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Abstract

In conventional cast-in-place reinforced concrete bridge construction, cap beams and
their connection to columns are designed to be capacity protected under strong
earthquakes. This is because cap beams and their connections maintain structural
integrity and are difficult to repair. The same design philosophy is mandatory for precast
cap beams that are used in accelerated bridge construction (ABC), particularly in
moderate and high seismic zones. One of the key components of ABC is prefabricated
reinforced concrete members. The NCHRP report 698 provided a synthesis of different
promising ABC connections. Pocket connections were identified as practical means of
joining prefabricated columns and pier caps. The AASHTO Scan 11-02 revealed more
recent studies about the seismic performance of pocket connections. Nevertheless,
research was needed to develop practical and reliable cap beam pocket connections
ensuring capacity protected behavior.

A comprehensive literature search was carried out in the present study to compile and
interpret data on the seismic performance of cap beams with pocket connections. It was
shown through extensive analyses that effects of pockets on the seismic performance of
cap beams are negligible for a well-designed bent cap even under the worst-case scenario
in which the concrete within the pocket was excluded from the cap beam section. The
reason why precast cap beams with pocket connections yielded in some of the test models
was identified as inadequate design rather than the pocket effect. Five practical details
for precast pocket bent caps were proposed based on the lessons learned from the
aforementioned tasks. Subsequently, constructability of these details was assessed. It
was found that the alternative in which fully precast columns are inserted into cap
pockets will result in 75% reduction in onsite work. The time saving for other details
was 42%. Finally, a design guideline as well as examples were developed to facilitate the
field deployment of precast bent caps incorporating pocket connections.
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Executive Summary

ES.1 Introduction

One of the key features of accelerated bridge construction (ABC) is the extensive use
of prefabricated bridge elements. Connections of precast elements play a critical role in
high seismic regions since the integrity of entire bridge depends on these connections.
One of the bridge elements that is appropriate for prefabrication is the bent cap. In
conventional reinforced concrete bridge construction, cap beams and their connections
are designed to be capacity protected under strong earthquakes since they are difficult to
repair. The same design philosophy is mandatory for precast cap beams that are used in
ABC, particularly in moderate and high seismic zones. This study was pursued to
develop practical and reliable precast bent caps utilizing pocket connections that ensure
capacity protected behavior.

ES.2 Objectives

The main objectives of this study were to compile and interpret data on seismic
performance of cap beams with pocket connections and to identify behavior, design,
detailing, and construction considerations for successful implementation of this category
of connections. Five tasks were planned and carried out to achieve these objectives: (1)
conducting literature review, (2) determining seismic performance and behavior of
pocket connections and cap beams, (3) evaluating constructability of pocket connections,
(4) developing design and detailing guidelines for cap beams with a pocket, and (5)
demonstrating the guidelines through examples. Highlights of the study and important
findings are presented herein.

ES.3 Literature Review

A comprehensive literature search was carried out to investigate seismic performance
of columns connected to adjoining members with pocket connections (Fig. ES-1) and a
summary of all published and unpublished test data is presented (Table ES-1). The as-
built embedment length of bars or precast columns into adjoining members, connection
performance, cap beam damage, and the measured yielding of cap beam longitudinal bars
are included in the table.
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Table ES-1. Summary of Available Test Data on Pocket Connections

_Used Reference Emb. Connection Performance Cap Beam Yielding in
in Length Performance Cap
Matsumoto et 0.5 column S . Minor concrete Not
al. (2001)®@ diameter Plastic hinge formed in column damage Available
27% lower drift capacity . - Yes, 2.7
E&Zeos{rle.;po etal. cljiiniglgrmn compared to cast-in-place, y:ﬂtt)i;rag:zz:ks times the bar
Column plastic hinge formed in column P 9 yielding
to Cap Mehrsoroush 1.2 column Large drift capacity and large No damage of No,40% of
Beam and Saiidi d: displacement ductility were post-tensioned cap  the yield
iameter - 2
(2014) achieved beam strain
. Large drift capacity and large Minor damage up No, 70% of
gﬁ:{?ggfz)d (ljigrgglg:m displacement ductility were 72% of the design  the yield
achieved level earthquake strain
Motaref et al. 1.5 column large displacement capacity, no . Not
(2011) diameter connection damage Not Applicable Applicable
Column — - -
Haraldsson etal. 1.1 column  Similar to cast-in-place, plastic . Not
to : . - Not Applicable .
Footin (2012) diameter hinge formed in column Applicable
g Kavianipour and 1.5 column  Minimal spalling of concrete in Not Applicable Not
Saiidi (2013) diameter footing PP Applicable
Larosche et al. 1.3 column  No damage of pile cap was . Not
Pile to (2014a) diameter reported Not Applicable Applicable
Cap No, 50% of
Cukrov and 1.2 column S A no apparent '
Beam Sanders, 2012 diameter Plastic hinge formed in piles damage of cap 'é?reai{:eld

@ This was not a “column”. It was a RC stub with 4 bars extended to the cap. Was not subjected to cyclic
loads that represent earthquakes.



ES.4 Seismic Performance and Behavior of Cap Beam Pocket
Connections

Effects of pocket connections were studied using moment-curvature and pushover
analyses. First, a full-scale two-column bent was designed based on AASHTO. Then the
effects of the pocket were studied on the overall and local behavior of the bent. Table
ES-2 presents different scenarios for modeling of a pocket connection. It was found
through extensive analyses that the effect of pocket on the seismic performance of cap
beams is negligible for a well-designed cap even under worst-case scenarios (SN3 to
SN7) in which pocket concrete is excluded from cap beam section resulting in an inverted
U-shape section.

Table ES-2. Different Scenarios for Pocket Connection Effects on Reference Bent Behavior
Scenario No Remarks
Assign nonlinear material models and nonlinear element to the cap beam with no additional

SN1 changes compared to the original model used in design in which elastic element was used for the
cap beam

SN2 Starting with the analytical model of SN1, bundle cap beam bottom longitudinal reinforcement in
corners simulating pocket area

SN3 Sta_rting wi_th the ana!ytical model of SN2, _exclude concrete from pocket area in which pocket is a
cylinder with approximately one column diameter (1D) and 1D height

SN4 Sta_rting wi_th the ana!ytical model of SN2, _exclude concrete from po_cket area in which pocket is a
cylinder with approximately one column diameter (1D) and 1.1D height

SN5 Starting with the analytical model of SN2, exclude concrete from pocket area in which pocket is a
cylinder with approximately one column diameter (1D) and 1.2D height

SN6 Sta_rting wi_th the ana!ytical model of SN2, _exclude concrete from po_cket area in which pocket is a
cylinder with approximately one column diameter (1D) and 1.3D height

SN7 Sta_rting wi_th the ana!ytical model of SN2, _exclude concrete from po_cket area in which pocket is a
cylinder with approximately one column diameter (1D) and 1.4D height

SN8 Starting with the analytical model of SN2, exclude concrete from pocket area in which pocket is a

cylinder with approximately one column diameter (1D) and 1.5D height (Full height of the cap)
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Figure ES-2. Moment-Curvature Relationships for Bent Tested by Mehraein and Saiidi (2014)



Moment-curvature analyses of the test models with pocket connections revealed that
cap beams will remain elastic if these elements are designed adequately. Fig. ES-2 shows
one sample of the analysis result presented in the report. It can be seen that the yield
moment capacity of the precast bent cap was higher than the column overstrength
moment satisfying the capacity protected criterion. Post-tensioning of bent caps was
found to be a successful method to significantly increase the cap beam yield moment
capacity especially when the size of the cap cannot be increased. Furthermore, it was
concluded from the analytical results that the reason for cap beam yielding in Restrepo et
al. (2011) tests was insufficient design of the cap beams in the test model.

Cap beams should be designed using a legal code such as AASHTO LRFD or
AASHTO Guide Specifications to determine the controlling design moment in seismic
zones but moment-curvature analyses are recommended to provide insight into the effect
of strain hardening and to realistically estimate the cap beam demand to capacity ratio.

ES.5 Constructability of Pocket Connections

Based on the findings of the previous tasks, five practical detailing for cap beam
pocket connections were proposed (Fig. ES-3). Constructability of these detailing was
discussed and it was pointed out that the size of cap beam incorporating pocket
connections will remain the same as conventional cast-in-place cap beam sizes if the
AASHTO Guide Specifications are used. The material to fill the pockets, construction
tolerance, need for shoring and formwork, and speed of construction were discussed for
each alternative.

Vi
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Figure ES-3. Different Detailing for Bent Cap Pocket Connections

Table ES-3 compares the construction time for each proposed alternative with a cast-
in-place bent. The best alternative is Alt-5 in which the construction time is only 25% of
that of the cast-in-place bent mainly because there is no need for shoring. In Alt-5, a
fully precast column extends into the pocket and the gap between the steel pipe and the
column is filled with a fluid grout. The time saving for other alternatives is also

significant.

vii



Table ES-3. Construction Time (Day) for Cap Beam Pocket Connections

Construction Step CIP  Alt-1 Alt-2 Alt-3 Alt-4 Alt-5
Build Shoring/Soffit 4 4 4 4 4 N/A
Set Cap Beam Rebar 2 N/A N/A N/A N/A N/A
Finish Formwork/Pour Concrete 1 N/A N/A N/A N/A N/A
Set Shims/Shoring, Sealing and Surveying N/A 1 1 1 1 1
Set/Level Cap Beam N/A 05 0.5 0.5 0.5 0.5
Pour Pocket Concrete/Grout N/A 05 0.5 0.5 0.5 0.5
Grout Cure Time* N/A 1 1 1 1 1
Cure Time to 80% (Min 5 Days)* 5 N/A  N/A N/A N/A N/A
Total Construction Time 12 7 7 7 7 3
Total Time Saving (Day) -- 5 5 5 5 9
Total Time Saving (%) -- 42 42 42 42 75

Note: Construction time for CIP is based on Marsh et al. (2011)
* |t was assumed that the pocket is filled with grout. If concrete is used, the cure time is 5 days.

ES.6 Design Guideline and Examples

A design guideline (Chapter 4) as well as examples (Chapter 5) were developed to
facilitate the field deployment of precast bent caps with pocket connections. The
proposed guidelines included both recommendation and commentary to further aid
designers. The application of the guidelines was demonstrated though analysis and
design of a full-scale, four-column bent incorporating a precast bent cap with pocket
connections.

ES.7 Concluding Remarks

Findings from the literature search, evaluations, and analytical studies on precast
pocket bent caps led to the following conclusions:

1. Pocket connections can develop full plastic moments in columns when the
pocket depth is at least equal to the column largest side dimension (1.0Dc).

2. Columns can be either fully precast to be inserted into pockets or partially cast
in which column longitudinal bars are extended into the pockets.

3. Effect of pocket on the seismic performance of bent caps is negligible for a
well-designed cap even under the worst-case scenario in which pocket
concrete was excluded from cap beam section analysis.

4. In high seismic zones, cap beam must be designed using either the AASHTO
LRFD Design Specifications or the AASHTO Guide Specifications for LRFD
Seismic Bridge Design to determine the controlling design moment.
However, moment-curvature analyses are recommended to provide insight
into the effect of strain hardening and to estimate the cap beam capacity
realistically.

5. Bent cap post-tensioning can significantly increase the yield capacity of the
beam. This is important when the size of cap beam cannot be increased
beyond that specified in the guideline.

viii



6. Among the five details proposed for precast pocket cap beams, an alternative
in which fully precast columns are inserted into the pockets results in 75%
construction time saving mainly because this alternative does not require
shoring. Other alternatives result in 42% reduction of onsite activities.

7. The proposed design guidelines are relatively simple and allow designers to
choose either force-based or displacement-based bridge design codes.
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Chapter 1. Literature Search

1.1 Introduction

Two types of pocket connections are recognized in this project: (1) “cast-in-place” in
which the column is prefabricated only up to the bottom of the cap beam with dowels
extending into the pocket subsequently filled with grout or concrete from a hole at the top
of the cap beam (Fig. 1-1a), and (2) “precast” in which the column is fully precast and is
inserted into the cap beam pocket then filled with grout (Fig. 1-1b). Sometimes pocket
extends to the top of the cap beam in the former connection type for ease of construction.
The latter connection type has been commonly referred to as “member socket
connections” in some of the previous studies but this needs to be revisited since the name
does not imply its functionality. Therefore, both connection types are generally
considered as “pocket connections” in the present study.

A literature search was conducted on the past experimental investigation and field
application of both above-mentioned pocket connection types. Connection details and
key experimental findings are presented in this task.

1.2 Previous Studies
1.2.1 Matsumoto et al. (2001)

Pullout tests on single-line and double-line grouted pocket systems (Fig. 1-2) were
performed by Matsumoto et al. (2001). Several variables such as bar anchorage (straight
or headed), bar size (No. 6 [@19 mm], 8 [@25 mm], and 11 [@36 mm]), embedment
length (5 to 18 times the bar diameter), number of bars per pocket (single and double
bars), and grout type were investigated. Bar pullout and concrete breakout failure were
observed in pocket specimens for straight and headed bars, respectively. Design
embedment length (Lq) for straight bars in grouted pocket connections was proposed as:

_dofy

= 45 f/c (1'1)

d

where dy is the bar diameter (in.), fy is the specified yield strength of the bar (psi), and 1c
is the specified compressive strength of the bent cap concrete (psi). A safety factor of 1.7
was included in this equation accounting for the bar overstrength capacity and the
concrete strength reduction factor.

A column connected to a precast cap beam using a double-line pocket system was
tested by Matsumoto et al. (2001) in the next phase of their study (Fig. 1-3). The cap



beam dimensions were 33x30x144 in. (0.84x0.76x3.66 m). The column was reinforced
longitudinally with twelve No. 9 (@29 mm) bars and transversely with No. 3 (@10 mm)
spiral spaced at 4 in. (102-mm) resulting in longitudinal and transverse steel ratio of 1.7%
and 0.46%, respectively. Only four of the column longitudinal bars were extended into
the cap beam pocket. The column diameter and clear height were 30 in. (762 mm) and 24
in. (610 mm), respectively. The column longitudinal bar embedment length into the cap
beam was 15 in. (381 mm or one-half of the column diameter). Two vertical and one
horizontal rams were used to obtain load-deflection of connection at service and failure
levels under different moment demands. Strain gauges were installed only on the column
longitudinal bars, and strain data for bars in the cap beam is not available. Minor damage
of concrete in the column and the cap beam was reported at failure (Fig. 1-4) when the
column longitudinal bars yielded. Since there was no reference test model, moment-
curvature and load-deflection analyses were performed for an analytical model of an
assumed cast-in-place (CIP) model and the results were compared with the measured
precast test model results. Close correlation was observed between the measured load-
deflection and moment-curvature relationships of the column with the pocket connection
and the calculated response of the CIP model.

1.2.2 Restrepo et al. (2011)

Restrepo et al. (2011) investigated seismic behavior of a series of precast cap beam to
column connections under cyclic loads. Pocket connections were incorporated in two of
the test models referred to as “Cap Pocket Full Ductility” (CPFD) and “Cap Pocket
Limited Ductility” (CPLD). CPFD and CPLD were designed for high and low seismic
regions, respectively. A cast-in-place column model (CIP) was also tested, which was
designed according to the 2006 version of AASHTO LRFD Bridge Design
Specifications. Table 1-1 presents properties of the specimens and Fig. 1-5 & 1-6 show
the cap beam and connection details for all specimens. The drift capacity (and
displacement ductility capacity) of CIP, CPFD, and CPLD was reported as 5.9% (ud
=9.4), 4.3% (uq =7.7), and 5.05% (uqd =9.9), respectively. Even though drift capacity of
CPFD and CPLD was respectively 27 and 14% lower than that of CIP, the cap beam
longitudinal bars yielded in both pocket specimens while no longitudinal bar yielding was
observed in the CIP cap beam. Table 1-2 presents the measured strains of the bars in the
cap beam of three test models. The test results showed that the longitudinal bars of the
precast cap beams in the extreme layer of reinforcement (bottom layer in the test or top
layer in actual cap beam application) yielded at 3.2% drift ratio (corresponding to uq =6).
Yielding in capacity protected elements such as cap beams is not acceptable.

1.2.3 Mehrsoroush and Saiidi (2014)

Mehrsoroush and Saiidi (2014) tested a 1/3-scale two-column bent in which
innovative pipe-pin connections were incorporated at the base of columns, and precast
pocket connections were utilized to connect the columns to a post-tensioned (PT) precast
cap beam (Fig. 1-7). Figure 1-8 shows photographs of the cap beam during construction.
Four longitudinal PVC pipes can be distinguished in this figure, which were subsequently
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used to pass post-tensioning rods connecting a loading plate to the beam. Each rod was
approximately post-tensioned with a 100-kip (445-kN) force before the test resulting in a
total of 400-kip (1780-kN) compressive load on the cap beam. The cap beam was
designed with the expected moment capacity that was 20% larger than the column
moment capacity.

The bent was tested under cyclic in-plane loading to failure at a drift ratio of 10.3%
and a displacement ductility of 8.7. The testing continued to higher drift ratios. Even
under 12% drift ratio cycles, the maximum measured strain of longitudinal bars at the
bottom and top of the cap beam was approximately 600 microstrains (30% of the yield
strain) and 250 microstrains (12% of the yield strain), respectively. The maximum strain
in the spiral around pocket was 800 microstrains (40% of the yield strain).

The post-tensioning force is believed to have contributed only slightly to the
satisfactory performance of the cap beam. The estimated compressive strain in the cap
beam longitudinal bars due to post-tensioning is 70 microstrains, suggesting that even
without the PT force the maximum tensile strain in the cap beam would be substantially
less than the yield strain. .

1.2.4 Mehraein and Saiidi (2014)

A shake table test of a 0.27-scale two-column bent was performed by Mehraein and
Saiidi (Column-Pile Shaft Pin Connections, 2014). The columns were connected at the
base to pile-shafts using pipe pins (Fig. 1-9) and at the top to cap beams incorporating
CIP pocket connections. A heavy-duty load-cell was installed between the two cap
beams acting as a rigid-link. Figure 1-10 shows a photograph of cap beams during
casting. The cap beam was designed based on the column overstrength moment, which
was 1.2 times the column plastic moment.

The bent was tested several times under scaled ground motions of the 1994
Northridge earthquake recorded at the Sylmar station with increasing amplitudes. After
Run 3, the cap beam was repaired then post-tensioned with a 400-kips (1780-kN) force
since the cap beam to load-cell connection failed during Run 2. Therefore, results up to
this run, which was 72% of the design level earthquake, are valid for non-post tensioned
cap beams, but afterward the analysis has to include the PT effect.

The test results showed that the column drift demand was 4% in Run 3. Furthermore,
the peak measured cap beam longitudinal bar strains were respectively 925 microstrains
(42% of the yield strain) and 1550 microstrains (70% of the yield strain) for the bottom
and top layers of reinforcement in this run. Thus, no yielding of bars in cap beam was
observed up to Run 3. Upon application of PT, the estimated compressive strain in the
cap beam longitudinal bars was 150 microstrains. The bent with the post-tensioned cap
beams was subsequently tested under stronger motions (85 to 200% of the design level
earthquake). The peak measured cap beam longitudinal bar strain at the connection were
less than 410 microstrains (18% of the yield strain) confirming capacity protected
behavior.



Mehraein and Saiidi tested another bent in which the cap beam was post-tensioned
prior to testing. The cap beam detailing and pocket connection were the same as those
utilized in the previous test model but the column base to pile shafts connections were
two-way hinges with clustered bars. The peak measured cap beam longitudinal strain in
the entire test was 150 microstrains (7% of the yield strain) in shake table tests indicating
capacity-protected behavior of the cap.

It will be shown in the following chapter that there is a linear relationship between the
cap beam post-tensioning force and the cap beam yield moment capacity. Therefore,
post-tensioning technique may be used to ensure capacity protected behavior of cap
beams when size of cap beam or amount of its reinforcement cannot be increased.

1.2.5 Pocket Connections in Footing or Pile Cap

Pocket connections have been utilized in column to footing or pile to cap connections
in a few studies. A summary of these studies is presented in this section for
completeness.

Motaref et al. (2011) tested a two-column bent on a shake table in which the columns
were connected to the footing using precast pocket connections (Fig. 1-11). Engineered
cementitious composite (ECC) was incorporated in the plastic hinge of one of the
columns and another column was a concrete-filled fiber reinforced polymer (FRP) tube.
Both columns were embedded in the footing with a length of 1.5 column diameters. The
embedded part of the column with ECC was constructed using conventional concrete.
The precast bent showed large displacement capacity, and no connection damage was
observed.

Haraldsson et al. (2012) tested three large-scale columns connected to CIP spread
footings using pocket connections. In the first two models, the footing depth (or column
embedment length) was approximately equal to the column diameter but the footing
depth in the third model was one-half of the column diameter. The column side surface
under the column-footing interface was roughened in a sawtooth pattern in all three
models. The cyclic tests showed that emulative behavior can be achieved if the column
embedment length is at least one column diameter. To demonstrate feasibility in the
field, a bridge was built in the State of Washington using this connection type (Fig. 1-12).
The column embedment length in the bridge was 1.2 times the column diameter
(Khaleghi et al., 2012). The columns were secured then the footing was cast in this
project.

A quarter-scale four-span bridge was tested by Kavianipour and Saiidi (2013) on
shake tables. Three, two-column bents were constructed with concrete-filled fiber
reinforced polymer tubes (CFFTs). The columns in one of three bents were connected to
the footing using precast pocket connections with a column embedment length of 1.5
times of the column diameter (Fig. 1-13). The test results showed that full moment
response can be expected from these connections making them suitable for high seismic
regions.



Two post-tensioned piles with square cross-section were connected to two cap beams
using precast pocket connections and were tested under cyclic loads by Larosche et al.
(2014a). The pile embedment length was 1.3 times the side dimension of the pile.
Satisfactory performance was reported. A full-scale three-pile bent specimen was
subsequently tested by Larosche et al. (2014b) (also see Cukrov and Sanders, 2012) in
which connection of the piles to a cap beam was provided by pocket systems (Fig. 1-14).
The embedment length of piles into the cap beam was 1.2 times the side dimension of
piles.

The specimen was tested under displacement-controlled loads simulating the bent cap
displacements under the 1992 Landers earthquake recorded at Joshua Tree station. The
test results showed that the peak measured longitudinal bars of the cap beam during three
times of the original motion was less than one-half of the yield strain. The peak strain
was measured in a longitudinal bar of the cap beam top layer reinforcement above Pile C
(Fig. 1-14). Therefore, the cap beam performance was satisfactory.

1.3 Field Application

Pocket connections have been used in a few non- and low-seismic states to connect
precast cap beams to columns. The Texas Department of Transportation has utilized
precast cap beams in several projects. In fact, Texas was the first state to use
prefabricated bent caps in the United States (Roddenberry and Servos, 2012). Figure 1-
15 shows two projects in which pocket connections were incorporated. The connection
detailing shown in the photographs is not appropriate for seismic regions. Other states
that used pocket systems in column to cap beam connections are Florida, lowa, and
Minnesota (Marsh et al., 2011). Connection details used in these states are shown in Fig.
1-16.

1.4 Summary

A summary of all published and unpublished test data regarding pocket connections is
presented in Table 1-3. The as-built embedment length of bars or precast columns into
adjoining members, connection performance, cap beam damage, and the measured
yielding of cap beam longitudinal bars were presented.



Chapter 2. Seismic Performance
of Cap Beams Incorporating
Pocket Connections

2.1 Introduction

A summary of available experimental studies on the seismic performance of pocket
connections and cap beams with these connections was presented in previous sections.
The measured data for six specimens was reviewed and two cap beams were found to
yield and violate capacity protected requirement. AASHTO design procedure regarding
cap beams is briefly reviewed in this section and analyses are performed to evaluate
design adequacy of previous test models.

2.2 AASHTO Cap Beam Design Philosophy

AASHTO generally allows two methods for seismic design of bridges: force-based
design and displacement-based design. The AASHTO LRFD Bridge Design
Specification (2013) is based on the force-based design philosophy, but the AASHTO
Guide Specifications for LRFD Seismic Bridge Design (2014) presents procedures for
displacement-based design of bridges. Cap beams can be designed based on either
method but linear-elastic behavior must be guaranteed during earthquakes regardless of
the design methodology. Unreduced seismic forces in extreme load combinations are
utilized for cap beam design in the forced-based method, whereas for displacement-based
design an overstrength factor (usually 1.2 for concrete members) is applied to the plastic
moment of columns and used in cap beam design. The intention of using unreduced
seismic forces or increased transferred moments to cap beams is to ensure linear-elastic
behavior of cap beams, which are considered to be “capacity protected” members. For
ABC applications, cap beams should also remain elastic even though different detailing
and modified reinforcement arrangement are expected.

2.3 Effect of Pocket Connection on Cap Beam Behavior

Design and construction of cap beams with pocket connections are different from
cast-in-place cap beams because of the pockets. Longitudinal reinforcement of the beam
can be clustered beside pocket for ease of construction or can pass through the pocket,
which is more difficult to construct compared to the former method. Furthermore, it not
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certain if concrete in the pocket region fully contributes to the cap beam capacity. Effects
of these parameters are studied in this section using moment-curvature and pushover
analyses. First, a full-scale two-column bent was designed based on AASHTO then
effects of the pocket are studied on the overall and local behavior of the bent. Second,
the cap beam test models from the available literature are evaluated and reasons for
meeting or violating the capacity protected limitation are presented.

2.3.1 Reference Bent Design

A two-column bridge bent was designed based on AASHTO Guide Specification
(2014) for a target displacement ductility of 7.5. Note that the AASHTO LRFD Bridge
Design Specification (2013) has to be used for initial design of cap beams, which
includes frame action in calculating the design forces. Fig. 2-1 shows the bent detailing
and Table 2-1 presents a summary of design considerations. Static and initial pushover
analyses were performed by SAP2000 (2014) but OpenSees (2014) was used for further
nonlinear analyses due to its versatile material models and elements as well as ease of
modeling of cap beam sections with or without pockets. The OpenSees modeling method
of the reference bent is summarized in Table 2-2 and pushover analysis results are shown
in Fig. 2-2. The yield lateral force and drift ratio of the bent were 303 kips (1348 kN) and
0.46%, respectively, and the effective yield force and drift ratio were 380 kips (1691 kN)
and 0.58%, respectively. The drift capacity of the bent was 4.5%, limited by the crushing
of columns core concrete. The displacement ductility capacity of the bent was 7.7. The
cap beam design forces were governed by the load combinations from AASHTO LRFD
as presented in Table 2-2. The overstrength plastic moment (1.2M;) was 67% of the
yield moment of the cap beam (Fig. 2-3) ensuring elastic behavior of the cap.

2.3.2 Effect of Pocket Connection on Reference Bent Behavior

To investigate effects of cap beam pocket connections (Fig. 2-4) on moment-
curvature and pushover relationships of the reference bent, eight scenarios were
considered (Table 2-3). Figure 2-5 illustrates the cap beam section with pocket for each
scenario. It is worth noting that the reference bent was design using an elastic element
for the cap beam.

In the first scenario (SN1), a nonlinear fiber-section was assigned to the cap beam
utilizing a distributed plasticity force-based element. Five integration points were used
for overhang elements (axes A-B and C-D) and seven integration points were utilized for
the cap beam (axis B-C). This was done to place the integration points close to the edge
of pockets. The integration points for entire cap are marked in circles in Fig. 2-5 with
solid circles indicating the cap beam sections with pocket that was used in SN2 to SN8.
Bottom layer reinforcement of the cap beam in SN2 was bundled in corners simulating a
condition in which pocket is accommodated. The third scenario (SN3) was the same as
SN2 but the pocket concrete was excluded from cap section resulting in an inverted U-
shape section. The pocket size in SN3 was a cylinder with a diameter of 1.0D (D is the
column diameter) and a height of 1.0D. SN4 to SN8 are the same as SN3 but the pocket



height was increased successively to 1.5D in SN8. The modeling method is summarized
in Table 2-4.

Moment-curvature analyses were performed for cap beams described for different
scenario (Fig. 2-6). Positive moment was assumed when the cap beam bottom layer
reinforcement was in tension. End points of the curves was obtained when either steel
bar ruptured or concrete core failed in compression (Table 2-4). It was found that for a
well-designed cap beam the effect of pocket inside the cap on moment-curvature
response is negligible. The value of the first yield moment (either positive or negative)
was insensitive to pocket size (Fig. 2-7). This figure also illustrates the column
overstrength moment (1.2Mp) in dashed line. It can be seen that for a well-designed cap
beam the first yield moment of the cap exceeds the column overstrength moment for all
scenarios ensuring linear-elastic (capacity protected) behavior for the cap.

Pushover analyses were also carried out to investigate the pocket effects on the
seismic performance of the reference bent as well as local response of the cap. Figure 2-
8 shows the pushover curves of the bent for different scenarios. It was found that for a
well-designed bent, effect of pocket on the overall bent behavior is insignificant.
However, as shown in Fig. 2-9, the maximum longitudinal bar tensile strains in the cap
beam increased when bars were bundled in the section corners or when the pocket height
increased (resulting in less concrete in the inverted U-shape section simulating pocket)
(Fig. 2-9). The increase in the cap beam peak tensile longitudinal bar strains (peak of the
both top and bottom bars of the cap in both push and pull directions) was 6 ksi (41.4
MPa) from SN1 to SN8 but the bars remained elastic even when displacements exceeded
the ultimate displacement capacity of the bent. Even though the cap beam of the
reference bent remained elastic for different scenarios as shown in Fig. 2-9, the cap beam
longitudinal reinforcement could yield in a poorly-designed cap because of increase in
the stress demand on the cap beam reinforcement due to the pocket effect.

It can be concluded from the moment-curvature and pushover analyses that the most
important factor to achieve linear-elastic behavior for cap beams is how the beams are
designed. The effect of pocket in the worst-case scenario in which concrete pocket was
excluded from the section was insignificant.

2.4 Moment-Curvature Analyses of Test Models

Past studies that incorporated cap beam pocket connections were discussed in
previous sections. Moment-curvature analyses of these studies are presented here to help
evaluate the cap beam performance.

2.4.1 Restrepo et al. (2011)

Two inverted column-to-cap beam connections were tested by Restrepo et al. (2011)
as shown in Fig. 2-10. These test specimens are the only models among all previously
tested cap beams in which cap beam steel bars yielded. To understand the reason for the
unsatisfactory performance, moment-curvature analyses were performed for the cap beam
and column sections utilizing the measured strength of materials reported in the study.
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The measured test day compressive strength of concrete was 5620 psi (38.7 MPa), and
the measured yield and ultimate strengths of steel bars were 63.5 ksi (437.8 MPa) and
99.6 ksi (686.7 MPa), respectively.

Figure 2-11 shows moment-curvature relationships for two test specimens (CPFD and
CPLD). As discusses in previous sections, CPLD was similar to CPFD but longitudinal
and transverse reinforcing steel bars of CPLD were reduced compared to CPFD to
examine effects of lower ductility suited for low-seismic regions. It can be seen in Fig. 2-
11 that the cap beams would remain elastic if the applied cap beam moment were only
1.2 column plastic moment (overstrength moment). However, since the specimens were
tested in an inverted-T configuration, the weight of the column and cap beam, the 38 kips
(169 kN) axial load applied to the column, and part of the weight of the horizontal
actuator (Fig. 2-10) increased the cap beam moment to the “Total Moment Demand”
marked in Fig. 2-11 and listed in Table 2-5. The total unfactored applied moment (Mp,
columnt Maxial + Mweight) Was 359.5 Kip-ft (55.6 kN-m) while the cap beam yield moment
capacity was 334.6 kip-ft (51.8 kN-m) and 357.9 kip-ft (55.4 kN-m) in CPLD and CPFD,
respectively. These findings are in line with the test data in which the peak measured
strain of cap beam was 2.74 and 1.41 times of the steel bar yield strain in CPLD and
CPFD, respectively.

In summary, it can be concluded from the analytical results that the reason for cap
beam yielding in Restrepo et al. (2011) tests was insufficient design of the cap beams that
did not include the contribution of the element weights and applied load to the cap beam
to the moment.

2.4.2 Mehrsoroush and Saiidi (2014)

The measured test day compressive strength of concrete for cap beam and the CIP
column for the two-column bent tested by Mehrsoroush and Saiidi (2014) was 7570 psi
(52.2 MPa) and 6610 psi (45.6 MPa), respectively. The measured yield and ultimate
strengths of the reinforcement were 68.3 ksi (471.3 MPa) and 109.5 ksi (754.9 MPa),
respectively. There was no axial load applied to the specimen to investigate the uplift
effect on the pipe-pin connections at the column base. However, 50% of the weight of
cap beam and the columns, which is 13.2 kips (58.8 kN), was applied to the column
model.

Moment-curvature relationships for the cap beam and the CIP column are shown in
Fig. 2-12. Even though the cap beam post-tensioning effects were ignored in these
analyses, the yield moment capacity of the cap was 100% higher than the column
overstrength moment ensuring linear-elastic behavior for the cap. As indicated in
previous sections, this cap beam remained elastic during the cyclic test, and the peak
measured longitudinal reinforcement strains for the cap beam was only 30% of the steel
bar yield strain.

A parametric study was conducted for the cap beam presented in this section to
investigate post-tensioning effects on the cap beam yield moment capacity. The base
model was without any post-tensioning (PT) forces, whereas the PT model was assumed



to be subject to a PT force with 20-kip (89-kN) increments. Figure 2-13 shows the
moment-curvature analysis results. The PT force in the test model, which was 400 kips
(1780 kN), increased the first yield moment capacity of the section by more than 60%.
Furthermore, it can be seen that there is a linear relationship between the post-tensioning
forces and the section yield moment. Therefore, post-tensioning is proposed as an
effective method to increase the cap beam yield moment capacity especially when the
size of the cap or the amount of longitudinal reinforcement (either evenly distributed or
bundled at the corners) of the cap cannot be increased.

2.4.3 Mehraein and Saiidi (2014)

Moment-curvature analysis was performed for BPSA test model (Column-Pile Shaft
Pin Connections, 2014). The cap beam detailing of the second specimen tested by
Mehraein and Saiidi was the same as BPSA cap beam detailing but the cap beam was
post-tensioned prior to the tests. Therefore, only BPSA was studied herein, which was
not post-tensioned up to moderate lateral displacements were measure, but was post-
tensioned in the subsequent runs to failure. The cap beam and the precast shell was
modeled using the measured strength of materials. The measured compressive strength
of concrete for the cap beam and the precast shell was 6310 psi (43.5 MPa) and 6910 psi
(47.6 MPa), respectively. The core column SCC test day compressive strength was 9870
psi (68.1 MPa). The measured and ultimate strengths of the longitudinal reinforcement
were, respectively, 68 ksi (468.8 MPa) and 92 ksi (634.3 MPa). Similar to the test model
in Mehrsoroush and Saiidi (2014) no axial load was applied to this specimen during the
test. However, one-half of the weight of the elements was applied to the column section
in analysis, which was 5.3 kips (23.5 kN).

Figure 2-14 shows the moment-curvature relationships for the cap beam and the
column. The cap beam yield moment was 27% higher than the column overstrength
moment ensuring linear-elastic behavior. It is worth noting that the cap beam was
designed for the overstrength moment (1.2 column plastic moment). It was mentioned
that the cap beam was post-tensioned with a 400-kip (1779 kN) force after Run 3. Figure
2-15 illustrates the cap beam yield moment versus post-tensioning forces. It can be
concluded that even without post-tensioning, the cap beam could remain elastic during
shake table tests since the overstrength moment was lower than the cap beam yield
moment capacity.

2.5 Summary

A short discussion was presented regarding the design philosophy of capacity
protected members. Regardless of the design method and incorporation of ABC
connections such as pocket connections, the cap beam must remain elastic under severe
earthquakes. It was shown in this section that effects of pocket on the seismic
performance of cap beam are negligible for a well-design cap even under the worst-case
scenario in which pocket concrete was excluded from cap beam section resulting in an
inverted U-shape section. Moment-curvature analyses of the test models with pocket
connections revealed that cap beams will remain elastic if these elements are designed
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adequately. In high seismic zones, cap beam can be designed using either AASHTO
LRFD or AASHTO Guide Specification to determine the controlling design moment.
However, moment-curvature analyses are recommended to provide insight into the effect
of strain hardening and to realistically estimate the cap beam capacity.
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Chapter 3. Evaluate
Constructability of Pocket
Connections

3.1 Introduction

As mentioned in previous sections, two types of pocket connections are recognized in
this project: (1) “cast-in-place” in which the column is prefabricated only up to the
bottom of the cap beam with dowels extending into the pocket, subsequently filled with
grout or concrete from an opening at the top of the cap beam, and (2) “precast” in which
the column is fully precast and is inserted into the cap beam pocket then filled with grout.
There are some variations in detailing of both connection types: (1) the pocket may
extend to the top of the cap beam in the cast-in-place connection type for ease of
construction, (2) cap beam longitudinal reinforcement may pass through the pocket in the
cast-in-place connection type, and (3) corrugated pipe may serve as the main joint
confining mechanism in which either the column spiral extended into the pocket or the
spiral cage outside of the corrugated pipe can be eliminated. Figure 3-1 illustrates five
practical detailing for cap beams with pocket connections and Table 3-1 presents
available test data regarding each alternative. Four alternatives are in the category of
cast-in-place pocket connection and one is a precast pocket connection. Constructability
of these connections is discussed herein.

3.2 Constructability of Cap Beam Pocket Connections
3.2.1 Cast-in-Place Pocket: Alt- 1

Figure 3-1a shows Alt-1 of the cast-in-place cap beam pocket connection. The
longitudinal reinforcement of cap beam Alt-1 is distributed across the width of the beam.
The column transverse reinforcement in Alt-1 has to be eliminated because of the
interference of bottom reinforcement of cap beam passing through the pocket. The
design guideline proposed by Restrepo et al. (2011) recommends a relatively thick
corrugated steel pipe to compensate for the lack of transverse reinforcement within the
pocket.

The Alt-1 cap beam dimensions may be the same as those of conventional cast-in-
place cap beams. The AASHTO Guide Specifications (2014, Article 8.13.4) requirement
that the width of bent cap shall extend 12 in. (300 mm) on each side of the column is
sufficient to accommodate steel pipes and the cap beam longitudinal reinforcement with
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minor construction issues. Self-consolidating concrete (SCC) is recommended to fill the
pocket to facilitate construction. The inner diameter of the pocket is recommended to be
approximately 4 in. (100 mm) larger than the column diameter for ease of construction
and higher construction tolerance especially in multi-column bents. Another advantage
of larger diameter pockets is flexibility in design because the size of off-the-shelf steel
pipes changes in increments. Therefore there will not be any need to adjust the column
diameter or the column clear cover to fit the column bars into the pocket. Proper
formwork and sealing are needed to hold the wet concrete in the pocket during casting.
This alternative needs shoring to hold cap beams in-place before casting the pocket with
concrete or grout.

3.2.2 Cast-in-Place Pocket: Alt- 2

The difference between Alt-2 and Alt-1 (Fig. 3-1a) is that the bottom-layer
longitudinal reinforcement of the cap beam is clustered outside the pocket rather than
going through the pocket. This allows for the column transverse reinforcement to extend
into the pocket. The AASHTO Guide Specifications (2014) requires the cap beam extend
by at least 12 in. (300 mm) beyond the edge of the column. It can be shown that it is
possible to accommodate more than 15-in? (9700-mm?) of the longitudinal reinforcement
in the 12-in. (300-mm) width of the extension without violating the design code. It was
experimentally and analytically shown in the previous sections that lumping the cap beam
longitudinal reinforcement at the corners has insignificant effects on the seismic behavior
of cap beams, and capacity protected performance can be guaranteed via proper design.
From construction point of view, Alt-2 is more appealing compared to Alt-1 since there is
no intersecting reinforcement in the pocket.

Similar to Alt-1, Alt-2 does not require a larger width or a larger depth for the beam
compared to cast-in-place connections. The pocket concrete is recommended to be self-
consolidating concrete (SCC). The inner diameter of the pocket is recommended to be
approximately 4 in. (100 mm) larger than the column diameter for ease of construction.
Proper formwork and sealing are needed to hold the wet concrete in the pocket. This
alternative also needs shoring to hold the cap beam in-place before casting the pocket.
Since all components are precast, no additional formwork is needed.

3.2.3 Cast-in-Place Pocket: Alt- 3

Cap beam construction can be facilitated using Alt-3 (Fig. 3-1a) in which the pocket
is extended to the top surface of the beam. This is the only variation from Alt-1. All
construction limitations and recommendation made for Alt-1 are valid for this alternative
as well but the pocket can be filled with conventional concrete instead of SCC since there
is sufficient access from the top of the beam to vibrate the concrete.

3.2.4 Cast-in-Place Pocket: Alt-4

Cap beam construction can be facilitated when the pocket is extended to the top
surface of the beam and the cap beam longitudinal bars are clustered adjacent to the
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pocket. These detailing enhancements lead to Alt-4 as shown in Fig. 3-1a. Detailing for
Alt-4 is essentially the same as Alt-2 detailing except for the extension of the pocket to
the top surface of the cap beam. All construction limitations and suggestions mentioned
for Alt-2 are applicable to this alternative as well but the pocket can be filled with
conventional concrete in lieu of SCC.

3.2.5 Precast Pocket: Alt-5

It is possible to minimize on-site casting for pocket connections utilizing full precast
columns as shown in Fig. 3-1b (Alt-5). The bottom longitudinal reinforcement of cap
beam in Alt-5 has to be clustered adjacent to the pocket to allow for insertion of the
precast column. Another advantages of Alt-5 is that no shoring is needed to support the
cap beam.

Similar to previous detailing, Alt-5 does not require a larger width or a larger depth
for the beam compared to conventional cast-in-place cap beams. The minimum cap beam
width specified by AASHTO Guide Specifications (2014), the column diameter plus 24
in. (600 mm), is sufficient to accommodate steel pipes and the cap beam longitudinal
reinforcement. Only fluid fine-aggregate grout should be used to fill the gap between the
column and the pocket. The inner diameter of the pocket is recommended to be
approximately 4 in. (100 mm) larger than the column diameter for ease of construction
and to provide higher tolerance for multi-columns bents. Proper formwork and sealing
are needed to hold grout in the gap during casting. As indicated before, this alternative
does not need shoring. Furthermore, no formwork is needed since all components are
precast.

3.3 Speed of Construction

All of the proposed alternatives will result in significant reduction of on-site
construction time. Marsh et al. (2011) compared the total column-to-cap beam
construction time of a three-column bent built with ABC methods with a similar cast-in-
place bent (Fig. 3-2). This bent, which represents typical overpasses in Washington
State, was used to compare the construction speed of five alternatives proposed in the
present study for pocket connections. Table 3-2 presents number of days needed to
complete the construction of each cap beam pocket connection alternative as well as cast-
in-place bent (CIP). It can be seen that CIP will be completed in 12 days. A pocket
connection with onsite casting of the pocket (Alt-1 to Alt-4) will save five days resulting
in 42% saving in construction time compared to the CIP bent. The construction time for
a pocket connection with precast column extended into the cap beam (Alt-5) is 75% less
than that of CIP connections. Therefore, Alt-5 can be built faster than the other cap beam
pocket connections mainly because of no need for shoring, which will result in minimal
construction time and cost.
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3.4 Summary

Five practical detailing for cap beam pocket connections were proposed in this
chapter. Constructability of these detailing was discussed and it was mentioned that the
size of cap beam incorporating pocket connections will remain the same as conventional
cast-in-place cap beam sizes. Material to fill the pockets, constructional tolerance, need
for shoring and formwork, and speed of construction were discussed for each alternative.
It was found that the best alternative is Alt-5 in which the construction time is only 25%
of that of the cast-in-place bent mainly because there is no need for shoring. In Alt-5, a
precast column extends into the pocket and the gap between the steel pipe and the column
is filled with fluid grout.
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Chapter 4. Design and Detailing
Guidelines for Bent Cap Pocket
Connections

4.1 Introduction

AASHTO Guide Specifications (2014) provides a comprehensive design method and
thorough detailing for capacity protected members such as cap beams and joints (Sections
8.9 t0 8.13). Furthermore, Restrepo et al. (2011) proposed design and construction
guidelines in NCHRP 681 for precast cap beams with pockets to facilitate field
deployment. This chapter is dedicated to development of design guidelines for cap beam
pocket connections reflecting new detailing and experimental findings reported in recent
studies. Both the Guide Specifications and NCHRP 681 were incorporated in the
proposed guidelines, which include recommendations (indicated by “R”) and
commentary (indicated by “C”).

4.2 Proposed Guidelines

R1- Cap beams with pocket connections shall be designed in accordance to a legally
adopted bridge code.

C1- Bridge components are analyzed and designed according to the AASHTO LRFD
(2013) or AASHTO Guide Specifications (2014) regardless of the use of pocket
connections since this connection type is emulative of conventional connections. The
detailing requirements to accommodate pockets in bent caps are presented in R2 to R10.

R2- The depth of pocket in a cap beam (Hp) (Fig. R-1) shall be at least the greatest of Eq.
R-1 through Eq. R-3:

H, = 1.25D, (R-1)
H, = 0.7dy. fye/[fc [ksi,in]  (R-2)
H, > 24d, (R-3)

C2- Experimental studies have shown that full column plastic moment can be transferred
to the cap beams when the embedment length of column or column longitudinal
reinforcement into the pocket is 1.0D¢. Eq. R-1 was developed based on these findings
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including a 1.25 safety factor. Matsumoto et al. (2001) proposed design equation Eg. R-2
for embedment length of column longitudinal bars into the cap beam pockets. The
minimum development length of unhooked bars in cap beams according to the Caltrans
SDC (2013) is calculated by Eq. R-3.

R3- The depth of bent cap (Hcap) shall be allowed to be equal to the pocket depth (Hp)
when column longitudinal reinforcement is extended outside the precast column segment
and is anchored into the pocket (Alt-3 and 4 in Fig. C-1). For fully precast columns, the
depth of bent cap (Hcap) shall not be less than 1.25H, as shown in Fig. R-1.

C3- When connecting fully precast columns to cap beams with pocket (Alt-5 in Fig. C-1),
the depth of bent cap above the pocket should be sufficiently large to avoid concrete
cracking above the pocket during lifting the precast cap beam, and to avoid punching
failure above the pocket due to the weight of the precast cap beam. Bent cap depth of
1.25H, can be used as initial design height when columns are either fully or partially
precast.

R4- The width of bent cap with pocket (Bcap) shall extend at least 15 in. (380 mm) on
each side of the column as shown in Fig. R-1. The gap between the column and the
pocket edge shall be no less than 2 in. (50 mm), but shall not exceed 4 in. (100 mm) when
the column is fully precast. In this case, the bent cap web at the pocket shall be at least
12-in. (300-mm) wide.

C4- The minimum width of a cap beam according to AASHTO Guide Specifications
(2014) is the column diameter (or side dimension) plus 24 in. (610 mm) (Article
8.13.4.1.1). This limitation was used as baseline in the present guide with a 6-in. (150-
mm) increase to accommodate pocket. The minimum proposed bent cap width (Dp+2.5
ft) provides sufficient space to lump all cap beam longitudinal reinforcement in the web.
The specified gap between the column and the pocket provides sufficient construction
tolerance for multi-column bents while ensuring sufficient grout thickness.

R5- The diameter of the opening above the cap beam pocket (Dn) shall be the greater of
(a) three times the maximum size of the coarse aggregate of the pocket filler and (b) 4 in.
(100 mm). At least 10% slope shall be provided for the inner edge of the bent cap above
pocket as shown in Fig. R-1.

C5- The American Concrete Pumping Association (2011) recommends limiting the
maximum size of the coarse aggregate to one-third of the smallest inside diameter of the
pump or placing line. A 4-in. (100-mm) opening provides sufficient access to cast
concrete and grout from top of the bent cap.

R6- Pockets shall be constructed with helical, lock-seam, corrugated steel pipes
conforming to ASTM A760. The pipe thickness (tp) shall be at least:
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ty = Asp- fyn/(Sn- fyp- cos8) = 0.06 in. (1.5 mm) (R-4)

C6- According to ASTM A760, 31 sizes are allowed for corrugated steel pipes with inner
diameter of 4 in. (100 mm) to 144 in. (3600 mm). Furthermore, seven thicknesses are
specified from 0.04 in. (1.02 mm) to 0.168 in. (4.27 mm). Table C-1 presents diameter
and thickness of steel pipes for practical range of column diameters. Equation R-4,
proposed by Restrepo et al. (2011), compensates for the lack of column transverse
reinforcement inside the pocket, when column dowels are extended into the pocket, and
ensures sufficient confinement by the corrugated steel pipe. Nevertheless, extension of
column hoops or spirals into the pocket is highly recommended as illustrated for Alt-2,
Alt-4, and Alt-5 in Fig. C-1. Alt-5 is easiest to construct and will result in the highest
time-saving. The angle between the horizontal axis of the bent cap and the pipe helical
corrugation (8) is always less than 30-deg for pipes presented in Table C-1 according to
the ASTM A760 limitations. Therefore, 6 = 30° may be conservatively used for initial
design of the pipe resulting in at most 13% thicker pipes.

R7- The cap beam transverse reinforcement (spiral/hoops) around the pocket (Fig. R-1)
shall be placed in the lower half of the bent cap. The transverse reinforcement volumetric
ratio shall be the same as that of the column transverse reinforcement.

C7- The required transverse reinforcement around the pocket ensures the integrity of the
cap beam in the pocket region. Research has shown that only the transverse
reinforcement in the lower half of the pocket is effective in providing confinement
(Mehrsoroush and Saiidi, 2014).

R8- Bundling of bent cap longitudinal bars shall be allowed per bridge codes. The bent
cap longitudinal bars shall not be discontinuous over the bent length. Bent cap
longitudinal bar splices in any form shall not be allowed within 1.0D. from the column
center line. Clear cover limitations are not required for inner sides of bent cap sections
with pocket.

C8- AASHTO LRFD (2013) specifies the reinforcement detailing (e.g. spacing and
bundling) in Section 5.10. Minimum clear cover is not necessary for the reinforcement
inside the pocket because the pocket is filled with concrete or grout.

R9- Pocket shall be filled with either concrete, self-consolidating concrete, or grout when
columns are partially precast. For fully precast columns, the pockets shall be filled with
non-shrink, high-flow grout.

C9- For partially precast columns in which pockets are almost empty after placing the
bent cap (Alt-1 to Alt-4 in Fig. C-1), concrete, self-consolidating concrete (SCC), or
grout can be used to fill the pocket. However, a filler with no need for vibration (e.g.
SCC) is preferred. Grout should be fluid when fully precast columns are embedded in the
pocket (Alt-5 in Fig. C-1) since the gap is small. Aggregate-based grout should not be
used for Alt-5 since this type of grout is less workable than non-aggregate grout.
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R10- Spacers shall be installed above the fully precast columns to provide a vertical gap.
This gap shall be no less than 2 in. (50 mm), but shall not exceed 4 in. (100 mm). These
spacers shall not block grout flow into the gap.

C10- The specified gap between the top surface of the fully precast column and the upper
part of the cap beam pocket (Alt-5 in Fig, C-1) ensures that the grout will flow through
the entire pocket.

4.3 Notation

Agy: Area of one hoop/spiral as transverse reinforcing steel bar (in.2, mm?)
B.qp:  Bentcap width (in., mm)

dy: Nominal diameter of column longitudinal reinforcing steel bar (in., mm)
D,: Column largest cross sectional dimension (in., mm)

Dy: Hole diameter above pocket (in., mm)

Dy: Pocket diameter (in., mm)

fle Compressive strength of bent cap concrete (ksi, MPa)

fye: Expected yield stress for longitudinal reinforcing steel bar (ksi, MPa)
fyn: Nominal yield stress for transverse reinforcing steel bar (ksi, MPa)

fyp- Steel pipe yield stress (ksi, MPa)
H.qp: Depth of cap beam with pocket (in., mm)
H,: Depth of pocket in cap beam (in., mm)

Sp: Spacing of transverse hoops or spirals in equivalent CIP joint
ty: Pipe thickness (in., mm)
0: Angle between the horizontal axis of the bent cap and the pipe helical

corrugation or lock seam (deg)
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Chapter 5. Design Examples for
Cap Beam Pocket Connections

5.1 Introduction

A design guideline was presented in the previous chapter to facilitate application of
cap beam pocket connections as a viable ABC connection. This chapter is to demonstrate
the guidelines through design of a four-column bent connected to a precast cap beam
utilizing pocket connections.

5.2. Reference Cast-in-Place Four-Column Bent

Federal Highway Administration (FHWA) developed a comprehensive bridge design
example (Wassef et al. 2003) to aid designers with the implementation of the 2002
AASHTO LRFD Bridge Design Specifications. The FHWA example included a two-
span bridge with a four-column bent and prestressed concrete girders. Figure 5-1 shows
the bridge, bent, and column and cap beam detailing. The specified concrete compressive
strength was 3.0 ksi and the steel bars were Grade 60.

This cast-in-place bent was utilized in the present study to illustrate the pocket cap
beam design guidelines and to show the changes that are needed to convert the cast-in-
place bent cap of the AASHTO example to a precast bent cap.

5.3 Precast Four-Column Bent

Cap beams in which fully precast columns are inserted into pockets (Alt-5) results in
minimal onsite construction time among the five proposed alternatives. However, design
of cap beam in Alt-5 is more involved than the design of others because Alt-5 does not
require shoring. Accordingly, this alternative was selected in this section to fully
demonstrate the guideline. The cap beam detailing of the reference CIP bent was
modified herein to accommodate the pockets and to satisfy the Alt-5 minimum
requirements.

5.3.1 Cap Beam Dimensions

The total depth of the cap beam (Hcap) should be at least 1.25 times the pocket depth
(Hp). Hp is the greater of (1), (2), and (3) as:

H, > 1.25D, = 1.25 X 42 = 52.5 in. (1)
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fye 68 ;
Hp > 0.7d,. ;I =0.7x1.0X N =27.5in. (2)
Hp > 24d, =24 x 1.0 = 24.0in. (€))

Therefore, Hp = 52.5 in. thus Hcap = 1.25Hp = 65.6 in., or 66 in. The minimum width
of the cap beam (Bcap) is the pocket diameter plus 30 in. The diameter of a suitable
corrugated steel pipe to form the pocket for this column diameter (42-in. diameter) is 48-
in. Thus,

B.ap = 48 + 30 = 78 in.

The gap between the column and the pocket edge is (48-42)/2=3 in., which satisfies
the gap requirement.

5.3.2 Bent Cap Depth for Lifting and Punching

The bent cap should remain uncracked during lifting and should be sufficiently strong
to resist punching forces when the cap beam bears on the columns. Figure 5-2 shows the
precast bent cap moment and punching forces during lifting with the configuration
shown. The maximum moment in the pocketed area of the cap beam during lifting due to
the cap beam self-weight was 116.5 Kip-ft, using two lift points as shown in the figure.
According to the AASHTO (2013, Article 5.4.2.6), the modulus of rupture for concrete
is:

fr = 0.24+/f"c = 0.24V3 = 0.41 ksi

Thus the cracking moment for the pocketed area of the cap beam (an inverted U-
shape section) is:
fr.1_0.41><1064195x 1 1370 ki S 1165 ki .
y 2655 12 b=/ Skip=f
where | is the inverted U-shape section moment of inertia and y is the distance from the
neutral axis to the top edge of the section. The cracking moment at other locations
exceeds 1370 kip-ft because of the larger sections. The possible cracking should also be
checked at the point of the maximum moment. Because the maximum moment of 491.7
kip-ft is less than 1370 kip-ft, it can be concluded by inspection that the cap beam will not
be cracked under self-weight during lifting.

The ACI method (ACI 318-14, Article 22.6.5.2) can be used to estimate the
permissible punching shear capacity of the cap beam above the pocket as shown below.
Note that the upper part of the cap beam in the pocket area essentially behaves as a slab:

Mg, =

|[®4/1 /f’cbod =0.75X 4 X 1Xx+v3000 X 4 X 47.5 x 10.3 x 1073 = 321 kips

| 4 4
V, = min| @ (2 + —),1 [f' bod = 0.75 (2 +I)‘/3000 X 4% 47.5x 103 x 10-% = 482 kips
|

B
wdy 20x103) I
[(z) (2+ b )2 [ bod = 0.75 (24 = Z"2) VBO00 x 4 x 47.5 X 103 X 102 = 257 kips
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where d is the effective cap beam depth above the pocket (13.5-2-0.625-1.128/2=10.3 in.)
and b is the perimeter of the punching shear critical area. The side dimension of the
critical section is the side dimension of an equivalent square column (with an area being

the same as the circular column area) plus d/2 (v0.25m x 422 + 10.3 = 37.22 + 10.3 =
47.5 in.). The punching shear force, or column reactions shown in Fig. 5-2, is 75.31 Kips,
which is well below the controlling permissible shear. Overall, the cap beam depth is
sufficient to remain uncracked during lifting and to resist the punching forces when it
bears on the columns.

5.3.3 Steel Pipe Thickness

The corrugated steel pipe thickness to form the pocket can be estimated using basic
properties of the pipe and the adjoining column. According to the AASHTO example,
the columns are transversely reinforced with #3 hoops spaced 12 in. on center (Fig. 5-1d).
Since the current AASHTO LRFD Bridge Design Specifications (2013) requires higher
amount of transverse reinforcement for these columns, new columns reinforced with #5
hoops spaced 12 in. on center (according to the AASHTO LRFD Bridge Design
Specifications 2013, Articles 5.8.2.5 and 5.8.2.7) was utilized for further analysis. The
pipe has a yield strength (fyp) of 30 ksi and a 20° helical corrugation. The required pipe
thickness is:

P Asp-fyn ~ 0.31x60
P Sp.fyp-cos@ 12 X 30 X cos20
The pipe thickness is calculated based on the column transverse reinforcement to

allow the application of pocket connections for cases in which the column transverse
reinforcement is not extended into the pocket (e.g. Alt-1, Alt-3).

= 0.054 in. use 0.06 in.

5.3.4 Precast Bent Detailing

Figure 5-3 shows the precast cap beam detailing. Since the precast cap beam is larger
than the reference cast-in-place cap beam, the bent should be reanalyzed and the design
forces for the cap beam and the columns should be updated and the capacity should be
checked.

It was assumed in this example that the reinforcement in the precast cap beam is the
same as that of the reference cast-in-place cap beam. A moment-curvature analysis was
carried out to evaluate the precast cap beam capacity. Figure 5-4 shows that the precast
cap beam yield moment is 50% larger than the column overstrength moment, making the
cap beam a capacity protected member. As indicated before, cap beams should be first
designed considering all the AASHTO LRFD load combinations. This is followed by
seismic performance evaluation using AASHTO Guide Specifications.
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Chapter 6. Summary and
Conclusions

6.1 Summary

Pocket connections provide a simple, practical method to assemble precast columns
and precast cap beams in accelerated bridge construction. Several studies have been
performed in recent years on the seismic performance of pocket connections. The
purpose of the study presented in this report was to develop design methods based on the
findings of the recent research. A comprehensive literature search was carried out to
compile and interpret data on the seismic performance of cap beams with pocket
connections. An extensive analytical study was conducted to investigate effects of
pockets on the seismic performance of cap beams using several scenarios. The reason
why precast cap beams with pocket connections yielded in previous test models was
identified, then five practical detailing for precast pocket cap beams were proposed based
on the lessons learned from previous studies. Subsequently, constructability of these
details was discussed. Finally, a design guideline as well as examples were developed to
facilitate field deployment of precast bent caps incorporating pocket connections.

6.2 Conclusions

The findings from the literature search, evaluations, and analytical studies on precast
pocket bent caps led to the following conclusions:

1. Pocket connections can develop full plastic moments in columns when the
pocket depth is greater than the column largest side dimension (Dc).

2. Columns can be either fully precast to be inserted into pockets or partially cast
in which column longitudinal bars are extended into the pockets.

3. Effect of pockets on the seismic performance of bent caps is negligible for a
well-designed cap even under the worst-case scenario in which pocket
concrete is excluded in the cap beam section analysis.

4. In high seismic zones, cap beams must be designed using either AASHTO
LRFD or AASHTO Guide Specifications to determine the controlling design
moment. However, moment-curvature analyses are recommended to provide
insight into the effect of strain hardening and to estimate the cap beam
capacity realistically.

5. Post-tensioning of bent caps can significantly increase the yield capacity of
the beam. This is important when there are limits on the size of the cap beam.

23



6. Among five details proposed for precast pocket cap beams, an alternative in
which fully precast columns are inserted into the pockets results in 75%
reduction of onsite construction time mainly because no shoring is required
for this alternative. Other alternatives result in 42% reduction of onsite
activities.

7. The proposed design guidelines are relatively simple and allow designers to
choose either force-based or displacement-based bridge design codes.
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Table 1-1. Details of Test Specimens (Restrepo et al., 2011)

Element Item CIP CPFD CPLD
Diameter 20 in. (508 mm) 20 in. (508 mm) 20 in. (508 mm)
Length 45 in. (1143 mm) 46.5in. (1181 mm) 46.5 in. (1181 mm)
Column Longitudinal 16 No. 5 16 No. 5 16 No. 5
Reinforcement (16 @16 mm) [1.58%] (16 @16 mm) [1.58%] (16 @16 mm) [1.58%]
Transverse No. 3 (216 mm) at No. 3 (216 mm) at No. 3 (216 mm) at
Reinforcement 2 in. (51 mm) 2in. (51 mm) 2 in. (51 mm)
Longitudinal 12No.5(12@16mm)  12No.5(12@16mm)  ° Nﬁf ﬁzgé%mrm)‘g‘ 2
- o 0 .
Bcznt Reinforcement [0.65%)] at Top & Bot. [0.65%] at Top & Bot. [0.50%] at Top & Bot.
P Transverse 2-leg No. 3 (10 mm) 2-leg No. 3 (210 mm) 2-leg No. 3 (@10 mm)
Reinforcement  stirrups at 6 in. (152 mm)  stirrups at 6 in. (152 mm) stirrups at 8 in. (203 mm)
Diameter: 18 in. Diameter: 18 in.
. . (457 mm) (457 mm)
Helical Pipe None Thickness: 0.065 in. Thickness: 0.065 in.
(1.65 mm) (1.65 mm)
o o
Horizontal Cross External to Joint Only External to Joint Only None
Tie
Other Two 2-leg construction Two 2-leg construction None

Reinforcement

stirrups placed in joint

stirrups placed in joint
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Table 1-2. Measured Strain Cap Beam Bars in CIP, CPFD, and CPLD (Restrepo et al., 2011)

Ton B S2 S1 CL N1 N2
op Bars
P Push Pull Push Pull Push Pull Push Pull Push Pull
n2 =218 118 146 252 - — 267 -208 - -
CIP ;14 -194 141 80 228 — - 168 -392 — —
(LB13) | ué -229 116 30 302 — - 53 -381 — —
s,,,a,/sy -0.10 0.06 0.07 0.14 -— -— 0.12 -0.26 -— -—
n2 - - - - 774 1233 160 -461 72 -166
CPFD | 14 — — 20 -31 833 1725 144 -472 87 -180
(LB7) né — - -134 -189 1050 2169 189 -4904 75 -167
8,,,,,,/8), -— -— -0.06 -0.09 0.48 0.99 0.09 -0.23 0.04 -0.08
n2 =70 106 682 326 605 235 409 217 - -
CPLD | 14 -107 82 1207 519 642 344 516 412 - -
LBT) | u6 -64 163 1365 691 667 202 712 855 - -
Emar/Ey -0.05 0.07 0.62 0.32 0.30 0.16 0.32 0.39 — —
Bott B S2 S1 CL N1 N2
ottom Bars
Push Pull Push Pull Push Pull Push Pull Push Pull
n2 823 -108 968 68 891 221 259 755 78 535
CIP 4 867 -135 875 132 947 334 349 876 59 587
(LB10) 1o 890 -164 1.021 157 961 434 449 1.018 35 685
Ema/Ey 0.40 -0.07 0.46 0.07 0.43 0.20 0.20 0.46 0.04 0.31
n2 674 -107 585 =20 1.792 525 188 1.138 21 418
CPFD 4 737 -121 1.315 279 2.357 800 270 1.372 15 448
(LB13) s 757 -135 1.540 446 3.094 890 343 1.549 - -
5,,,,,,/3}, 0.35 -0.06 0.70 0.20 141 0.41 0.16 0.71 0.01 0.20
n2 1131 180 1069 799 1145 854 574 580 288 617
CPLD 4 1112 113 1096 790 1161 866 383 699 312 638
(LB13) | 6 1200 239 1133 847 1265 | 6000 176 868 472 768
s,,,,,,/sJ. 0.55 0.11 0.52 0.39 0.58 2.74 0.26 0.40 0.22 0.35
CLT
81T i N1T
s2T NZT
S [ ‘ N
{ i i r 3 &S .
528 N2B
s1e N1B
CLB
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Table 1-3. Summary of Available Test Data on Pocket Connections

Used in  Reference Emb. Connection Performance Cap Beam Yielding in
Length Performance Cap
Matsumoto et 0.5 column Plastic hinge formed in column Minor concrete Not
al. (2001)® diameter g damage Available
5 - -
Restrepo et al. 1.2 column 27% |OW§I‘ drift cgpacllty Minor radial \_(es, Z'Z b
(2011) diameter compared to cast-in-place, splitting cracks times the bar
Column plastic hinge formed in column yielding
toCap  Mehrsoroush 1.2 column Large drift capacity and large No damage of No,40% of
Beam and Saiidi diameter displacement ductility were post-tensioned cap  the yield
(2014) achieved beam strain
. Large drift capacity and large Minor damage up  No, 70% of
Mg_hrgem and 1:0 column displacement ductility were 72% of the design  the yield
Saiidi (2014) diameter . ;
achieved level earthquake strain
Motaref et al. 1.5 column large displacement capacity, . Not
(2011) diameter no connection damage Not Applicable Applicable
Column  Haraldsson et 1.1 column  Similar to cast-in-place, plastic Not Aolicable Not
to al. (2012) diameter hinge formed in column PP Applicable
Footing  Kavianipour . :
(2013) 9 PP
Larosche et al. 1.3 column  No damage of pile cap was . Not
Pile to (2014a) diameter reported Not Applicable Applicable
Cap No, 50% of
Cukrov and 1.2 column S L no apparent '
Beam Sanders, 2012 diameter Plastic hinge formed in piles damage of cap g;fa?geld

@ This was not a “column”. It was a RC stub with 4 bars extended to the cap. Was not subjected to cyclic loads

that represent earthquakes.
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Table 2-1. Design Parameters for Reference Two-Column Bent

Parameter Remarks

Scale Full

Column Height 30 ft (9.14 m) clear

Column Diameter 4 ft (1.22 m)

Column Long. Reinforcement 22-#9 (22-@29 mm), p; =1.21%

Column Trans. Reinforcement #5 (216 mm) hoops at 4 in. (102 mm), p; =0.71%
Cap Beam Length 48 ft (14.63 m) overall

Cap Dimension 6 ftby 6 ft (1.82 m by 1.82 m)

Concrete Strength for all Elements 4000 psi (27.58 MPa)

Cover Concrete for all Elements 2 in. (51 mm)

Dead Load excluding cap and columns weights ~ 30.16 kips/ft (440.1 kN/m) resulting in 10% axial load index®

AASHTO LRFD Consideration and Results®

Bridge Site Downtown of Los Angeles, USA

Soil Site Class D

Code Version in USGS Design Tool AASHTO 2009

Design Seismic Spectrum As=0.64, Sps=1.515, Sps=0.772, T¢=0.102 sec, T:=0.51 sec
Hand Calculated Period of the Bent 1.28 sec using cracked stiffness for the columns

First Mode Period of the Bent SAP2000: 1.34 sec; OpenSees: 1.38 sec

Response Spectrum Analysis, mass from dead load and

Earthquake Load Calculation .
elements weight

Response Modification Factor, R 5

Base Shear from Response Spectrum Analysis  214.5 kips (954 kN)

Design Level Bent Displacement 2.04 in. (52 mm) equivalent to 0.52% drift ratio
Design Load Combinations 1.25D + 1.0EQ; 0.9D + 1.0EQ

AASHTO Guide Specification Consideration and Results®

Bent Target Displacement Ductility Capacity 7.5

Cap Beam Model Elastic element for pushover analysis

15% reduction in lateral strength of the bent caused by either

Bent Failure :

core crushing or bar rupture
Bent First Yield Displacement 1.83 in. (46 mm) equivalent to 0.46% drift ratio
Bent First Yield Force 303 kips (1348 kN)
Bent Effective Yield Displacement 2.3 in. (58 mm) equivalent to 0.58% drift ratio
Bent Effective Yield Force 380 kips (1691 kN)

17.85 in. (453 mm) equivalent to 4.5% drift ratio resulting in

Bent Displacement Capacity displacement ductility capacity of 7.75

Note:

@ Axial Load Index is the ratio of the axial load to the product of the compressive strength of concrete and the
column cross section area

® Based on AASHTO LRFD Bridge Design Specification (2013)

© Based on AASHTO Guide Specifications for LRFD Seismic Bridge Design (2014)
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Table 2.2- Modeling Method for Design of Reference Two-Column Bent

General Re

marks

Column Model:

Element: forceBeamColumn with 5 integration points
Section: Fiber section

Cover Concrete Discretization: 10 radial by 10
circumferential

Cover Concrete Discretization: 30 radial by 10
circumferential

P — A effects was included

No bond-slip effects

Cap Beam:
Element: Elastic element with a rigidity based on cap
beam actual size

Column Concr

ete Fibers

Application: unconfined concrete

Type: Concrete01

f’ec= -4000 psi (-27.58 MPa)
Ecc— '0002 In/lﬂ

f'ew=0.0 psi (0.0 MPa)

&= -0.005 in./in.

Application: confined concrete (based on Mander’s
model)

Type: Concrete04

f'ec=-5260 psi (-36.3 MPa)

Ecc— '00037 In/II’]

few=-4629 psi (-31.9 MPa)

eci= -0.0147 in./in.

fee= 395 psi (2.72 MPa), based on ACI318-11

E«= 30663 psi (211 MPa)

Column Steel Fibers

Application: All integration point (based on AASHTO
Guide Specification)

Type: ReinforcingSteel

f,= 68.0 ksi (468.8 MPa)

fsu= 95.0 ksi (665.0 MPa)

Es= 29000 ksi (63252 MPa)

Esn= 0.043E;

esh=0.0125 in./in. (may use smaller value to converge*)
es=0.09 in./in.

None

* |t was found that the yield plateau of this steel model is source of convergence issue in many cases. Smaller yield
plateau (smaller &) compared to AASHTO Guide Spec value may be used.
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Table 2-3. Different Scenarios for Pocket Connection Effects on Reference Bent Behavior

Scenario No  Remarks
Assign nonlinear material models and nonlinear element to the cap beam with no additional

SN1 changes compared to the original model used in design in which elastic element was used for the
cap beam

SN2 Starting with the analytical model of SN1, bundle cap beam bottom longitudinal reinforcement in
corners simulating pocket area

SN3 Starting with the analytical model of SN2, exclude concrete from pocket area in which pocket is a
cylinder with approximately one column diameter (1D) and 1D height

SN4 Starting with the analytical model of SN2, exclude concrete from pocket area in which pocket is a
cylinder with approximately one column diameter (1D) and 1.1D height

SN5 Starting with the analytical model of SN2, exclude concrete from pocket area in which pocket is a
cylinder with approximately one column diameter (1D) and 1.2D height

SN6 Starting with the analytical model of SN2, exclude concrete from pocket area in which pocket is a
cylinder with approximately one column diameter (1D) and 1.3D height

SN7 Starting with the analytical model of SN2, exclude concrete from pocket area in which pocket is a
cylinder with approximately one column diameter (1D) and 1.4D height

SN8 Starting with the analytical model of SN2, exclude concrete from pocket area in which pocket is a

cylinder with approximately one column diameter (1D) and 1.5D height (Full height of the cap)

Table 2-4. Modeling Method for Moment-Curvature and Pushover Analyses of Reference Bent

General Remarks

Column Model:

Element: forceBeamColumn with 5 integration points
Section: Fiber section

Cover Concrete Discretization: 10 radial by 10
circumferential

Cover Concrete Discretization: 30 radial by 10
circumferential

P — A effects was included

No bond-slip effects

Cap Beam:

Element: three forceBeamColumn elements.
Overhang elements were modeled with 5 integration
points, and the cap beam between the two columns
was modeled with 7 integration points. This was
done to be able to simulate pocket locations in the
cap.

Cap Beam Concrete Fibers

Application: unconfined concrete

Type: Concrete01
f’ec=-4000 psi (-27.58 MPa)
&cc= -0.002 in./in.

f’w=0.0 psi (0.0 MPa)

&= -0.005 in./in.

Application: confined concrete (based on Mander’s
model)

Type: Concrete04

fee=-4520 psi (-31.1 MPa)

&cc= -0.0054 in./in.

f = -3435 psi (-23.7 MPa)

&= -0.0116 in./in.

fe= 395 psi (2.72 MPa), based on ACI318-11

E= 30663 psi (211 MPa)

Cap Beam Steel Fibers

Application: All integration point (based on AASHTO
Guide Specification)

Type: ReinforcingSteel

fy= 68.0 ksi (468.8 MPa)
fsu=95.0 ksi (665.0 MPa)
Es= 29000 ksi (63252 MPa)
Esn= 0.043E;

&n=0.0125 in./in.

es=0.09 in./in.

None

Note:
Column modeling method was presented in Table 2-2
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Table 2-5. Design Moment for Cap Beams in Test Models of Restrepo et al. (2011)

4

=

Column Axial Load= 38 kips Column Plastic Moment, Mp= 241.4 Kip-ft
Cap Beam Peak Moment, Mayia=PL/4=38*10/4=95 Kkip-ft

\ARA

Column Weight= 2 kips
50% of the Actuator Weight (assumed)= 4 kips
Cap Beam Peak Moment, Mco-w=PL/4=6*10/4=15 kip-ft

Cap Weight= 0.65 kips/ft
Cap Beam Peak Moment, Mcap-w= WL%/8=8.1 kip-ft

Unfactored Deign Moment for Cap Beam= Maxiai + Mp + Mcol-w + Mcap-w =359.5 kip-ft
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Table 3-1. Practical Detailing for Cap Beam Pocket Connections

Pocket Alternative  Description References
Pocket is cast in-place with concrete/grout, cap beam
Alt-1 longitudinal reinforcement is distributed across the width of No testing
the beam, no spiral for column in the pocket
Pocket is cast in-place with concrete/grout, cap beam bottom-
Alt-2 layer longitudinal reinforcement is lumped in the web of the Mehraein and
inverted U-shape section, continuous spiral for columninthe  Saiidi (2014)
pocket
Cast-in-Place Pocket is cast in-place with concrete/grout, cap beam
Alt-3 longitudinal reinforcement is distributed across the width of Restrepo et al.
the beam, no spiral for column in the pocket, pocket is (2011)
extended to the top of the beam
Pocket is cast in-place with concrete/grout, cap beam bottom-
Alt-4 Iaye( Iongitud_inal reinforcemt_ent is lumped outside _the pocket, No testing
continuous spiral for column in the pocket, pocket is extended
to the top of the beam
Gap between the steel pipe and the column in the pocket is Mehrsoroush
Precast Alt-5 cast in-place with grout, cap beam bottom-layer longitudinal and Saiidi
reinforcement is clustered outside the pocket (2014)
Table 3-2. Construction Time (Day) for Cap Beam Pocket Connections
Construction Step CIP Alt-1  Alt-2  Alt-3 Alt-4 Alt-5
Build Shoring/Soffit 4 4 4 4 4 N/A
Set Cap Beam Rebar 2 N/A N/A N/A N/A N/A
Finish Formwork/Pour Concrete 1 N/A N/A N/A N/A N/A
Set Shims/Shoring, Sealing and Surveying N/A 1 1 1 1 1
Set/Level Cap Beam N/A 0.5 0.5 0.5 0.5 0.5
Pour Pocket Concrete/Grout N/A 0.5 0.5 0.5 0.5 0.5
Grout Cure Time* N/A 1 1 1 1 1
Cure Time to 80% (Min 5 Days)* 5 N/A N/A N/A N/A N/A
Total Construction Time 12 7 7 7 7 3
Total Time Saving (Day) -- 5 5 5 5 9
Total Time Saving (%) -- 42 42 42 42 75

Note: Construction time for CIP is based on Marsh et al. (2011)
* It was assumed that the pocket is filled with grout. If concrete is used, the cure time is 5 days.
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Table C-1. Galvanized Steel Pipe Dimension for Cap Beam Pocket Connections

Inside Diameter, in. (mm) Specified Thickness, in. (mm)  Specified Thickness, in. (mm)

[2 2/3” x 1/2” Corrugation] [3” x 1” or 5” x 1” Corrugation]
0.064 (1.63)
36 (900) 0108 (.77 N/A
0.138 (3.51)
0.064 (1.63)
0.079 (2.01)
42 (1050) 0.109 (2.77) N/A
0.138 (3.51)
0.168 (4.27)
0.064 (1.63)
0.079 (2.01)
48 (1200) 0.109 (2.77) N/A
0.138 (3.51)
0.168 (4.27)
0.079 (2.01) 0.064 (1.63)
0,100 (2.77) 0.079 (2.01)
54 (1350) 0.138 (351) 0.109 (2.77)
0,168 (4.27) 0.138 (3.51)
' ' 0.168 (4.27)
0.064 (1.63)
0.109 (2.77) 0.079 (2.01)
60 (1500) 0.138 (3.51) 0.109 (2.77)
0.168 (4.27) 0.138 (3.51)
0.168 (4.27)
0.064 (1.63)
0.109 (2.77) 0.079 (2.01)
66 (1650) 0.138 (3.51) 0.109 (2.77)
0.168 (4.27) 0.138 (3.51)
0.168 (4.27)
0.064 (1.63)
0.079 (2.01)
72 (1800) 8&22 82% 0.109 (2.77)
' ' 0.138 (3.51)
0.168 (4.27)
0.064 (1.63)
0.079 (2.01)
78 (1950) 0.168 (4.27) 0.109 (2.77)
0.138 (3.51)
0.168 (4.27)
0.064 (1.63)
0.079 (2.01)
84 (2100) 0.168 (4.27) 0.109 (2.77)
0.138 (3.51)
0.168 (4.27)
0.064 (1.63)
0.079 (2.01)
90 (2250) N/A 0.109 (2.77)
0.138 (3.51)
0.168 (4.27)
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Figure 1-1. Pocket Connections
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(c) Cap Beam Bar Cage (Left) and Pocket Inside View (Right) for CPLD
Figure 1-6. Cap Beam Pocket Connections (Restrepo et al., 2011)
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(a) Cap Beam Bar Cage (b) Corrugated Pocket in Cap Beam
Figure 1-8. Cap Beam Pocket Connections (Mehrsoroush and Saiidi, 2014)
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e
(@) Column Embedded in Footing Pocket (b) Final Bent

Figure 1-11. Footing Pocket Connections (Motaref et al., 2011)
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(a) Column Embedded in Footing (b) Final Bridge
Figure 1-12. Pocket Connections with Cast-in-Place Footings (Khaleghi et al., 2012)

(a) Column Embedded in Footing (b) Final Bridge
Figure 1-13. Footing Pocket Connections (Kavianipour and Saiidi, 2013)
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(a) Redfish Bay Project

(b) US 290 Ramp E-3 Project

Figure 1-15. Field Application of Cap Beam Pocket Connections in Texas (Brenes et al., 2006)
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