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IMPLEMENTATION

The proposed substructure system described in this report has been developed to improve the
aesthetics and reduce the construction time of the support structures for standard bridges. The form
of the proposed substructures is highly attractive, and is a distinct improvement over many traditional
short- and medium-span bridge substructures.

The substructure system developed is particularly well-suited for precasting, although the geometric
form could be cast-in-situ. Precasting would result in increased use of high performance concrete in
the substructures. The use of such concrete will bring improved durability since the high
performance concrete is greatly resistant to ingress of moisture and chlorides. In addition, the greater
compressive strength of the high performance concretes is utilized for reducing the handling weight
and dead load of the substructure units. The bent cap units are more complex than traditional cast-in-
place bent caps but appear feasible for plant production or large-scale, cast-on-site projects. The
construction method proposed could shorten construction times on-site in certain applications.
Shortened construction time, in turn, leads to important safety and economic advantages when traffic
disruption or re-routing is necessary.

Cost studies based on input from precasters and contractors indicate that if the proposed system (or
one quite similar) is actually standardized and used on several projects, the direct costs will be
competitive with costs of current designs for concealed bent cap substructures, while the on-site
construction time could be reduced substantially. This reduction can have important economic and
safety implications on some projects.
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Figure 3.15 Four pier cross-sections for Proposai 11

The column dimension parallel to the cap (transverse to the span of the bridge) for each
column size i1s 1200 mm, 1800 mm, 2400 mm or 3000 mm (48 in, 72 in, 96 in, or 120 in).
The column segments are designated as P12, P18, P24 and P30 to correspond with the
transverse dimension of the column segment. Pier segments can be cast in 600 mm,
1200 mm and 2400 mm heights (24 in, 48 in, and 96 in) and should be cast with a high
performance concrete. Figure 3.16 shows typical column detailing for a 2.4 m (96 in) tall

P18 pier segment.
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Figure 3.16 A typical 2.4 m (8 ft.) P24 segment

The basic hollow pier shape of Proposal II is similar to that of Proposal I. One detail was
changed regarding corner chamfering. The comer chamfers for Proposal II vary
proportionally along the column long dimension with the increasing pier dimensions. In
Proposal I, the corner chamfers had the same dimensions regardless of pier size. The visual
effects of different column chamfering techniques are discussed in Section 4.2.5.

The pier segments of Proposal II have no recess built into the form. The wall thickness and
concrete covers for the piers can easily accommodate inserts or formliners attached to the
formwork. The designer is free to choose whatever type of insert or formliner, if any, would
be most appropriate for a given project. The exact type of insert should be chosen after the
cap longitudinal reinforcement is determined. This longitudinal cap reinforcement
(discussed further in Section 3.6.2) dictates the location of column tendon ducts. A formliner
pattern will remove a certain portion of concrete cover for the column reinforcement. The
amount of cover that may be removed by the insert must still leave proper cover for the
column reinforcement (dictated by exposure conditions and specified in AASHTO
Specifications).
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The engineer may also choose whether or not the joints between pier segments will be
accented with chamfers. Backing bars can be tack welded to standard steel forms to create
chamfers. The bars can be simply ground off if chamfers are not desired for the next project.
Chamfering joints helps hide staining caused by epoxy oozing out of the match-cast joint
during post-tensioning operations. However, chamfering the joints calls attention to the joint
and gives the pier a masonry-like appearance, which may or may not be desirable. The
choice of pier appearance will be the engineer’s.

Shear keys are provided at the chamfered corners. The walls of the hollow pier segments
provide room for post-tensioning bars of up to 36 mm (1.375 in) with a strength of 1030 MPa
(150 ksi) or 1100 MPa (160 ksi) as well as multistrand tendons up to the current 19K6 size
made up of 19 25 mm (0.6 in) strands with a strength of 1860 MPa (270 ksi). The hollow
core of the segments provides room for internal drainage ducts without reducing section
efficiency. As shown in Table 3.1, pier segment weights for Proposal Il are comparable to
those of Proposal I and are easily within the capacity of cranes used for handling precast
concrete girders.

Table 3.1 Pier segment weight comparison

Pier Segment Weight

24m (81t kN (kips)

Proposal 1 P20 85 (19
P24 101 (23)

P28 116 (26)

P36 148 (33)

Proposal 11 P12 58 (13)
P18 80 (18)

P24 102 (23)

P30 124 (28)

3.6.2 Bent Caps and Template Segments

The bent cap design of Proposal 1 changed considerably for Proposal II. Match-cast
segmental caps were seen by industry personnel as too cumbersome. Construction speed and
efficiency would be greatly improved if the cap could be precast and handled as one segment.
The cap dimensions for Proposal I resulted in extremely heavy cap elements. A cap length of
7 m (23 ft) from Proposal I would weigh 700 kN (160 kips}—around the desired maximum
weight for any precast element in the system (discussed in Section 3.3). The range of design
dimensions for the proposed substructure system requires a single cap element to be up to
13.1 m (43 ft) for a three-lane bridge with a shoulder. The maximum 7 m (23 ft) single cap
element of Proposal I is wide enough only for a single-lane bridge with a shoulder.

To have a system whereby the cap would be one single precast element up to 13.1 m (43 ft),
the weight of the caps from Proposal I needed to be reduced considerably. The taper of the
cap in Proposal I had been designed for structural efficiency as well as visual integration of
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the horizontal cap with the vertical pier. (The taper increases where the moment and shear in
the cap are highest and thus visually represents the flow of forces from the girders to the
column and foundation.) By removing the taper, the cap weight could be reduced by 22%.
Removing the taper also reduces the internal lever arm at the critical section at the column
face. Rather than providing additional reinforcement to make up for the reduced internal
lever arm, the design bending moment for the cap was substantially decreased by reducing
the cap weight and by widening the template underneath the cap (Figure 3.17). Although
removal of the cap taper reduced the cap’s resistance to load effects such as shear and
bending moment, the efficiency of the overall structure was preserved because the column
flare significantly reduced the magnitude of these load effects by changing the location of the
cap critical design section. Rather than deepening the cap section at the cap-column interface
to better resist the moment, the column section was widened to shift the point of critical
moment in the cap outwards so that lower moment capacity would be required.

g Proposal! Proposalll
lgolgder\ d, ’ d,
llllé}hll | 4 3§ J 4
=4 N TR

Girder loads are the same

M, > M,

Vi >V,

Shear

Figure 3,17 Critical cap design moment and shear are reduced when the basic structural system
changes from a tapered cap (Proposal I) to a flared template (Proposal II)

Removing the cap taper also removed the need for a complex form system for the cap that
could handle tapers for different length caps. Such a form system signaled to many industry
personnel a higher risk and higher uncertainty of successful fabrication. It was indicated that
such uncertainty could lead to substantially increased costs. Although a tapered cap is
visually attractive and structurally efficient (efficient use of materials), the economy of this
design alternative would be sacrificed. This dilemma was a good example of how engineers
must strive to balance the three engineering disciplines of aesthetics, efficiency and economy

40



(discussed in Reference 3) while meeting the user needs (functionalism) within the project
constraints. In this case, a primary concemn for the design of a prototype precast substructure
system was that it could be easily standardized. Economical standardization dictates the use
of simple, reusable and easily sealed forms. The tapered cap of Proposal I did not meet this
criteria. The resulting uniform depth cap and tapered template for Proposal II provides a
system that is attractive and efficient (in terms of material requirements, fabrication and
constructability).

The small template sections of Proposal I were increased substantially in size and were made
to be proportional with each pier size. The resulting template elements for Proposal II are
short, flared pier segments. A flared template provides a stronger visual integration between
the pier and cap than a subtle cap taper. The decreased bending moment at the critical
section in the cap requires less cap reinforcement. Figure 3.18 shows the four template sizes
of Proposal II. Each template size corresponds to one of the four pier segments. They are
similarly designated and referred to as T12, T18, T24 and T30. As shown in Table 3.2, their
weights are within the 700-750 kN (160—170 kip) maximum range.
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Figure 3.18 Four template segments of Proposal I1
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Table 3.2 Template weights for Proposal I

Template Segment Weight
Proposal II kN (kips)
T12 56 (13)
T18 175 (39)
T24 395 (89)
T30 748 (168)

To further decrease the weight of the cap, the structural function of the cap was examined.
As shown in Figure 3.19, the flow of forces can be seen from simple strut- and-tie models.
Examining the flow of forces for the solid cap of Proposal I (Figure 3.19¢c and d) shows areas
where the concrete is not needed structurally—in the center of the stem and in the bottom
outer corners of the ledge. Figure 3.20 shows the sequential process of removing the
unwanted material and the effect the material removal has on the weight of a 13.1 m (43 ft)
cap—the longest single cap piece required for the system. Removing this unnecessary dead
load from the inverted-T cap further reduces the amount of reinforcement required in the cap.
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Figure 3.19 A strut-and-tie model was used to develop an efficient new shape for an inverted-T bent cap
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Figure 3.20 Modifying the cap cross-section led to a reduced cap weight

The precast cap elements may be longitudinally pretensioned, post-tensioned or a
combination of both. The web walls of the inverted-T stem were minimized to 350 mm
(14 in) in the cantilevered portions and 375 mm (15 in) at the cap-column connection. This
width should provide adequate cover for anchorage zone and shear reinforcement with
sufficient room for concrete placement and consolidation around the longitudinal cap
reinforcement. Figure 3.21 shows details of a precast cap with two longitudinal reinforcing
options (one fully pretensioned and one fully post-tensioned). Figure 3.22 shows portions of
the cross-sections at the cap/column connection to show the cover and spacing of the three
prestressing options. For the fully pretensioned option, each wall can accommodate four
columns of 12.7mm (0.5 in) diameter pretensioning strands on 50 mm (2 in) centers, a
50 mm (2 in) duct for column PT bars with proper coupling sheaths, and interior cover
(Figure 3.22a). The walls can also accommodate 100 mm (4 in) ducts for 19K6 multistrand
longitudinal tendons instead of pretensioning strand with the column PT bars located up to
50 mm (2 in) closer to the outside cover of the stem (Figure 3.22b). This will require up to a
10 degree bend in the stirrup at the base of the stem to accommodate the sheathing and
coupler for the column vertical PT bars (see cross-section B2 in Figure 3.21c). A
combination of cap longitudinal pretensioning and post-tensioning may also be
accommodated using the two outer columns of pretensioning and a maximum of a 100 mm
(4 in) duct (required for a 19K6 multistrand tendon) for post-tensioning (Figure 3.22c). For
this scheme too, the column PT bars will be closer to the outside cover of the stem. The pre-
and post-tensioning combination for cap longitudinal reinforcement will be typical for frame
bents. When specific post-tensioning devices are selected and necessary supplementary and
continuing reinforcement selected, a full-scale anchorage zone test should be performed.
Due to the low column overturning moments in frame bents, the amount of vertical post-
tensioning required can typically be handled in the column “ends™ (as indicated on the P24
segment of Figure 3.15). In these bents, the PT bars will be located towards the center of the
inverted-T stem. Thus, the coupler sheathing will not require any additional bending of
stirrup cage reinforcement. The varying location of the vertical PT bars, that depend on cap
longitudinal reinforcement, must be accounted for in column design (including cover
requirements when form inserts are being chosen). An alternative design for the
pretensioned cap would be to use 0.6 in diameter strands. The number of strands could be
reduced with a probable reduction in plant labor costs and slight increase in the eccentricity
of the prestress force.

43



Pretensioning option A Post-tensiontng option
P

length varies

T
| \
= =
£l T
g i -
Ri 5 Crcect
i |
o Y
Pretensioning strands Pian Post-tensioning duct
| Recess for PT aperations
550mm _1200mm _550mm A A1 = Az<ry | o e Bl
et i | | d
¥ T d
E !
E
=3
g
=1
200mm ':.
400mm
A-A A = Plstand }
A duct -~ Precast Template
PT bar duct with
room for coupler at
base of template

c-C

Figure 3.21a Precast cap details for Proposal IT
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holiow portion of the cap could simply be reduced.

Figure 3.22c Spacing and cover details for a cap with pretensioned and post-tensioned longitudinal
reinforcement

While the center of the cap stem would be hollow, solid portions are required at the ends for
cap anchorage zones when longitudinal post-tensioning is used (Figure 3.21a). Anchorage
zones are also required above the column for the column reinforcement not anchored in the
webs of the stem. Table 3.3 gives a comparison of cap weights for one-, two- and three-lane
bridges using single element caps from Proposals I and IL

Table 3.3 Single precast element bent cap weight comparison

Bridge Width Cap Length* Total Cap Weight, kN (kips)
m (ft.) Proposal I Proposal I1
1 lane (7.6m) 58 (19) 340 (121) 335 (75)
2 lanes (10.4m) 9.5 (31 885 (200) 545 (123)
3 lanes (14m) 13.1 (43) 1230 (277) 750 (170)

*No skew
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3.6.3 Bent Configurations—Proposal II

The four pier sizes, four corresponding templates and the single depth but variable length cap
section can be combined in numerous ways to make up a wide range of substructure units
extending from single-column bents to straddle bents and frame bents (Figure 3.23). These
bents can support roadways up to 32 m (105 ft) wide and up to 18 m (59 ft) tall. A variety of
skews may be accommodated as well. The inverted-T cap can support AASHTO Type IV
Girders and 1370 mm (54 in) deep Texas U-beams. A similar cap with a shorter stem could
be fabricated for use with shallower standard precast concrete girders. Shallower girders
could also be supported on the deeper caps with built-up bearing seats. Deep caps supporting
shallow girders should be used only when necessary, and aesthetic impact of such a detail
should be carefully and completely considered. A more complete discussion of the treatment
of shallow girders in combination with deep caps can be found in Section 5.2.2.3.

-Cast in Place Joint ]

up to 18m

§ up to 18m
|
\

Single Column Bents with Single Cap Element Straddle Bents with 2 Cap Elements

13.1m - 27m 27m - 30.5m

upto 18m

Frame Bents with 2 Cap Elements Frame Bent with 3 Cap Elements

Figure 3.23 Substructure configurations for Proposal 11

All bent caps may be fabricated in single elements up to 13.1 m (43 ft) long. Therefore all
single-column bents are constructed with just one cap segment. Cap segments may be
pretensioned or post-tensioned. Straddle and frame bents join two cap sections with a cast-
in-place joint and longitudinal post-tensioning. These wider bents can accommodate caps up
to 27 m (88 ft) in length with just two cap segments (two 13.1 m [43 fi] segments with an
800 mm [31 1n] cast-in-place joint). Wider bents can be accommodated with two piers and
two long segments and one match-cast shorter cap segment fabricated and erected as
described in Sections 3.4.2 and 3.4.3. Alternatively, three piers and three caps could be
utilized.
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The pier segment chosen for a project will vary depending on project constraints. Roadway
width, span lengths, road curvature, pier height and bent skews will all effect the pier size
requirement. Other factors affecting the choice of pier size will be concrete strength and type
of column reinforcement chosen. For instance, an 18m (59 ft high) single-column pier
supporting a 14 m (46 ft wide) roadway could be constructed of P30 segments with a
concrete strength of 56 MPa (8 ksi) or P24 segments with an 76 MPa (11 ksi) concrete. This
choice is possible because the controlling factor for the pier design is the maximum
compression stress resulting from column post-tensioning necessary to prevent tension across
the segmental joints under biaxial bending in the service limit state.

With the frame bents, the pier segment size should initially be chosen based on structural
requirements. In many cases, the smallest column section may suffice for column loads.
However with longer bents, a larger column section and therefore larger template section will
reduce critical bending moment and shear forces in the cap. The designer must balance
issues of economics and constructability when choosing between using larger column
sections or more cap reinforcement. For aesthetic reasons as well, the designer may choose
to use larger column sections for a long frame bent. Slender columns under a wide
superstructure may appear visually weak and unsafe.

Design calculations and details for a single-column pier using P24 segments for a total clear
height of 10 m (33 ft) supporting a 14 m (46 ft) roadway are shown in Appendix C of
Reference 2. A combination of post-tensioned strand and bars are used for the column and
the cap is designed to be pretensioned. Design calculations and details for a frame bent using
P12 segments to support a 21.3 m (70 ft) roadway are given in Appendix D of Reference 2.
In that example, only post-tensioning bars are used for the column while the cap segments
are both pretensioned and post-tensioned. A discussion of pier design and detailing can be
found in Sections 3.6.6 to 3.6.8.

3.6.4 Fabrication Sequence—Proposal 11

Column segment fabrication would be the same as described in Section 3.4.2 and shown in
Figure 3.10. Provisions for fasteners in the sides of the sections for bolting the upper
segment forms to the existing segment should be the same ones used for attaching temporary
devices for handling the segments. This dual use will minimize the number of holes or
“disturbances” to the section.

The template segments will be cast individually. The top portion of the template is
essentially a quadrilateral plate. This area can be screeded to varying heights to provide
necessary cross-slope for the cap. The overall plate height varies depending on the template
size. This variation according to template size allows each template to readily provide up to
a 3% cross-slope for the cap (Figure 3.24). The 3% value represents an arbitrary limit for the
standard forms. It was chosen on the basis that about 90% of applications tend to have cross-
slopes of 3% or less. The table in Figure 3.24 gives example plate heights for each template
segment that can provide a 0-3% cross-slope. Required cross-slopes greater than 3% can be
accommodated by developing other template designs or by using the 3% cross-slope in the
template and then by varying girder bearing seat elevations for the remainder. A minimum
height of 50 mm (2 in) is provided on the ends of the template “plate.”
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Template Width, W Height, h
Template Segment mm_ (in) mm_ (in)
T12 2000 (B0in) 110(4.25in)

T18 3000(118in) 140(5.5in)
\ope T24 4000(158 in) 170(6.75 in)

‘iﬁ’@/ I T30 5000(200in) 200(8in)
somm‘ typ ‘/im |

140mm

Example screeded “Plate” detail
for Tempiate T18

Figure 3.24 Example of a 3% cap cross-slope being provided for in a precast template

Screeding to the desired cross-slope can be facilitated in steel forms by providing a triangular
chamfer strip, tack welded to the inside of the form. This screeding guide (“screed rail”)
should be welded to both the inside of the outer form and the outside of the inner core form
(Figure 3.25). The rail on the outside form will create a chamfer at the site of the future cap-
template joint. This chamfer should hide epoxy drippings in this awkward location which
would be difficult to clean during erection. The screed rail on the inner core form would
provide a ledge to support elements for forming the cap. When the cap is later match cast to
the template, form surfaces are needed to prevent fresh concrete from entering the hollow
portion of the template segment. The tack welded screeding rails could easily be removed
(ground off) with negligible form damage for the next template segment if a different cross-
slope is required. If wooden forms are used for either the inner or outer template form,
wooden screed rails could be used. All inner core forms should be “drafted” (angled outward
slightly as they rise to facilitate easy removal). An angle as small as 10mm over 2.4 m would
suffice (0.5 in over § ft).
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Figure 3.25 Template fabrication details

Ducts for post-tensioning bars must be cast into the template segment. A pattern sheet could
be fabricated to ensure proper location and alignment of ducts. A pattern sheet would simply
be a metal plate with the duct locations from adjacent column sections drilled into it. The
pattern sheet is placed at the bottom of the template segment while ducts are placed to ensure
that the ducts are properly aligned across this joint. Approximately four additional ducts of
40 mm (1.5 in) diameter must be cast into the template for placement of a flowable high
strength grout to completely fill the joint between the top pier segment and the template
segment. This joint detail is further discussed in Section 3.6.5 where the erection sequence
of these piers is outlined.

Fabrication of the caps will be much more involved than fabrication of the column segments.
There are a number of workable schemes for fabricating the caps with the necessary match-
cast joint between the bottom of the cap and the top of the template segment. Some
fabrication options are better suited for pretensioning, while others are better suited for post-
tensioning.

For pretensioning, a fabrication system for the caps that can be easily adopted by existing
pretensioning plants was developed. This system involves casting the cap in two-stages. In
the first stage, the ledge of the cap would be match cast to the previously cast template. This
operation could be done with the template supported from the ground and the ledge form
supported above (Stage 1 in Figure 3.26a and Figure 3.26b). Web reinforcement would
extend above the ledge. The casting operations would require concrete placement not more
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than 3.6 m (12 ft) the air. This imposes no problem on existing precast plant equipment.
Once the ledge is cast and the concrete cured, the ledge would be transported to an existing
pretensioning bed (Stage 2 in Figure 3.26a). With a number of ledges in the bed,
pretensioning strands would be placed and forms for the inverted-T stems set. Post-
tensioning ducts for the column and, if required, for the cap would be aligned and the
concrete placed. For most of the single cap segments, pretensioning will suffice (no post-
tensioning will be required) for the cap’s longitudinal reinforcement. Only in cases with long
caps that need to be stage tensioned will post-tensioning be required. In the case of frame
caps, post-tensioning will be required to join the cap segments and provide positive moment
reinforcement in the closure and span between the piers (Figure 3.23).
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PT Strand Match cast
Dust AN . i joint
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Strands /
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\ Ledge cast in Step 1
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* Shown in Figure 4,40t

Figure 3.26a Two-stage match casting of precast, pretensioned inverted-T caps
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Figure 3. 26b Cross-section through the cap and template during Stage I
from Figure 3.26a

The two-staged casting of the cap for this pretensioning scheme eliminates the need for self-
stressing forms (forms with ends that essentially act as bulkheads) that will be 2—4 m (6.5~
13 ft) in the air. Staged casting allows the precaster to use existing pretensioning beds and
bulkheads. Staged casting also eases concrete placement avoiding problems due to trapped
air under the ledge that could occur with a single, closed form (Figure 3.27). In single-stage
casting, vibration of the ledge down through the walls of the stem would be extremely
difficult with pretensioning strand running throughout. One possible solution would be to
vibrate the ledges through the open top surfaces of the ledges, allow the concrete to develop
an initial set for 30 to 45 minutes and then place the web concrete. With the staged casting,
concrete shear keys, if needed, may be set into the ledge for shear transfer in the concrete for
the final structure. Web hanger reinforcement for shear will also need to extend upward or
be mechanically spliced at this location. As shown in Figure 3.26a, the stirrups required for
the cap would be cast into the ledge. This detail is good, providing unspliced stirrups and
also a cage with which to lift the ledge into a pretensioning bed. Consideration of the
different concrete stiffnesses in the ledge and stem at release of the tendons will need to be
taken into account to properly assess prestress losses due to elastic shortening (see pages
C37-C40 of Appendix C in Reference 2 for example calculations).
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Figure 3.27 Cross-section through a cantilever of a pretensioned cap formed for a
single-stage casting

Another possible method of cap construction that eliminates the need for self-stressing forms
2-4 m (6.5-13 ft) in the air would be to insert the template segment in an opening below
grade and match cast the cap to the template while the cap is supported at grade level (Figure
3.28). This would require the precaster to depress the template up to 2.5 m (8 ft) below grade
(for the largest template, T30).” Casting could again be staged with the ledge being cast first
and then placed in a pretensioning bed. Other fabrication options include match casting the
cap in one stage above the template in a self-stressing form. Another option for the
fabricator would be to cast a single cap in one stage resting at grade level in self-stressing
forms or in a short pretensioning bed with the template inserted in an opening in the ground
to facilitate the required match-cast joint.
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Figure 3.28 Two-stage match casting of precast caps with precast template in ground

An advantage to fabrication in a precasting plant as opposed to field concreting is that the
quality of high performance concrete can be better controlled. Use of high performance
concrete with its high early strength allows for faster turnover of pretensioned elements.
Such higher turmmover helps make element fabrication economical. Pretensioning the
elements will also reduce the amount of nonprestressed reinforcement typically required to
control cracking during handling of the elements to be post-tensioned onsite.

Fabrication of precast caps that will be entirely post-tensioned can be performed in a
precasting plant or in a temporary precasting yard. Again, the template segment can rest on
the ground with the cap formed and concrete placed 24 m (6.5-13 ft) in the air or the
template can be placed in a recess below grade and the cap cast above while supported at
grade level. The entire cap could be formed for one cast in either situation since self-
stressing forms or bulkheads for pretensioning would not be used. However, as previously
discussed, two-stage casting is recommended for constructability. Post-tensioning ducts
running throughout the walls of the stem will add to the difficulty of vibrating the ledge
concrete if placed in a single cast.

3.6.5 Erection Sequence—Proposal I1

The erection sequence for the column segments for Proposal Il is similar to that of Proposal
I. Normal foundation construction is carried out with provisions for column post-tensioning
bars and/or strands in the foundation cap, or footing. Column post-tensioning bars are
anchored in the cast-in-place footing. Post-tensioning strands require ducts curving 180
degrees. The curving ducts in the footing facilitate the threading of the strands from the top
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field. The newly placed segment must then be post-tensioned to the existing pier (Figure
3.29d) to provide a surface pressure of 0.28 MPa (40 psi). (The 0.28 MPa, 40 psi
requirement is part of the 1994 Interim AASHTO Segmental Specifications. This requirement
may be lowered to 0.07 MPa [10 psi] in future revisions. [46] This will mean that a 3 m
[10 ft] segment of any cross-section will itself provide the necessary 0.07 MPa [10 psi]
pressure and temporary post-tensioning will not be required.) For shorter segments, a second
segment could be placed above to apply this pressure while the epoxy sets. Avoiding the
post-tensioning operations for each segment placement in the future should decrease labor
costs considerably and increase construction speed.

With the final pier segment in position, the template segment can then be placed. The
template is set on adjustable supports, PT ducts are spliced and the segment is aligned to
provide the proper cross-slope for the match-cast cap. This joint can be very small (75—
100 mm [3—4 in]) and will be filled with a durable high strength epoxy grout. Grouting the
joint will typically be more economical than placing such a small amount of concrete at
heights up to 18m (59 ft). A bracing system bolted to the template and the top pier segment
from their inner cores can be used to hold the template in place once the proper alignment is
achieved (Figure 3.30). The joint is then formed and a flowable high strength grout is placed
through ducts in the template segment. After the joint has cured, the template segment can
be post-tensioned to the pier, and the temporary bracing can be removed.

950mm . 1100mm .,  850mm
Grout tube for
T
v e ™ flowable high
varies jﬁ— ] strength grout
Eu 18 Precast template
[
S ~ Grouled joint
7
150mm'E
75mm ==
~ Bracing
. .
g T Bol
E
=
=
[aN]
Column PT Duct
| in a P18 column
. segment

M350mmm 1100mm 350mm
P B

* Height varies depending on cap cross slope required

Figure 3.30 Cross-section through a P18 pier showing grouting of the template to
the top column segment
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The cap is placed next. Epoxy is applied to the bottom of the cap ledge and the top of the
template segment. The cap is then easily set on top of the template to which it has been
previously match cast. No special alignment procedures are necessary for this heavy
element. It is simply set in place, self-aligned due to the match-cast shear keys and is
vertically post-tensioned to the pier (Figure 3.31). The recess in the cap for the vertical post-
tensioning anchor plates can then be filled with a highly durable concrete. Any required
longitudinal post-tensioning of the cap is performed next. In some cases, staged post-
tensioning of the cap may be necessary. This post-tensioning would be sequenced in
accordance with placement of the superstructure girders.

Post-tensioning of

captocdumn all
Maich-cast from above

Precast Terrplate

(Capliftedby 1o
o 2 ranes as per
Precast Cap weight)
Pretensioned or
Post-tensioned

Coupled Post
Tensioning Bars

@

Figure 3.31 Erection sequence for a hammerhead bent with a single cap element

The erection process for frame bents less than 27 m (88 ft) wide made up of two cap
segments is shown in Figure 3.32. Pier erection is the same as that for single-column bents.
Each match-cast cap segment is then vertically post-tensioned to a pier. Any additional
segments required between the cap segments for the frame bents wider than 27 m (88 ft)
would be added in the manner described in Section 3.4.3. The additional segments are
longitudinally post-tensioned to the first cap segments that were vertically post-tensioned to
the piers. The remaining joint between the cap segments would then be formed, post-
tensioning ducts spliced, and nonprestressed reinforcement tied. Cast-in-place concrete is
then placed in the joint. Once the joint concrete has cured, the entire cap can be post-
tensioned, thus providing positive moment reinforcement at the mid-span of the bent. Again,
staged post-tensioning may be required during placement of the superstructure.

60



Placement of first cap segment

Post-fension first segment to bier, place
second cap segment

Forming and casting of central cap joint Post-tensioning of cap

Figure 3.32 Erection sequence for a frame bent

For the frame bent caps and the single-column bent caps requiring post-tensioning, an
additional cast-in-place cover could be added to the ends of the cap to cover the post-
tensioned anchor plates. This addition can be attractively chamfered as shown in Figure
3.36b. A chamfered end minimizes the visual disruption to the profile of the bridge that
blunt bent cap ends often create. The chamfers will also integrate the cap more attractively
with skewed layouts (in a fashion similar to the octagonal columns proposed for the bents in
Figure 4.39).

3.6.6 Precast Substructure Design Process—Proposal 11

This section outlines the general procedure for designing a precast substructure bent. Two
specific examples with detailed computations are given in Appendices C and D of Reference
2. Specific calculations and design equations mentioned in this section will be referenced to
the designs in these Appendices.
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The loading on a precast substructure bent should be in accordance with the prevailing code
or specifications used by the engineer. In addition to satisfying serviceability and strength
under service and ultimate loads respectively, any pertinent serviceability or strength
requirements must be satisfied under construction loads. Construction stress limits may be
critical in pier design due to the unbalanced moments imposed while girders are being
placed.

Variations in the design forces will dictate the specific pier section and corresponding
template size to be used. With experience, the designer will have a feel for what pier size is
required for certain pier configurations, pier heights and roadway widths. The larger pier
sections will generally be required for the single-column and straddle bents where column
moments can be considerable. Frame bents typically experience less bending and often allow
use of the smaller pier sections.

While the current practice at TxDOT is to design all multicolumn bent caps as if pin-
connected to the bent columns, multicolumn (in this case two-column) precast bents should
be analyzed as frames with moment connections between the cap and columns. In particular,
secondary moments caused by the longitudinal post-tensioning of frame bent caps must be
accounted for in design.

Slenderness effects must be considered in the pier analysis. A second order analysis that
accounts for the effects of prestressing will be the most desirable solution. Approximate
methods such as the moment magnifier method and the P-delta method as outlined in
AASHTO Standard and LRFD Specifications can be used as well. These methods were not
specifically developed for use with prestressed columns and therefore some modifications
should be made when using them. The design examples in Appendices C and D of
Reference 2 were based on column moments amplified using the moment magnifier method
(pages C10 and D10). As the service limit state dictates no cracking of prestressed members
under service loads, uncracked sections were assumed when magnifying service load
moments. Therefore the only modification to the stiffness of the section at service load
levels is for creep effects (B4). When magnifying column moments under ultimate loads, a
reduced stiffness which accounts for cracking, creep and shrinkage effects as specified in the
AASHTO Standard or LRFD Specifications should be used. This will be conservative as it
neglects the enhanced stiffening effect due to prestressing in the columns. The moment
magnifier method is a conservative approximate method. It should be replaced by a refined
second-order analysis when slenderness effects dominate. In such a second-order analysis
the beneficial effects of prestressing can be considered. Slenderness effects will usually be
more critical in the bridge longitudinal direction (weak axis bending of the column) than in
the transverse direction (strong axis bending of the column) for the proposed precast
substructure system if the superstructure is simply supported. With a continuous
superstructure, slenderness effects for longitudinal bending should not be critical.

After the determination of critical load effects (axial, shear and moment) is completed, a final
pier size should be selected. Amplified moments may have to be revised for the changed size
and an iterative procedure utilized. Segmental pier design will generally be controlled by
service load conditions. The column section and prestressed reinforcement are selected
based on satisfying the zero tensile stress limit and the maximum service compression load
stress specified in the AASHTO codes. Column design also will be an iterative process;
selecting a section size, determining the amount of reinforcement required, and then
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determining the required concrete compressive strength. The ultimate capacity of the
columns must then be checked by constructing an interaction diagram. The interaction
diagram for a prestressed column is constructed similarly to that of a nonprestressed
reinforced column by determining the failure envelope of axial and flexural load
combinations through a strain compatibility analysis. One important difference with
prestressed columns is that both the steel and concrete have initial strains and stresses due to
the prestressing that must be accounted for in analysis. It should not be assumed that the
ultimate strength of the prestressing steel will be developed at ultimate load conditions.
Example calculations for an interaction diagram for a prestressed column are shown on pages
C12 and D12 of Reference 2 as well as in Reference 47.

Main flexural reinforcement for the cap can be handled with pretensioned and/or post-
tensioned steel combined with nonprestressed reinforcement for the ledges. Pretensioning
will reduce the amount of nonprestressed reinforcement required in the cap for handling. In
the case of straddle and frame bents, some post-tensioned reinforcement will be required to
provide positive moment reinforcement between the supports and tie the cap segments
together. Secondary moment effects due to post-tensioning in the frame and straddle bents
(essentially rigid frames) must be considered. Examples of the design of cap flexural
reinforcement are given in Appendices C and D of Reference 2 beginning on pages C22 and
D18.

Choosing an appropriate tendon layout for frame bents in particular will be an iterative
process. Stress limitations must be satisfied during construction as well as at service limit
state. A controlling factor may often be that no tensile stress is permitted across a joint that
has no bonded nonprestressed reinforcement passing through it. This case will often occur at
the cast-in-place closure joint. There are a number of design options to handle stress
limitations that are critical at this joint and when a cast-in-place closure at the center alone is
not satisfactory. One option is to specify a field weld splice between nonprestressed bars that
are cast extending from the end of the cap (Figure 3.33a). Precasting will provide suitable
tolerance levels for the location of the nonprestressed reinforcement extending from the cap
ends to allow for field welding. Another option for handling stresses across the cast-in-place
joint is to move the joint away from the most critical load area (Figure 3.33b). However,
moving the joint from the center will require cap elements of different lengths. The
unbalanced load condition (particularly of the longer cap element) during construction may
control the design of the column. The two cantilevers making up the central span of the
frame bent would have to be intentionally adjusted during match casting to provide
appropriate cross-slope for the deck. This becomes increasingly complex if the cantilevers
have considerably different deflections due to unbalanced loads. However, in general, the
caps are not very flexible. For example, in the bent shown in Appendix D of Reference 2,
moving the location of the joint by one meter removed the need for staged post-tensioning
during erection yet resulted in only a half-inch difference in deflection. A third option shown
in Figure 3.33c¢ is to use temporary post-tensioning bars across the top of the cap between the
two cap recesses that accommodate the column post-tensioning anchorages. This option will
be most useful when calculated stresses during construction do not meet stress limitations.
This may occur when the stresses at midspan of the cap caused by the post-tensioning are
significantly greater than the offsetting stresses from the dead load of the girders. Temporary
PT bars across the top of the cap may allow for filll post-tensioning initially, rather than
requiring a more time-consumning staged post-tensioning scheme. Depending on the tendon
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layout chosen, the provisional PT bars across the top of the cap could remain in place rather
than be temporary during erection. The size and number of these PT bars will dictate the
necessary depth of the recess above the columns to accommodate post-tensioning operations
for these bars (which will occur after the column post-tensioning is completed) and to
provide them with adequate cover if they are to remain in place permanently.

[111

w Non-prestressed w
reinforcement to

be spliced with a
field weld

(a) Provide bonded reinforcement across the joint

CIP joint off center,
requiring cap
segments of
different lengths

(b) Move joint away from position of critical force effects

Recess in cap for column PT PT Bars

N d

kY

et \ Nt

CIP joint at center,
cap segments of
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(c) Use PT bars across top of cap (temporary or permanent)

Figure 3.33 Alternate connection options for frame bents

Once the main cap flexural reinforcement is designed, the caps must then be detailed to
transfer the girder loads adequately from the ledge to the stem of the inverted-T cap. The
strut-and-tie method is an efficient method for designing the cap ledge and hanger
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reinforcement (page C28a of Reference 2). The traditional method used by TxDOT for
inverted-T ledge and hanger reinforcement was developed for solid inverted-Ts with
unchamfered ledges. [42] This method may be used for the proposed cap with a modification
for determining punching shear resistance (pages C28b and D32 of Reference 2). The
distribution requirements of the reinforcement for the strut-and-tie method will be more
efficient, but the amount of required reinforcement for the two methods should be similar.
The hanger reinforcement shear capacity check as per Reference 42 does not account for
shear resistance provided by inclined longitudinal prestressing.

The shear capacity of the cap must be analyzed next. Shear-torsion behavior must be
checked as well (pages C31 and D35 of Reference 2). Shear forces should be resisted mostly
by closed stirrups. Draped post-tensioning can also aid in resisting shear forces (V,) and the
flexural reinforcement layout may be altered to better resist shear where desired. Closed
stirrups should be used in each of the webs of the stem. This detail will provide both shear
resistance and a support for interior side-face reinforcement for crack control. Shear
reinforcement requirements must then be compared to hanger reinforcement requirements.
Hanger reinforcement must be supplemented with additional stirrups where shear resistance
requirements are not fully satisfied (pages C35 and D41 of Reference 2).

The ledge, hanger, and shear reinforcement may all be designed by the strut-and-tie method
as outlined in Section 5.6.3 of the LRFD AASHTO Specification. This design method should
lead to more economical design and better understanding of the flow of forces than
traditional AASHTO methods. However, codification of strut and tie modeling is often
unclear and difficult at times to apply, particularly when a large number of ultimate load
cases must be checked. With more design examples and text books covering this method and
with further clarification as to its advantages and limitations, the strut and tie method may
become the design method of choice for these rather deep inverted-T caps. If traditional
AASHTO methods are used, strut-and-tie models are recommended for an initial
understanding of the flow of forces. Then, the traditional methods should be used carefully
and will usually provide conservative detailing for familiar applications.

3.6.7 Precast Substructure Design Details
A number of separate detailing considerations are presented below:

(@) Detailing of the hollow columns should be in accordance with recommendations
developed by Taylor, Rowell and Breen at the University of Texas at Austin. [48]
Recommended detailing includes:

1.  Two layers of longitudinal reinforcement should be provided in each pier wall,
one layer near each face of the wall.

2. Maximum lateral spacing of longitudinal reinforcement should be limited to
1.5 times the wall thickness or 450 mm (18 in), whichever is smaller.

3. Maximum longitudinal spacing of transverse bars should be limited to 1.25
times the wall thickness or 300 mm (12 in), whichever is smaller.

4.  Cross-ties between layers of reinforcement are recommended at maximum
longitudinal and lateral spacing of 600 mm (24 in). Cross-ties should be
alternated in a “checkerboard” pattern, connecting points where lateral and
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(b)

(©)

(d)

longitudinal bars intersect.  This reinforcement prevents buckling of
longitudinal bars. Additional cross-ties are recommended at the top and
bottom of each segment.

5. Lap splicing of transverse bars should be avoided, if possible. Otherwise, lap
splices should be enclosed by the hooks of cross-ties.

6.  Comer regions of segments should be well confined in order to enhance
performance under biaxial bending.

7.  Post-tensioning ducts should be grouted in order to promote integral action
between post-tensioning bars and the concrete section.

8. A minimum of 1% longitudinal nonprestressed reinforcement should be
provided.

The last recommendation listed above is primarily aimed at reducing the effects of
creep and shrinkage in these vertical compression members. A recent study at the
University of Texas in Austin has shown this minimum requirement to be appropriate
for nonprestressed columns. [49] However, it may be overly conservative for
prestressed columns. With the use of HPC (as proposed for the precast substructure
system developed herein), concrete stiffness is enhanced. Also, it must be recognized
that nonprestressed reinforcement in precast segmental substructures is not
continuous across the segmental joints. Thus there are discrete regions with 0%
nonprestressed reinforcement. While the nonprestressed reinforcement will be locally
stressed under load, it is not required nor depended upon to carry load. A minimum
amount of nonprestressed reinforcement is useful for shrinkage and temperature
effects. Creep will have a more significant effect on column post-tensioning through
loss of prestress. A minimum percent much less than 1% will most probably suffice.

The portion of the cap above the column post-tensioning must be recessed to allow
for post-tensioning operations and to provide adequate cover for the post-tensioned
anchors once the recess is filled. A recess of 250 mm (10 in) should typically suffice.

All shear reinforcement should be provided for in the initial stage of the two-stage
cap fabrication. Full stirrups (each consisting of one continuous bar) should be cast
into the ledge. The ledge may then be lifted by the cage to be placed into a
pretensioning bed for casting of the stem (see Section 3.6.4). Casting the full stirrups
in the first stage avoids the need for spliced hanger reinforcement.

Anchorage zone detailing for the post-tensioned anchor zones is most easily handled
using the strut-and-tie method as outlined in Section 5.10.9 of the LRFD AASHTO
code (see example calculations beginning on pages C41 and D45 of Reference 2).
Pretensioned anchor zones must be detailed as well as outlined in Section 5.10.10 in
LRFD AASHTO (page C47of Reference 2). Post-tensioned anchor zones for
longitudinal cap reinforcement at the ends of the cap segments will require a solid
stem in these portions (Figures 3.21a and 3.34). This will increase the weight of the
cap.
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Figure 3.34 Cross-section through cap at the column post-tensioning strand anchor zone with
different size spirals

Post-tensioning anchorage zone design and detailing requires attention to both the
local zone and the general zone as defined in Section 5.10.9 of the AASHTO LRFD
Specifications. Reinforcement for both the local and general zones for the vertical
post-tensioned bars anchoring into the webs of the cap stem can be provided with
orthogonal grid bars (bursting reinforcement). Vertical multistrand tendons will be
anchored in the center of the stem, another area where the hollowed portion is filled
in. Anchorage zone reinforcement for both vertical and horizontal multistrand
tendons will generally require spirals for the local zone. Post-tensioning suppliers
have standard details for spirals accompanying these special anchorage devices and
are responsible for the specification of local zone reinforcement. The details
provided to design engineers are typically for use with 28-34 MPa (4000-6000 psi)
concrete. In the case of higher strength concrete, anchor spacing and the size of the
spiral confining reinforcement required is sometimes reduced if tests have been
performed at the higher concrete strength. Taking advantage of such reductions will
be beneficial for the design of the proposed precast substructure system where space
for large tendons is limited. For example, an engineer with the supplier VSL
indicated to the senior author that an equation often used to estimate required anchor
spacing dimensions is directly related to the concrete bearing strength at the end of
the local anchor zone (Equation 3-1). [50]
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X = V}l.lS(;UTS 3-1)

where: X:  Anchor spacing, center-to-center

GUTS: Guaranteed ultimate tensile strength of the
anchored post-tensioning tendon

f.: Concrete compressive strength at the time of stressing

Anchor spacing will decrease with an increase in concrete compressive strength.
Spiral reinforcement sizes, in particular the outer diameter of the spiral, could
possibly be reduced along with anchor spacing. If the smaller spacing and spiral sizes
are desired, acceptance tests must be performed on these special anchorage devices
with higher strength concretes in accordance with the procedures outlined in
AASHTO Division II Article 10.3.1.4.4.

In general, local zone design will be governed by the device characteristics indicated
by the post-tensioning hardware supplier. However, the designer may use Equation
3-1 as a quick check to determine if certain tendon sizes will be feasible with chosen
concrete strengths. It will be desirable in certain situations such as when the large
19K 6 multistrand tendons are required for the vertical post-tensioning, to reduce the
spiral size. Overly conservative spiral dimensions will make placement of
longitudinal cap reinforcement that runs next to the spirals unnecessarily difficult
(Figure 3.34). The beneficial effect of concrete strength on necessary spiral
dimensions is illustrated in Figure 3.34. While the standard spiral diameter results in
a conflict with two of the potential columns of pretensioning strand, a spiral sized for
use with 55 MPa (8000 psi) concrete only interferes with one potential strand column.
If this spiral is fabricated with a pitch of 50 mm (2 in), it may be easily placed so that
the spiral loops fit between the strands. Unfortunately, the spiral requirements are
hardware dependent and are dictated by the results of the manufacturer’s special
anchorage device tests. A few proof tests of proposed details should be performed to
verify material designs and fine tune details if required. Such proof tests were
required of the anchorage zones for the Bear Creek bridge and led to revised details.

Nonstructural details for this precast substructure system include maintenance
concerns and improved substructure appearance. Internal drainpipes should be
included in the design of all substructures (Figure 3.35). With thin-wall hollow piers,
the drains can be placed in the void and passed through the cap. However for the
drainpipes to be of use, they must be kept free of debris and blockage. Design and
maintenance considerations must be coordinated so that dependable drainage methods
are specified.

With careful quality control, the surface of precast elements can be attractive and
relatively uniform, thus removing the need for painting. Other alternatives to painting
which should always be considered are stained, rubbed and sandblasted surfaces (see
Section 4.2.6). The grout bed under the template should be specified to have a final
color that matches the color of the precast segments or provides a definite contrast as
desired by the designer.
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Figure 3.35 Details for an internal drain pipe in an inverted-T cap bent

3.6.8 QObservations on LRFD AASHTO Bridge Specifications

In the process of designing post-tensioned substructures using the proposed system, a few
important observations on the new LRFD specification were made. First, the longitudinal
braking force in the LRFD AASHTO is considerably increased over the Standard AASHTO
Specification. Table 3.4 shows the value of the braking force for simply supported bridges
with different numbers of lanes comparing the LRFD and Standard AASHTO codes with the
Ontario Highway Bridge Design Code [51] and the Swiss (SIA) Standard 160. [52] The
equations for longitudinal braking for each code are given in Appendix E of Reference 2.
The reason given in the LRFD version for the considerable increase is the improved braking
technology of trucks as well as the fact that the new provision will now be more in line with
other respected codes. The commentary to the Ontario Code explains that the provision is
based on theoretical energy principles. However, it is noted that there have been no known
failures to bridge columns due to longitudinal braking forces when designed for lower
braking loads. Until specific evidence is presented to the contrary, it is recommended that the
current (lower value) Standard AASHTO provision be used for longitudinal braking loads.
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Table 3.4 Longitudinal braking force requirements for various codes

Standard AASHTO LRFD AASHTO Ontario Bridge Code 1989 SIA Standard 160
kN (kips) kN (kips) kN (kips) kN (kips)

No. of lanes | @ 1.8m (6ft) above @ 1.8m (6ft) above @ deck surface @ deck surface
considered deck surface deck surface

1 lane 23 &) 9%  (22) 160 (36) 180 40)

2 lanes 46  (10) 160  (36) 240 (54) 180 (40)

3 lanes 62 (19 204 (46) 240 (54) 180 40

4 lanes 68 (15 208 (4D 240  (54) 180 (40)

In TxDOT experience, column design in the past has rarely been controlled by longitudinal
moment. Under the new LRFD provisions, the longitudinal bending moments in certain
designs (in particular frame bents) will be greater than transverse bending moments
particularly for shorter columns where transverse wind loads are not as critical. The effect on
design efficiency will most probably not be large. The bending moments in frame bents are
generally quite low and as seen in the design example in Appendix D of Reference 2, service
stress limits are easily satisfied. Steel requirements for the cast-in-place alternative (page
D15 of Reference 2) may need to be increased with increased longitudinal moments to satisfy
biaxial bending requirements.

The second observation made in regard to the AASHTO LRFD Specification is in its
treatment of design with prestressing steel. There is some debate among code-making bodies
over the current prestressed concrete design philosophy in the United States. This
philosophy, also found in the AdSHTO LRFD Specification, is that stresses be limited under
service loads to prevent cracking in members with prestressed reinforcement. This approach
differs from the treatment of members with only nonprestressed reinforcement where
cracking is permitted at service loads but must be controlled. Further discussion of these
differing design philosophies can be found in References 53 through 57. Presently, the
Service Limit State will almost always control the design of prestressed columns. This
condition is particularly true for segmental columns because no tension is allowed across the
segmental joints under service loads. The resulting amount of prestress prevents cracking
under service loads and is often far in excess of what is necessary for the ultimate limit state.
Regardless of one’s position on the general philosophy of prestressed concrete design, there
are direct positive benefits to having the Service Limit State control design. By not
permitting cracking in the columns at service load levels, durability is obviously improved
and fatigue will not be a problem. In addition, not allowing cracking results in increased
column stiffness and reduced slenderness (P-delta) effects. Further studies are required to
determine if these benefits are justified by the substantial increase in prestressing
reinforcement above that required for the Strength Limit State.

3.7 Cast-in-Place Substructure Alternatives

Alternatives to the previously discussed precast substructure system include designing a
substructure using the same geometric form but entirely cast-in-place or designing
substructures of similar geometric form that are made up of combinations of both cast-in-
place elements and precast elements. In Texas, benefits and drawbacks can be found with
either an entirely cast-in-place system (CIP system), or a cast-in-place column with precast
cap system (CIP column-PC cap system), as well as a precast column and cast-in-place cap
system (PC column-CIP cap system).
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3.7.1 Cast-in-Place Nonprestressed Alternates

The precast substructure system for Proposal II can also be constructed as an entirely cast-in-
place system with nonprestressed reinforcement. To facilitate cast-in-place construction,
solid sections should be used. Use of high performance concrete is recommended for
improved substructure durability.

The inverted-T caps would be designed in accordance with current common practice in
Texas. Such inverted-T caps can be found throughout Texas particularly in urban settings.
Column design would also follow the same procedures as current common practice. The
chamfered shape of Proposal Il can easily accommodate required reinforcement to resist
critical column forces as shown on pages C15 and D14 of Reference 2 where nonprestressed
column alternates were investigated for the Proposal II precast substructure design examples.
The amount of steel necessary was between 1 to 2% of the gross area of the solid column
section.

3.7.2 Cast-in-Place Columns, Precast Bent Caps

With a CIP column-PC cap system, construction of cast-in-place columns can proceed
directly following the casting of the foundation cap or footing. As typically used in many
bridges, drilled shaft foundations may be continued above ground as the columns for a bent
system. Precast caps can then be placed above the columns. This system is more efficient
for forming than both a complete cast-in-place system and a PC column-CIP cap system.
The column forms can be supported from the ground. The often heavy and awkward
formwork for a CIP cap is avoided. The cranes required for superstructure erection can be
used to place the precast caps directly before girder placement. The labor force required for
this form of construction is grouped efficiently as well. A “cast-in-place” crew can work
continually from the foundation to the columns. They can be replaced by the “precast
placement” crew for placement of the caps, girders and, possibly, deck panels.

A disadvantage of this system is that the cap pieces are the heaviest elements of the
substructure for hauling and erection. The cap is also the more cumbersome element to
precast compared to column segments. With cast-in-place columns, a geometry control joint
would be required underneath the precast caps to set them at appropriate cross-slopes. This
would require balancing the heavy cap piece while alignment changes are performed. An
alternative would be to use built-up bearing seats on the caps to provide deck cross-slope.
Such a solution could be unsightly for wide caps or with large cross-slopes. Other
disadvantages include disruptions to the site due to column forming, concrete placement and
curing.

3.7.3 Precast Columns, Cast-in-Place Bent Caps

With a PC column-CIP cap system, a cast-in-place footing is followed by precast columns
post-tensioned together as presented in Sections 3.4.3 and 3.6.5. The bent caps must then be
formed and cast-in-place. The cap must be post-tensioned to the column to provide a fixed
connection between the cap and column for the single-column piers. Post-tensioning of the
cap to the column will also be necessary for two-column frame bents and straddle bents
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where moment transfer to the columns is desired. After the cap is cured and post-tensioned
to the column, erection can proceed with the placement of the precast girders. This erection
process alternates from cast-in-place footings to precast columns to cast-in-place bent caps to
precast girders. This process requires an alternating labor force and equipment usage.

There are many advantages to a PC column-CIP cap system. Precast column segments are
light and easy to haul and erect. Match-cast columns will allow for rapid column erection on
site. Casting the cap in place allows the cross-slope to be provided during forming. One
major disadvantage to this method of construction is that the cast-in-place portion of work is
elevated. Therefore the caps require very heavy self-supporting forms. These heavy forms
will often need to be assembled and the concrete placed at hazardous elevations.

3.7.4 Section Summary

Regardless of which option is chosen, precasting any part of the substructure system should
speed up construction time and reduce site disruptions when compared to an all cast-in-place
substructure system. Both systems offer improved durability for the columns through use of
high-performance concrete and post-tensioning. Prestressed caps would be less permeable
and therefore more durable than nonprestressed caps. Both precast and cast-in-place caps
could be prestressed (pretensioned and post-tensioned for precast caps and post-tensioned for
cast-in-place caps). Precasting would provide higher quality control in fabrication with a
resulting less permeable concrete.

3.8 Chapter Summary

Substructure design provides an opportunity for innovative design with short- and moderate-
span bridge systems. New technologies and new materials can be applied for attractive and
economical results. Substructures can be constructed using methods of precasting, casting in
place or a combination of the two. This chapter has presented a precast substructure system
for standardization. A geometrically similar system may be cast in place or be a combination
of both precast and cast-in-place elements.

The proposed precast substructure system is a versatile system that can be used for a wide
variety of bridge widths and heights. This system can be used with standard precast girder
superstructure systems and offers a new alternative to substructure design that can increase
construction speed thereby reducing costs associated with traffic delays and re-routing. The
precast system of match casting with epoxy joints has provided excellent durability for
structures in the past. The combination of precasting and using high performance concrete
results in more durable and more attractive construction (Figure 3.36). This proposed system
obviously is not a universal solution. Replacing a multicolumn bent which has a rectangular
bent cap with a single-column pier will generally substantially increase costs. If the
substructure is concealed from public view and does not interfere with traffic, and if
construction speed is not a factor, the proposed system may be unnecessary or undesirable.
The construction of the frame bent using the proposed precast substructure system can
involve stage prestressing which is more complex and time-consuming than the hammerhead
bent system. Thus, the frame bent will probably have less advantages than the hammerhead
bent.

72







































































































































































































































Again, a site visit was essential for developing a vision and design concept for the bridge.
The design concept could then be carried out while considering many different options for
layout, superstructure design, substructure design and non-structural details. It was also
evident that city politics had considerable impact on this urban project. It is important for the
design engineers to work collaboratively with city officials. The engineers must stick to
good engineering design and communicate to the city the attractive possibilities attainable
with engineering design rather than allowing the city to decorate their bridges unnecessarily.
The engineers must choose forms and layouts that are elegant and attractive and do not invite
the desire to cover them with facades or ornamentation.

The Wichita Falls project was still being designed during the writing of this report. A
decision to use U-beams where possible was most recently proposed. A segmental box
girder superstructure system was considered too expensive for the District to justify
constructing. In addition, the very large cantilever moments (Mu=51000 N-m) would require
bent cap depths at around 4 m (160 in). Thus, the specific precast system outlined herein in
Chapter 3 would not be appropriate.

5.4  Chapter Summary

Having the opportunity to implement the research while it is ongoing has been valuable for
this project. For the Guidelines, input from designers, precasters, form suppliers and
contractors across the state and the gaining of insight into the actual design process helped
shape the Guidelines into a practical and useful manual. Through both projects, it was seen
that application of the Guidelines from the outset of design will allow for the best use of the
manual. With the San Angelo project, it was found that with simple layout changes, more
attractive solutions could be found with economic savings. The Wichita Falls project showed
the ease with which the Guidelines could be applied to allow for simple comparisons of
design options. This project also showed how public interest in bridge aesthetics can interact
with design options. Engineers must pay attention to the impact of their designs on the
public and develop their own ideas from realistic choices so that they can proudly display
their work rather than have colleagues such as landscape architects try to mask it.

Exploring the use of precast substructures provided focus for the development of a more
comprehensive precast substructure system for standardization. Extensive attention to
fabrication, erection and connection details is necessary for adoption of this new substructure
design option. The possibilities for economical and attractive use of such a system are clear.
The details must be practical and the presentation convincing to inspire the industry to
overcome its resistance to change and further the potential for a new form of substructure
design and construction.
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CHAPTER 6

IMPLEMENTATION

6.1 Introduction

The research work described herein has potential direct applications for TxDOT (and other)
highway planners and bridge engineers. Implementation of the precast substructure system
proposed for standardization is discussed. Necessary follow-up steps are suggested.

6.2  Alternate Substructure System

The proposed substructure system described in Chapter 3 has been developed to facilitate
adoption for standardization. This system is primarily for use with short- and moderate-span
bridges with a highly standardized superstructure system, precast concrete girders.
Standardization of short- and moderate-span bridge components results in economic savings
primarily through highly efficient, repetitive fabrication processes and reduced design and
construction time. Developing a new standard for substructure systems will be the key to
successful introduction of precast substructure design for standard highway bridges.

While precast substructures are not an entirely new form of construction, they have had
limited use in the past. In an effort to understand potential acceptance of a standardized
precast substructure system, a sampling of industry personnel was questioned about the use
of precast substructures at present and in the future. Response comments are outlined in
Section 6.2.1.

As mentioned previously, a major impetus for the development of a standardized precast
substructure system is the potential for savings both in dollars and in on-site construction
time. Section6.2.2 discusses the potential economic impact of a standardized precast
substructure system as determined from discussions with experienced precasters and
contractors in Texas.

6.2.1 Industry Comments on Precast Substructures

Direct comments from industry are summarized here to reflect the general mood in the
industry concerning the acceptance of precast substructures as an upcoming form of
construction. These comments indicate areas needing further study as well as areas where
misconceptions need to be addressed and clarified.

6.2.1.1 LoBuono, Armstrong and Associates

Precast substructures are an acceptable method of construction but it is not apparent
to this firm that precast piers offer economical advantages over cast-in-place piers.
Casting piers in place is seen as a natural progression continuing up from foundation
casting. Importantly, they feel that on-site substructure casting is advantageous in
filling the “lag™ time between the notice to proceed with superstructure erection and
when the superstructure elements are ready to be erected. Exceptions are recognized
in the case of large projects or projects built in difficult to access sites, where
precasting has been used advantageously in the past.
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Some concerns expressed about precast substructures have involved the use of looped
strand tendons. Anchoring both ends at the top is viewed by them as a problem as is
the ability to efficiently thread these looped tendons. (Experience on US183 indicate
neither reservation is valid). They were concerned over water removal from the
ducts. Post-tensioning bars are considered easier to work with but are more
expensive.[62]

Authors’ comments: A potential solution to congestion problems with looped tendon
anchorages at the top is through use of high performance concrete with strengths of
56 MPa (8,000 psi) or higher, where smaller anchorage spacing may be permitted
(see Section 3.6.7). Special anchorage devices must be tested in higher strength
concrete before they can be used in such higher strength concrete in the field.

The argument that casting substructures in place is a natural progression from cast-in-
place foundations can also be used for precasting substructures. A precast

substructure would facilitate the natural progression of the precast superstructure
which follows.

6.2.1.2 J. Muller International

To be practical, precast substructure elements must be used on large projects where it
is economically justifiable to set up a casting yard and haul the segments to the site.
A sufficient number of elements of the same size and shape are required for low cost
fabrication. Precast substructures are particularly advantageous for sites that are
difficult to access and for bridges built in harsh environments. For bridges in harsh,
cold environments, fabrication indoors through the winter is advantageous. The high
quality control in precasting allows for efficient use of higher quality concrete (HPC)
which is less permeable and therefore more durable.[63]

Authors’ comments: Another option for precast substructures to be economically
justifiable is through standardization. The large volume of smaller, standard bridges
exceeds the volume of many large projects. 'This is the rationale used to justify
development of standard precast segmental box girder superstructure standards. [46]

6.2.1.3 DRC Copsultants

Precast hollow box piers are considered strictly for economics and speed of
construction. They have not been common in the past because projects are typically
too small to gain economic advantages or because transportation costs are excessive.
In a few cases, seismic criteria require a large amount of vertical post-tensioning.[64]

Authors’ comments: Again, precast substructures will most probably be economically
justifiable through market aggregation brought about by effective standardization.
Applicability of precast substructures to seismic regions is not of major interest to
TxDOT but certainly is a topic worthy of further investigation.

6.2.1.4 California Department of Transportation (CALTRANS)

Segmental substructures have not been used in California but there does seem to be a
future for segmental piers particularly in nonseismic areas. The continuity between
substructure and superstructure needed to satisfy the ductile design philosophy of the
American seismic provisions has led CALTRANS to use cast-in-place piers with mild
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reinforcement predominantly. Investigations into the use of prestressing to provide
continuity resulted in the conclusion that the “lack of substantial strain energy
between the design load and the ultimate strength of the high strength strand could be
a problem.” For precast substructure design to be utilized in California, the seismic
performance of such substructures will need to be further researched.[65]

6.2.1.5 Texas Department of Transportation (TxDOT)

Precast piers have been used in Texas for at least three projects: the Neches River
Bridge in Port Neches, US 183 in Austin and the Louetta Rd. Overpass on State
Highway 249 in Houston. The Neches River Bridge was designed by the engineering
firm of Figg and Muller. Two of the segmental piers were temporary supports that
were more easily dismantled as segmental piers. The US 183 piers and the Louetta
Rd. overpass piers were designed by TxDOT. For US 183, the large size of the
project and high repetition of similar pier types (260 piers, 3 pier types) were reasons
for proposing precast construction. The contractor chose to precast only one pier
type. The decision to cast the other piers in place was based on several factors.
These included the ability to quickly invoke field labor, an extreme shortage of space
in the confined precast yard, generous amounts of cleared right of way which could
be used for cage and form staging areas, and a very modest economic benefit
computed as a 0.4% savings over the precast option. Upon completion, the
contractor’s superintendent indicated construction of the precast piers was the easiest
way to build piers that he had ever experienced. The second-place bidder felt they
would have precast all of the piers. The Louetta Rd. piers were precast because a
study mandated that 69 MPa (10,000 psi) concrete be used for the substructure. To
take advantage of the higher strength concrete, hollow-segmental piers were designed
to be post-tensioned. No major problems ensued. The Louetta project was also seen
as a study into the feasibility of precasting substructures in the future. [66,67]

Both the US 183 project and the Louetta Road project were applications without caps.
This is a substantial advantage in application of precast substructures.

TxDOT is open to the development of precast substructures and is clearly in support
of investigating the feasibility of such systems.

Authors’ comments: The precast pier concepts developed for the Louetta Rd. overpass
are being used again for a current project in El Paso. Practical implementation of the
proposed precast substructure system by TxDOT will require development of specific
standards for the range of applications of most interest. The recommendations from
this project should be helpful in such an effort.

With the development of such standards, the possibility of precast plants being ready
to furnish such elements on relatively short notice would substantially reduce project
start-up time.

6.2.2 Economic Impact

The use of precast substructure systems with a great deal of field post-tensioning would be a
dramatic shift away from traditional cast-in-place substructures. There are many new details
and construction operations that could offset apparent savings. Types of new or additional
costs include:
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e Crane capacity for handling erection of caps.
e Longer hauling distances for precast elements than for ready mixed concrete.

e Extra handling and on-site storage or dependency on just-in-time delivery in congested
areas.

e Difficulties in use of void forms in precasting.

e Post-tensioning incidentals (grouting, curved ducts, jack calibration, construction engi-
neering costs, anchorage zone congestion, slightly more skilled labor, epoxy usage, etc.).

e HPC concrete costs
e Supplemental reinforcing for lifting and handling.

Thus, it was very important that the assessment of economic impact be carried out as
objectively as possible and that it utilize professionals experienced with precasting and post-
tensioning operations in Texas. Extensive and highly detailed discussions with precasters
and erectors in Texas led to estimates for the cost of the proposed precast substructure system
including necessary construction time. Specifically one major Texas precaster and one major
Texas contractor who was very experienced in post-tensioned segmental construction were
furnished with schematic plans of the proposed precast substructure system including
dimensions, proposed fabrication description and erection sequence. Their cost estimates of
the fabrication and erection of the system are outlined in Table 6.1. Cost estimates were
based on the premise that the suggested system has been standardized by TxDOT and
implemented by being specified in a fairly wide number of bridges. Therefore the prices
listed assume that this substructure is already in production and that several precast plants
possess the necessary formwork. Engineers would be able to specify standard precast piers
just as they now specify standard I-beams or box beams. The estimate of construction time
given in Table 6.1 was made by the authors based on observing recent field experience in
Texas. The cast-in-place bents require almost twice as much time for field construction
because all construction operations are in the field. In contrast, placing reinforcing, forming,
and concreting operations for the precast system take place off of the site. The erection of
five single precast columns (the equivalent of one five-column cast-in-place bent) for the
Louetta Rd. overpass in Houston (Figure 2.12) required roughly 10 days in the field, but a
number of those days did not require full crew activity. Observation at the erection of the US
183 project in Austin (Figure 2.11) indicated that two crew days per each much taller pier
was a reasonable estimate. Thus, a maximum of 1% crew days should be enough for erection
of the proposed shorter pier shafts.

However, the two-column precast frame bent is considerably more complex than the Louetta
or US 183 single shaft piers which had capitals but not bents. In addition to the two pier
shafts, the two templates must be set and template joints cast, the two cap segments set, the
cap closure cast and stressed, and then a second stage of post-tensioning applied after the
girders are erected. Based on observations and reports from other segmental projects, the
authors' estimate of time requirements assumed:

e 1% crew and equipment days for erecting each shaft

o 1 crew and equipment day for erecting both templates

® | crew and equipment day for setting both cap segments

e 1 crew day for preparing and casting the cap closure
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Figure 6.2 Cost comparison of three designs for a 20 m (66 ft) wide bent

Advantages of the system will vary from project to project. Considering the benefits of
shorter on-site construction time points to high potential for future success of precast
substructure systems. A recent project in Texas (“Pierce Elevated” in Houston) utilizing 710
kN (160 k) precast pier caps to speed erection time in a congested urban site resulted in the
largest early-completion bonus ($1.6 million) ever offered by the Texas Department of
Transportation.[68] The value of a day of construction time saved was estimated at $53,000.
The project manager for the contractor remarked that using falsework to tie the cast-in-place
columns with the precast caps would have required six times as long as the method they
used, which required no falsework. Clearly the value of construction speed in certain
locations will far outweigh the construction cost differences of different substructure
systems. For instance, as shown in Figure 6.2, while each precast substructure unit may cost
$23,000 more than a cast-in-place multicolumn bent with a rectangular bent cap, a project
construction time savings of two weeks in the congested urban site mentioned previously
would equate to a savings of $742,000. The costs would vary depending on the size and
location of the project. However, the recent experience and valuation of construction speed
should give precast substructure systems in the future a highly competitive economic
advantage.

Another potential economic impact of precast substructure construction is with life-cycle
costs. Precasting the substructure has the advantage of higher quality control for concrete
placement. The result will typically be a higher quality surface finish. The unattractive
formlines and tie patterns common to cast-in-place concrete construction will be reduced
with precasting. As a result, painting the surface will not be necessary to provide an
attractive surface appearance. Painted concrete requires repainting roughly every five years
or more often if the surface was not prepared properly before painting. Either way, painting
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concrete is a maintenance headache that should be avoided wherever possible. An attractive
precast finish will reduce maintenance needs and costs.

Another savings in life-cycle costs achieved through the higher performance materials and
improved typical quality control of precasting is enhanced durability. Cover requirements on
reinforcement are more accurately achieved. Better controlled mixing, placement and curing
methods can result in better quality concrete. The combination of epoxy-coated reinforcement,
adequate cover achieved with controlled plant production methods, and decreased permeability
through high performance concrete can provide excellent durability for a precast substructure.
In addition, the compression of the concrete under service loads due to prestressing should
assist in prevention of cracking and in control of crack widths if and when cracking occurs.
These effects should impede the ingress of corrosive agents such as chlorides. Enhanced dura-
bility will reduce maintenance and potential replacement costs particularly for the substructure
of bridges in coastal regions and areas where de-icing salts are used on the bridge decks.

6.3  Recommendations for Further Research

Further research in the development of precast substructure systems is desirable. Full-scale
tests of typical bent cap post-tensioning anchorage zones should be performed to verify
supplementary and confining reinforcement details for selected commercial anchorages.
Investigations can be extended to include nonprestressed connection alternatives. Column
segments may be joined with nonprestressed reinforcement spliced through grouted sleeve
couplers. Potential applications of precast substructure systems should be examined for
seismic regions. Such studies should be funded nationally or by concerned states.

Further study of the economic impact of more rapid on-site construction would benefit the
future implementation of such a substructure system. While material and labor costs are easily
estimated and over time become more accurate, the advantages of avoiding traffic delays and
making new highways available to the public faster are less quantifiable but may in fact have a
more profound impact on the economics of precast substructure systems. Recent attempts to
quantify motorist inconvenience such as for the “Pierce Elevated” project discussed in Section
6.2.2, exemplify the importance of speed of construction. Different ways in which faster
construction can benefit a community should be emphasized, observed and recorded.

The economic advantages of precasting year-round in harsh climates where the construction
season is short should also be further examined.

6.4  Chapter Summary

The most important aspect of implementing the research presented in this report is following
the success or failures of projects in which the precast substructure systems are used. This
research project has been directed toward field application. The project must therefore be
analyzed and judged in terms of its effectiveness, usefulness and aesthetic and economic
impact on actual projects.

As precast substructure systems become more widely accepted and used, their aesthetic and
economic impact on short- and moderate-span bridge design must be evaluated. Evaluations
should consider both initial and life-cycle costs as well as appearance. Communication
between researchers, designers and builders must remain open and cooperative for rapid and
successful implementation of new ideas and for the sharing of positive and negative
experiences with precast substructure systems.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1 Summary

Standard highway bridges of short- and moderate-spans are typically designed for economy
and function alone. Although these short- and moderate-span bridges often dominate the
highway landscape, they often detract from rather than enhance the environment in which they
are built. Such an unimaginative display of structural engineering does little to express the
rapid growth and exciting developments in this profession.

The improvement of standard short- and moderate-span bridges through the use of attractive,
rapidly constructed concrete substructures is suggested herein. This research was conducted
through the Center of Transportation Research at the University of Texas at Austin as Project
No. 0-1410.

An attractive and rapidly constructed substructure system of match-cast precast segmental
elements post-tensioned together on-site was developed for use with standard superstructure
systems in Texas. Attractive, cast-in-place substructures were also investigated as an
alternate to the current, common Texas substructure practice utilizing circular columns and
rectangular bent caps. Applications of this research to two existing projects in Texas were
summarized and the resulting impact reviewed. Implementation strategies for further
application of the research are given.

The research presented in this report includes:
* A literature review of substructure design and construction (Chapter 2)

e The development of an attractive precast substructure system for use with
standard short- and moderate-span bridges (Chapter 3)

® Aninvestigation of new cast-in-place substructure designs (Chapter 4)

e Application of the Guidelines [3] and the precast substructure system to two
existing projects in Texas (Chapter 5) and,

o Suggested strategies for further implementation of the research with
potential impact on aesthetics, construction time and economics (Chapter 6).

This study clearly showed that the appearance and efficiency of standard short- and
moderate-span bridges can be improved with more thoughtful substructure design. In the
past forty years, superstructure design in Texas has continually been evaluated and improved
by taking advantage of new efficient structural shapes, the efficiency of higher strength
materials (both steel and concrete) and the efficiency of mass production through precasting.
On the other hand, substructure design for standard I and box cross-section girder bridges has
remained virtually the same. These substructures tend to utilize the same basic shapes
(circular or square columns and rectangular or inverted-T bent caps) with lower grade,
nonprestressed steel and cast-in-place concrete.
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The standard multicolumn bent substructure system most often used in Texas requires labor
intensive on-site construction, utilizes a relatively low quality concrete and creates an
unattractive forest of columns. The majority of bridges with durability problems in Texas
have deficient substructures. More efficient and more durable substructures would combine
high performance materials and precasting. As a specific proposal, a precast substructure
system was developed for use as an alternate substructure system in Texas.

The proposed precast substructure system is made up of segmentally match-cast piers with a
match-cast cap that is well suited for manufacture in a precast pretensioning plant. The cap
and piers would be post-tensioned together on site. The proposed system has two designated
geometry control joints per pier that would require field concreting or grouting. Match-cast
segmental construction of the pier shafts has been proposed largely due to its successful use
for moderate- and long-span superstructure design in the past and its successful use for piers
on several recent Texas projects. Segmental construction has proven to be a rapidly
constructed, durable, and fairly economical system that minimizes traffic conflict and can
reduce impact on the local environment.

The proposed match-cast segmental piers have been based on several examples that have
been successfully constructed in Texas and nationally. Little new technology is needed for
the pier shafts. On the other hand, the templates and caps would be a more pioneering
innovation. The heavy weight of the caps, the relative congestion of pretensioning and post-
tensioning details, and the probable need for stage post-tensioning in the multiple pier bents
introduce complexity, additional costs and, until experience is obtained, uncertainty. These
complications indicate that an initial use is most logical on projects with considerable
repetition and where potential timesaving can provide substantial returns. The simplest
initial use would be on projects utilizing the relatively straightforward hammerhead piers.
The multiple-column bent would be more complex and should be considered the second
stage of development.

The proposed precast substructure system is a versatile system that can be used for a wide
variety of bridge widths and heights. Two specific design examples are presented in detail in
Appendices C and D of Reference 2. The new system uses elements that can be handled by
the types of cranes used for erecting standard girders. The precast system of match casting
with epoxy joints has provided excellent durability for structures in the past. The
combination of precasting and using high performance concrete results in more durable and
more attractive construction. The geometric shape of the proposed system may also be used
for cast-in-place construction and is recommended as an attractive alternative to current
standard cast-in-place substructures. The on-site construction time required could be
substantially less.

While most major concepts and dimensions were evaluated in several trial designs, actual
application to a specific project will require further detailed investigation. The preliminary
design was limited to applications with cross-slopes of not more than 3%. Template design
and fabrication could readily be altered to accommodate cross-slopes of up to 5%. For
greater cross-slopes, bearing seat buildups of unequal heights may be required. When
specific post-tensioning systems are selected, the system may require a field test to verify the
anchorage zone details. The drainage pipes will probably need to pass through blockouts in
the cap. Particularly with the multiple column bent applications, staged prestressing of caps
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may be required. This would increase the complexity of equipment allocation, crew
scheduling and time required for bent construction.

Numerous attractive options for cast-in-place substructure design are proposed in Chapter 4
as alternatives to the circular column, rectangular cap substructure system used most often in
Texas. Key aesthetic issues identified that should be considered when choosing an
appropriate substructure system and shape are structural expression, visibility through the
bridge, integration of the substructure with other bridge elements and the bridge site, and
enhancement of substructure design through attention to nonstructural details. Designing the
substructure of a bridge is shown to be an opportunity to display ingenuity and to express the
elegance possible through engineering. With thoughtful consideration, attractive and well-
suited substructures will greatly enhance the overall appearance of standard bridge systems

The Guidelines [3] and preliminary versions of the precast substructures were used to
develop design options for two ongoing bridge projects in Texas. The results were
documented and show the ease of application, the usefulness and the practicality of the
Guidelines. The projects also point to the future possibilities of precast substructure
construction as an attractive and economical form of construction for short- and moderate-
span bridge systems particularly when significantly reduced on-site construction times and
reduction of congestion and traffic handling are important.

Suggestions for continued implementation of this research are presented in Chapter 6.
Clearly, initial implementation of the proposed precast substructure system should be as part
of several large projects in highly visible locations where construction efficiency (speed of
construction) and final appearance are particularly important. An initial investment in forms
for a large project will lead to future savings when the forms may be reused for similar or
smaller projects. Texas precasters and contractors who were asked to give cost estimates for
the fabrication and erection of the proposed precast substructure system if and when
standardized, indicated that the proposed system will most probably be economically
competitive with other single column piers and with cast-in-place, multicolumn inverted-T
cap bents. It is not economically competitive with multicolumn bents with rectangular caps.
In the future, other new standard shapes for both precast and cast-in-place substructures may
be developed to provide TxDOT designers with even more alternatives for attractive
substructure design.

7.2 Conclusions
7.2.1 General Conclusions

1. Current short- and moderate-span highway bridge standard systems are often
unattractive, unimaginative and sometimes deficient in durability. The
superstructures are generally efficient and attractive. Most problems are due to the
substructures which tend to be unattractive, are not built with highly durable
materials, and sometimes require unnecessarily long on-site construction times.

2. Precast substructure systems are a relatively new and versatile alternative in
substructure design that can offer numerous benefits for highway construction
including rapid on-site construction time, reduced traffic delays, improved use of
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7.2.2
1.

structural materials, improved overall appearance, reduced maintenance needs, and
enhanced durability.

Precast substructure systems will be most efficient, attractive and economical when
utilizing high-performance concrete, standardized plant production methods, match-
casting and rapid field erection.

A prototype precast substructure system has been developed that exploits the benefits
listed in Conclusion 2 and satisfies Conclusion 3. Design examples are furnished in
Reference 2 to indicate typical computations and applications.

Initial use of precast substructures for standard highway bridges should be for large
repetitive projects where the economy of scale will minimize initial form investment
costs.

Detailed Conclusions

With long-span bridges, the use of minimum quantities of materials very often leads
to the most economical design. In contrast, with short- and moderate-span bridges,
the use of standardized, rapid and efficient construction methods is often more
important for economy.

The overall aesthetics of bridges utilizing efficient, attractive superstructure elements
is greatly affected by the layout of the bridge and the substructure system chosen.
Non-structural bridge components, such as decorative ornamentation, cannot improve
the appearance of a dull bridge form.

Significant aesthetic improvements can be made to some standard bridges with little
increase in cost and sometimes with savings. (See Section 5.2)

On-site construction time for precast substructures in large projects with highly
repetitive superstructure systems and relatively unchanging roadway geometry may
be significantly reduced from that required for current cast-in-place concrete bents.

Costs incurred by traffic delays and benefits to the public as a result of faster highway
construction are difficult to quantify but are an important advantage to precasting
over cast-in-place construction particularly in congested areas.

For a precast substructure system, match-cast pier segments and a template that has
been match cast to the cap are the key elements for speed of construction and
durability.

Strut and tie modeling is a particularly useful tool for preliminary design where
examination of the flow of forces can lead to efficient design shapes and
reinforcement layouts,

Cast-in-place substructure design should take advantage of the moldability of
concrete. Incorporation of curves, tapers and column and cap shaping for structural
expression and or bridge component integration should be explored in design.

Implementation Recommendations

TxDOT should develop specific standards for the proposed precast substructure
system.
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Initial standards should begin with the single column and hammerhead bent cap unit
so as to gain field experience with the simplest application before the multiple
column bents are implemented.

When a specific system is detailed, a field test should be used to verify the anchorage
zone details.

Projects in which the proposed precast substructure systems are used should be
monitored so that informed judgments can be made of its effectiveness, usefulness
and aesthetic and economic impact.

As such field application information becomes available, the system design should be
revised to incorporate desirable changes to enhance constructability.
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