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ABSTRACT

As a class of advanced cementitious composite materials, ultra-high
performance concrete (UHPC) presents opportunities to optimize the
structural configuration of highway bridge superstructure systems. Past
research and deployment efforts have demonstrated that the pi-girder concept
is viable from the structural design, fabrication, and construction standpoints.
This computational investigation focused on developing a series of finite
element optimized sections of pi-girders to effectively utilize the superior
mechanical properties of UHPC over longer span lengths. The research was
performed using the previously calibrated concrete damaged plasticity model
to represent the elastic and plastic response of the UHPC. The new cross-
sections were developed based on the 2nd generation pi-girder that was
previously tested in the laboratory. The cross-sectional parameters that were
modified include girder depth, bulb width and height, web thickness, and the
number of strands in the bulb. The analysis evaluated the local transverse
bending capacity of the deck, the global flexural and shear capacity, and the
deflection of the girder. Four cross sections with depths between 35 and
47 inches facilitating spans up to 135 feet are presented.

Keywords: Ultra-high Performance Concrete; Pi-girder; Finite element analysis;
Optimization
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INTRODUCTION

Ultra High Performance Concrete (UHPC) is a new generation of fiber-reinforced
cementitious composite material. When compared with conventional concrete, UHPC tends
to exhibit superior properties such as advanced strength, durability, and long-term stability.
Previous research has derived a representative stress-strain curve of UHPC, as shown in Fig.
1 (1). Further research has focused on the compressive and tensile mechanical responses as
captured from material scale tests (2,3). For the present study, the assumed UHPC uniaxial
stress-strain relationship was simplified to Fig. 2, reproduced from reference 4. The tensile
stress-strain relationship is elastic-perfect-plastic with an ultimate strain of 0.01 while the
compressive-strain relationship is almost linear until the ultimate strength of 28 ksi
(193 MPa). UHPC clearly demonstrates higher strength and better deformation capacity in
tensile region than would be expected from conventional cementitious materials. It thus
enables new solutions to the pressing highway bridge deterioration and congestion problems
facing this sector.

The concept of using decked-girder members for bridge applications in transportation and
infrastructure is not new. The double-Tee pre-tensioned concrete beam is widely used around
the world in parking and other structures. In New England, governmental and industry
partners are working to develop a pre-tensioned double-Tee suitable for short to medium
span highway bridges. In some respects, the pi-girder investigated in this study represents an
extrapolation of the double-Tee concept to engage the mechanical and durability properties
of UHPC.

Advanced material properties bring about the possibility of new design solutions which
heretofore may not have been possible. The advanced properties of UHPC provide
opportunities for the development of new structural forms focused on addressing any number
of important focus areas. The use of existing geometries for materials with advanced
properties, although simple to implement, results in inefficient designs and less cost effective
solutions. Therefore, it is necessary to thoroughly research to optimize the cross section for
pi-girder made from UHPC.

The cross sectional dimensions of a prototype UHPC pi-girder were set through an analytical
study completed at the Massachusetts Institute of Technology (5~9). Fig. 3 presents the
prototype pi-girder cross section. In order to simplify girder fabrication and to address some
specific structural performance concerns, modifications were necessary. The 2" generation
of pi-girder shown in Fig. 4 was developed to address these concerns. In addition to its
structural efficiency, pi-section has many other advantages. For example, the pi-section is
easy to inspect when compared with box girder. The slight incline surface and smooth
transition in the 2" generation pi-girder facilitate the deck drainage and make easier for
bridge maintenance. It is therefore necessary to further investigate and extend this kind of
section. The use of UHPC leads to a very compact strain which can accommodate space
constraint in the field practice. The structural tests of 2" generation UHPC pi-girders have
been presented in reference 10. The transverse flexural capacity of the girder is sufficient and
the capacity of the longitudinal joint exceeded that of the prefabricated deck. An initial
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development of the UHPC pi-girder concept has been completed in Buchanan County, lowa
(11). The Jakway Park Bridge opened to traffic in late 2008. The bridge includes three
adjacent 2nd generation UHPC pi-girders for two lanes of traffic.
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Fig. 3 Cross section for prototype UHPC pi-girder
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Fig. 4 Cross section 2" generation UHPC pi-girder

Experimental study in the laboratory and field implementation has shown the feasibility of
using UHPC pi-girder in the bridge design. In order to accommodate a range of different
span lengths for actual bridge design, it is necessary to develop a series of cross sections. The
progress in the finite element (FE) method and the advent of increasingly powerful computer
provide an economic way to investigate this complex parameter analysis. The objective of
this research program is to develop a series of finite element optimized sections of UHPC pi-
girders using the previously calibrated finite element analysis modeling techniques. Three
major factors were considered in the development of cross-sections: the transverse bending
capacity of the deck in the UHPC pi-girder; the global shear and flexural capacity; the
deflection under live load.
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VERIFICATION OF FINITE ELEMENT ANALYSIS (FEA) MODEL

Even though the approximation of the behavior of the sections could be obtained through
simplified analysis, the finite element model can provide more accurate and comprehensive
insight into the performance. Finite element models emulating the structural performance of
UHPC have been previously calibrated through the comparisons of five progressively more
sophisticated finite element models to full-scale physical tests on flexural and shear response
of a UHPC I-girder and the structural response of a 2nd generation pi-girder in reference 4,12
and 13. Once calibrated, the finite element method can also be used to conduct parameter
analysis that expands the understanding of the structural behavior without physically testing
the specimen. However, the finite element must have been calibrated before being utilized to
conduct the analysis as the improperly modeled analysis often leads to inaccurate results.

The concrete in the finite element analysis was modeled using eight-node three-dimensional
(3D) solid element. The constitutive model for the concrete used in the model is the concrete
damage plasticity (CDP) model (14~17). It can handle concrete structures subjected to
arbitrary loading conditions including cyclic and/or dynamic loading. It also allows stiffness
recovery effects during cyclic load reversals. Density, elastic modulus, and stress-strain curve
of concrete was obtained from experimental data. The 7-wire prestressing strands in the
analysis were modeled using 3D solid element. In order to reduce mesh complexity in the
modeled strands, the cross-section of the strands were replaced with squares of equivalent
areas. The interaction between the concrete and discrete steel reinforcement such as strands
was achieved by embedding the reinforcements in the concrete, assuming no bond-slip
between strands and neighboring UHPC. The prestress in the strands was applied through
initial conditions.

In the physical experiment, the diaphragms were used to restrain the lateral spread of the legs
of pi-girder. They were simulated in the finite element model using non-linear spring
elements. The axial behavior of the spring was obtained based on the actual measurements in
the physical test. The boundary conditions were modeled by connecting the girder to the rigid
support structure using springs. The spring in the gravity direction (Ky) was artificially
assigned with very high stiffness to simulate vertical support while the stiffness for
transverse springs (Kx) was assigned with very low stiffness to allow for free spreading of
the pi-girder legs (as shown in Fig. 5). The model was fixed in longitudinal direction at one
end. This simulated simply supported boundary conditions. The wheel pressure was applied
as a distributed pressure over the contacting area of the wheels. Case specific simplifications
are discussed below for each analysis.
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Fig. 5 Boundary conditions in finite element model

A full scale structural test was conducted in the Turner-Fairbank Highway Research Center
(TFHRC) structural testing laboratory to investigate the behavior of the 2nd generation pi-
girder. The girder was 33 inches (0.84 m) deep, 8.33 feet (2.54 m) wide, and can contain up
to 16 prestressing strands in each bulb. The integral deck of the girder was 4.13 inches (105
mm) thick, and the webs ranged from 3.2 to 3.5 inches (81 to 89 mm) thick. A 5.25 inch
(133 mm) deep shear key ran the length of each flange tip to allow for connection of the
modular components. Two diaphragms were included in the test girder to assist in
maintaining the integrity of the cross section during erection and under structural loading.
The two diaphragms were located 6 feet (1.83m) from midspan. The measured load
displacement curve for the diaphragm used was shown in Fig. 7. The girder was prestressed
through the use of 0.6 inch (15.2mm) diameter, 270 ksi (1860 MPa) low-relaxation
prestressing strands. The girder had 22 strands with nine in each of the two bulbs and two in
the deck above each web. The strands in the bulb were all stressed to 42.5 kips (189 kN). The
strands in the deck were each pulled to 5 kips (22 kN). The actual test setup was shown in
Fig. 6. The girder was loaded to failure under gradually increased static loading.
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Fig. 7 Behavior of internal diaphragm

Finite element model that simulates the behavior of the girder under test was built using
previously described techniques. Experimental results and results from FEA were compared
in this section. Fig. 8 compares the FEA and experimentally observed vertical deflections of
the bulbs at the mid-span. Fig. 9 compared the spreading of the bulb at the mid-span. Again,
the experimentally observed results and the FEA results match quite well. Fig. 10 showed the
difference between experimental and FEA results for the longitudinal strain at the bottom of
the bulb at mid-span. Good agreements were achieved between experimental results and
numerical simulation. The comparison showed that the proposed FEA model can capture the
global deflection and strain distribution with reasonable accuracy. The FEA model can
therefore be extended for the development of optimal cross sections for different spans.
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DECK THICKNESS ANALYSIS

Due to the high tensile strength of the UHPC, the thickness of the deck in the pi-section can
be thinner than the deck thickness of a traditional concrete bridge deck. But when the deck is
too thin, the section may fail in the form of transverse bending under wheel load. The goal
here becomes to find a thickness that prevents transverse bending failure of the pi-section.

The behavior of the deck in the pi-girder sections can be considered as a two-way slab.
Preliminary investigation demonstrated that when the span is short, the transverse bending
capacity controls the behavior of the pi-girder. This is because the web and bulb in the pi-
section stiffen the section in the longitudinal direction as compared with the transverse
direction. When the span length increases, the flexural capacity in the longitudinal direction
is relative weaker compared with the flexural capacity in transverse direction. In order to
investigate the transverse bending capacity, it is important that other failure modes such as
longitudinal flexural failure and shear failure be suppressed. Therefore, a short span model is
needed to suppress the longitudinal failure and investigate the transverse bending capacity. In
this portion of the research the span length used in the deck thickness analysis is 15 feet
(4.57 m), which is close to diaphragm spacing used in the Jakway Park Bridge (11).
Diaphragm stiffness plays an important role on the transverse behavior. In this section, three
different stiffness values were considered: stiff diaphragms, regular diaphragms and soft
diaphragms. The stiffness for the regular diaphragm was obtained from the physical tests.
The stiffness behavior was shown in Fig. 7. The stiffness of the stiff diaphragm was
artificially assigned with a high value while that of the soft diaphragms were assigned with a
very small stiffness. Stiffness for stiff and soft diaphragms were 1X10™ Ib/in. (or 1.75X10*
N/m) and 1X107® Ib/in. (or 1.75X10° N/m), respectively.
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Since the span of the model is only 15 feet (4.57 m), only one wheel load was applied in the
longitudinal direction (i.e., in the traffic direction) on the model. Considering the multiple
lanes that may be present on a bridge, it is possible that two trucks may pass through the
bridge side by side. Therefore, the wheel load in this section was modeled as two wheel
patches adjacent to each other. This is unrealistic but conservative. For one reason, two
trucks cannot drive side by side with tires touching each other; for another, the load
distribution of adjacent girder was not considered. Fig. 11 shows the finite element model for
the deck thickness analysis.

Fig. 11

Finite element model for deck thickness analysis

Table 1 summarizes the maximum tensile strain at midspan under the AASHTO LRFD
Strength I load condition. The value in the table is obtained through linear interpolation using
results from two closest time steps when the load applied in these steps is not exactly the
standard Strength I load according to AASHTO LRFD. For example, if the strain was 176 pe
when the load is 91.25% of the Strength I load and became 401 pe when the load is 141.2%
of the Strength I load, the strain under 100% Strength I load was determined to be 207 ug
according to linear interpolation. All three candidate deck thickness can sustain the loading
without exceeding the limit on the maximum tensile strain (3000 ueg). The stiffness of the
diaphragms have a significant effect on the transverse bending behavior. The principal strain
reduces greatly when a regular diaphragm was added. The diaphragm stiffness has a greater
impact on the principal tensile strain for thinner decks. More details can be found in the final
report for this project (18).

Table 1.  Maximum principal strain (pe) at the midspan under Strength I load case.
Deck Thickness Maximum Principal Strain (pg)
(inch (mm)) Stiff Diaphragm Regular Diaphragm Soft Diaphragm
4.5 (114) 149 152 252
4.0 (102) 182 191 363
3.5(89) 196 207 756

10
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Table 2 listed the results of maximum wheel load for different deck thicknesses when the
maximum tensile strain limit is reached. The load ratio in the table is defined as the ratio
between the maximum wheel load and the AASHTO LRFD wheel load. The failure criterion
was reached when the principal tensile strain in the concrete reaches 3000 ue. The criterion
also applies to the strength analysis described in the next section. The value in the table is
obtained through linear interpolation using results from two closest time steps when the
maximum principal strain in the results is not exactly 3000 pe. The results show that the
introduction of the diaphragm increases the maximum wheel load significantly. The
beneficial effect of the diaphragms was more significant in the models with a thinner deck
(3.5 inches (89 mm)) than for models with a thicker deck (4.5 inches (114 mm)). All
candidate thicknesses for the deck can sustain the requirement of AASHTO LRFD wheel
load with a load ratio greater than 1.0. For a 4-inch (102 mm) deck with 15 feet (4.57 m)
diaphragm spacing, the load ratio is 3.840. This indicates that the deck can sustain a wheel
load 3.84 times the standard AASHTO wheel load, corresponding to a wheel load 61.44 Kips
(251 kN) of over a patch area of 207X10” (51mmX25mm). Based on these results and
practical construction considerations, the 4.0 inch (102 mm) thick deck was selected for use
throughout the remainder of the study.

FLEXURE AND SHEAR CAPACITY

To facilitate preliminary design for bridge designers, it is desirable to develop different cross
sections for different span length. This section focuses on the development of different
sections that satisfy global flexural and shear strength (under Strength | limit state in
AASHTO) for different span lengths. To facilitate the efficient use of formwork, it is
necessary to keep the slope of certain surfaces and fillet radii unchanged for all cross-sections
in the development of the new cross sections. The surfaces whose slopes are kept constant
are noted in Fig. 12. The increment for girder height was determined to be 4 inches () and the
increment in the bulb size (height and width) was 2 inches () in this research. In this way, a
standard set of formwork with included filler pieces can allow for the fabrication of multiple
girder cross sections.

A single girder model was used to investigate the relationship between cross section
parameters and the span length. Since this section focuses on the global behavior, the local
failure mode should be prevented. The wheel load was applied above the web to suppress
transverse bending failure. The magnitude of the load corresponds to the standard AASHTO
Strength | wheel load. In the investigation of flexure capacity, the design truck was simulated
by applying the entire load of the design truck on the wheel patch at midspan. Again, this is
unrealistic but more conservative. In the analysis of global shear behavior, the load was
applied at a distance of three times the girder depth away from the support point in order to
create a maximum shear response in the web. Fig. 13 shows a typical FE model for the global
strength analysis.

After trial and error, four cross sections were developed for different spans as shown in Fig.

14 to Fig. 17. More detailed results were summarized in Table 3. In the table, the strand
layout was named by the number of strands in each row starting from the bottom. For

11
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example, layout “6-6-6-6-2” means there are five layers of strands in the bulb. The first four
layers from the bottom have 6 strands and the fifth layer from the bottom has 2 strands. It
should also be noted that the stress and strain results in this section result from the combined
effect from prestress, dead loads and live loads. It can be seen that the proposed cross
sections can be used for span of up to 135 feet (41.1m). It can also be seen that except for
Section |, sections for larger span do not have full strand layout, indicating that the cross
section is controlled by other factors, such as the deflection under life load discussed in the

next section.

Table 2. Maximum load ratio when the strength limit state is reached.
Deck Thickness Load Ratio
(inch (mm)) Stiff Diaphragm Regular Diaphragm Soft Diaphragm
4.5 (114) 5.228 4.456 2.251
4.0 (102) 4.300 3.840 1.748
3.5 (89) 3.428 3.204 1.222

Fig. 12

Unchanged parameters for cross section series

12
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Fig. 13  Typical Finite Element Model for Global Flexure Analysis
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Fig. 14  Strand layout of 35-inch-deep section for 80-foot (24.4m) span
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Dimensions in inches
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Dimensions in inches
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Fig. 16  Strand layout of 43-inch-deep section for 105-foot (32.0m) span
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Dimensions in inches
11 lin.=25.4 mm.
51
Q—14A
Fig. 17  Strand layout of 47-inch-deep section for 135-foot (41.1 m) span
Table 3. Refined cross sections for different span length.
Section ID Section | Section 11 Section 11l Section IV
Span
(Feet (m)) 80 (24.4) 95 (29.0) 105 (32.0) 135 (41.1)
Girder depth
(inch (mm)) 35 (889) 39 (991) 43 (1092) 47 (1194)
Deck Width
(inch (mm)) 100 (2540) 100 (2540) 104 (2642) 104 (2642)
Web Thickness
(inch (mm)) 3.37 (85.6) 3.33(84.5) 5.27 (133.8) 5.23 (132.8)
Bulb Width
(inch (mm)) 12.03 (305.6) | 11.90(302.3) | 13.77 (349.8) | 13.63 (346.2)
Bulb Height
(inch (mm)) 7.25 (184.2) 9.25(235.0) | 9.16(232.7) | 11.25(285.8)
Strand layout 5-5-5-1 5-5-5-4 6-6-5-3 6-6-6-6-4
Flexure: Max Tensile
Strain at Midspan (pi€) 2826 2531 2520 2694
Flexure: Max
Longitudinal Stress in 251 (1730) 247 (1703) 248 (1710) 250 (1724)
Strands (ksi (MPa))
Shear: Max Tensile 457 291 159 189

Strain in the Web (peg)

15
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DEFLECTION ANALYSIS

In addition to the strength limit state, AASHTO LRFD also contains language regarding the
flexibility of the structure under live load. The deflection should be taken as the larger of the
deflection due to design truck alone or due to 25% of the design truck together with the
design lane load. The impact factor should be considered when calculating the wheel loads.
The requirement on the deflection should be limited to 1/800 of the span length. This section
checks whether the deflection of the proposed sections can meet the requirement specified in
AASHTO.

In this section, a 3-girder bridge model was used. The deck widths of the developed cross
sections are 100 inches (2540 mm) or 104 inches (2591 mm). A three-girder system is
enough to accommodate two traffic lanes. It is conservative compared with other
combinations of girder numbers and lane numbers. For simplicity, the interface between
adjacent girders in the 3-girder model was assumed to be perfectly bonded, i.e., no slip
occurs at the interface. The magnitude for traffic load was defined in AASHTO LRFD, but
the location or pattern of the applied load also have influence on the deflection. Compared
with interior girder, the exterior girder usually has greater deformation under the same load
because only one girder can help distribute the load. Fig. 18 shows the relative location of the
wheel load and lane load. This load pattern creates maximum possible deflection at the
exterior web/leg in the exterior girder and the exterior girder. In this section, a diaphragm
spacing of 15 feet (4.57 m) was used. This diaphragm spacing was selected based on
previous experience in the field (11). There are two types of diaphragms in the model for
deflection check. The inter-diaphragm is the diaphragm that connects the two “legs” within
the same pi-girder piece and the intra-diaphragm refers to the diaphragm that connects the
adjacent girders. The inter- and intra- diaphragms were placed at the same location along the
longitudinal direction of the girder. The stiffness of the inter-diaphragm was the same as
those used in previous analysis. The stiffness of the intra-diaphragm was calculated based on
the length of the diaphragm using the equation for springs in series.

P T T LTI

Fig. 18 Load pattern for live load deflection check

Trial simulation indicates that the deflection was controlled by the truck load only for all
cases. Therefore only the deflection under truck load was checked in this section. Table 4
summarizes the flexural strain and deflection check for the refined cross-sections. Combining
the results of this section and previous section, it can be seen that strain under Strength | load
for all cross sections are less than 3000 pe and the deflection under live load is less than the
0.125% of the span length. Therefore, all the proposed cross sections passed the strength and
deflection check.

16
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Table 4. Deflection under truck loads for refined cross sections.

Section ID Section | Section |1 Section Il Section IV
Span 80 95 105 135
(feet (m)) (24.4) (29.0) (32.0) (41.1)
Midspan Deflection 1.13 1.35 1.51 1.98
(inch (mm)) (28.7) (34.3) (38.4) (50.3)
Deflection/Span (%) 0.118 0.118 0.120 0.122

MODIFIED CROSS SECTIONS FOR SHORTER SPANS

In practice, the bridge span may be shorter or longer than the target span evaluated in the
previous sections. To facilitate use of these results, it is necessary to investigate the possible
span range for each type of cross sections. The span lengths in the previous sections were the
maximum possible span for each cross section. The applicability of cross sections on smaller
spans needs to be studied. To achieve this, a parametric analysis was conducted to find the
maximum span for sections with the same depth but different strand layouts. It is possible
that the strands be eliminated by using a deep cross section on a short span. However, this
may not be economically appropriate. In this research, only a limited span range was
investigated for each section. Since each section was applied on a shorter span, the deflection
requirement was automatically met. The shear capacity was also not checked in this section
as the shear load was unchanged. The single bridge model similar to those for global flexural
analysis under Strength I load was used in this section. The results of using the section with
fewer strands on small span were summarized in Table 5. The nomenclature of the strands
was the same as defined in previous sections. Combining results from previous sections, Fig.
19 shows a graphic representation of the applicable span range for each girder depth.

17
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Table 5. Modified cross sections for application on smaller span length.
Section 1D Section | Section 11 Section 11l Section IV
Span 70 75 80 100
(feet (m)) (21.3) (22.9) (24.4) (30.5)
Girder depth 35 39 43 47
(inch (mm)) (889) (991) (1092) (1194)
Deck Width 100 100 104 104
(inch (mm)) (2540) (2540) (2642) (2642)
Web Thickness 3.37 3.33 5.27 5.23
(inch (mm)) (85.6) (84.5) (133.8) (132.8)
Bulb Width 12.03 11.90 13.77 13.63
(inch (mm)) (305.6) (302.3) (349.8) (346.2)
Bulb Height 7.25 9.25 9.16 11.25
(inch (mm)) (184.2) (235.0) (232.7) (285.8)
Strand layout 5-5-3 5-5-2 6-6-3 6-6-3
Max F!exural Strain at 2301 2326 9973 9985
Midspan (pe)
'\é'frés'gﬁﬂgs'i‘rfr']gz' 244.0 244.1 243.8 243.7
(ksi (Mpa)) (1862) (1863) (1681) (1680)

18
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CONCLUSIONS
The following conclusions are presented based on the research presented in this report.

1. The behavior of the UHPC can be appropriately modeled through the use of the
existing concrete damage plasticity model within the finite element software package.
The finite element model was capable of re-producing load-displacement curve and
strain distribution with reasonable accuracy and therefore considered valid for further
analysis.

2. The results from the parameter analysis on the deck thickness showed that the
stiffness of the diaphragm impacts the transverse bending capacity of the pi-girders.
Even though a deck thickness of 3.5 inches (89 mm) was sufficient to resist standard
AASHTO load (Strength 1), a deck thickness of 4 inches (102 mm) is recommended
considering construction tolerances and convenience in re-using existing formwork.

3. A family of UHPC pi-girders was developed for spans ranging up to 135 feet (41.1
m). These decked girders, with depths of 47 inches (1194 mm) or less, were designed
to resist loads in excess of those required by the AASHTO LRFD Bridge Design
Specifications while meeting the live load deflection recommendations.

4. The proposed sections can be applied on shorter spans by reducing the number of
prestress strands in the bulb. A design chart was provided based on the parameter
analysis using finite element method. The chart can facilitate the selection of cross
sections in the preliminary design stage.
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