE) studies of the pipe pins were also conducted to explore the effects of different parameters on the response of
the pins. There are many possible failure modes that could occur under tension. Test results depicted that rupture
of the pin tension member with no damage to the connection was the dominant failure mode in pure tension. The
FE models accurately estimated the response of the test models and the observed failure mode. The analytical
results showed that decreasing the pipe height alters the failure mode but does not affect the ultimate capacity of
the connection significantly. Furthermore, reducing the pipe height or increasing the number of stud layers has a
small effect on the ultimate capacity and stiffness of the connections.

1. Introduction

Top pipe pin hinges were first developed by the California
Department of Transportation (Caltrans) engineers to eliminate mo-
ment transfer between column and cap beam in cast-in-place (CIP)
construction. Pipe pins consist of a steel pipe that is anchored in the
column and extended into a steel can inside the cap beam. This type of
connection is designed to transfer (1) axial load through bearing of the
cap beam on the column while no tension is transferred, (2) shear be-
tween the column and the cap beam through contact of the part of the
pipe that is protruded and the can in the cap beam and friction at the
column-cap beam interface, and (3) no moment from the column to the
cap beam [1].

To investigate the seismic performance of the pipe pins and to de-
velop a reliable design method, extensive analytical and experimental
studies have been conducted. Five groups of experiments were con-
ducted at the Large Scale Structural Laboratory at UNR: (1) and (2)
quasi-static test of two 0.3 scale hinged cantilever columns under pure
shear and combined flexure, shear, and axial loads to investigate overall
response of the pipe pins [2], (3) static test of six 1:3.5 scale push-off
specimens to formulate the bearing strength of concrete against steel
pipes [3], (4) static pure shear test of six infill steel tubes to determine

the shear capacity and develop an empirical design equation for shear
strength of the tubes [3], and (5) shake table test of a 1:5 scale two-
column bridge bent model incorporating top pipe pins to validate the
design method developed for the pins [1]. Top pipe pins were also in-
corporated in several research projects to provide details for use in
accelerated bridge construction (ABC) including shake table test of a
0.3 scale precast two-column bridge bent [4], biaxial shake table test of
a quarter-scale four-span bridge [5], and shake table test of a quarter-
scale two-span deconstructible bridge [6].

A new generation of pipe pins for column bases was developed by
Mehrsoroush and Saiidi [7] for use in CIP or precast bridges. To study
the seismic performance and response of the base pipe pins and to
develop a reliable design method for these connections, a one-third
scale, two-column bridge bent model incorporating column-footing
pipe pins was subjected to quasi-static cyclic loading until failure. Test
results revealed that the proposed pipe pin was successful in resisting
the column reactions even under high drift ratios and could satisfy the
Caltrans seismic design criteria [8] requirements as a capacity pro-
tected member.

A modified version of the base pipe pins were also used by Mehraein
and Saiidi [9] in shake table study of a 1:3.75 scale precast two-column
bridge pier model to connect bridge columns to pile shafts.
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The study presented in this paper focuses on the tensile response of
base pipe pins developed by Mehrsoroush and Saiidi [7]. The main
objectives of the study were to determine (1) the ultimate behavior of
base pipe pins under direct tension through experimental studies, and
(2) the effects of different parameters on the response and failure mode
of the pins under direct tension through nonlinear finite element studies
of base pipe pin connections using ABAQUS [10]. The experimental
studies were conducted on portions of the bent model that had been
studied by Mehrsoroush and Saiidi [7].

2. Base pipe pin connection concept

Pipe pin connections are composed of two steel pipes (Fig. 1). One
pipe is embedded in the column (referred to as the outer pipe hereafter)
and the other is embedded in the footing (referred to as the inner pipe
hereafter) and protrudes from the footing and extends into the outer
pipe. An attempt was made initially to adopt the top pipe pin detail by
using a steel pipe in the column and a can in the footing. However, this
detail was not viable because base pipe pins are likely to undergo
tension under overturning moments, whereas top pipe pins do not in-
clude a tension force transfer mechanism. Therefore, two steel pipes (as
opposed to one pipe and one can in top pipe pins) were necessary to
make the connection work. Shear between the column and the footing
is transferred through direct contact between the pipes and friction at
the column-footing interface. The tension resisting mechanism of pipe
pins consists of (1) a high strength threaded rod passing through the
pipes, (2) two plates at the ends of the rod anchored in the column and
footing, and (3) welded studs on the surface of outer pipe to transfer the
pipe force to concrete. The end plate in the column bears against the
outer pipe and concrete while the plate in the footing is embedded in
concrete. To enhance the rotational capacity of the hinge, the column is
placed over a steel ring plate on the footing to form a hinge gap at
column-footing interface. No reinforcing bars pass from the column to
footing. The column compression is transferred to the footing through

bearing on the ring plate that is supported on the footing.

3. Experimental studies

3.1. Two-column bent model

A one-third scale two-column bent model was constructed com-
prising of a precast column, a conventional CIP reinforced concrete
(RC) column, a precast cap beam, and two single footings. The columns
were connected to the footings and cap beam using pipe pins and
pocket connections developed by Mehrsoroush and Saiidi [7], respec-
tively. Details of the two-column bent model are shown in Fig. 2. The
clear height and span of the bent were 2540mm (100 in.) and 3048mm
(120 in.), respectively. Both columns were 3150mm (124 in.) in height
and 508mm (20 in.) in diameter with 12-#6 [bar diameter
(db)= 19.1 mm (3/4 in.)] longitudinal bars providing a steel ratio of
1.68% and #3 [db=9.5mm (3/8 in.)] spiral at 50.8 mm (2 in.) pitch
resulting in a volumetric transverse steel ratio of 1.25%. The precast
column was designed to be used in ABC by utilizing two main segments:
a 635-mm (25-in.)-high precast concrete pedestal, and an upper 2515-
mm (99-in.)-high precast segment that incorporated engineered ce-
mentitious composite (ECC) and concrete. The longitudinal bars of the
upper segment were extended below by 610mm (24 in.) for subsequent
insertion into the pedestal to provide a connection. The pedestal in-
corporated 12, 635-mm (25-in.)-high corrugated metal ducts aligned
with the longitudinal bars of the upper segment and a #3 outer spiral at
50.8 mm (2 in.) pitch placed around the ducts. The corrugated ducts of
the pedestal were filled with grout after insertion of the longitudinal
bars from the upper segment. The precast column pipe pin was in-
corporated in the concrete pedestal using the same detail as the one for
the CIP column. To enhance the shear capacity of the pipe pins, #3
inner spirals at 50.8mm pitch (2 in.) and center-to-center diameter of
305mm (12 in.) were placed around the outer pipes. Details of the pipe
pins are depicted in Fig. 1.
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3.2. Design of base pipe pin connections under tension

The study of the bent reported by Mehrsoroush and Saiidi [7] re-
vealed an interesting behavior. As the pipe pin moved and rotated
under lateral loading of the bent, the top bearing plate moved and ro-
tated, an action that stretched the threaded rod even when the column
was under compression. The resulting tension put the lower portion of
the column within the pipe pin zone under compression even when the
bent overturning moment resulted in tension in the column. Because
tension member of the base pipe pins was always under tension, and
subsequently the pipe within the column was always under compres-
sion, the tensile response of pipe pins was necessary to be studied.

The tension in the rod was the summation of the column uplift force
and the force due to movement of the top end plate. The rod was also
subjected to flexural moments due to movement of the top plate. The
moment was estimated using the rod top head displacement and rota-
tion when the hinge gap was fully closed and the pipes were in contact.
The rod was designed for the maximum tension and moment. The
tension in the rod was transferred to the end bearing plates causing the
top plate to bear against concrete and the pipe and the bottom plate
bear against the concrete. The bearing plates were designed to satisfy
two limit states: (1) bearing strength of concrete and (2) flexural
yielding of the plates. It was assumed that the pipe pin as a capacity
protected member would remain elastic. Thus, the rod force at the top
was distributed proportionally to the axial stiffness of concrete and the
steel pipe. Neglecting the friction at the concrete-pipe interface, it was
assumed that the entire compression of the outer pipe was transferred
to the surrounding concrete through shear studs. The studs were de-
signed based on the code requirements for shear strength of the studs
[11] and the concrete pry out strength in shear [12]. The breakout

strength of concrete was not a governing limit state as the studs were
embedded in a mass of reinforced concrete far from the free edges of the
column. The footings were designed to be stiff and remain elastic under
the cyclic loading tests of the two-column bent. The embedded depth of
the bottom bearing plate in the footing was calculated so that the
breakout failure of concrete [12] due to the rod tension is prevented.
When the precast column underwent uplift forces, the tension was
transferred to the pedestal through bond strength of longitudinal bars
extended into the grouted metal ducts. The required development
length of the ducts was calculated based on the results of previously
conducted tests [13], accounting for the total number, material prop-
erty, and configuration of the ducts.

Details of design of the columns, cap beam, and the pipes are pre-
sented in Mehrsoroush and Saiidi [14].

3.3. Construction and material properties

To construct the base pipe pins, the rods and bottom bearing plates
were placed in the center of the footings bar cage and the inner pipes
were positioned and secured in the footings at the specified height such
that the rods passed through the centerline of each pipe (Fig. 3a). The
footings were cast subsequently. The concrete pedestal was constructed
in-place on top of the footing by placing the ring plate on top of the
footing, placing the outer pipe over the ring plate around the inner pipe
so that the rod passed through the pipe center line, placing the inner
spiral, outer spiral, and corrugated metal ducts around the outer pipe,
fixing the top bearing plate on top of the outer pipe, and casting the
concrete (Fig. 3b). The concrete portion of the top precast segment was
cast on a platform with the column longitudinal bars extended below
the platform through pre-drilled holes. After curing, the top segment
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Fig. 2. Details of two-column bent model (units: mm [in.]).
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was lowered onto the concrete pedestal while the extended bars were
inserted into the grouted ducts to form the complete column. The pipe
pin connection in the pedestal and CIP column had the same con-
struction pattern except that only the inner spiral and column bar cage
were placed around the outer pipe over the ring plate and the column
was cast incorporating the pipe pin at the bottom (Fig. 3c).

Standard cylindrical samples of concrete, cubic samples of grout,
and samples of the steel reinforcements were tested. The average
measured test day compressive strength of the footings concrete, col-
umns and pedestal concrete, and pedestal grout was 52.2, 45.6, and
74.0MPa (7.57, 6.61, and 10.74 ksi), respectively. The average mea-
sured yield stress for the #3, #4, #6 reinforcing bars, and rods was
450.4, 533.4, 471.3, and 918.7MPa (65.32, 77.36, 68.35, and 133.24
ksi), respectively. The yield strength of the steel for the inner pipes,

outer pipes, bearing plates, and shear studs was 581.9, 536.0, 295.1,
and 430.9MPa (84.4, 77.74, 42.83, and 62.5 ksi), respectively.

3.4. Preparation of pipe pin connection models for direct pull test

Among different options considered to apply the direct tension on
pipe pins after the bent model cyclic testing, pulling the pins using the
column longitudinal bars in a self-reacting loading frame was found to
be the most appropriate. To prepare the pipe pins for the direct pull
tests, the columns were saw cut at a height where the column long-
itudinal bars had not yielded during the cyclic loading test. The cutting
level corresponding to the first yield moment of the column section was
at 1270mm (50 in.) above the footing top face. Cutting of columns was
followed by exposing the column longitudinal bars for at least 279mm
(11 in.) to provide sufficient length to anchor the bars in the test setup.
The test models were labeled PFPT and CFPT, which stand for precast
footing pin tension test and cast-in-place footing pin tension test, re-
spectively.

3.5. Instrumentation

To measure the load, displacements, and strains during the direct
pull tests, 63 and 55 channels of data were collected in PFPT and CFPT,
respectively. PFPT was instrumented using 22 longitudinal strain
gauges at six levels on longitudinal bars, 16 strain gauges at six levels
on outer spirals, 12 strain gauges at four levels on inner spirals, and
eight longitudinal strain gauges on the outer pipe. Moreover, various
aspects of CFPT response was monitored using 18 strain gauges at four
levels, 24 strain gauges at three levels, and eight strain gauges at four
levels on the longitudinal bars, inner and outer spirals, and outer pipe,
respectively. The vertical displacement of the connections was mea-
sured by averaging the measurements of fours displacement transducers
in each model

3.6. Test setup

Fig. 4 shows the schematic details for the direct pull test setup. The
pipe pin connections were subjected to direct pull test using a loading
plate and a self-reacting loading frame installed above the footings. The
loading frame was composed of two steel columns, a spreader beam,
and a hollow-core jack placed above the spreader beam. The column
segments were placed symmetrically in-between the columns of the
loading frame, and the longitudinal bars were anchored over a loading
plate using shear-screw couplers. The loading plate was pulled up by
the plunger rod of the hollow-core jack passed through the spreader
beam and the loading plate central hole and was fixed under the plate.
The tension of the jack was transferred uniformly from the loading plate

Fig. 3. Construction of pipe pins: (a) lower portion of pipe pins in footing; (b) precast column pipe pin; (c) CIP column pipe pin (images by Ali Mehrsoroush).
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to the column segment longitudinal bars through the couplers. The
complete direct pull test setup for CFPT is depicted in Fig. 5.

3.7. Loading protocol

The pipe pin connections were subjected to direct tension using a
890-kN (200-kips), 254-mm (±10-in.)-stroke hollow-core jack. The
loading was initiated as load controlled and continued by increasing the

load amplitudes until the rods yielded. The target loads during the
tensile loadings were 44.5, 133.4, 266.9, 400.3, 533.8, 667.2, and
800.7 kN (10, 30, 60, 90, 120, 150, and 180 kips), respectively. The
loading was switched to displacement controlled at the onset of non-
linearity in the pin force-displacement relationship. The displacement-
controlled loading was initiated by increasing the total displacement to
20.3 mm (0.8 in.) after the rods began to yield and was continued by
increasing the displacement amplitudes at 5.1 mm (0.2 in.) increments.

3.8. Test results

3.8.1. Apparent damage
Fig. 6a and b demonstrates the damage to PFPT and CFPT at

20.3 mm (0.8 in.) vertical displacement, respectively. No damage was
observed in PFPT during the load-controlled portion of loading other
than formation of minor tensile cracks on the top half of the concrete
pedestal and separation of the column segment from the footing. By the
end of the displacement-controlled portion of loading, the tensile cracks
propagated over the height of the pedestal and the gap between the
pedestal and the footing widened due to plastic deformations of the rod
and the end bearing plates. The part of the column above the pedestal
remained in contact with the pedestal during the test. After unloading,
the pedestal rested on top of the ring plate because the top bearing plate
was engaged only when the pedestal move upward and did not prevent
the downward movement of the pedestal. The status of damage in CFPT
at the end of the elastic and plastic portion of loading was the same as
that of PFPT, except that a larger number of cracks propagated on the
top half of the specimen. In contrast to PFPT, the top steel plate was
embedded in concrete and restrained both upward and downward
movement of the column. As a result, the base of the specimen did not
bear on the ring plate upon unloading because the rod had yielded and
there was some permanent deformation.

3.8.2. Post-test observations
The connection was disassembled after the test to inspect PFPT

closely. It can be seen in Fig. 7a that the hex nuts had separated from
the top bearing plate. This was due to the residual elongation of the rod
and permanent bending of the end bearing plates (Fig. 7b). Permanent
deformations of the tension member in reversal loadings cause a

Fig. 5. Direct pull test setup for CFPT (image by Ali Mehrsoroush).

Fig. 6. Damage to pipe pin connections at 20.3 mm (0.8 in.) vertical displacement: (a) PFPT; (b) CFPT (images by Ali Mehrsoroush).
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progressive lag in development of tension in pipe pins, which needs to
be prevented due to its detrimental effect on the overall performance of
the connection. The outer pipe had slipped slightly out of the pedestal
bottom face (Fig. 7c), indicating plastic deformation of shear studs in
concrete. No sign of bearing failure was detected on the surface of the
pedestal under the top bearing plate. The hex nuts also remained intact
and no dethreading mark was noticed on the rod. The observations
confirmed that (1) the tension of the rod was transferred to the ped-
estal, and (2) at initial loading steps, the tension was transferred
through bearing of the top plate on the pedestal face and outer pipe
cross section at the same time. By increasing the loading amplitude, the
plate was bent and lost the contact with pedestal face. Subsequently,
the load was transferred directly to the pipe through bearing of the
plate on the pipe section.

3.8.3. Load-displacement relationships
According to Caltrans SDC [8], pipe pins need to be designed as

capacity protected members and remain essentially elastic in seismic
events. However, to investigate the behavior and response of connec-
tions, they were loaded to failure in the present study. The measured
axial load-displacement response for PFPT and CFPT is shown in Fig. 8.
Ty and Tu in this figure represent the yield and ultimate tensile capa-
cities of the rod, respectively, determined using uniaxial tensile test of
rod samples. The connections underwent some displacements under
minimal load during the early stages of loading before the couplers
were set. The diagrams were offset to delete those portions of the
curves.

The force-displacement response of the pins exhibited the same
trend as that of rod samples tested under uniaxial loading. However,
pipe pins showed softer response because the load path involved several

Fig. 7. Post-test status of damage to CFPT pipe pin components: (a) threaded rod; (b) top bearing plate; (c) outer pipe (images by ali Mehrsoroush).

Fig. 8. Load-displacement relationship for pipe pins under direct pull tests.
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components such as the studs and the end plates and these components
introduced flexibility in the system. The initial stiffness of the connec-
tions was 99.1 kN/mm (565.6 kips/in.) for PFPT and 104.7 kN/mm
(597.7 kips/in.) for CFPT. PFPT was slightly softer due to segmental
construction. Both specimens were tested under tensile loading until the
full capacity of the jack was reached. Substantial yielding occurred but
the rods did not fracture. The maximum achieved tensile capacity for
PFPT and CFPT was 880.3 and 907 kN (197.9 and 203.9 kips), obtained
at 19.3 and 18.3mm (0.76 and 0.72 in.) displacements, respectively.
The measured ultimate capacity of the rods was 969.3 kN (217.9 kips).

3.8.4. Strain data
The maximum tensile strains in the column longitudinal bars of

PFPT and CFPT were 1615 and 1583 με, respectively, measured at 635
and 660mm (25 and 26 in.) above the column base. These strains were
less than the yield strain of 2357 με and indicated that the displace-
ments in Fig. 8 were not affected significantly by deformation within
the column. Comparison between the peak measured strains in the
column longitudinal bars (Fig. 9) showed that the test setup was suc-
cessful in achieving uniform distribution of the force among the long-
itudinal bars and eliminated any moment that might act on the test
model.

The inner and outer spirals reached the maximum strains of 59 and
81 με for PFPT and 56 and 384 με for CFPT, respectively. The peak
measured strains in both spirals were far below the yield strain of
1662 με, indicating that neither spirals played a role in the test.

The outer pipe force was transferred to the surrounding concrete
through the shear studs on the pipe surface and shear transfer at pipe-
concrete interface through friction. Consequently, the pipe was sub-
jected to compression up to the bottom row of the studs. PFPT and CFPT
outer pipes reached the maximum compressive strain of −301 and
−137 με, recorded at 324mm (12.75 in.) above the column bottom
face. The outer pipes in both connections remained elastic during the
entire testing since the maximum measured strains were much less than
the yield strain of 2681 με. All the peak measured strains occurred at
30.5 and 25.4mm (1.2 and 1.0 in.) vertical displacements in PFPT and
CFPT, respectively.

The measured strains and post-test observations indicated that the
plastic deformations of the rod, studs, and bearing plates are the main
sources of nonlinearity in the response of pipe pins to direct tension.

4. Analytical studies

Analytical studies of the test models were conducted to verify the
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validity of the modeling assumptions by test data and develop a re-
ference model for further studies. To understand and quantify the ef-
fects of key parameters on the behavior, capacity, and failure mode of
pipe pins, a comprehensive parametric study was conducted using the
validated FE model.

4.1. Model details

A detailed nonlinear FE model of the pipe pin connections was de-
veloped, and the results were compared with the test dada. The finite
element program ABAQUS/Explicit v6.11 package was utilized because
of its capabilities and features for modeling materials and interactions.
This software has been utilized by other researchers in several related
studies including the study of bearing strength of concrete against steel
pipes [3], the force transfer mechanism in concrete-filled steel tubes
[15], and behavior of headed stud shear connectors in composite beams
[16].

Due to geometric symmetry of the pipe pins and symmetry of the
loading, only one-half of the test models were simulated. All the solid
elements were modeled using reduced integration first-order hexahe-
dral (brick) elements (C3D8R). The reduced integration elements were
used to avoid excessive computer run time and maintain a balance
between computational efficiency and accuracy. Reinforcing bars of the
footing and longitudinal bars of the column were modeled using 3-node
quadratic beam elements (B32), which is able to capture flexural and
axial deformations. This is different than the common modeling of re-
inforcement in flexural members in which the bars are modeled as axial
members only. Using B32, any local flexural deformation of the bars
could be captured. Column spirals were modeled using 2-node linear 3-
D truss elements (T3D2). The mesh sizes were refined around the
contact surfaces to minimize the mesh distortion. Because the third root

(e)

(d)

(c)

(b)(a) 
Fig. 11. FE mesh of CFPT components: (a) concrete column segment; (b) steel parts; (c) shear studs; (d) top bearing plate; (e) bottom bearing plate.

Fig. 12. Uniaxial stress-plastic deformation relationship for concrete.

Table 1
Modeling parameters for concrete damage plasticity.

σco (MPa) σcu (MPa) Ec (MPa) Kc ε σbo/σco νc ψ σto (MPa) β w1 (mm) wf (mm)

Column 20.52 45.66 31,768 0.67 0.1 1.16 0.15 37 3.76 0.25 0.02 0.184
Footing 23.50 52.28 34,077 0.67 0.1 1.16 0.15 37 4.02 0.25 0.02 0.183

Note: 1 ksi= 6.895MPa: 1 in.= 25.4mm.
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of the element volume controls the tensile characteristic of concrete
elements, flat or narrow concrete elements were not used in critical
regions of the models.

Fig. 10 shows the details of FE model and reinforcements of CFPT.
The FE mesh for CFPT components is depicted in Fig. 11. The FE
modeling of PFPT was similar to CFPT, except for the concrete column
segment. Overall, more than 72,700 and 74,100 elements were used for
the simulation of PFPT and CFPT under direct pull tests, respectively.

Concrete damage plasticity model (CDP) was used to model the
concrete parts. This model provides a general capability for analysis of
concrete structures under monotonic, cyclic, and dynamic loading
when the confining pressure of concrete is less than five times the
concrete uniaxial compressive strength. The concrete failure mechan-
isms in the CDP model are characterized by tensile cracking and com-
pressive crushing of concrete. The CDP uses concepts of isotropic da-
maged elasticity in combination with isotropic tensile and compressive
plasticity to represent the inelastic behavior of concrete [10]. This
model assumes that the uniaxial tensile and compressive response of

concrete are identified by damaged plasticity. The stress-strain re-
lationship of concrete in the elastic region was defined by the modulus
of elasticity. The post-elastic response of concrete under tension and
compression was defined as the crack width and compressive inelastic
strain versus concrete stress, respectively (Fig. 12). Because the dis-
placement across a crack in a concrete section should be independent of
the mesh sizing, the stress-displacement relationship was used to model
the tensile behavior of concrete. The fracture energy concept proposed
by Hillerborg et al. [17] was utilized to characterize the nonlinear be-
havior of concrete as a stress-displacement response. The uniaxial
compressive stress-strain relationship of concrete was determined using
the model proposed by Popovics [18]. The CDP model uses a yield
condition incorporating different evolution of strength under tension
and compression. The evolution of the yield (or failure) surface is
controlled by two hardening variables, tensile and compressive
equivalent plastic strains. The parameters listed in Table 1 were used to
model the concrete in the column and footing. In this table, Ec, Kc, ε,
σbo/σco, νc, and ψ are the parameters used to define the yield function
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Fig. 13. Test vs. FE model load-displacement relationship: (a) PFPT; (b) CFPT.

Fig. 14. Von Mises stresses (S): (a) PFPT; (b) CFPT.
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and potential plastic flow of CDP model. The other parameters of the
table are defined in Fig. 12.

The classical metal plasticity model was used to define the material
property of the steel parts. The isotropic yielding was defined using the
standard Mises yield surfaces with associated plastic flow. For long-
itudinal bars and rods, the complete stress-strain relationship obtained
from uniaxial tensile tests was used. However, due to a lack of test data,
Ramberg-Osgood model [19] was used to define the strain-stress re-
lationship of the steel parts. The nominal stress-strain relationships
representing the post-elastic behavior of steel parts were converted to
true stress-plastic strain relationships as ABAQUS inputs.

Interaction between the elements was modeled using “Contact
Pairs” algorithm. The interacting contact surfaces were specified sepa-
rately as master and slave surfaces. “Hard” and “Penalty” mechanical
properties were assigned to the contact surfaces in the normal and
tangential directions, respectively. The hard contact relationship as-
sumes a zero stiffness once the interface surfaces separate and an in-
finite stiffness once the gap between them is recovered. The tangential
interaction of contacting surfaces was defined using linear Coulomb
fiction model. The basic concept of this model correlates slippage to the
maximum critical shear stress between the contact surfaces using a
coefficient of friction. Results of the parametric studies conducted on
pipe pin subjected to lateral loadings indicated that the linear Coulomb
friction model can sufficiently predict the tangential interactions [14].
The coefficient of friction for steel on steel, steel on concrete, and
concrete on concrete was assumed to be 0.3 [20], 0.45 [21,22], and
0.45 [23], respectively. The friction coefficient for concrete on concrete
accounts for degradation of stiffness due to cyclic action that the test
models had undergone in the test bent model. Contact between the
parts subjected to high normal compression (e.g. top bearing plate and
outer pipe) was defined using contact pairs algorithm with kinematic
method to override any penetration of elements at contact interfaces.

The ABAQUS “Standard” packager has convergence difficulties in
problems with large number of iterations and complex materials.
Therefore, “Explicit” packager was utilized to capture complicated
three-dimensional contacts with concrete nonlinearities.

The embedded element technique was utilized to define the

reinforcing bars in 3D-solid concrete elements. The pipe pin connec-
tions were subjected to displacement-controlled loading through a re-
ference node on the centerline of the models constrained to the long-
itudinal bars top nodes using rigid body tie constraints. To reduce the
dynamic effects resulting from sudden application of the loads to the
model, the loading was applied in a smooth manner using a smooth-
step amplitude curve.

4.2. Results of FE analysis

Fig. 13 compares the test and FE analysis load-displacement re-
lationships for PFPT and CFPT. The analytical models were successful in
estimating the elastic stiffness, softening, post-elastic stiffness, and ul-
timate capacity of the connections under pure tension. Sample field
outputs of the models at 64mm (2.5 in.) displacement are presented in
Figs. 14 and 15. Fig. 14a and b depict the Von Mises stresses (S) on the
steel parts of PFPT and CFPT, respectively. The tension of the rod
caused the top bearing plate of PFPT to bend in the middle and separate
from the top face of the pedestal. Consequently, the tension was
transferred directly to the outer pipe through bearing on top of the pipe
(Fig. 14a). The curvature of the plate caused the contact force to be
transferred to the inner edge of the pipe top section (edge contact).
Because the top bearing plate of CFPT was embedded in the concrete,
bending of the plate was resisted by the surrounding concrete resulting
a smaller tension to be transferred to the pipe compared to PFPT. The
Von Mises stresses on the shear studs indicate that concrete and studs
were subjected to high contact pressures close to outer pipes. The high
concentrated stresses on the top surface of the studs at the point of
connection to the pipes resulted in the studs shear deformation
(kinking). Distribution of Von Mises stresses over the outer pipe height
shows that contribution of the studs in transferring the pipe load to
concrete decreased as the distance from the top bearing plate was in-
creased. The results also showed that the outer pipes underwent a high
compressive axial force in between the top plate and the lowermost
layer of the studs. The magnitude of this force decreased as the distance
from the top plate was increased due to transfer of the force from the
studs to concrete. It was assumed that concrete cracking initiates at

Fig. 15. Tensile damage (PEEQT): (a) PFPT; (b) CFPT.
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points where the tensile equivalent plastic strain (PEEQT) is greater
than zero. PEEQT is a measure of the crack width, as the tensile be-
havior of concrete is defined in terms of stress-displacement [10]. The
pattern of tensile damage for PFPT and CFPT concrete at 64mm
(2.5 in.) displacement is shown in Fig. 15a and b, respectively. A conical
cracking was formed in CFPT (Fig. 15b) as a result of (1) normal
compression transferred to concrete from the top corners of the bearing
plate, and (2) change in the load transfer mechanism at the top bearing
plate. The concrete body of the connection over the bearing plate was
subjected to pure tension, whereas it underwent high compression
below the bearing plate close to the pipe and tensile forces at location of
the column longitudinal bars. The load was transferred between the
longitudinal bars and the outer pipe (shear studs and top bearing plate)
through compressive struts. The conical crack was formed over the
uppermost compressive strut where the concrete was subjected to ten-
sion. The tensile cracking in the concrete pedestal of PFPT was limited
to location of the shear studs and longitudinal bars, which extended

over a short depth from the concrete surface (Fig. 15a). The conical
crack pattern was not observed in PFPT due to the absence of concrete
over the top bearing plate.

5. Parametric studies

The parametric studies were conducted to investigate the effects of
outer pipe height and the number of stud layers on the tensile perfor-
mance and response of pipe pins. The CFPT FE model was utilized to
perform the parametric studies because it was verified against the test
data indicating its reliability.

5.1. Details of models

Changing the outer pipe height might change the capacity and
dominant failure mode of the connection under tension. The pipe height
(Hop) was reduced as a percentage of the column clear height (Hc)
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Fig. 16. Effect of number of studs on force-displacement response of pipe pin connection under direct tension: (a) Hop=0.25Hc; (b) Hop=0.2Hc; (c)
Hop= 0.16Hc; (d) Hop=0.14Hc; (e) Hop=0.12Hc.
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(25%, 20%, 16%, 14%, and 12%) and different number of shear studs
(zero, three, and four stud layers) with equal vertical spacing (0.25Hop
and 0.2Hop, respectively) were included in the modeling of each case.
Four studs spaced equally around the perimeter of the pipe were used at
each layer. Four layers of stud were only incorporated in models with
shorter pipes (Hop=0.16, 0.14, and 0.12Hc) to study the effect of
interfering compressive struts formed between the studs and perimeter
rebars on the failure mode and capacity of pipe pins. Except for the
connection with Hop=0.25Hc (CFPT) replicating the test model, in all
other cases the top bearing plate was embedded in concrete and the
connection was modeled to 127mm (5 in.) above the top face of the top
bearing plate. Details of the FE modeling of the connections were the
same as those of CFPT. The CFPT FE model (Hop=0.25Hc with 12
studs) was selected as the reference model.

5.2. Results of FE analysis

The results of the parametric studies helped gain insight on the ef-
fect of different variables in the course of development of design re-
commendations presented in Section 6. Fig. 16 shows the sensitivity of
the load-displacement response to the number of the studs and height of
the outer pipe. The ultimate capacity and load-displacement response of
the connections with the same Hop and different stud pattern did not
vary significantly with the number of the studs. An increase in the
number of studs slightly increased the initial stiffness of the response,
but did not affect the ultimate capacity. This occurred because the pipe
force was distributed among more studs resulting in smaller shear and
flexural deformations of the studs, hence smaller bearing pressures on
concrete at location of the studs. Models without stud showed a slightly

Fig. 17. Von Mises stress (S) variation: (a) Hop= 0.25Hc; (b) Hop=0.2Hc; (c) Hop=0.16Hc; (d) Hop=0.14Hc; (e) Hop= 0.12Hc.

Fig. 18. Tensile damage (PEEQT) variation: (a) Hop= 0.25Hc; (b) Hop=0.2Hc; (c) Hop= 0.16Hc; (d) Hop=0.14Hc; (e) Hop= 0.12Hc.

Fig. 19. Tensile damage (PEEQT) for Hop=0.12Hc: (a) three stud layers; (b) four stud layers; (c) no stud.
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smaller initial stiffness compared to the models with studs; however,
the ultimate capacity was not affected. Decreasing the pipe height al-
tered the failure mode from the rod rupture for Hop=0.25Hc to
0.14Hc to concrete failure for Hop= 0.12Hc (Fig. 18) but did not have
a significant effect on the initial stiffness, ultimate capacity, and duc-
tility of the connections compared to the reference model (Fig. 16).
Contrary to expectation, tensile capacity and stiffness corresponding to
concrete failure for Hop=0.12Hc differed slightly from those corre-
sponding to rod rupture for other cases. This occurred because change
of the pipe height was not enough to let the concrete failure cause a
significant effect on the capacity and stiffness.

The variation of Von Mises stresses on the steel parts and tensile
damage in the concrete pedestal at 64mm (2.5 in.) vertical displace-
ment for models with three layers of stud is depicted in Figs. 17 and 18,
respectively. The contribution of the studs to resisting the pipe force
was smaller for the studs with farther distance from the top bearing
plate. Part of the rod axial force was transferred to concrete through
bearing of the top plate on concrete. Contribution of concrete in re-
sisting the rod tension was proportional to the axial stiffness of the pipe,
the axial stiffness of concrete, and the flexural stiffness of the bearing
plate. Under high axial forces, bearing of the plate on concrete was
diminished as a result of the plate bending. These contact pressures
were the highest in models without stud and were reduced by in-
creasing the number of studs. The top bearing plate underwent ex-
tensive curvatures in the models without stud. Under high axial forces,
pipe slipped, and thus the bearing stresses shifted away from center
onto concrete resulting in the higher flexural moments in the plate.
Presence of the shear studs increased the axial stiffness of the pipe, thus
decreasing the curvature in the plate. These observations were similar
in all the analyses and indicate that in models with studs, pipe can be
conservatively designed for the full axial force of the tension member.

Formation of a conical crack originating from the top bearing plate
and extending toward the connection surface was the dominant failure
mode of concrete in models with different pipe heights regardless of the
number of studs (Fig. 18). In the models without stud, the cracks were
more extensive and steeper toward the bottom than the ones with studs,
and the angle of inclination of the crack increased by decreasing the
pipe height. The same tendency was not observed in models with studs.
The crack pattern in models with three and four layers of stud was
nearly similar and was not significantly affected by the pipe height. As a
sample, the effect of various numbers of stud layers on the crack pattern
of models with Hop=0.12Hc is depicted in Fig. 19.

The dominant failure mode in models with Hop=0.12Hc was
failure of concrete in tension resulting in the slip of the pipe and its
surrounding concrete out of the connection (Fig. 18e). The inner and
outer spirals did not contribute to the capacity of concrete because they
did not pass through the failure plane.

6. Conclusions

The experimental and analytical studies presented in this article
demonstrated that precast and CIP pipe pin connections developed in
this study are able to undergo tensile loads exceeding the yield force of
the tension members. Based on the measured strain data and test ob-
servations, the rupture of the rod is the most likely mode of failure for
base pipe pins under pure tension.

Result of the FE nonlinear modeling illustrated that the experi-
mental response could be accurately estimated in terms of the elastic
stiffness, softening, post-elastic stiffness, and ultimate capacity of the
connections under pure tension when a proper FE solver, material
constitutive models, contact algorithms, and element models are used.

The parametric studies revealed that under direct tensile forces re-
ducing the pipe length to 12% of the column height or increasing the

number of stud layers beyound the strength requirements has a small
effect on the load-displacement response, ultimate capacity, and dis-
placement ductility of pipe pin connections. However, the dominant
failure mode changes from rupture of the rod for Hop= 0.25Hc to
0.14Hc to concrete failure and pipe pullout for Hop= 0.12Hc.
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