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CHAPTER 1. UHPC AND WAFFLE DECK SYSTEM 
 

INTRODUCTION 

The combination of aging infrastructure, increasing numbers of structurally deficient or obsolete 
bridges, and continuous increases in traffic volume in the US demands rapid improvements to 
the Nation’s bridge infrastructure with an emphasis on increasing bridge longevity. The 
increased emphasis on work zone safety and user costs associated with traffic delays, as well as 
quality and environmental impacts of the construction process, require development of 
technologies and structural details suitable for rapid construction. In consideration of these 
challenges, the Federal Highway Administration (FHWA) has been promoting accelerated bridge 
construction (ABC) methods using prefabricated bridge elements. 

In the context of ABC, precast concrete deck panels are being utilized more and more by several 
State departments of transportation (DOTs) for both bridge deck replacements and new 
structures to reduce construction time.(1) Previous studies have shown that the use of 
prefabricated full-depth precast concrete deck systems can accelerate the construction and 
rehabilitation of bridge decks significantly, extend service life, lower life-cycle costs, and 
minimize delays and disruptions to the community.(2,3,4) 

However, transverse connections used previously between precast bridge deck panels have 
exhibited various serviceability challenges due to cracking and poor construction of 
connections.(5,6) Therefore, it is imperative that durable and efficient field connections be 
developed to implement precast deck panels successfully in practice. These connections could 
utilize high-performance materials such as ultra-high-performance concrete (UHPC). In addition 
to these materials adhering well with precast components, the connection should be detailed to 
prevent cracking and leakage along the connection interfaces between precast elements. 

UHPC is a newly developed concrete material that exhibits high compressive strength, 
dependable tensile strength, and excellent durability properties including very low permeability. 
The superior structural characteristics and durability of UHPC are perceived to provide major 
improvements over ordinary concrete and high-performance concrete (HPC) bridges in terms of 
long-term structural efficiency, durability, and cost-effectiveness. Hence, the construction of new 
bridges and renewal of aging highway bridges using UHPC has been explored in terms of 
improving construction efficiency, enhancing bridge performance, and reducing maintenance 
and life-cycle costs. 

Previous use of UHPC for bridge applications (mostly in bridge girders) in the US has proven to 
be efficient and economical. (See references 7, 8, 9, and 10.) This guide focuses on a new bridge 
deck application. 

A prefabricated UHPC waffle deck system with field-cast UHPC connections was developed as 
part the FHWA Highways for LIFE (HfL) program by combining the advantages of UHPC with 
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those of precast deck systems. An integrated experimental and analytical study was performed to 
evaluate the performance of the precast UHPC waffle deck system and UHPC connections under 
laboratory and field conditions. 

This study found that the UHPC waffle deck system performed extremely well under service and 
fatigue loading conditions. In addition, the ultimate capacity tests revealed that the UHPC waffle 
deck system has significantly higher capacity than the required design level capacity, suggesting 
potential improvements to the design of the UHPC waffle deck system and reduction in the 
construction costs. The benefits of the UHPC waffle deck system, along with a summary of the 
experimental and field studies, are presented later in this chapter. 

Given the success of the precast UHPC waffle deck system and increased interest in full-depth 
precast deck panels for ABC, the goal of this guide is to increase the awareness, improve 
efficiency, and broaden the use of UHPC waffle deck systems for new and replacement bridges. 

This guide provides the technical and practical information necessary to allow future bridge 
owners to consider the use of UHPC waffle slabs in a wide variety of bridge types. Detailed 
recommendations for the design, detailing, and construction of a full-depth precast UHPC waffle 
deck system are presented. An introduction to the UHPC waffle deck system, material properties 
of UHPC, and design guidelines are presented in the next sections. 

ULTRA-HIGH-PERFORMANCE CONCRETE 

UHPC is defined worldwide as concrete with a compressive strength of at least 22 ksi.(11) In 
recent years, Lafarge North America has been marketing Ductal, a form of UHPC with steel 
fibers, which regularly achieves compressive strengths of 24 to 30 ksi. UHPC is an advanced, 
highly engineered, cementitious material consisting of typical portland cement, fine aggregate 
made of sand, silica fume, crushed quartz, steel fibers, super plasticizers, and high water 
reducers. The typical composition of UHPC is shown in table 1. 

Table 1. Material composition of typical UHPC mix.(12) 

Material Amount, lb/yd3 Percent by Weight 
Portland Cement 1200 28.5 
Fine Sand 1720 40.8 
Silica Fume 390 9.3 
Ground Quartz 355 8.4 
Super plasticizer 51.8 1.2 
Accelerator 50.5 1.2 
Steel Fibers 263 6.2 
Water 184 4.4 
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A few notable differences in the UHPC composition when compared to HPC are the lack of 
typical coarse aggregate, addition of steel fibers, high proportions of cementitious materials, and 
low water/cement ratio. The use of powder and well-graded components helps in achieving a 
high packing density of the UHPC constituents and leads to significantly improved mechanical 
properties such as increased compressive strength and considerable tensile strength as compared 
to HPC and normal-strength concrete (NSC). In addition, UHPC demonstrates a very dense 
cement matrix creating a low permeability concrete, which greatly enhances its resistance to 
corrosion and degradation. 

In precast environments, UHPC is commonly subjected to heat treatment at 194 °F at 95 percent 
humidity conditions to accelerate the full development of its strength and durability properties. 
However, this is not a requirement. Ambient curing of UHPC is also appropriate depending on 
the constraints set forth by the specific application. For example, the field-cast UHPC 
connections between the precast elements are not typically heat cured. More details about the 
curing conditions and its influence on UHPC material behavior are presented in the material 
properties section below. 

The use of steel fibers in UHPC improves the material’s ductility as well its tension capacity. In 
addition to the advantages realized from its superior mechanical and durability properties, with 
the use of super plasticizers in the mix design, UHPC displays a self-consolidating/self-leveling 
behavior, and this allows it to be placed in the plant and field conditions with little to no 
vibration, reducing construction costs. 

The properties of UHPC suggest the potential to improve the overall economy of construction 
projects significantly. The high compressive strength of UHPC allows designers to select smaller 
sections for members, decreasing dead load on the structure and improving overall structural 
efficiency. UHPC also displays rapid early strength gain, which, along with its suitability for 
precast/prestressed applications, can contribute to reduced construction times. UHPC’s 
appreciable tensile and shear capacity due to the inclusion of steel fibers may often lead to total 
or partial elimination of conventional mild steel reinforcement. Finally, the superior durability 
characteristics of UHPC should contribute to an increased service life and reduced maintenance 
costs compared to conventional concrete structures in nearly all applications. Therefore, in the 
current-day concrete technology, UHPC can arguably be considered a nearly ideal structural 
material. However, its use has not reached widespread acceptance in industry due to a lack of 
design guidelines and the cost of the material when compared to NSC. 

For designers to accept and feel comfortable designing UHPC structures, there is a need to 
optimize structural shapes and to develop a comprehensive understanding of UHPC material 
behavior. Therefore, this guide draws upon previous research on UHPC material properties and 
provides recommendations for the use of UHPC in developing durable bridge decks. 

UHPC in Federally Funded Projects 

The use of UHPC in Federal-aid highway construction projects is subject to the Buy America 
provisions found in 23 U.S.C 313 and 23 C.F.R. 635.410. These provisions pertain to the 
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obligation of funds to a project wherein steel is used and require that the steel be manufactured in 
the United States. The FHWA’s Buy America regulatory policy allows for a minimal use of 
foreign steel as defined in 23 CFR 635.410(b)(2). The policy also allows a waiver from the Buy 
America requirements where the requirements would be inconsistent with the public interest, or 
where domestic steel or iron products are not produced in sufficient and reasonably available 
quantities which are of satisfactory quality.  
 
UHPC commonly includes steel fiber reinforcement that is subject to these provisions. As of 
May 2013, some steel fiber suppliers have expressed an interest in producing Buy America 
compliant steel fibers. These suppliers are working to develop and demonstrate the performance 
of fibers with the appropriate concrete manufacturers. If a State has a project involving the use of 
UHPC, the State should work with the concrete manufacturer to determine if there are any steel 
fiber suppliers who meet the material specifications. The steel fiber must be certified by the steel 
manufacturer that it complies with the Buy America requirements. 
 
If a State determines that domestic steel fibers are not available, the State may determine if the 
quantities involved meet the minimal use provision which allows use of foreign steel if the total 
cost of all non-domestic steel used on a project falls below the threshold set within the 
regulations. If the quantities do not meet the minimal use provision, the State must submit a 
waiver request to FHWA’s division office.  
 
Material Properties 

This section summarizes state-of-the-art research regarding the material behavior of UHPC 
under various loading conditions. In addition, recommendations for structural properties of 
UHPC suitable for usage in design practice are presented. 

Compressive Strength 

Compressive strength of the material is one of the critical parameters needed for design of 
concrete structures. The characteristic compressive strength of UHPC is defined in a similar 
fashion as defined for NSC, by its 28-day strength. The applicability of the standard ASTM 
compression testing method to evaluate the compressive behavior of UHPC has been studied by 
several researchers.(12,13) Based on this research, it was found that a standard ASTM test using 3-
inch by 6-inch cylinders with appropriate surface preparation and at a load rate of 150 psi per 
second can be utilized for compression testing to determine the characteristic compressive 
strength of UHPC.(12) 

UHPC has very high compressive strength compared to NSC or typical HPC used in current-day 
practice due to the high-density matrix and the absence of coarse aggregate. Based on the current 
research on UHPC, the characteristic 28-day compressive strength (fc

’ ) of UHPC ranges from 18 
to 33 ksi, depending on the type of curing process. (See references 12, 13, 14, and 15.) 

A steam-cure treatment for 48 hours at a temperature of 194 °F is typically used to achieve the 
full compressive strength, especially in precast environments. An FHWA study completed on 
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more than 1,000 compression test samples showed that the average compression strength of 
UHPC from Lafarge North America is 18.3, 28, 24.8, and 24.8 ksi for air, steam, delayed steam, 
and tempered steam curing conditions, respectively.(12) 

A recent study conducted by the Michigan DOT reported compressive strengths of 23.9 ksi and 
30.5 ksi for air-cured and steam-cured specimens, which are higher compared to previous 
studies.(13) In addition, it was found that under steam-curing conditions, the characteristic 
strength of UHPC was reached after 3 days of casting (which included 2 days of steam curing). 
For air-cured specimens, the UHPC strength gradually increased with time, reaching strengths of 
14 ksi and 19 ksi after 3 days and 7 days, respectively. 

Furthermore, a recent FHWA study investigating the effects of curing temperature on 
compression behavior of non-steam-cured UHPC suitable for field-cast applications found that 
UHPC achieved a compressive strength of 22.5 ksi to 24.5 ksi at 28 days when curing 
temperatures of 50 °F, 73 °F, and 105 °F were used.(16) 

Based on the summary of the above-mentioned studies and the compressive strength reported in 
real-world UHPC bridge projects (see references 7, 8, 9, 10, and 17), the following 
recommendations related to the compressive strength of UHPC are proposed: 

Recommendations 

• The compressive strength of UHPC depends on the curing conditions (air-cured, 
steam-cured, delayed steam-cured, etc.). 

• The steam-cure treatment for 48 hours at 194 °F and 95 percent humidity accelerates 
the strength gain of UHPC. Hence, steam curing of UHPC products is encouraged 
when they are produced in precast plants. 

• The characteristic compressive strength of UHPC shall be taken conservatively as 24 
ksi at the end of curing for steam-cured conditions and 18 ksi at the age of 28 days for 
air-cured conditions. 

• For steam-cured or heat-treated bridge elements, the compressive strength of UHPC 
can be taken to be equal to fc

’ after 3 days from curing for capacity estimations. 
Therefore, these elements can be used without the 28-day waiting period, as is the 
case with conventional concretes. 

Compressive Stress-Strain Behavior 

The stress-strain behavior of the material is essential to estimate the neutral axis depth, 
reinforcement strains, and capacity at service and ultimate limit states. The compressive stress-
strain behavior of UHPC was established in numerous concrete compressive cylinder tests 
conducted by several researchers and is shown in figure 1a. (See references 12, 13, 16, 18, and 
19.) 

The FHWA study notes that the strain value corresponding to the peak compressive strength is 
about 0.0035 and 0.0041 for air- and steam-cured specimens, respectively.(12,16) In addition, 
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unlike NSC, the measured stress-strain relationship for UHPC was found to be linear up to 80 to 
90 percent of the peak stress for both curing conditions (see point A in figure 1a). However, 
according to Sritharan et al., heat-treated UHPC exhibited linear elastic behavior up to failure, 
corresponding to a compressive strain of 0.0032.(18) 

 
Figure 1. Graphs. Actual and recommended design stress-strain behavior of UHPC in 

compression. 

The post-peak behavior of the UHPC is dependent on the volume percent of fibers in the mix and 
orientation of the fibers. Hence, for design purposes, the stress and strain values can be obtained 
by using appropriate safety factors on the observed values. Consistent with the French, 
Australian, and Japanese design recommendations for UHPC, the stress-strain curve shown in 
figure 1b is recommended for design.(20,21,22) The critical values in this figure are also consistent 
with some of the design guidelines proposed by Graybeal.(23) 

Recommendations 

• The stress-strain behavior of UHPC in compression shall be taken as a trilinear curve, 
as shown in figure 1b. 

• In the absence of test data, for design purposes, the maximum compressive strain 
should be limited to 0.0032. 

Tension Stress-Strain Behavior 

The use of steel fibers results in dependable tension capacity for UHPC. Consequently, the 
tension capacity of UHPC can be utilized in design at ultimate limit state. This is in contrast to 
the design of members using normal concrete, where the concrete tension capacity is ignored 
after cracking. The tensile strength and post-cracking behavior of UHPC depends on the 
strength, quantity (e.g., volume by percentage), length, and orientation of steel fibers, which 
effectively prevent or delay opening of concentrated cracks. The tensile strength is also 
influenced by the type of curing treatment (steam- or air-cured) provided for UHPC members. 
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An investigation conducted by the FHWA examined four different methods to evaluate the 
tensile behavior of UHPC including the flexural prism test, split cylinder test, Mortar Briquette 
(“dog-bone”) test, and direct tension test.(12) Although all four of the test methods provided 
realistic tensile cracking strengths, the results varied by 0.5 ksi depending on the test method. 
Therefore, the study conservatively recommended the cracking tensile strength of UHPC to be 
taken as 1.3 ksi and 0.9 ksi for steam-cured and untreated (i.e., air-cured) conditions, 
respectively. 

As a follow-up to a series of compression and flexural tests, a set of direct tension tests were 
conducted on large steam-cured dog-bone specimens, which produced tension parameters 
comparable to those resulting from the FHWA study.(18) The tensile stress-strain behavior 
established from these dog-bone tests, which have been used successfully in characterizing the 
flexural response of a UHPC full-scale bridge girder, tapered H-shaped piles, and waffle deck 
panels, is shown in figure 2a. 

 
Figure 2. Graphs. Measured and recommended design stress-strain behavior of UHPC in tension. 

Based on the back analysis of large-scale UHPC I-girder tests under flexure and shear, Graybeal 
proposed a conservative approximation for the UHPC tensile stress-strain behavior for 
estimating the ultimate capacity of the UHPC sections.(23) Accordingly, UHPC under tension can 
be assumed to behave in an elastic-perfectly plastic fashion with a post-cracking capacity of 1.5 
ksi for strains below the pullout strain of 0.007 (see figure 2a) 

In a recent study on tension behavior of UHPC, Graybeal and Baby used a direct tension test 
method using dog-bone shaped test specimens of different sizes.(24) These tests characterized the 
tension behavior of the UHPC for different curing conditions and steel fiber quantities. This 
study noted that the tensile response of UHPC consists of the following four phases: elastic 
behavior, inelastic cracking, straining in discrete cracks, and single crack localization. Results 
from these tests also confirmed that the tensile response of UHPC can be represented with an 
elastic-perfectly plastic response for design purposes as suggested in figure 2b. 
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When comparing the different studies, variations in the post-cracking behavior of the UHPC can 
be noted, which is influenced by the dispersion and orientation of the fibers in the test specimens 
and, most importantly, by the location and length of gauges and how the strain was characterized 
if measured over a long gauge length. In consideration of the reported experimental responses 
and recommendations including those adopted by others, the tension model as shown in figure 
2b is recommended for use in the design of precast waffle deck systems. The recommended 
model is motivated by maintaining simplicity and achieving satisfactory characterization for the 
waffle deck panels at the serviceability and ultimate limit states. 

Recommendation 

• The stress-strain behavior of UHPC in tension shall be taken as a bilinear curve as 
shown in figure 2b. 

Modulus of Elasticity 

UHPC displays linear elastic behavior in both compression and tension up to certain strain limits, 
as was shown in figure 1. Tests by Bonneau et al. showed the elastic modulus of UHPC without 
fibers is 6,700 ksi compared to 7,100 ksi with a 2.0 percent steel fiber content, an increase of 
only about 6.5 percent due to the presence of fibers.(25) According to Graybeal, standard heat 
treatment increases the elastic modulus of UHPC by 23 percent from 6,200 ksi to 7,650 ksi.(12) 

Many equations have been used to define the relationship between the elastic modulus and the 
compressive strength of concrete. The following equations have been developed specifically for 
UHPC based on the available experimental data:(17,18,20) 

'

'

'3

(psi) 50,000 (psi) (Sritharan et al. 2003)

(psi) 46,200 (psi) (Graybeal 2007)

(psi) 262,000 (psi) (AFGC 2002)

c

c

c

E f

E f

E f

=

=

=   

The comparison of these equations with the experimental data is shown in figure 3. It is clear 
from the figure that the equation proposed by Graybeal predicts the Young’s modulus more 
accurately than other equations.(12) 
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Figure 3. Graph. Comparison of various equations suggested for elastic modulus of UHPC with 

measured experimental data. 

Recommendation 

• The elastic modulus of UHPC can be obtained using '46,200 (psi)cf . In the absence 
of exact concrete strength, a value of 7,500 ksi can be used for design purposes. 

Density 

The density of UHPC is slightly higher than that of HPC or NSC due to its very compact 
microstructure. The average reported value for the density of UHPC mixes from 17 published 
mix descriptions was approximately 157 lb/ft3.(26) A unit density of 155 lb/ft3 was suggested by 
studies done in the US.(12,13) 

Recommendation 

• The unit weight of the UHPC shall be assumed to be 157 lb/ft3 for dead load 
estimations. 

Coefficient of Thermal Expansion 

UHPC tends to exhibit a higher coefficient of thermal expansion (CTE) than NSC. This may be 
attributed to the fact that UHPC contains a comparatively high volume of cementitious materials 
(relatively high CTE) without any coarse aggregate (low CTE values). The FHWA and Michigan 
DOT studies recommended a value of about 8.2 x 10-6/°F for CTE.(12,13) The Michigan study 
found that this value can be used regardless of the age of the concrete once thermal treatment has 
been completed. For comparative purposes, the expected CTE for NSC is about 6.0 x 10-6/°F and 
for HPC is between 4.0 – 7.3 10-6/°F.(27,28) 
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Recommendation 

• For thermally treated UHPC, a CTE value of 8.2 x 10-6/°F is recommended for 
design. 

Chloride Penetration Resistance 

Concrete degradation in bridge decks is accelerated by the penetration of chloride ions from 
deicing agents into the concrete from the top, leading to the corrosion of the reinforcement. 
Therefore, chloride ion penetration resistance is one of the critical parameters that dictate the 
durability of a system and concrete cover requirement for reinforcement. UHPC exhibits very 
low to negligible permeability when compared to NSC due to its high-density matrix and low 
water/cement ratio. The ASTM C1202 standard, commonly known as the rapid chloride ion 
penetrability test, can be used to estimate the chloride resistance of UHPC. 

In the study by Graybeal, the chloride penetration resistance of specimens receiving any of the 
four curing regimes at 56 days and those receiving any form of heat treatment at 28 days 
achieved a Negligible rating (< 100 coulombs).(12) Only untreated specimens at 28 days did not 
receive this rating; those specimens averaged passing 360 coulombs of charge, resulting in a 
Very Low permeability qualification. Similarly, Michigan DOT reported negligible chloride 
penetrability for all specimens tested in their study.(13) 

Graybeal used another test procedure, known as the chloride ponding test, to determine the level 
of migration of chloride ions into the UHPC over 90 days.(12) According to these findings, the 
chloride ion content was extremely low for all curing regimes. The average chloride content for 
different curing regimes was less than 0.00312 lb/ft3 and, in most cases, the average was 0.00125 
lb/ft3. All of these values are below the minimum accuracy threshold for the test method, 
indicating that the volume of chlorides that penetrated into the UHPC is extremely low. 

A summary of average values of various durability parameters for UHPC, HPC, and NSC is 
presented in table 2. In addition, the durability properties of UHPC, HPC, and NSC are 
compared in graphical form in figure 4. 
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Table 2. Durability properties of UHPC compared to HPC and NSC. 

Parameter UHPC 
HPC Normal Concrete 

Value Ratio to 
UHPC Value Ratio to 

UHPC 
Salt Scaling Mass Lost 

(28 cycles) 0.010 lb/ft2 0.031 lb/ft2 3.0 0.31 lb/ft2 30 

Chloride Ion Diffusion 
Coefficient 2.2×10-13 ft2/s 6.5×10-12 ft2/s 30 1.2×10-11 ft2/s 55 

Chloride Ion Penetration 
Depth 0.04 in. 0.32 in. 8 0.91 in. 23 

Chloride Ion Permeability 
Total Charge Passed 

10 – 25 
coulombs 

200 – 1000 
coulombs 34 1800 – 6000 

coulombs 220 

Carbonation Depth 
(3 years) 0.059 in. 0.16 in. 2.7 0.28 in.  4.7 

Reinforcement Corrosion 
Rate 4×10-7 in./yr 9.8×10-6 in./yr 25 4.7×10-5 in./yr 120 

Abrasion Resistance 
Relative Vol. Loss Index 1.1 – 1.7 2.8 2.0 4.0 2.9 

Resistivity 53.9 kΩ·in. 37.8 kΩ·in. 0.70 6.3 kΩ·in. 0.12 
Compiled based on data presented in references 11, 14, 29, 30, 31, 32, 33, and 34. 

 
Figure 4. Chart. Durability properties of UHPC and HPC with respect to normal concrete (lowest 

values identify the most favorable material.(26) 

Recommendations 

• For precast UHPC deck panels, the chloride penetration resistance can be assumed to 
be 100 coulombs (negligible). 

• For the deck panel connections, which are not typically heat-treated, the chloride 
penetration resistance can be assumed to be 400 coulombs (very low). 
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Concrete Cover and Spacing 

Concrete cover is the distance from the surface of the concrete to the surface of the reinforcing 
bars and strands embedded in the concrete. Ensuring sufficient concrete cover is critical not only 
for the durability of concrete structures but also for the development of the bond strength along 
the primary reinforcement. Concrete cover requirements depend on environmental conditions 
and the chloride penetration resistance of the concrete used for design. Recognizing UHPC’s 
high resistance to chloride penetration, several international codes for UHPC, Gowripalan and 
Gilbert recommended a decreased concrete cover.(21) The Japan Society of Civil Engineers 
(JSCE) and the Australian code for UHPC require a minimum of 0.75 inches of concrete cover 
for uncoated reinforcement.(21,22) 

Research by Tuchlinski et al. suggested that the UHPC cover for prestressing strands designed to 
develop the full strength of the strand may be reduced compared to normal concrete.(35) Based on 
their research, Tuchlinski et al. recommended a concrete cover of 1.5 times the strand diameter 
for UHPC to ensure that the full strength of the strand can be developed. In addition, a clear 
cover of 0.84 inches was used successfully on 0.6-inch-diameter strands in full-scale UHPC 
bridge girder tests at Iowa State University (ISU).(9) 

The Tuchlinski et al. research also recommended center-to-center spacing for prestressing 
strands in UHPC to be at least 3.0 times the nominal strand diameter.(35) For research completed 
at ISU, a clear spacing of 3.3 to 4 times the strand diameter has been used successfully.(9,26) 
Based on experience, a local precaster recommended that a minimum spacing of at least 1.5 
inches should be used to ensure flow of UHPC freely through the section during casting. 

Recommendations 

• The minimum concrete cover for unprotected mild reinforcement in UHPC shall be 
0.75 inches. 

• The minimum cover concrete for prestressing strands shall be 1.5 times the strand 
diameter. 

• The reinforcement including strands shall be designed with a minimum clear spacing 
equal to 3.25 times the diameter of the reinforcement or 1.5 inches, whichever is 
greater. 

• Unlike the current American Association of State Highway and Transportation 
Officials (AASHTO) requirements, for decks exposed to tire studs or chain wear, 
there is no need to increase the cover requirement for UHPC because the abrasion 
resistance of the UHPC is significantly higher than that of NSC. 

Bond Strength 

The bond between UHPC and reinforcement (rebar or strand) is important in determining 
development and transfer lengths. Given that UHPC has such drastically different mechanical 
properties from conventional concrete, the use of the current AASHTO guidelines is 
conservative. 
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In a recent study by the FHWA, the development length of mild steel reinforcement embedded 
into UHPC was investigated through a series of tensile pullout tests on #4, #5, and #6 bars cast 
into 16-inch-diameter UHPC cylinders.(36) It was found that embedment lengths of 2.9 inches (= 
5.8db #4), 3.9 inches (= 6.24db#5), and 4.9 inches (= 6.53db#6) were sufficient to fracture the #4, 
#5, and #6 bars, respectively. Thus, to develop the yielding of the mild steel reinforcement (fy = 
60,000 psi), the embedded length required is about two-thirds of the measured values. 

With the limited data available, the anchorage length required for mild steel reinforcement to 
develop its yield strength in UHPC can be assumed to be 6db (db = diameter of reinforcement) at 
the minimum. While further research is needed to fully characterize anchorage behavior of 
reinforcement in UHPC and take into account the effect of fatigue loading on the bond 
development length, the completed system test suggests that meeting the recommended 
minimum anchorage length is expected to provide sufficient anchorage of reinforcement in 
waffle deck systems. 

Recommendations 

• The development length required for mild steel reinforcement in waffle deck systems 
to develop its yield strength in UHPC shall be no less than 6db, where db is the 
diameter of the reinforcement in inches. 

• The development length required for mild steel reinforcement in waffle deck systems 
to develop its ultimate strength in UHPC shall be no less than 9db. 

Shrinkage Behavior 

UHPC exhibits relatively large shrinkage behavior in comparison to normal concrete due to high 
cementitious material content; it is therefore more susceptible to cracking under restrained 
conditions. A study by Graybeal found that UHPC exhibited rapidly occurring, large-value, 
early-age shrinkage strains.(12) The shrinkage strains in heat-treated UHPC were nearly 850 
microstrains during the curing period. Untreated UHPC also exhibited shrinkage strains beyond 
790 microstrains. 

Although the shrinkage strain in UHPC is higher than in NSC, shrinkage in UHPC takes places 
at an early age. In fact, heat-treated UHPC does not exhibit any shrinkage in the post-treatment 
period. In the absence of treatment, specimens reached 95 percent of ultimate shrinkage at the 
age of 2 months.(12) 

UHPC will crack in tension at strains lower than these shrinkages (see tensile behavior), and it is 
therefore important to mitigate or eliminate shrinkage restraints in UHPC structural members 
during casting. 

Recommendations 

• For heat-treated UHPC, the shrinkage strain can be taken as 850 microstrains during 
the curing period and zero microstrains after the heat treatment. 
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• For untreated UHPC, shrinkage strains up to 850 microstrains will develop over a 
period of 60 days. 

Poisson’s Ratio 

In the recent study by Michigan DOT, the Poisson’s ratio for UHPC under all curing conditions 
and ages was found to be consistently between 0.20 and 0.21, which is in line with typical 
concrete and the value given by the Association Française de Génie Civil.(13,20) Although a value 
as low as 0.13 was reported in the literature, the higher values have been reported consistently in 
other research as well.(26,37) 

Recommendation 

• The Poisson’s ratio for UHPC material shall be taken as 0.20. 

SYSTEM CONFIGURATION AND BENEFITS 

Similar to the typical full-depth precast deck systems used in current practice and developed in 
previous research, the waffle deck system consists of a series of UHPC waffle deck panels that 
are full-depth in thickness (as required by the structural design) and connected to the supporting 
girders with robust and efficient connections. More details about the connections are presented in 
chapter 3. The UHPC waffle deck panel system consists of the following (see figure 5): 

• Precast UHPC waffle panels with shear pockets to accommodate the shear connections 
between the waffle panels and supporting girders. 

• Transverse panel-to-panel connections that connect two adjacent waffle deck panels forming 
a joint parallel to the bridge transverse axis. 

• Longitudinal panel-to-girder connections that connect the waffle deck panel and the center 
girder of a specific bridge (joint will be present when the deck panel lengths are less than the 
full width of the bridge and the joint will run parallel to the bridge longitudinal axis). 

• Some type of overlay (e.g., asphalt) may be used to improve the pavement rideability as 
needed by the specific requirements from the owner. 

• In situ UHPC material used to fill the panel-to-panel connections and shear pockets in the 
field. 
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Figure 5. Diagrams. Schematic of UHPC waffle deck system. 
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A UHPC waffle deck panel consists of a slab cast integrally with concrete ribs spanning in 
transverse and longitudinal directions. This system is similar to the two-way joist system used in 
the building industry. 

A transverse strip along the deck panel acts a T-beam, distributing wheel load effects to the 
adjacent bridge girders. The longitudinal ribs help in distributing the wheel load to the adjacent 
panels through the panel-to-panel connections. The reinforcement needed to resist the wheel 
loads is provided in the ribs along both directions. The spacing of the ribs in both directions is 
determined based on the girder-to-girder spacing, panel dimensions, and minimum detailing 
requirements for panel-to-panel connections. Additional details about the spacing and 
reinforcement of the panel are presented in chapter 2. 

Due to the excellent structural properties of UHPC, the waffle deck system for a given thickness 
has the same or higher capacity and is 30 to 40 percent lighter than a comparable solid precast 
full-depth panel made of NSC. The decreased weight of the UHPC panel has significant benefits. 
For example, it can increase the span length and girder spacing, improve bridge ratings when 
used for deck replacement projects, and reduce seismic, substructure, and foundation loads when 
compared to solid precast deck panel systems. The presence of the steel fibers in UHPC and very 
minimal shrinkage of UHPC after steam curing of the precast elements decreases the 
reinforcement requirements. 

The panels can be designed to act as composite or non-composite with the supporting girders. 
However, to improve structural efficiency and cost-effectiveness, it is recommended to design 
the UHPC waffle deck system to act compositely with the girders for resisting design loads. The 
length and width of the deck panels are typically determined by specific bridge geometry, type of 
bridge (concrete or steel girder), and transportation/handling limitations. Based on the current 
practice, the width of the panels (length in the direction of traffic or short dimension of the panel) 
may be varied between 8 and 12 ft. 

EXPERIMENTAL AND FIELD TESTING WAFFLE DECK SYSTEM 

This section presents a summary of the laboratory testing done to evaluate the structural 
performance of the waffle deck panel and connections designed for a 60-ft-long replacement 
bridge in Wapello County, Iowa. With experimental verification of the structural behavior in the 
laboratory completed, the UHPC waffle deck system was implemented in the replacement bridge 
project for the first time in the US. The observations from the field testing of the bridge are also 
summarized in this section. 

Laboratory Testing 

Based on the previous research completed at the FHWA on structural behavior of a prestressed 
UHPC waffle deck system, a UHPC precast waffle deck system with conventional mild steel 
reinforcement was developed by the Iowa DOT and ISU for ABC purposes.(17) The UHPC 
waffle deck panel was designed for a two-lane, single-span replacement bridge in Wapello 
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County, Iowa. Figure 6 shows the cross-section details for the bridge. A full set of design 
drawings is provided in the project final report.(38) 

 
Figure 6. Diagram. Cross-section details of the replacement bridge with UHPC waffle deck 

system in Wapello County, Iowa. 

The waffle deck panel was 8 inches thick and was designed to resist current AASHTO load 
requirements. This resulted in Grade 60 #6 (db = 0.75-in., where db is diameter of the bar) and #7 
(db = 0.875-in.) mild steel reinforcement as top and bottom reinforcement, respectively. All of 
the reinforcement was provided along panel ribs in both directions. The plan view of the waffle 
deck panel showing the reinforcement and rib spacing is shown in figure 7a. More detailed 
information regarding the cross-section and reinforcement locations is presented in chapter 2 and 
in Aaleti et al.(39) 

To make the UHPC waffle deck panels fully composite with the prestressed concrete girders, 
three different connections were utilized: shear pocket connection, longitudinal connection, and 
transverse connection. The shear pocket connection consists of a shear hook from the girder 
extended into a shear pocket in the waffle deck panel, with the shear pocket filled with in situ 
UHPC (figure 7b). 

The longitudinal connection between the waffle panel and girder was formed by tying dowel bars 
from the panels with shear hooks from the girder, using additional longitudinal reinforcement, 
and then filling with in situ UHPC (figure 7c).The transverse connection between the UHPC 
waffle deck panels contained dowel bars from the panels tied to additional transverse 
reinforcement, with the gap between the panels filled with in situ UHPC (figure 7d). 
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a) Plan view details of the waffle deck panel (8 ft x 10 ft) used for 

experimental testing 

  
b) Shear pocket connection c) Longitudinal connection 

 
d) Transverse connection 

Figure 7. Diagrams. Connection details used for the UHPC waffle deck system. 
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Test Setup and Instrumentation 

For the experimental investigation, a waffle deck region between two adjacent girders, as 
identified in figure 6, was chosen. Two waffle deck panels (UWP1 and UWP2), 8 ft long by 9 ft, 
9 in. wide, were fabricated using a commercially available, standard UHPC mix from Lafarge 
North America. The waffle deck panels were cast upside-down for ease of construction. The 
details about the construction of waffle panels are presented in Aaleti et al.(40) The setup used for 
the UHPC waffle deck system test was designed to replicate the critical regions of the field 
structure closely and is shown in figure 8. 

 
Figure 8. Diagram and photos. Schematic of the test setup used for testing of the UHPC waffle 

deck panel system. 

The UHPC deck panels were supported on two 24-ft-long prestressed concrete girders, which 
were 7 ft, 4 in. apart and simply supported at the ends on concrete foundation blocks. The 
connections between the two deck panels, as well as those between the panels and the girders, 
were then cast using UHPC mixed in the laboratory at ISU. 

Several string potentiometers and strain gauges were used to monitor the performance of the 
waffle deck system during testing. The instrumentation details are shown in figure 9. A 10-inch 
by 20-inch steel plate attached at the loading end of a ±55 kip fatigue hydraulic actuator was 
used to simulate a truck wheel load on the panel. 
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Figure 9. Diagrams and photos. Schematic of the displacement and strain gauges in the test unit. 

Summary of Experimental Results 

The performance of the UHPC waffle deck system, including the UHPC in situ connections 
between precast elements, was examined using nine different tests and a single-wheel truck load 
simulated using a hydraulic actuator. The following two different locations were chosen to apply 
the load along the centerline between the two girders: center of the deck panel and center of the 
panel-to-panel transverse joint. The details of the completed load tests are summarized in table 3. 

Table 3. Sequence and details of the tests conducted on the waffle deck system. 
Test Test Description Location Maximum Load 

1 Service load test panel-2 (UWP2) Center of the panel 1.33a x 16 k = 21.3 k 
2 Service load test on transverse joint Center of the joint 1.75b x 16 k = 28 k 
3 Fatigue test on the transverse joint Center of the joint 28 k (1 mil cycles) 
4 Overload test of transverse joint Center of the joint 48 kips 
5 Fatigue test on the panel-1 (UWP1) Center of the panel 21.3 k (1mil cycles) 
6 Overload test of the panel Center of the panel 40 kips 
7 Ultimate load test on panel UWP1 Center of the panel 160 kips 
8 Ultimate load test on the transverse joint Center of the joint 155 kips 

9 Punching shear failure test on UWP1 Between transverse 
ribs 155 kips 
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This section focuses only on the results from service load tests and ultimate load tests, while the 
results and observations from the overload tests and fatigue tests are presented in Aaleti et al.(40) 

Panel and Joint Service Load Tests 

In the panel service load test, a maximum load of 21.3 kips, representing the AASHTO truck 
service load plus 33 percent impact, was applied at the center of panel UWP2 (at rib TR2 and 
between the girders, see figure 9). In the joint service load test, a maximum load of 28 kips, 
approximately representing the AASHTO truck service load plus 75 percent impact, was applied 
at the center of the transverse joint. The load-deflection curves for both cases are shown in figure 
10. In both cases, a linear relationship was observed between the load and deflection. Maximum 
deflections of 0.034 inches and 0.022 inches were measured during the panel and joint service 
load tests, respectively. 

The peak strain recorded in the bottom reinforcement of the center rib, running in the transverse 
direction, during the panel service load test was only 375 microstrains, or 18 percent of the yield 
strain. The strain variation along the length of the bottom reinforcement, in the transverse rib 
TR2 of panel UWP2, and the variation of normalized bottom reinforcement strains at the center 
of the transverse ribs at the peak load are shown in figure 11a. 

  
a) Force versus displacement in panel 

service load test 
b) Force versus displacement in joint 

service load test 
Figure 10. Graphs. Measured force-displacement response at the center of the waffle deck panel 

and the transverse panel-to-panel joint under service loads. 
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a) Strain distribution in the bottom rebar  
in transverse rib TR2 at 21.3 kips 

b) Bottom reinforcement strains at the 
center of transverse ribs 

Figure 11. Graphs. Measured strain distribution along the transverse rib in the center of the panel 
and normalized strains at the center of the transverse ribs along the longitudinal direction under 

service load conditions. 

Figure 11b illustrates that, for an applied load P at the center of the panel, the transverse rib TR2 
provides 70 percent of the resistance. The adjacent ribs on either side of TR2 (i.e., TR1 and TR0, 
and TR3 and TR4) provide 10 percent and 5 percent of total resistance, respectively. 

Panel Ultimate Load Test 

The ultimate load test was carried out to investigate the adequacy of the precast deck system and 
its connections under ultimate load conditions. The ultimate load referred to in this study was 
arrived at based on the recommendations from Iowa DOT personnel. A total load of 160 kips, 
equivalent to 10 times the AASHTO truck service load, was applied at the center of panel 
UWP1. The load-deflection curve established at the center of this panel during testing is shown 
in figure 12. 
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Figure 12. Graph. Measured force-displacement response of waffle deck system. 

The panel exhibited a linear force-displacement behavior response up to 80 kips. A maximum 
deflection of 0.82 inches was measured at the center of panel UWP1 (i.e., at the center of 
transverse rib TR2). The peak strain measured in the bottom reinforcement of transverse rib TR2 
was about 1600 microstrain, which was about 76 percent of the yield strain of the reinforcement. 
A significant amount of cracking was observed on all of the transverse ribs (TR1, TR2, and TR3) 
and both of the longitudinal ribs (LR1 and LR2) of panel UWP1. The maximum crack width 
measured along the transverse rib TR2 in UWP1 was 0.08 inches. 

Joint Ultimate Load Test 

A total load of 155 kips, equivalent to about 10 times the AASHTO truck service load, was 
applied at the center of the transverse joint. The load-deflection curve established at the center of 
the panel-to-panel joint is shown in figure 13a. The peak strain measured in the bottom 
reinforcement of transverse rib TR2 was about 1475 microstrain, or about 70 percent of the yield 
strain of the reinforcement. At the end of the test, a large number of cracks were formed in 
transverse ribs of the joint (see figure 13b). The maximum load applied was controlled by the 
shear cracking initiation in the prestressed girders. 
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a) Force-displacement response b) Cracks in the transverse joint at 150 
kip load 

Figure 13. Graph and photo. Measured force-displacement response and cracking at the center of 
the panel-to-panel joint under ultimate loads. 

Punching Shear Failure Test 

In this test, a wheel load was applied at the center of the waffle deck cell bounded by transverse 
and longitudinal ribs TR2, TR3, LR1, and LR2. Load was applied at increments of 5 kips on the 
waffle deck panel using a 200-kip actuator. The 10-inch by 20-inch plate at the loading end of 
the actuator was replaced with a 6-inch by 8-inch steel plate to force punching shear failure in a 
region bounded by the ribs in the panel. 

As the loading increased, a large number of radial cracks in the top surface and flexural cracks in 
the ribs were formed. The measured load-displacement response at the center of the cell is shown 
in figure 14a. The crack pattern on the bottom surface of the waffle deck was as expected for a 
typical punching shear failure and is shown in figure 14b. The waffle deck failed suddenly at a 
maximum load of 154.6 kips, leaving a 6-inch by 8-inch hole (the same size as the steel plate 
placed at the top of the deck) on the top surface at the center of cell. The punching shear failure 
surface had edges sloped at approximately 45 degrees, as shown in figure 14c. The measured 
average punching shear strength was about 1.068 ksi, which is equivalent to 6.62�𝑓𝑐′(psi). The 
measured punching shear failure capacity is nearly 2.3 times the estimated value using the 
equation recommended by Harris and Roberts-Wollmann.(41) 
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a) Load-displacement response b) Crack pattern in the cell 

 
c) Punching failure surface 

Figure 14. Graph and photos. Measured load-displacement behavior and failure surface during 
the punching shear failure test of waffle deck system. 

Field Testing 

The constructability of the UHPC waffle deck system and structural performance of its critical 
connections and panels were investigated under service, fatigue, and ultimate loads using large-
scale laboratory tests as described in the previous section. The results and observations from the 
laboratory tests were used to design the demonstration bridge on Dahlonega Road in Wapello 
County, Iowa. 

This bridge replacement project was used to demonstrate the deployment of the UHPC waffle 
deck panel technology from fabrication through construction and to evaluate the performance of 
the UHPC waffle slab deck under true service conditions. The Dahlonega Road Bridge over 
Little Cedar Creek was opened to traffic in November 2011 and was field tested in February 
2012. 
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For the field evaluation of the bridge system, live load was applied by driving a heavily loaded, 
standard dump truck across the bridge along predetermined paths. The total weight of the truck 
was 60,200 lb, with a front axle weight of 18,150 lb and two rear axles weighing roughly 21,000 
lb each. The truck configuration with axle loads is shown figure 15. 

 
Figure 15. Photo. Axle weight and configuration of the test truck. 

Seven load paths were used to evaluate the field performance of the waffle deck panel system 
and its connections. The outer edge of the loading truck was located 2 ft from each barrier rail in 
load paths 1 and 7. In load paths 2 and 6, the truck edge was along the centerline of each 
respective traffic lane, causing maximum movement in the deck panel. Load paths 4 and 5 were 
2 ft to either side of the bridge centerline for the outer edge of the truck, and load path 3 
straddled the centerline of the bridge. A schematic of the load paths is shown in figure 16. 

 
Figure 16. Diagram. Schematic layout of the load paths used for field testing. 
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For static tests, the truck was driven across the bridge at very slow speed (< 5 mph). Each load 
path was traversed twice to ensure repeatability of the measured bridge response. For dynamic 
tests, the truck speed was increased to 30 mph to examine dynamic amplification effects. 

Taking advantage of the bridge symmetry about its longitudinal and transverse centerlines, two 
UHPC waffle deck panels along the length of the bridge were selected for instrumentation. One 
of these panels was located near the mid-span, and the other was located adjacent to the south 
abutment. 

Surface-mounted strain gages were used on each panel and their adjacent UHPC deck joints to 
quantify deformations and identify the likelihood of cracking under service loads. The locations 
of these strain gages were selected carefully to coincide with critical locations on the panels and 
deck joints where stress and strain would likely be extreme. 

In addition to the strain gages on the deck panels, 13 surface-mounted strain gages and 5 string 
potentiometers were attached to the girders to characterize the global bridge behavior, measure 
mid-span deflections, and quantify lateral live load distribution factors. Using two additional 
string potentiometers, deflections were also measured at the mid-spans of the deck panel located 
near the center of the bridge. Top and bottom girder strains were monitored for three of the 
girders at mid-span and at a section 2 ft from the southerly abutment. More details about the 
instrumentation can be found in Rouse et al.(42) 

The maximum strain in the UHPC waffle deck panel at the mid-span recorded during the static 
load testing was 95 microstrains. This value is well below the cracking strain for the UHPC. This 
behavior implies that there is no cracking in this deck panel, and it is responding elastically to the 
applied truck load. However, the maximum strain measured in the waffle deck panel adjacent to 
the abutment was 276.2 microstrains, which is slightly more than the cracking strain of UHPC. 
The maximum deck deflection recorded for the static loading for different load paths was 0.038 
in., which is well below the allowable AASHTO deflection requirements. Overall, the bridge 
system performed as expected, confirming the excellent behavior of the waffle deck system. 
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CHAPTER 2. WAFFLE DECK PANEL DESIGN 
 

INTRODUCTION 

The research team recognized that establishing efficient details for a full-depth waffle deck panel 
for a given bridge would be critical in ensuring successful implementation of this new 
technology in new and rehabilitation of highway bridges. This chapter presents a detailed design 
for the waffle deck panel components, including the reinforcement, typical deck panel 
dimensions, transverse and longitudinal rib configuration, and allowable dimensions for the 
different components including the connection regions. 

UHPC WAFFLE DECK PANEL 

A UHPC waffle deck panel consists of a slab cast integrally with concrete ribs spanning in the 
transverse and longitudinal directions (see figure 17). 

 
Figure 17. Diagrams. Schematic view of UHPC deck panel. 

This system is similar to the two-way joist system used by the building industry. A transverse 
strip along the deck panel acts as a T-beam, transferring wheel loads to the adjacent bridge 
girders. The longitudinal ribs help in distributing the wheel loads to the adjacent panels through 
the panel-to-panel connections. The reinforcement needed to resist the wheel loads is provided in 
the ribs running in both directions. 
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The important parameters that define the design of the full-depth UHPC waffle deck panel are as 
follows: 

• Length (dimension perpendicular to direction of the traffic), width (dimension in the 
direction of traffic), and thickness of the waffle deck panel. 

• Dimensions and spacing of the longitudinal and transverse ribs; note that the spacing of the 
ribs in both directions will be influenced largely by the girder-to-girder spacing, panel 
dimensions, and minimum detailing requirements of panel-to-panel connections. 

• Shear pocket dimensions, spacing, and size, type of shear connectors needed to achieve full 
composite action between the precast waffle panels and supporting systems (concrete girders, 
steel girders, stringers, etc.). 

• Design and details of mild steel reinforcement in the waffle panel ribs. 
• Configuration and reinforcement details of the panel-to-panel connections (transverse joint). 
• Configuration and reinforcement details of the panel-to-girder connections (longitudinal 

joint). 
• Overhang dimensions and details. 
• Parapets and parapet connection details at the deck level. 

The major design and construction parameters that affect the details of the UHPC waffle deck 
panel system are described below. 

Bridge Dimensions (Roadway Width): The waffle deck panel dimensions are dependent on the 
roadway width. For practical purposes, the panel dimensions are also limited by the allowable 
transportation and handling limits for deck panels at the precast plant and the job site. If the 
roadway width is more than 24 ft, it is recommended to use waffle panels with lengths equal to 
half of the roadway width. This will not only help in easy handling of the panels but also 
accelerate the construction of the bridge on site. This approach will also allow crowning 
requirements to be accommodated using steps in the beams and a constant haunch thickness. 

Bridge Configuration: The focus of design in this chapter is on waffle deck panels applicable to 
straight bridges. For skewed bridges, the rectangular waffle deck panels may be used in 
conjunction with special end panels that can account for the effects of bridge skew. The end 
panels may be made of solid or waffle panels using UHPC or HPC. HPC panels may require 
prestressing to minimize cracking. The final choice for the end panel is left to the judgment of 
the designer with due consideration to costs of material and fabrication. In the case of curved 
bridges, similar deck panel details with necessary functional modifications may be used. 

Bridge Type and Girder Spacing: There are currently more than 600,000 bridges in the US. 
Typical bridges use either prestressed precast concrete girders (see figure 18c) or steel girder (see 
figure 18a) or stringers at different center-to-center spacing for transferring loads from the deck 
to the substructure such as piers, foundations, and abutments. A small percentage of bridges use 
a superstructure with a deck supported by closely placed steel stringers, which in turn are 
supported by deep steel end girders or steel trusses, as shown in figure 18b and figure 18d. It is 
important to note that these types of bridges are fracture-critical and not used by several DOTs 
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for new bridges. However, existing bridges with such configurations are considered candidates 
for replacement of deteriorated decks with UHPC waffle panels. 

  
Figure 18. Diagrams. Illustrations of typical components of bridges. 

Based on the extensive review of current standard details used by several State DOTs (Alabama, 
Florida, Georgia, Illinois, Indiana, Iowa, Kentucky, Nebraska, New Jersey, New York, Ohio, 
Oklahoma, Virginia, and Wisconsin), the researchers found that the typical spacing used for the 
precast prestressed girders varies between 6 and 12 ft. The average girder spacing was found to 
be 8 ft for routine State and county bridges. In the case of steel girder bridges, the most often 
used maximum girder spacing was found to be 10 ft, although a girder spacing as much as 12 to 
14 ft has been used occasionally. 

Given the commonly used spacing and input received from the representatives of the Iowa DOT 
and the FHWA, the maximum girder spacing in this guide is limited to 10 ft to allow the waffle 
deck panels to be optimized for the most frequently used bridge designs. 

Girder Type: The typical bridges in the US use standard prestressed concrete girders, steel 
beams, or stringers through the use of standard W sections, or built-up steel girders. The cross-
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section details of the girders vary depending on girder span, roadway width, and design practices 
specific to the local jurisdiction. The waffle deck panels in all cases are tied to the girders using 
appropriate connections (see chapter 3 for details) and designed to act compositely with the 
girders. Consequently, the top flange width of the girder will influence the spacing between the 
support ribs of the waffle deck (see figure 19). 

 
Figure 19. Diagrams. Schematic of UHPC panels supported by girders. 

In addition, the top flange width will dictate the location of the maximum negative bending 
moment in the deck panel.(27) Based on the review of the standard concrete girder details used by 
several DOTs, the minimum and maximum values for the top flange width were found to be 12 
inches and 4 feet, respectively. To remain conservative, the top flange width of the girder is thus 
assumed to be 12 inches. 

Dimensions of the Deck Panel 

Panel Thickness: The AASHTO Load and Resistance Factor Design (LRFD) specification 
requires a minimum thickness of 7 inches for deck panels excluding any provision for grooving, 
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grinding, or sacrificial surfaces.(27) However, the thickness of the deck panel is decided based on 
the minimum cover requirements and the overhang design. Following the preliminary analysis 
that took advantage of UHPC material properties, an 8-inch-thick panel was found to be 
structurally sufficient for most cases. 

Panel Length and Width: As previously described, length and width of the panel depends on 
the handling requirements of the panels at the precast plant and at the job site along with the 
transportation constraints. The exact length and width of the panels will vary depending on the 
span and width of the bridge. Hence, it is left to the judgment of the designer to arrive at the 
desirable dimensions based on requirements of the bridge under consideration. However, as 
described below, this guide provides suggestions on the transverse and longitudinal rib spacing 
limits. 

Flat Plate Thickness: The thickness of the flat plate connecting the ribs on top in the UHPC 
waffle deck panel is dictated by the punching shear capacity of the plate between the ribs, cover 
requirements of top transverse and longitudinal reinforcement, and any anticipated surface 
wearing over time. With the limited data available on the punching shear capacity of UHPC, a 
2.5-inch-thick flat plate is recommended to prevent a punching shear failure between the ribs for 
the design truck load. Based on an experimental test completed at ISU, the punching shear 
capacity of UHPC was found to be 1 ksi, yielding a punching shear capacity of 200 kips for a 
2.5-inch-thick UHPC plate under typical truck tire dimensions of 10 inches by 20 inches. 

Rib Dimensions and Spacing: Based on the side cover requirements for the reinforcement, as 
well as the previous studies completed by the FHWA and ISU, the width of transverse and 
longitudinal ribs was chosen to be 3 inches at the bottom with a gradual increase to 4 inches at 
the top of the ribs at the rib-to-plate interface (see figure 19b).(17,40) The tapering of the rib helps 
with the easy removal of panel formwork during construction. 

The spacing between the transverse and longitudinal ribs will depend on the girder-to-girder 
spacing, width of the panel, and minimum number of dowels required to establish sufficient 
panel-to-panel connections, as the dowels need to be accommodated within rib locations. Based 
on the limited available data on punching shear behavior, to limit the local damage to the flat 
plate and control cracking of the panel under service loads, the maximum allowable rib spacing 
is limited to 36 inches. Considering the wide range of girder-to-girder spacing used in current 
practice by the DOTs, it is expected that utilizing longitudinal and transverse rib spacing varying 
from 18 to 36 inches would accommodate the design of UHPC waffle deck for a variety of 
bridges. 

The support longitudinal ribs that are located at the girder lines provide an enclosure for the 
girder-to-panel connection, which is referred to as the shear pocket connection, making the 
support rib spacing dependent on the top flange width of the girder. Consequently, it is 
recommended that the support rib spacing is limited to a value less than the beam top flange 
width, which uses a minimum value of 12 inches. 
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Shear Pockets: As noted above, shear pockets are provided along the precast panel width to 
facilitate a composite connection between the precast deck panels and the supporting girders 
using shear connectors and in situ UHPC. The spacing of the shear pockets depends on the 
arrangement of the shear connectors. If the shear studs/hooks are positioned uniformly along the 
girder length, the shear pocket spacing should be equal to the transverse rib spacing. However, if 
a group configuration is used for the shear studs, the shear pockets can be placed at a spacing of 
2 to 4 ft apart, depending on the spacing between the shear stud groups. While the shear pockets 
are not required in every cell between the ribs, it is recommended that the shear pockets should 
be located in every other cell and close to the center of two adjacent transverse ribs. 

The dimensions of the shear pocket should be enough to accommodate the easy pouring of in situ 
UHPC to create the composite action. An opening with minimum dimension of 4 inches by 8 
inches is recommended. However, the designer can decide the dimensions and appropriate shape 
of the opening based on standard practice. 

Panel Transverse Design 

The waffle deck panel system may be designed using the strip method as described by the 
current AASHTO LRFD specifications.(27) A transverse strip of the deck is analyzed as a 
continuous beam supported by bridge girders, which are assumed to be considered as non-
settling rigid supports. The transverse strip width depends on the regions along the deck panel 
cross-section (along the length of the panel) (+ve moment, -ve moment or overhang) is given by 
Article 4.6.2.1.3 in the AASHTO guidelines (see figure 20). 

( )ts

26 + 6.6 S (ft)
transverse strip width W (in.) 48 + 3.0 S (ft)

45 +10.0 X (ft)

 
 =  
 
 

 

Figure 20. Equation. The transverse strip width according to article 4.6.2.1.3 of AASHTO LRFD 
guidelines. 

where S = girder-to-girder spacing in feet and X = distance of the critical location from the 
centerline of exterior girder (in feet). 

The entire transverse strip is designed to resist the dead load and live load effects with 
appropriate load factors at different limit states. The equivalent transverse strip widths for 
different girder spacing are presented in table 4. 
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Table 4. Design strip width (Wts). 
Span (ft-in.) Transverse Strip Width (in.) 

+ve moment -ve moment 
4’-0” 52.40 60.00 
4’-3” 54.05 60.75 
4’-6” 55.70 61.50 
4’-9” 57.35 62.25 
5’-0” 59.00 63.00 
5’-3” 60.65 63.75 
5’-6” 62.30 64.50 
5’-9” 63.95 65.25 
6’-0” 65.60 66.00 
6’-3” 67.25 66.75 
6’-6” 68.90 67.50 
6’-9” 70.55 68.25 
7’-0” 72.20 69.00 
7’-3” 73.85 69.75 
7’-6” 75.50 70.50 
7’-9” 77.15 71.25 
8’-0” 78.80 72.00 
8’-3” 80.45 72.75 
8’-6” 82.10 73.50 
8’-9” 83.75 74.25 
9’-0” 85.40 75.00 
9’-3” 87.05 75.75 
9’-6” 88.70 76.50 
9’-9” 90.35 77.25 

10’-0” 92.00 78.00 
 

Design moments are determined at three different regions along the panel cross-section. These 
regions are for the span between girders, sections over interior girders, and the overhang section. 
As detailed in the AASHTO guidelines, the interior spans between girders are investigated for 
positive bending at the strength-I limit state. Sections over interior girders are examined for 
negative bending at the strength-I limit. The overhang region is investigated for different 
combinations of dead, live, and collision loads for the strength-I and extreme event II limit states. 
Load factors for the three different regions and accompanying limit states are presented in table 5 
(adopted from Section 3.4 and Article 13.4 of the AASHTO specifications).(27) 

Table 5. Load factors for different limit states. 
Region Limit State DC DW LL 
Between girders Strength I 1.25 1.50 1.75 
Over interior girders Strength I 1.25 1.50 1.75 
Overhang Strength I 1.25 1.50 1.75 
Overhang Extreme Event II 1.00 1.00 1.00 

DC = dead load of structural components; DW = dead load of wearing surface; LL = vehicular live load 
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The following subsections discuss the procedure used to determine live, dead, and collision loads 
on the UHPC deck for different limit states. The 2010 AASHTO LRFD Bridge Design 
Specifications have been used to determine the appropriate loads.(27) In addition, based on the 
previously established sections, the following design parameters are used while arriving at the 
loads on the deck panels. 

• An 8-inch waffle deck panel with the transverse and longitudinal rib dimensions as shown in 
figure 19b. 

• The longitudinal and transverse rib spacing varying from 18 to 36 inches. 
• A girder spacing of 4 to 10 ft. 
• The assumed railing system will influence the design of the overhang in the deck system. 

Although the Iowa DOT standard F-shape concrete barrier is used as a railing system, here, 
the designer may choose appropriate railing/barrier details and make appropriate 
modifications to arrive at the overhang design of the waffle deck panel. 

Dead Load 

Dead load on the waffle panel includes the self-weight of the panel (DC) and the weight of any 
future wearing surface or overlays (if used by the DOT). The material properties shown in table 
6 are recommended for determining the self-weight. Additional guidance on estimating different 
dead load components is given below. 

Table 6. Recommended values for estimating dead load. 
Component Density 
UHPC unit weight 
(see Chapter 1)  

157 pcf 

Wearing surface unit weight ( bituminous) 
AASHTO Table 3.5.1-1 

140 pcf 

 

Self-Weight of Waffle Deck Panel: Self-weight of the waffle deck panel depends on the 
dimensions such as overall deck thickness and rib spacing in both longitudinal and transverse 
directions. As described before, for wide usage of the waffle deck technology, this report 
presents several deck panel options with variable rib spacing to meet different bridge types and 
girder spacing requirements. The self-weight of the waffle deck can be estimated using the 
equation shown in figure 21, and values for different rib spacing are provided in table 7. 

 (in psf.) 1
12
uhpctr w w

waffle slab
lr tr

S b hw h
S S

γ    
= + +           

Figure 21. Equation. Self-weight of waffle deck for different rib spacing.  

where hslab = thickness of top slab in inches (= 2.5 in.), Str = transverse rib spacing in inches, Slr = 
longitudinal rib spacing in inches, hw = rib height in inches (= hdeck – hslab) (= 8 in. - 2.5 in. = 5.5 
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in.), and γuhpc = unit density of UHPC in pcf (see table 6). Multiplying the tabulated values in 
table 7 by the design strip width (Wts) (in ft) will give the dead load value per linear foot. 

Table 7. Self-weight of the deck panel (wwaffle) in psf for different rib spacing. 

 Transverse Rib Spacing (in.) 
Longitudinal Rib Spacing 

(in.) 36 33 30 27 24 21 18 

36 46.70 47.34 48.10 49.03 50.20 51.70 53.70 
33 47.34 47.97 48.74 49.67 50.83 52.33 54.33 
30 48.10 48.74 49.50 50.43 51.60 53.10 55.10 
27 49.03 49.67 50.43 51.36 52.53 54.03 56.03 
24 50.20 50.83 51.60 52.53 53.70 55.20 57.19 
21 51.70 52.33 53.10 54.03 55.20 56.69 58.69 
18 53.70 54.33 55.10 56.03 57.19 58.69 60.69 

 

Self-Weight of Wearing Surface: Note that the wearing surface may be eliminated if an 
appropriate riding surface is incorporated into the waffle panel during casting. However, if a 
designer chooses to include a wearing surface, its appropriate weight should be included. Given 
the thickness of the wearing surface varies depending on local design practices, a 2.0-inch-thick 
wearing surface is assumed and the dead load due to the wearing surface is estimated using 
relationship shown in figure 22. When a different thickness of tws is used for the wearing surface, 
the value in this equation may be modified by multiplying it by tws/2. 

2.0 in.(140pcf ) 23.3 psf
12 in.wsw  = = 

   
Figure 22. Equation. The dead load due to a 2-inch-thick wearing surface.  

Dead Load from Barrier/Railing 

Given the potential variations in dimensions of barriers, the Iowa DOT standard concrete barrier 
(F-section continuous barrier rail) is used to estimate the dead load on the bridge overhang 
section. This barrier is 44 inches tall, 17 inches wide at the base, and 8.5 inches wide at the top. 
It is reinforced with seven longitudinal #5 bars distributed throughout the cross section and #5 
stirrups spaced at 12 inches. More information about this barrier is provided in table 8. 

Table 8. Properties of F-section continuous barrier rail as used by the Iowa DOT. 
Property Value 
Weight per unit length 540 lb/ft 
Barrier height 44 in. 

Width at base of barrier 17 in. 

Center of gravity location 5.73 in. 
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Live Load 

The precast deck panel is designed for HL-93 truck loading. More details of the HL-93 truck 
loading can be found in section 3.6 of the AASHTO LRFD Bridge Design Specifications.(27) 

Collision Load 

The collision moment capacity of the Iowa DOT standard F-shape barrier (Mc) varies from 13 
kip-ft/ft to 13.9 kip-ft/ft depending on the location and test level (TL). A detail of the standard F-
type barrier is shown in figure 45. The collision design parameters for the barrier are taken from 
the Iowa DOT Bridge Design Manual and are summarized in table 9.(43) The values presented in 
table 9 may be replaced with appropriate information to meet the local design practice. 

Table 9. Collision design parameters suggested for the Iowa standard F-type barrier. 

Parameters 
Rail Rating Rw (kips) Lc (ft) Mc k-ft/ft (avg) 
TL-4 interior 117 11.5 13.0 

TL-4, end 74 8.0 13.0 

TL-5, interior 138 16.7 13.9 

TL-5, end 133.6 9.7 13.9 
 

Interior Deck Design Moment Demand 

As detailed in table 5, the moment demand for deck panel between the girders (+ve moment 
region) and at the interior girder locations (-ve moment region) is estimated using the strength-I 
limit state. The moment demands due to different loads are: 

• Dead load moment: Considering the self-weight of the waffle deck panel and dead load of 
the wearing surface, the design dead load at strength-I limit state for the transverse strip can 
be estimated using the equation presented in figure 23. 

D,des ts tsw = 1.25 W 1.5 Wwaffle wsw w+  
Figure 23. Equation. The design dead load at the strength-I limit state. 

where wwaffle = self-weight of the panel (from table 7), Wts = transverse strip width (from 
table 3), and wws = wearing surface (= 23.3* tws/2 psf) (from figure 23). 

• The positive and negative moment due to design dead load for the design strip can be 
conservatively estimated using the equation in figure 24: 
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2
D,des

, ,

w  (k/ft) S (ft)
M (kip-ft) M (kip-ft)

10
ve ve

DL des DL des
+ −= =

 
Figure 24. Equation. The positive and negative bending moment due to dead load for the design 

strip. 

where wD,des = factored dead load and S = girder-to-girder spacing. Dividing the design 
moment with the design strip width (Wts) gives the design moment per 1-ft-wide transverse 
strip. The corresponding values for different rib spacing in the longitudinal and transverse 
directions and girder-to-girder spacing are provided in table 10. 

• Live load moment: The maximum positive (MLL
+ve) and negative (MLL-ve) live load moment 

should be taken from the AASHTO LRFD Bridge Design Specifications Table  
A4-1, which lists the maximum live load moments for different girder spacing.(27) This value 
already accounts for multiple presence factors and a dynamic load allowance. The values 
from Table A4-1 for live load design moments for positive and negative bending regions are 
reproduced for convenience in table 11 and table 12, respectively. 

• Design moment: The design moment demand at the strength-I limit state should be 
estimated using the load combinations presented in table 5 and is given by the equation in 
figure 25: 

,

,

               and

ve ve ve
u DL des LL

ve ve ve
u DL des LL

M M M

M M M

+ + +

− − −

= +

= +  
Figure 25. Equation. The design moment demand equation for strength-I limit state. 

The design moment values for different girder spacing and transverse rib spacing may be 
estimated using the values from tables 10 through 12. Tables 13 and 14 present the design 
moment demands for the positive and negative moment regions of the deck panel, 
respectively. The critical section location for the negative moment is taken as 3 inches from 
the centerline of the girder. This value is justified to be equal to one-fourth the minimum 
flange width for typical bridge girders, which was found to be 12 inches (based on the survey 
of the DOT standard details). From table 13, it is clear that the maximum +ve moment 
demand varies from 8.29 kip-ft/ft to 13.17 kip-ft/ft as the girder spacing varies from 4 ft to 10 
ft. In addition, from table 14, it is noted that the maximum -ve moment demand varies from 
3.81 kip-ft/ft to 13.41 kip-ft/ft as the girder spacing increases. 
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Table 10. Suitable values for estimating the design moments for waffle deck panels due to dead load (self weight and wearing 
surface). 

Girder 
Spacing  

Design positive and negative moment values due to dead load (kip-ft/ft) (M+ve DL, des
  and M-ve DL, des) 

4’-0” 4’-3” 4’-6” 4’-9” 5’-0” 5’-3” 5’-6” 5’-9” 6’-0” 6’-3” 6’-6” 6’-9” 7’-0” 7’-3” 7’-6” 7’-9” 8’-0” 8’-3” 8’-6” 8’-9” 9’-0” 9’-3” 9’-6” 9’-9” 10’ 

Tr
an

sv
er

se
 ri

b 
sp

ac
in

g 
(in

.) 

Longitudinal rib spacing = 36” 
36” 0.15 0.17 0.19 0.21 0.23 0.26 0.28 0.31 0.34 0.36 0.39 0.43 0.46 0.49 0.53 0.56 0.60 0.64 0.67 0.71 0.76 0.80 0.84 0.89 0.93 
33” 0.15 0.17 0.19 0.21 0.24 0.26 0.28 0.31 0.34 0.37 0.40 0.43 0.46 0.49 0.53 0.57 0.60 0.64 0.68 0.72 0.76 0.81 0.85 0.90 0.94 
30” 0.15 0.17 0.19 0.21 0.24 0.26 0.29 0.31 0.34 0.37 0.40 0.43 0.47 0.50 0.54 0.57 0.61 0.65 0.69 0.73 0.77 0.81 0.86 0.90 0.95 
27” 0.15 0.17 0.19 0.22 0.24 0.27 0.29 0.32 0.35 0.38 0.41 0.44 0.47 0.51 0.54 0.58 0.62 0.66 0.70 0.74 0.78 0.82 0.87 0.92 0.96 
24” 0.16 0.18 0.20 0.22 0.24 0.27 0.30 0.32 0.35 0.38 0.41 0.45 0.48 0.51 0.55 0.59 0.63 0.67 0.71 0.75 0.79 0.84 0.88 0.93 0.98 
21” 0.16 0.18 0.20 0.22 0.25 0.27 0.30 0.33 0.36 0.39 0.42 0.45 0.49 0.52 0.56 0.60 0.64 0.68 0.72 0.76 0.81 0.85 0.90 0.95 1.00 
18” 0.16 0.18 0.21 0.23 0.26 0.28 0.31 0.34 0.37 0.40 0.43 0.47 0.50 0.54 0.57 0.61 0.65 0.70 0.74 0.78 0.83 0.87 0.92 0.97 1.02 

 Longitudinal rib spacing = 33” 

Tr
an

sv
er

se
 ri

b 
sp

ac
in

g 
(in

.) 

36” 0.15 0.17 0.19 0.21 0.24 0.26 0.28 0.31 0.34 0.37 0.40 0.43 0.46 0.49 0.53 0.57 0.60 0.64 0.68 0.72 0.76 0.81 0.85 0.90 0.94 
33” 0.15 0.17 0.19 0.21 0.24 0.26 0.29 0.31 0.34 0.37 0.40 0.43 0.47 0.50 0.53 0.57 0.61 0.65 0.69 0.73 0.77 0.81 0.86 0.90 0.95 
30” 0.15 0.17 0.19 0.22 0.24 0.26 0.29 0.32 0.35 0.37 0.41 0.44 0.47 0.50 0.54 0.58 0.61 0.65 0.69 0.73 0.78 0.82 0.87 0.91 0.96 
27” 0.16 0.18 0.20 0.22 0.24 0.27 0.29 0.32 0.35 0.38 0.41 0.44 0.48 0.51 0.55 0.58 0.62 0.66 0.70 0.74 0.79 0.83 0.88 0.92 0.97 
24” 0.16 0.18 0.20 0.22 0.25 0.27 0.30 0.33 0.35 0.38 0.42 0.45 0.48 0.52 0.55 0.59 0.63 0.67 0.71 0.75 0.80 0.84 0.89 0.94 0.99 
21” 0.16 0.18 0.20 0.23 0.25 0.28 0.30 0.33 0.36 0.39 0.42 0.46 0.49 0.53 0.56 0.60 0.64 0.68 0.73 0.77 0.81 0.86 0.91 0.95 1.00 
18” 0.16 0.19 0.21 0.23 0.26 0.28 0.31 0.34 0.37 0.40 0.43 0.47 0.50 0.54 0.58 0.62 0.66 0.70 0.74 0.79 0.83 0.88 0.93 0.98 1.03 

 Longitudinal rib spacing = 30” 

Tr
an

sv
er

se
 ri

b 
sp

ac
in

g 
(in

.) 

36” 0.15 0.17 0.19 0.21 0.24 0.26 0.29 0.31 0.34 0.37 0.40 0.43 0.47 0.50 0.54 0.57 0.61 0.65 0.69 0.73 0.77 0.81 0.86 0.90 0.95 
33” 0.15 0.17 0.19 0.22 0.24 0.26 0.29 0.32 0.35 0.37 0.41 0.44 0.47 0.50 0.54 0.58 0.61 0.65 0.69 0.73 0.78 0.82 0.87 0.91 0.96 
30” 0.15 0.17 0.20 0.22 0.24 0.27 0.29 0.32 0.35 0.38 0.41 0.44 0.47 0.51 0.54 0.58 0.62 0.66 0.70 0.74 0.78 0.83 0.87 0.92 0.97 
27” 0.16 0.18 0.20 0.22 0.25 0.27 0.30 0.32 0.35 0.38 0.41 0.45 0.48 0.52 0.55 0.59 0.63 0.67 0.71 0.75 0.79 0.84 0.88 0.93 0.98 
24” 0.16 0.18 0.20 0.22 0.25 0.27 0.30 0.33 0.36 0.39 0.42 0.45 0.49 0.52 0.56 0.60 0.64 0.68 0.72 0.76 0.81 0.85 0.90 0.95 0.99 
21” 0.16 0.18 0.21 0.23 0.25 0.28 0.31 0.34 0.36 0.40 0.43 0.46 0.50 0.53 0.57 0.61 0.65 0.69 0.73 0.78 0.82 0.87 0.91 0.96 1.01 
18” 0.17 0.19 0.21 0.23 0.26 0.29 0.31 0.34 0.37 0.41 0.44 0.47 0.51 0.55 0.58 0.62 0.66 0.71 0.75 0.80 0.84 0.89 0.94 0.99 1.04 

 Longitudinal rib spacing = 27” 

Tr
an

sv
er

se
 ri

b 
sp

ac
in

g 
(in

.) 

36” 0.15 0.17 0.19 0.22 0.24 0.27 0.29 0.32 0.35 0.38 0.41 0.44 0.47 0.51 0.54 0.58 0.62 0.66 0.70 0.74 0.78 0.82 0.87 0.92 0.96 
33” 0.16 0.18 0.20 0.22 0.24 0.27 0.29 0.32 0.35 0.38 0.41 0.44 0.48 0.51 0.55 0.58 0.62 0.66 0.70 0.74 0.79 0.83 0.88 0.92 0.97 
30” 0.16 0.18 0.20 0.22 0.25 0.27 0.30 0.32 0.35 0.38 0.41 0.45 0.48 0.52 0.55 0.59 0.63 0.67 0.71 0.75 0.79 0.84 0.88 0.93 0.98 
27” 0.16 0.18 0.20 0.22 0.25 0.27 0.30 0.33 0.36 0.39 0.42 0.45 0.49 0.52 0.56 0.60 0.63 0.68 0.72 0.76 0.80 0.85 0.90 0.94 0.99 
24” 0.16 0.18 0.20 0.23 0.25 0.28 0.30 0.33 0.36 0.39 0.43 0.46 0.49 0.53 0.57 0.60 0.64 0.69 0.73 0.77 0.82 0.86 0.91 0.96 1.01 
21” 0.16 0.19 0.21 0.23 0.26 0.28 0.31 0.34 0.37 0.40 0.43 0.47 0.50 0.54 0.58 0.62 0.66 0.70 0.74 0.79 0.83 0.88 0.93 0.97 1.03 
18” 0.17 0.19 0.21 0.24 0.26 0.29 0.32 0.35 0.38 0.41 0.44 0.48 0.51 0.55 0.59 0.63 0.67 0.71 0.76 0.80 0.85 0.90 0.95 1.00 1.05 
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Table 10. Suitable values for estimating the design moments for waffle deck panels due to dead load (self weight and wearing 
surface), continued. 

Girder 
Spacing  

Design positive and negative moment values due to dead load (kip-ft/ft) (M+ve DL, des
  and M-ve DL, des) 

4’-0” 4’-3” 4’-6” 4’-9” 5’-0” 5’-3” 5’-6” 5’-9” 6’-0” 6’-3” 6’-6” 6’-9” 7’-0” 7’-3” 7’-6” 7’-9” 8’-0” 8’-3” 8’-6” 8’-9” 9’-0” 9’-3” 9’-6” 9’-9” 10’ 

Tr
an

sv
er

se
 ri

b 
sp

ac
in

g 
(in

.) 

Longitudinal rib spacing = 24” 
36” 0.16 0.18 0.20 0.22 0.24 0.27 0.30 0.32 0.35 0.38 0.41 0.45 0.48 0.51 0.55 0.59 0.63 0.67 0.71 0.75 0.79 0.84 0.88 0.93 0.98 
33” 0.16 0.18 0.20 0.22 0.25 0.27 0.30 0.33 0.35 0.38 0.42 0.45 0.48 0.52 0.55 0.59 0.63 0.67 0.71 0.75 0.80 0.84 0.89 0.94 0.99 
30” 0.16 0.18 0.20 0.22 0.25 0.27 0.30 0.33 0.36 0.39 0.42 0.45 0.49 0.52 0.56 0.60 0.64 0.68 0.72 0.76 0.81 0.85 0.90 0.95 0.99 
27” 0.16 0.18 0.20 0.23 0.25 0.28 0.30 0.33 0.36 0.39 0.43 0.46 0.49 0.53 0.57 0.60 0.64 0.69 0.73 0.77 0.82 0.86 0.91 0.96 1.01 
24” 0.16 0.18 0.21 0.23 0.26 0.28 0.31 0.34 0.37 0.40 0.43 0.47 0.50 0.54 0.57 0.61 0.65 0.70 0.74 0.78 0.83 0.87 0.92 0.97 1.02 
21” 0.17 0.19 0.21 0.23 0.26 0.29 0.31 0.34 0.37 0.41 0.44 0.47 0.51 0.55 0.58 0.62 0.67 0.71 0.75 0.80 0.84 0.89 0.94 0.99 1.04 
18” 0.17 0.19 0.22 0.24 0.27 0.29 0.32 0.35 0.38 0.42 0.45 0.49 0.52 0.56 0.60 0.64 0.68 0.72 0.77 0.82 0.86 0.91 0.96 1.01 1.06 

 Longitudinal rib spacing = 21” 

Tr
an

sv
er

se
 ri

b 
sp

ac
in

g 
(in

.) 

36” 0.16 0.18 0.20 0.22 0.25 0.27 0.30 0.33 0.36 0.39 0.42 0.45 0.49 0.52 0.56 0.60 0.64 0.68 0.72 0.76 0.81 0.85 0.90 0.95 1.00 
33” 0.16 0.18 0.20 0.23 0.25 0.28 0.30 0.33 0.36 0.39 0.42 0.46 0.49 0.53 0.56 0.60 0.64 0.68 0.73 0.77 0.81 0.86 0.91 0.95 1.00 
30” 0.16 0.18 0.21 0.23 0.25 0.28 0.31 0.34 0.36 0.40 0.43 0.46 0.50 0.53 0.57 0.61 0.65 0.69 0.73 0.78 0.82 0.87 0.91 0.96 1.01 
27” 0.16 0.19 0.21 0.23 0.26 0.28 0.31 0.34 0.37 0.40 0.43 0.47 0.50 0.54 0.58 0.62 0.66 0.70 0.74 0.79 0.83 0.88 0.93 0.97 1.03 
24” 0.17 0.19 0.21 0.23 0.26 0.29 0.31 0.34 0.37 0.41 0.44 0.47 0.51 0.55 0.58 0.62 0.67 0.71 0.75 0.80 0.84 0.89 0.94 0.99 1.04 
21” 0.17 0.19 0.21 0.24 0.26 0.29 0.32 0.35 0.38 0.41 0.45 0.48 0.52 0.56 0.60 0.64 0.68 0.72 0.76 0.81 0.86 0.91 0.96 1.01 1.06 
18” 0.17 0.20 0.22 0.24 0.27 0.30 0.33 0.36 0.39 0.42 0.46 0.49 0.53 0.57 0.61 0.65 0.69 0.74 0.78 0.83 0.88 0.93 0.98 1.03 1.08 

 Longitudinal rib spacing = 18” 

Tr
an

sv
er

se
 ri

b 
sp

ac
in

g 
(in

.) 

36” 0.16 0.18 0.21 0.23 0.26 0.28 0.31 0.34 0.37 0.40 0.43 0.47 0.50 0.54 0.57 0.61 0.65 0.70 0.74 0.78 0.83 0.87 0.92 0.97 1.02 
33” 0.16 0.19 0.21 0.23 0.26 0.28 0.31 0.34 0.37 0.40 0.43 0.47 0.50 0.54 0.58 0.62 0.66 0.70 0.74 0.79 0.83 0.88 0.93 0.98 1.03 
30” 0.17 0.19 0.21 0.23 0.26 0.29 0.31 0.34 0.37 0.41 0.44 0.47 0.51 0.55 0.58 0.62 0.66 0.71 0.75 0.80 0.84 0.89 0.94 0.99 1.04 
27” 0.17 0.19 0.21 0.24 0.26 0.29 0.32 0.35 0.38 0.41 0.44 0.48 0.51 0.55 0.59 0.63 0.67 0.71 0.76 0.80 0.85 0.90 0.95 1.00 1.05 
24” 0.17 0.19 0.22 0.24 0.27 0.29 0.32 0.35 0.38 0.42 0.45 0.49 0.52 0.56 0.60 0.64 0.68 0.72 0.77 0.82 0.86 0.91 0.96 1.01 1.06 
21” 0.17 0.20 0.22 0.24 0.27 0.30 0.33 0.36 0.39 0.42 0.46 0.49 0.53 0.57 0.61 0.65 0.69 0.74 0.78 0.83 0.88 0.93 0.98 1.03 1.08 
18” 0.18 0.20 0.22 0.25 0.28 0.31 0.34 0.37 0.40 0.43 0.47 0.51 0.54 0.58 0.62 0.67 0.71 0.75 0.80 0.85 0.90 0.95 1.00 1.05 1.11 
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Table 11. Table A4-1 from AASHTO LRFD specifications with a load factor of 1.75 as the LL 
positive moment effect in strength-I limit state.(27) 

Girder Spacing 
(ft-in.) 

Live Load Positive 
Moment  (MLL

+ve) 
kip-ft/ft 

Design Positive Moment  
(MLL,des

+ve) = 1.75a (MLL
+ve) 

kip-ft/ft 
4’-0” 4.68 8.19 
4’-3” 4.66 8.16 
4’-6” 4.63 8.10 
4’-9” 4.64 8.12 
5’-0” 4.65 8.14 
5’-3” 4.67 8.17 
5’-6” 4.71 8.24 
5’-9” 4.77 8.35 
6’-0” 4.83 8.45 
6’-3” 4.91 8.59 
6’-6” 5.00 8.75 
6’-9” 5.10 8.93 
7’-0” 5.21 9.12 
7’-3” 5.32 9.31 
7’-6” 5.44 9.52 
7’-9” 5.56 9.73 
8’-0” 5.69 9.96 
8’-3” 5.83 10.20 
8’-6” 5.99 10.48 
8’-9” 6.14 10.75 
9’-0” 6.29 11.01 
9’-3” 6.44 11.27 
9’-6” 6.59 11.53 
9’-9” 6.74 11.80 

10’-0” 6.89 12.06 
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Table 12. Table A4-1 from AASHTO LRFD specifications with a load factor of 1.75 as the LL 
negative moment effect in strength-I limit state).(27) 

Girder 
Spacing  
(ft-in) 

Live Load Negative Moment (MLL
-

ve) 
kip-ft/ft 

Design Negative Moment  (MLL,des
-ve) 

= 1.75a (MLL
+ve) kip-ft/ft 

 0” 3” 6” 0” 3” 6” 
4’-0” 2.68 2.07 1.74 4.69 3.62 3.05 
4’-3” 2.73 2.25 1.95 4.78 3.94 3.41 
4’-6” 3.00 2.58 2.19 5.25 4.52 3.83 
4’-9” 3.38 2.90 2.43 5.92 5.08 4.25 
5’-0” 3.74 3.20 2.66 6.55 5.60 4.66 
5’-3” 4.06 3.47 2.89 7.11 6.07 5.06 
5’-6” 4.36 3.73 3.11 7.63 6.53 5.44 
5’-9” 4.63 3.97 3.31 8.10 6.95 5.79 
6’-0” 4.88 4.19 3.50 8.54 7.33 6.13 
6’-3” 5.10 4.39 3.68 8.93 7.68 6.44 
6’-6” 5.31 4.57 3.84 9.29 8.00 6.72 
6’-9” 5.50 4.74 3.99 9.63 8.30 6.98 
7’-0” 5.98 5.17 4.36 10.47 9.05 7.63 
7’-3” 6.13 5.31 4.49 10.73 9.29 7.86 
7’-6” 6.26 5.43 4.61 10.96 9.50 8.07 
7’-9” 6.38 5.54 4.71 11.17 9.70 8.24 
8’-0” 6.48 5.65 4.81 11.34 9.89 8.42 
8’-3” 6.58 5.74 4.90 11.52 10.05 8.58 
8’-6” 6.66 5.82 4.98 11.66 10.19 8.72 
8’-9” 6.74 5.90 5.06 11.80 10.33 8.86 
9’-0” 6.81 5.97 5.13 11.92 10.45 8.98 
9’-3” 6.87 6.03 5.19 12.02 10.55 9.08 
9’-6” 7.15 6.31 5.46 12.51 11.04 9.56 
9’-9” 7.51 6.65 5.80 13.14 11.64 10.15 

10’-0” 7.85 6.99 6.13 13.74 12.23 10.73 
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Table 13. The positive moment demand for waffle deck panel at strength-I limit state. 

Girder 
Spacing  

Design positive moment values for UHPC waffle deck panel (kip-ft/ft) 

4’-0” 4’-3” 4’-6” 4’-9” 5’-0” 5’-3” 5’-6” 5’-9” 6’-0” 6’-3” 6’-6” 6’-9” 7’-0” 7’-3” 7’-6” 7’-9” 8’-0” 8’-3” 8’-6” 8’-9” 9’-0” 9’-3” 9’-6” 9’-9” 10’ 

Tr
an

sv
er

se
 ri

b 
sp

ac
in

g 
(in

.) 

Longitudinal rib spacing = 36” 
36” 8.34 8.32 8.29 8.33 8.37 8.43 8.52 8.66 8.79 8.96 9.14 9.35 9.58 9.80 10.05 10.29 10.56 10.84 11.16 11.46 11.76 12.07 12.38 12.68 12.99 
33” 8.34 8.33 8.29 8.33 8.37 8.43 8.53 8.66 8.79 8.96 9.15 9.35 9.58 9.80 10.05 10.30 10.56 10.84 11.16 11.47 11.77 12.08 12.38 12.69 13.00 
30” 8.34 8.33 8.30 8.33 8.38 8.43 8.53 8.66 8.79 8.96 9.15 9.36 9.58 9.81 10.06 10.30 10.57 10.85 11.17 11.47 11.78 12.08 12.39 12.70 13.01 
27” 8.34 8.33 8.30 8.34 8.38 8.44 8.53 8.67 8.80 8.97 9.16 9.36 9.59 9.82 10.06 10.31 10.57 10.86 11.18 11.48 11.79 12.09 12.40 12.71 13.02 
24” 8.35 8.33 8.30 8.34 8.38 8.44 8.54 8.67 8.80 8.97 9.16 9.37 9.60 9.82 10.07 10.32 10.58 10.87 11.19 11.49 11.80 12.11 12.41 12.72 13.03 
21” 8.35 8.33 8.30 8.34 8.39 8.45 8.54 8.68 8.81 8.98 9.17 9.38 9.61 9.83 10.08 10.33 10.60 10.88 11.20 11.51 11.81 12.12 12.43 12.74 13.05 
18” 8.35 8.34 8.31 8.35 8.39 8.45 8.55 8.69 8.82 8.99 9.18 9.39 9.62 9.85 10.09 10.34 10.61 10.90 11.22 11.53 11.83 12.14 12.45 12.77 13.08 

 Longitudinal rib spacing = 33” 

Tr
an

sv
er

se
 ri

b 
sp

ac
in

g 
(in

.) 

36” 8.34 8.33 8.29 8.33 8.37 8.43 8.53 8.66 8.79 8.96 9.15 9.35 9.58 9.80 10.05 10.30 10.56 10.84 11.16 11.47 11.77 12.08 12.38 12.69 13.00 
33” 8.34 8.33 8.29 8.33 8.37 8.43 8.53 8.66 8.79 8.96 9.15 9.36 9.58 9.81 10.05 10.30 10.57 10.85 11.17 11.47 11.78 12.08 12.39 12.70 13.01 
30” 8.34 8.33 8.30 8.34 8.38 8.44 8.53 8.66 8.80 8.97 9.16 9.36 9.59 9.81 10.06 10.31 10.57 10.86 11.18 11.48 11.78 12.09 12.40 12.71 13.02 
27” 8.35 8.33 8.30 8.34 8.38 8.44 8.54 8.67 8.80 8.97 9.16 9.37 9.59 9.82 10.07 10.31 10.58 10.86 11.18 11.49 11.79 12.10 12.41 12.72 13.03 
24” 8.35 8.33 8.30 8.34 8.38 8.44 8.54 8.67 8.81 8.98 9.17 9.37 9.60 9.83 10.07 10.32 10.59 10.87 11.19 11.50 11.81 12.11 12.42 12.73 13.04 
21” 8.35 8.34 8.31 8.35 8.39 8.45 8.55 8.68 8.81 8.98 9.17 9.38 9.61 9.84 10.08 10.33 10.60 10.89 11.21 11.51 11.82 12.13 12.44 12.75 13.06 
18” 8.35 8.34 8.31 8.35 8.39 8.46 8.55 8.69 8.82 8.99 9.18 9.39 9.62 9.85 10.10 10.35 10.62 10.90 11.23 11.53 11.84 12.15 12.46 12.77 13.09 

 Longitudinal rib spacing = 30” 

Tr
an

sv
er

se
 ri

b 
sp

ac
in

g 
(in

.) 

36” 8.34 8.33 8.30 8.33 8.38 8.43 8.53 8.66 8.79 8.96 9.15 9.36 9.58 9.81 10.06 10.30 10.57 10.85 11.17 11.47 11.78 12.08 12.39 12.70 13.01 
33” 8.34 8.33 8.30 8.34 8.38 8.44 8.53 8.66 8.80 8.97 9.16 9.36 9.59 9.81 10.06 10.31 10.57 10.86 11.18 11.48 11.78 12.09 12.40 12.71 13.02 
30” 8.34 8.33 8.30 8.34 8.38 8.44 8.54 8.67 8.80 8.97 9.16 9.37 9.59 9.82 10.06 10.31 10.58 10.86 11.18 11.49 11.79 12.10 12.41 12.72 13.03 
27” 8.35 8.33 8.30 8.34 8.38 8.44 8.54 8.67 8.81 8.98 9.16 9.37 9.60 9.83 10.07 10.32 10.58 10.87 11.19 11.50 11.80 12.11 12.42 12.73 13.04 
24” 8.35 8.33 8.30 8.34 8.39 8.45 8.54 8.68 8.81 8.98 9.17 9.38 9.61 9.83 10.08 10.33 10.59 10.88 11.20 11.51 11.81 12.12 12.43 12.74 13.05 
21” 8.35 8.34 8.31 8.35 8.39 8.45 8.55 8.68 8.82 8.99 9.18 9.39 9.61 9.84 10.09 10.34 10.61 10.89 11.21 11.52 11.83 12.14 12.45 12.76 13.07 
18” 8.36 8.34 8.31 8.35 8.40 8.46 8.56 8.69 8.83 9.00 9.19 9.40 9.63 9.86 10.10 10.35 10.62 10.91 11.23 11.54 11.85 12.16 12.47 12.78 13.10 

 Longitudinal rib spacing = 27” 

Tr
an

sv
er

se
 ri

b 
sp

ac
in

g 
(in

.) 

36” 8.34 8.33 8.30 8.34 8.38 8.44 8.53 8.67 8.80 8.97 9.16 9.36 9.59 9.82 10.06 10.31 10.57 10.86 11.18 11.48 11.79 12.09 12.40 12.71 13.02 
33” 8.35 8.33 8.30 8.34 8.38 8.44 8.54 8.67 8.80 8.97 9.16 9.37 9.59 9.82 10.07 10.31 10.58 10.86 11.18 11.49 11.79 12.10 12.41 12.72 13.03 
30” 8.35 8.33 8.30 8.34 8.38 8.44 8.54 8.67 8.81 8.98 9.16 9.37 9.60 9.83 10.07 10.32 10.58 10.87 11.19 11.50 11.80 12.11 12.42 12.73 13.04 
27” 8.35 8.33 8.30 8.34 8.39 8.45 8.54 8.68 8.81 8.98 9.17 9.38 9.60 9.83 10.08 10.33 10.59 10.88 11.20 11.50 11.81 12.12 12.43 12.74 13.05 
24” 8.35 8.34 8.31 8.35 8.39 8.45 8.55 8.68 8.81 8.99 9.18 9.38 9.61 9.84 10.09 10.33 10.60 10.89 11.21 11.52 11.82 12.13 12.44 12.75 13.06 
21” 8.35 8.34 8.31 8.35 8.39 8.46 8.55 8.69 8.82 8.99 9.18 9.39 9.62 9.85 10.10 10.35 10.61 10.90 11.22 11.53 11.84 12.15 12.46 12.77 13.08 
18” 8.36 8.34 8.32 8.36 8.40 8.46 8.56 8.69 8.83 9.00 9.19 9.40 9.63 9.86 10.11 10.36 10.63 10.92 11.24 11.55 11.86 12.17 12.48 12.79 13.11 
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Table 13. The positive moment demand for waffle deck panel at strength-I limit state, continued. 

Girder 
Spacing  

Design positive moment values for UHPC waffle deck panel (kip-ft/ft) 

4’-0” 4’-3” 4’-6” 4’-9” 5’-0” 5’-3” 5’-6” 5’-9” 6’-0” 6’-3” 6’-6” 6’-9” 7’-0” 7’-3” 7’-6” 7’-9” 8’-0” 8’-3” 8’-6” 8’-9” 9’-0” 9’-3” 9’-6” 9’-9” 10’ 

Tr
an

sv
er

se
 ri

b 
sp

ac
in

g 
(in

.) 

Longitudinal rib spacing = 24” 
36” 8.35 8.33 8.30 8.34 8.38 8.44 8.54 8.67 8.80 8.97 9.16 9.37 9.60 9.82 10.07 10.32 10.58 10.87 11.19 11.49 11.80 12.11 12.41 12.72 13.03 
33” 8.35 8.33 8.30 8.34 8.38 8.44 8.54 8.67 8.81 8.98 9.17 9.37 9.60 9.83 10.07 10.32 10.59 10.87 11.19 11.50 11.81 12.11 12.42 12.73 13.04 
30” 8.35 8.33 8.30 8.34 8.39 8.45 8.54 8.68 8.81 8.98 9.17 9.38 9.61 9.83 10.08 10.33 10.59 10.88 11.20 11.51 11.81 12.12 12.43 12.74 13.05 
27” 8.35 8.34 8.31 8.35 8.39 8.45 8.55 8.68 8.81 8.99 9.18 9.38 9.61 9.84 10.09 10.33 10.60 10.89 11.21 11.52 11.82 12.13 12.44 12.75 13.06 
24” 8.35 8.34 8.31 8.35 8.39 8.45 8.55 8.69 8.82 8.99 9.18 9.39 9.62 9.85 10.09 10.34 10.61 10.90 11.22 11.53 11.83 12.14 12.45 12.77 13.08 
21” 8.36 8.34 8.31 8.35 8.40 8.46 8.56 8.69 8.83 9.00 9.19 9.40 9.63 9.86 10.10 10.35 10.62 10.91 11.23 11.54 11.85 12.16 12.47 12.78 13.10 
18” 8.36 8.35 8.32 8.36 8.40 8.47 8.56 8.70 8.84 9.01 9.20 9.41 9.64 9.87 10.12 10.37 10.64 10.93 11.25 11.56 11.87 12.18 12.49 12.81 13.12 

 Longitudinal rib spacing = 21” 

Tr
an

sv
er

se
 ri

b 
sp

ac
in

g 
(in

.) 

36” 8.35 8.33 8.30 8.34 8.39 8.45 8.54 8.68 8.81 8.98 9.17 9.38 9.61 9.83 10.08 10.33 10.60 10.88 11.20 11.51 11.81 12.12 12.43 12.74 13.05 
33” 8.35 8.34 8.31 8.35 8.39 8.45 8.55 8.68 8.81 8.98 9.17 9.38 9.61 9.84 10.08 10.33 10.60 10.89 11.21 11.51 11.82 12.13 12.44 12.75 13.06 
30” 8.35 8.34 8.31 8.35 8.39 8.45 8.55 8.68 8.82 8.99 9.18 9.39 9.61 9.84 10.09 10.34 10.61 10.89 11.21 11.52 11.83 12.14 12.45 12.76 13.07 
27” 8.35 8.34 8.31 8.35 8.39 8.46 8.55 8.69 8.82 8.99 9.18 9.39 9.62 9.85 10.10 10.35 10.61 10.90 11.22 11.53 11.84 12.15 12.46 12.77 13.08 
24” 8.36 8.34 8.31 8.35 8.40 8.46 8.56 8.69 8.83 9.00 9.19 9.40 9.63 9.86 10.10 10.35 10.62 10.91 11.23 11.54 11.85 12.16 12.47 12.78 13.10 
21” 8.36 8.35 8.32 8.36 8.40 8.46 8.56 8.70 8.83 9.01 9.20 9.41 9.64 9.87 10.12 10.37 10.64 10.92 11.25 11.56 11.87 12.18 12.49 12.80 13.12 
18” 8.36 8.35 8.32 8.36 8.41 8.47 8.57 8.71 8.84 9.02 9.21 9.42 9.65 9.88 10.13 10.38 10.65 10.94 11.27 11.57 11.89 12.20 12.51 12.83 13.14 

 Longitudinal rib spacing = 18” 

Tr
an

sv
er

se
 ri

b 
sp

ac
in

g 
(in

.) 

36” 8.35 8.34 8.31 8.35 8.39 8.45 8.55 8.69 8.82 8.99 9.18 9.39 9.62 9.85 10.09 10.34 10.61 10.90 11.22 11.53 11.83 12.14 12.45 12.77 13.08 
33” 8.35 8.34 8.31 8.35 8.39 8.46 8.55 8.69 8.82 8.99 9.18 9.39 9.62 9.85 10.10 10.35 10.62 10.90 11.23 11.53 11.84 12.15 12.46 12.77 13.09 
30” 8.36 8.34 8.31 8.35 8.40 8.46 8.56 8.69 8.83 9.00 9.19 9.40 9.63 9.86 10.10 10.35 10.62 10.91 11.23 11.54 11.85 12.16 12.47 12.78 13.10 
27” 8.36 8.34 8.32 8.36 8.40 8.46 8.56 8.69 8.83 9.00 9.19 9.40 9.63 9.86 10.11 10.36 10.63 10.92 11.24 11.55 11.86 12.17 12.48 12.79 13.11 
24” 8.36 8.35 8.32 8.36 8.40 8.47 8.56 8.70 8.84 9.01 9.20 9.41 9.64 9.87 10.12 10.37 10.64 10.93 11.25 11.56 11.87 12.18 12.49 12.81 13.12 
21” 8.36 8.35 8.32 8.36 8.41 8.47 8.57 8.71 8.84 9.02 9.21 9.42 9.65 9.88 10.13 10.38 10.65 10.94 11.27 11.57 11.89 12.20 12.51 12.83 13.14 
18” 8.37 8.36 8.33 8.37 8.41 8.48 8.58 8.71 8.85 9.03 9.22 9.43 9.66 9.89 10.14 10.40 10.67 10.96 11.28 11.59 11.91 12.22 12.53 12.85 13.17 
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Table 14. The negative moment demand for waffle deck panel at strength-I limit state. 

Girder 
Spacing  

Design negative moment values for UHPC waffle deck panel (kip-ft/ft) 

4’-0” 4’-3” 4’-6” 4’-9” 5’-0” 5’-3” 5’-6” 5’-9” 6’-0” 6’-3” 6’-6” 6’-9” 7’-0” 7’-3” 7’-6” 7’-9” 8’-0” 8’-3” 8’-6” 8’-9” 9’-0” 9’-3” 9’-6” 9’-9” 10’ 

Tr
an

sv
er

se
 ri

b 
sp

ac
in

g 
(in

.) 

Longitudinal rib spacing = 36” 
36” 3.77 4.11 4.70 5.29 5.83 6.33 6.81 7.26 7.67 8.05 8.39 8.72 9.51 9.78 10.03 10.26 10.49 10.68 10.86 11.04 11.20 11.35 11.89 12.53 13.17 
33” 3.77 4.11 4.71 5.29 5.84 6.33 6.81 7.26 7.67 8.05 8.40 8.72 9.51 9.79 10.03 10.26 10.49 10.69 10.87 11.05 11.21 11.36 11.89 12.53 13.17 
30” 3.77 4.11 4.71 5.29 5.84 6.33 6.82 7.26 7.67 8.05 8.40 8.73 9.51 9.79 10.04 10.27 10.50 10.69 10.87 11.05 11.22 11.37 11.90 12.54 13.18 
27” 3.78 4.11 4.71 5.29 5.84 6.34 6.82 7.27 7.68 8.06 8.40 8.73 9.52 9.80 10.04 10.27 10.50 10.70 10.88 11.06 11.23 11.38 11.91 12.55 13.20 
24” 3.78 4.11 4.71 5.30 5.84 6.34 6.82 7.27 7.68 8.06 8.41 8.74 9.53 9.81 10.05 10.28 10.51 10.71 10.89 11.07 11.24 11.39 11.92 12.57 13.21 
21” 3.78 4.12 4.72 5.30 5.85 6.35 6.83 7.28 7.69 8.07 8.42 8.75 9.54 9.82 10.06 10.29 10.53 10.72 10.90 11.09 11.25 11.40 11.94 12.58 13.23 
18” 3.79 4.12 4.72 5.31 5.86 6.35 6.84 7.29 7.70 8.08 8.43 8.76 9.55 9.83 10.08 10.31 10.54 10.74 10.92 11.11 11.27 11.43 11.96 12.61 13.25 

 Longitudinal rib spacing = 33” 

Tr
an

sv
er

se
 ri

b 
sp

ac
in

g 
(in

.) 

36” 3.77 4.11 4.71 5.29 5.84 6.33 6.81 7.26 7.67 8.05 8.40 8.72 9.51 9.79 10.03 10.26 10.49 10.69 10.87 11.05 11.21 11.36 11.89 12.53 13.17 
33” 3.77 4.11 4.71 5.29 5.84 6.33 6.81 7.26 7.67 8.05 8.40 8.73 9.51 9.79 10.04 10.27 10.50 10.69 10.87 11.05 11.22 11.37 11.90 12.54 13.18 
30” 3.78 4.11 4.71 5.29 5.84 6.34 6.82 7.26 7.68 8.06 8.40 8.73 9.52 9.80 10.04 10.27 10.50 10.70 10.88 11.06 11.22 11.37 11.91 12.55 13.19 
27” 3.78 4.11 4.71 5.29 5.84 6.34 6.82 7.27 7.68 8.06 8.41 8.74 9.52 9.80 10.05 10.28 10.51 10.71 10.89 11.07 11.23 11.38 11.92 12.56 13.20 
24” 3.78 4.12 4.71 5.30 5.85 6.34 6.83 7.27 7.69 8.07 8.41 8.74 9.53 9.81 10.06 10.29 10.52 10.72 10.90 11.08 11.25 11.40 11.93 12.57 13.22 
21” 3.78 4.12 4.72 5.30 5.85 6.35 6.83 7.28 7.69 8.07 8.42 8.75 9.54 9.82 10.07 10.30 10.53 10.73 10.91 11.09 11.26 11.41 11.95 12.59 13.24 
18” 3.79 4.12 4.72 5.31 5.86 6.36 6.84 7.29 7.70 8.08 8.43 8.76 9.55 9.83 10.08 10.31 10.55 10.75 10.93 11.11 11.28 11.43 11.97 12.62 13.26 

 Longitudinal rib spacing = 30” 

Tr
an

sv
er

se
 ri

b 
sp

ac
in

g 
(in

.) 

36” 3.77 4.11 4.71 5.29 5.84 6.33 6.82 7.26 7.67 8.05 8.40 8.73 9.51 9.79 10.04 10.27 10.50 10.69 10.87 11.05 11.22 11.37 11.90 12.54 13.18 
33” 3.78 4.11 4.71 5.29 5.84 6.34 6.82 7.26 7.68 8.06 8.40 8.73 9.52 9.80 10.04 10.27 10.50 10.70 10.88 11.06 11.22 11.37 11.91 12.55 13.19 
30” 3.78 4.11 4.71 5.29 5.84 6.34 6.82 7.27 7.68 8.06 8.41 8.74 9.52 9.80 10.05 10.28 10.51 10.70 10.88 11.07 11.23 11.38 11.92 12.56 13.20 
27” 3.78 4.11 4.71 5.30 5.85 6.34 6.82 7.27 7.69 8.07 8.41 8.74 9.53 9.81 10.05 10.28 10.51 10.71 10.89 11.08 11.24 11.39 11.93 12.57 13.21 
24” 3.78 4.12 4.72 5.30 5.85 6.35 6.83 7.28 7.69 8.07 8.42 8.75 9.54 9.82 10.06 10.29 10.52 10.72 10.90 11.09 11.25 11.40 11.94 12.58 13.23 
21” 3.78 4.12 4.72 5.30 5.85 6.35 6.83 7.28 7.70 8.08 8.43 8.76 9.54 9.83 10.07 10.30 10.54 10.73 10.92 11.10 11.27 11.42 11.96 12.60 13.25 
18” 3.79 4.13 4.73 5.31 5.86 6.36 6.84 7.29 7.71 8.09 8.44 8.77 9.56 9.84 10.09 10.32 10.55 10.75 10.94 11.12 11.29 11.44 11.98 12.62 13.27 

 Longitudinal rib spacing = 27” 

Tr
an

sv
er

se
 ri

b 
sp

ac
in

g 
(in

.) 

36” 3.78 4.11 4.71 5.29 5.84 6.34 6.82 7.27 7.68 8.06 8.40 8.73 9.52 9.80 10.04 10.27 10.50 10.70 10.88 11.06 11.23 11.38 11.91 12.55 13.20 
33” 3.78 4.11 4.71 5.29 5.84 6.34 6.82 7.27 7.68 8.06 8.41 8.74 9.52 9.80 10.05 10.28 10.51 10.71 10.89 11.07 11.23 11.38 11.92 12.56 13.20 
30” 3.78 4.11 4.71 5.30 5.85 6.34 6.82 7.27 7.69 8.07 8.41 8.74 9.53 9.81 10.05 10.28 10.51 10.71 10.89 11.08 11.24 11.39 11.93 12.57 13.21 
27” 3.78 4.12 4.72 5.30 5.85 6.35 6.83 7.28 7.69 8.07 8.42 8.75 9.53 9.81 10.06 10.29 10.52 10.72 10.90 11.08 11.25 11.40 11.94 12.58 13.22 
24” 3.78 4.12 4.72 5.30 5.85 6.35 6.83 7.28 7.69 8.08 8.42 8.75 9.54 9.82 10.07 10.30 10.53 10.73 10.91 11.10 11.26 11.41 11.95 12.59 13.24 
21” 3.79 4.12 4.72 5.31 5.86 6.36 6.84 7.29 7.70 8.08 8.43 8.76 9.55 9.83 10.08 10.31 10.54 10.74 10.93 11.11 11.28 11.43 11.97 12.61 13.26 
18” 3.79 4.13 4.73 5.31 5.86 6.36 6.85 7.29 7.71 8.09 8.44 8.77 9.56 9.84 10.09 10.33 10.56 10.76 10.94 11.13 11.30 11.45 11.99 12.64 13.28 
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Table 14. The negative moment demand for waffle deck panel at strength-I limit state, continued. 

Girder 
Spacing  

Design negative moment values due to dead load (kip-ft/ft) 

4’-0” 4’-3” 4’-6” 4’-9” 5’-0” 5’-3” 5’-6” 5’-9” 6’-0” 6’-3” 6’-6” 6’-9” 7’-0” 7’-3” 7’-6” 7’-9” 8’-0” 8’-3” 8’-6” 8’-9” 9’-0” 9’-3” 9’-6” 9’-9” 10’ 

Tr
an

sv
er

se
 ri

b 
sp

ac
in

g 
(in

.) 

Longitudinal rib spacing = 24” 
36” 3.78 4.11 4.71 5.30 5.84 6.34 6.82 7.27 7.68 8.06 8.41 8.74 9.53 9.81 10.05 10.28 10.51 10.71 10.89 11.07 11.24 11.39 11.92 12.57 13.21 
33” 3.78 4.12 4.71 5.30 5.85 6.34 6.83 7.27 7.69 8.07 8.41 8.74 9.53 9.81 10.06 10.29 10.52 10.72 10.90 11.08 11.25 11.40 11.93 12.57 13.22 
30” 3.78 4.12 4.72 5.30 5.85 6.35 6.83 7.28 7.69 8.07 8.42 8.75 9.54 9.82 10.06 10.29 10.52 10.72 10.90 11.09 11.25 11.40 11.94 12.58 13.23 
27” 3.78 4.12 4.72 5.30 5.85 6.35 6.83 7.28 7.69 8.08 8.42 8.75 9.54 9.82 10.07 10.30 10.53 10.73 10.91 11.10 11.26 11.41 11.95 12.59 13.24 
24” 3.79 4.12 4.72 5.31 5.86 6.35 6.84 7.29 7.70 8.08 8.43 8.76 9.55 9.83 10.08 10.31 10.54 10.74 10.92 11.11 11.27 11.43 11.96 12.61 13.25 
21” 3.79 4.13 4.73 5.31 5.86 6.36 6.84 7.29 7.71 8.09 8.44 8.77 9.56 9.84 10.09 10.32 10.55 10.75 10.94 11.12 11.29 11.44 11.98 12.63 13.27 
18” 3.79 4.13 4.73 5.32 5.87 6.37 6.85 7.30 7.72 8.10 8.45 8.78 9.57 9.85 10.10 10.33 10.57 10.77 10.95 11.14 11.31 11.46 12.00 12.65 13.30 

 Longitudinal rib spacing = 21” 

Tr
an

sv
er

se
 ri

b 
sp

ac
in

g 
(in

.) 

36” 3.78 4.12 4.72 5.30 5.85 6.35 6.83 7.28 7.69 8.07 8.42 8.75 9.54 9.82 10.06 10.29 10.53 10.72 10.90 11.09 11.25 11.40 11.94 12.58 13.23 
33” 3.78 4.12 4.72 5.30 5.85 6.35 6.83 7.28 7.69 8.07 8.42 8.75 9.54 9.82 10.07 10.30 10.53 10.73 10.91 11.09 11.26 11.41 11.95 12.59 13.24 
30” 3.78 4.12 4.72 5.30 5.85 6.35 6.83 7.28 7.70 8.08 8.43 8.76 9.54 9.83 10.07 10.30 10.54 10.73 10.92 11.10 11.27 11.42 11.96 12.60 13.25 
27” 3.79 4.12 4.72 5.31 5.86 6.36 6.84 7.29 7.70 8.08 8.43 8.76 9.55 9.83 10.08 10.31 10.54 10.74 10.93 11.11 11.28 11.43 11.97 12.61 13.26 
24” 3.79 4.13 4.73 5.31 5.86 6.36 6.84 7.29 7.71 8.09 8.44 8.77 9.56 9.84 10.09 10.32 10.55 10.75 10.94 11.12 11.29 11.44 11.98 12.63 13.27 
21” 3.79 4.13 4.73 5.31 5.86 6.36 6.85 7.30 7.71 8.10 8.44 8.78 9.57 9.85 10.10 10.33 10.57 10.77 10.95 11.14 11.31 11.46 12.00 12.64 13.29 
18” 3.80 4.13 4.73 5.32 5.87 6.37 6.86 7.31 7.72 8.11 8.46 8.79 9.58 9.86 10.11 10.35 10.58 10.78 10.97 11.15 11.33 11.48 12.02 12.67 13.32 

 Longitudinal rib spacing = 18” 

Tr
an

sv
er

se
 ri

b 
sp

ac
in

g 
(in

.) 

36” 3.79 4.12 4.72 5.31 5.86 6.35 6.84 7.29 7.70 8.08 8.43 8.76 9.55 9.83 10.08 10.31 10.54 10.74 10.92 11.11 11.27 11.43 11.96 12.61 13.25 
33” 3.79 4.12 4.72 5.31 5.86 6.36 6.84 7.29 7.70 8.08 8.43 8.76 9.55 9.83 10.08 10.31 10.55 10.75 10.93 11.11 11.28 11.43 11.97 12.62 13.26 
30” 3.79 4.13 4.73 5.31 5.86 6.36 6.84 7.29 7.71 8.09 8.44 8.77 9.56 9.84 10.09 10.32 10.55 10.75 10.94 11.12 11.29 11.44 11.98 12.62 13.27 
27” 3.79 4.13 4.73 5.31 5.86 6.36 6.85 7.29 7.71 8.09 8.44 8.77 9.56 9.84 10.09 10.33 10.56 10.76 10.94 11.13 11.30 11.45 11.99 12.64 13.28 
24” 3.79 4.13 4.73 5.32 5.87 6.37 6.85 7.30 7.72 8.10 8.45 8.78 9.57 9.85 10.10 10.33 10.57 10.77 10.95 11.14 11.31 11.46 12.00 12.65 13.30 
21” 3.80 4.13 4.73 5.32 5.87 6.37 6.86 7.31 7.72 8.11 8.46 8.79 9.58 9.86 10.11 10.35 10.58 10.78 10.97 11.15 11.33 11.48 12.02 12.67 13.32 
18” 3.80 4.14 4.74 5.33 5.88 6.38 6.86 7.31 7.73 8.12 8.47 8.80 9.59 9.88 10.13 10.36 10.60 10.80 10.99 11.17 11.35 11.50 12.04 12.69 13.34 
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FLEXURAL BEHAVIOR OF UHPC MEMBERS 

This section presents the basic steps in estimating the flexural resistance of UHPC members with 
rectangular and T-beam cross-sections containing mild steel reinforcement as the primary 
flexural reinforcement. The flexural behavior of UHPC members can be obtained using the strain 
compatibility and equilibrium equations at the section level, similar to the practice used for 
conventional reinforced concrete members. However, differences in the UHPC material behavior 
should be taken into account appropriately during the strength estimation. 

• UHPC exhibits tensile capacity well past its initial tensile cracking strength, until fiber 
pullout occurs at a tensile strain (εtu) of 0.007. This strain value is a conservative estimate for 
fiber pullout and is recommended for design. As stated in chapter 1, the corresponding 
limiting tensile strength (ftu) of UHPC is taken as 1.2 ksi. 

• UHPC exhibits a linear compressive stress-strain response up to the compression failure 
beginning at a compressive strain of 0.0032. Thus, the compressive strain at the ultimate 
limit state (εcu) is taken as 0.0032 and the corresponding compressive strength (fcu) is taken as 
24 ksi (see chapter 1). 

Rectangular Cross-Section Behavior 

The cracking moment of the section can be estimated using the cross-section properties. Ignoring 
the contribution of the mild steel reinforcement toward the moment of inertia calculations, figure 
26 provides a conservative estimate for the cracking moment of a rectangular section: 

2
2(1.2ksi) 0.2 (kip-in.);  b and h are in inches

6cr
bhM bh= =

 
Figure 26. Equation. Cracking moment relationship for a rectangular section. 

where h = height of the section and b = width of the section. 

The strain and stress distribution along the cross-section is shown in figure 27a. 
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Figure 27. Diagrams. Strain and stress distribution along the cross-section at cracking and 

ultimate limit states. 

The nominal moment capacity for the UHPC beam is estimated when either the extreme 
compression or tension strain reaches its corresponding limiting value, using the strain 
compatibility and equilibrium conditions. 

At the ultimate limit state, the UHPC compressive force is approximated by a triangular stress 
distribution and estimated using the equation in figure 28: 

1
2 cC f c b=

 
Figure 28. Equation. UHPC compression force. 

where c = neutral axis depth and b = width of the beam. The resultant compressive force, C, acts 
at one-third of the neutral axis depth below the extreme compression fiber of the beam. 

A uniform tensile stress of 1.2 ksi may be assumed to act from the neutral axis to the extreme 
tension fiber when estimating the UHPC tensile force, as shown in figure 27b and given by the 
equation in figure 29: 

( )UHPC tuT f h c b= −  
Figure 29. Equation. UHPC tension force. 

where h = height of the beam. 
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From the force equilibrium at the ultimate limit state: 

1 ( )
2UHPC st c tu st yC T T f c b f h c b A f= + ⇒ = − +

 
Figure 30. Equation. Force equilibrium equation for the rectangular section.  

The procedure to determine the nominal moment capacity of a beam usually requires an iterative 
process and depends on the assumed method of failure (compression or tension control). 
However, by combining the strain compatibility and equilibrium equations at the ultimate limit 
state, the equation in figure 31 may be used to determine the controlling limit state. 

0.314 then the compression limit state controls
0.5

0.314 then the tension limit state controls
0.5

0.314 then the compression and tension limit states
0.5

   

s y tu

tu cu

s y tu

tu cu

s y tu

tu cu

f f
f f

f f
f f

f f
f f

ρ

ρ

ρ

+
>

+
+

<
+

+
=

+

st

                                are simulatenously attained

where, ,   is the yield strength of steel, h is height of the beam

A  is the mild steel area.

st
s y

A f
bh

ρ =

 

Figure 31. Equation. Conditions for controlling limit states. 

When the compression limit state controls, the neutral axis depth and corresponding moment 
capacity may be obtained using the equation shown in figure 32. 

, where 1.2 ksi,  24 ksi and 60 ksi
0.5

3M ( )
6 3

s y tu
tu cu y

tu cu

n tu s y

f f
c h f f f

f f

h c cf b h c f bh d

ρ

ρ

+ 
= = = = + 

−   = − + −   
     

Figure 32. Equation. Neutral axis depth and moment capacity for compression limit state. 

When the tension limit state controls, the neutral axis depth and the corresponding moment 
capacity may be obtained using the equation presented in figure 33: 
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0.0035

where 1.2 ksi,  7500 ksi and 60 ksi

3M ( )
6 3

s y tu

tu UHPC

tu UHPC y

n tu s y

f f
c h

cf E
h c

f E f

h c cf b h c f bh d

ρ

ρ

 
 +
 =

  +   −  
= = =

−   = − + −   
     

Figure 33. Equation. Neutral axis depth and moment capacity for tension limit state. 

 Note that the expression estimating the neutral axis depth requires solving a quadratic equation. 

T-Beam Section Behavior 

The cracking moment of the T-beam section can be estimated similar to that as the rectangular 
section. Due to the unsymmetrical cross-section, the values of the positive cracking moment 
(web in tension) and negative cracking moment (flange in tension) differ significantly from each 
other. The cracking moment values for the T-beam can be obtained using the equation in figure 
34: 

(1.2ksi) (1.2ksi)
 and cg cg

cr cr
cr cr

I I
M M

y y
+ −

+ −= =
 

Figure 34. Equation. Positive and negative cracking moment for T-beam. 

The stress profile along the T-beam cross-section at cracking is shown in figure 35. 
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Figure 35. Diagrams. Stress profile for estimating the positive cracking moment of a T-shaped 

UHPC beam. 

Similar to the rectangular cross-section, the nominal moment capacity depends on whether the 
extreme compression or tension strain reaches its corresponding limiting values. However, with 
typical T-beam sections used in bridge decks, the flange width is expected to be very large 
compared to the overall depth of the section. Hence, for practical purposes, the extreme tensile 
strain in the web section may be assumed to reach its limiting value first when estimating the 
positive moment (web in tension). In addition, the neutral axis depth will be within the flange 
section. The corresponding strain and stress distribution across the section under positive 
moment conditions is shown in figure 36. 

 
Figure 36. Diagrams. Strain and stress profiles for estimating the positive nominal moment of a 

T-shaped UHPC beam. 
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The concrete compressive force, C, is given by the equation in figure 37: 

1 1 0.007
2 2c f UHPC f

cC f b c C E b c
h c

 = ⇒ =  −   
Figure 37. Equation. Concrete compression force.  

The tensile force from UHPC in tension may be obtained using the equation in figure 38: 

( )( )UHPC tu w w f fT f b h h c b= + −  
Figure 38. Equation. UHPC tension force. 

From force equilibrium: 

( )1 0.007 0.007 ( 2 )( )
2 UHPC f tu w w f f st y st s

c d cE b c f b h h c b A f A E
h c h c

−   = + − + +   − −     
Figure 39. Equation. Force equilibrium. 

Using the equation in figure 39, neutral axis depth and positive moment capacity can be obtained 
by taking moments about the neutral axis. 

In the case of the ultimate limit state under negative moment conditions (flange in tension), the 
limiting values for the strain limits can be either tension or compression, depending on the 
dimensions of the cross-section. Hence, the nominal negative moment capacity should be equal 
to the smaller of the estimated moment capacities obtained, assuming the two strain limits as 
controlling parameters independently. The strain and stress distributions across the section for 
the two negative moment conditions are shown in figure 40. 
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Figure 40. Diagrams. Strain and stress profiles for estimating the negative nominal moment 

capacity of a T-shaped UHPC beam. 

Using the equations presented in table 15, table 16, and the equilibrium condition, the neutral 
axis depth can be found for both cases. Once the neutral axis depths for both limit cases (c1 and 
c2) are estimated, the moment capacity for the flange in tension can be obtained by taking the 
moment of the different forces from the top of the flange. The locations of the resultant forces 
from the top flange are given in tables 15 and 16. 

Table 15. T-beam internal forces and their location at ultimate limit state. 

Case 1 ( Compressive Strain Limit State Controls) 
Forces Force Location from Top 

1
1
2 cu wC f b c=  1

3
ch −  

1 1
1

1

0.0032( )
st st s st y

c d hC A E A f
c

 + −
= ≤ 

 
 d1 

1 2
2

1

0.0032( )
st st s st y

h c dT A E A f
c

 − −
= ≤ 

 
 d2 

( )1( )UHPC tu f f w wT f b h b h c= + −  ( )2
1 10.5 ( )( 0.5( ))tu f f w w f w

UHPC

f b h b h c h h c
T

+ − + −
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Table 16. T-beam internal forces and their location at ultimate limit state. 

Case 2 ( Tension Strain Limit State Controls) 
Forces Force Location from Top 

2
2

2

0.0071
2 UHPC w

cC E b c
h c

 
=  − 

 1

3
ch −  

2 1
1

2

0.007 ( )
st st s st y

c d hC A E A f
h c

 + −
= ≤ − 

 d1 

2 2
2

2

0.007 ( )
st st s st y

h c dT A E A f
h c

 − −
= ≤ − 

 d2 

( )2( )UHPC tu f f w wT f b h b h c= + −  
( )2

2 20.5 ( )( 0.5( ))tu f f w w f w

UHPC

f b h b h c h h c
T

+ − + −

 
 

WAFFLE DECK PANEL CAPACITY ESTIMATION 

The waffle deck panel can be assumed to act like a series of T-beams to resist the dead loads and 
traffic loads. Moment capacity of the waffle deck panel in the positive and negative bending 
directions can be estimated using a transverse strip along the deck panel (see figure 41). 
Depending on the positive and negative bending directions, the equivalent strip width can be 
arrived at using the AASHTO LRFD Bridge Design Specification 4.6.2.1.3 (see figure 20 and 
table 4).(27) 
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Figure 41. Diagrams. Cross-section of an equivalent strip for positive bending. 

As shown in figure 41b, the equivalent strip width contains a number of ribs depending on the 
girder span and rib spacing in the waffle deck panel. The cross-section of a typical equivalent 
strip is shown for positive and negative moment locations. The cross-section of the transverse 
strip can be further divided into a combination of T-beams with a cross-section, as shown in 
figure 41c. The flange width for positive bending (bf

+ve) or negative bending (bf
-ve) can be 

estimated using the equation presented in figure 42: 

+ve -ve
+ve -vets ts
f f+ve -ve

ts ts

tr tr

W Wb =  and     b
W W1+interger value of 1+interger value of
S S

   
   
   =
   
   
     

Figure 42. Equation. Flange width of equivalent T-beam for positive and negative bending. 
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where Wts
+ve and Wts

-ve = equivalent strip width for positive moment and negative moment 
regions, respectively, and Str = transverse rib spacing in the waffle panel. The flange width 
values for different girder and transverse rib spacing are provided in table 17. 

Table 17. Equivalent flange width for the T-section for different girder and rib spacing. 

Transverse 
Rib 

Spacing  

Flange Width for Positive Bending  
( bf

+ve) 
Flange Width for Negative Bending  

( bf
-ve) 

36 in. 33 in. 30 in. 27 in. 24 in. 21 in. 18 in. 36 in. 33 in. 30 in. 27 in. 24 in. 21 in. 18 in. 

G
ird

er
 S

pa
ci

ng
 (f

t-i
n.

) 
 

4’-0” 26.20 26.20 26.20 26.20 17.47 17.47 17.47 30.00 30.00 20.00 20.00 20.00 20.00 15.00 
4’-3” 27.03 27.03 27.03 18.02 18.02 18.02 13.51 30.38 30.38 20.25 20.25 20.25 20.25 15.19 
4’-6” 27.85 27.85 27.85 18.57 18.57 18.57 13.93 30.75 30.75 20.50 20.50 20.50 20.50 15.38 
4’-9” 28.68 28.68 28.68 19.12 19.12 19.12 14.34 31.13 31.13 20.75 20.75 20.75 20.75 15.56 
5’-0” 29.50 29.50 29.50 19.67 19.67 19.67 14.75 31.50 31.50 21.00 21.00 21.00 15.75 15.75 
5’-3” 30.33 30.33 20.22 20.22 20.22 20.22 15.16 31.88 31.88 21.25 21.25 21.25 15.94 15.94 
5’-6” 31.15 31.15 20.77 20.77 20.77 20.77 15.58 32.25 32.25 21.50 21.50 21.50 16.13 16.13 
5’-9” 31.98 31.98 21.32 21.32 21.32 15.99 15.99 32.63 32.63 21.75 21.75 21.75 16.31 16.31 
6’-0” 32.80 32.80 21.87 21.87 21.87 16.40 16.40 33.00 22.00 22.00 22.00 22.00 16.50 16.50 
6’-3” 33.63 22.42 22.42 22.42 22.42 16.81 16.81 33.38 22.25 22.25 22.25 22.25 16.69 16.69 
6’-6” 34.45 22.97 22.97 22.97 22.97 17.23 17.23 33.75 22.50 22.50 22.50 22.50 16.88 16.88 
6’-9” 35.28 23.52 23.52 23.52 23.52 17.64 17.64 34.13 22.75 22.75 22.75 22.75 17.06 17.06 
7’-0” 24.07 24.07 24.07 24.07 18.05 18.05 14.44 34.50 23.00 23.00 23.00 23.00 17.25 17.25 
7’-3” 24.62 24.62 24.62 24.62 18.46 18.46 14.77 34.88 23.25 23.25 23.25 23.25 17.44 17.44 
7’-6” 25.17 25.17 25.17 25.17 18.88 18.88 15.10 35.25 23.50 23.50 23.50 23.50 17.63 17.63 
7’-9” 25.72 25.72 25.72 25.72 19.29 19.29 15.43 35.63 23.75 23.75 23.75 23.75 17.81 17.81 
8’-0” 26.27 26.27 26.27 26.27 19.70 19.70 15.76 24.00 24.00 24.00 24.00 18.00 18.00 14.40 
8’-3” 26.82 26.82 26.82 26.82 20.11 20.11 16.09 24.25 24.25 24.25 24.25 18.19 18.19 14.55 
8’-6” 27.37 27.37 27.37 20.53 20.53 20.53 16.42 24.50 24.50 24.50 24.50 18.38 18.38 14.70 
8’-9” 27.92 27.92 27.92 20.94 20.94 20.94 16.75 24.75 24.75 24.75 24.75 18.56 18.56 14.85 
9’-0” 28.47 28.47 28.47 21.35 21.35 17.08 17.08 25.00 25.00 25.00 25.00 18.75 18.75 15.00 
9’-3” 29.02 29.02 29.02 21.76 21.76 17.41 17.41 25.25 25.25 25.25 25.25 18.94 18.94 15.15 
9’-6” 29.57 29.57 29.57 22.18 22.18 17.74 17.74 25.50 25.50 25.50 25.50 19.13 19.13 15.30 
9’-9” 30.12 30.12 22.59 22.59 22.59 18.07 15.06 25.75 25.75 25.75 25.75 19.31 19.31 15.45 
10’-0” 30.67 30.67 23.00 23.00 23.00 18.40 15.33 26.00 26.00 26.00 26.00 19.50 19.50 15.60 

 

The positive and negative bending moment capacity for the cross-section can be estimated using 
the strain compatibility approach described above. 

Validation of Proposed Method 

The proposed method was validated using the experimental data from the laboratory testing of 
waffle deck panel systems. The tests were performed at ISU as part of the FHWA HfL program. 
Figure 43 shows the cross-section ad reinforcement details of the transverse rib. 
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Figure 43. Diagram. Details of an equivalent transverse rib in the positive bending strip. 

The test specimen details are as follows: 

• Girder spacing (S) = 7 ft 4 in. (7.33 ft). 

• Transverse rib spacing (Str) = 21.5 in. 

• Transverse strip for positive bending (Wts
+ve) = 26 + 6.6 S = 26 +6.6 (7.33) = 74.4 in. (=6.2 

ft). 

• Maximum load applied in laboratory testing before significant cracking occurred = 160 kips.  

• Maximum bending moment applied = 160 kips (7.33 ft)  146.6 kip-ft
8

= . 

• Flange width of the T-beam for positive bending (bf
+ve) = 74.4 in. / {1+ integer value of 

(74.4/21.5)} = 74.4 / (1+3) = 18.6 in. 

• The centroid location for positive bending = 2.43 in. from top of the flange. 

• Positive moment demand under truck load of 21.3 kips = 21.3 kips (7.33 ft)  19.5 kip-ft
8

= . 

• Cracking moment of the T-section = 
4(1.2 ksi) (285.3 in )  61.46 kip-in = 5.12 kip-ft

5.57 in.
= . 

• Cracking moment of the transverse strip = 
+ve
ts

+ve
f

(W ) (T-section cracking capacity) 74.4 in. (5.12 k-ft)  = 20.48 kip-ft
(b ) 18.6 in.

= . 

• Using the strain compatibility approach, the neutral axis depth for positive bending when 
tensile strain at the bottom of the rib reached 0.007 = 1.174 in. 

• The moment capacity of T-section = 27.08 kip-ft. 

• The estimated positive moment capacity of the transverse strip = {( Wts
+ve)/ ( bf

+ve)} × T-
section capacity = (74.4/18.6) × (27.08) kip-ft =108.32 kip-ft. 
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It is clear from these calculations that the moment capacity estimated using the proposed 
procedure is 74 percent of the moment applied without failing the deck panel. The discrepancy 
between the observed and calculated values is expected, as the AASHTO recommendations for 
the equivalent strip width are conservative. In addition, the proposed method ignores the 
contribution of longitudinal ribs in the load-carrying capacity. Therefore, the proposed procedure 
results in a conservative estimate of the deck panel capacity and can be used confidently for the 
design of deck panels. 

Estimation of Moment Capacity of Waffle Panel 

The moment capacity of a waffle deck panel in the positive and negative bending directions for 
different girder spacing and transverse rib spacing configurations is estimated using the 
procedure outlined earlier in this chapter. In addition, the effect of varying the reinforcement in 
the transverse rib section is investigated by considering two different rebar sizes (#6 bar diameter 
= 0.75 in. and #7 bar diameter = 0.875 in.). All of the mild steel reinforcement is assumed to 
have yield strength of 60 ksi. The cross-sections considered with different reinforcement are 
shown in figure 44 and denoted by UWD6T6B and UWD6T7B. 

 
Figure 44. Diagrams. The details of cross-sections considered for transverse ribs. 

The nominal moment capacities for the two cross-sections for different girder and transverse rib 
spacing using the strain compatibility method are presented in table 18 and table 19. 
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Table 18. Cracking and nominal moment capacity for UWP6T7B in kip-ft/ft. 

 

  

Transverse 
Rib Spacing 

 

Cracking Moment Capacity 
( +ve Bending) 

Nominal Moment Capacity 
( +ve Bending) 

Cracking moment 
( -ve Bending) 

Nominal Moment Capacity 
( -ve Bending) 

36” 33” 30” 27” 24” 21” 18” 36” 33” 30” 27” 24” 21” 18” 36” 33” 30” 27” 24” 21” 18” 36” 33” 30” 27” 24” 21” 18” 

G
ir

de
r 

Sp
ac

in
g 

(ft
-in

.) 


 

4’-0” 2.38 2.38 2.38 2.38 3.34 3.34 3.34 14.06 14.06 14.06 14.06 18.60 18.60 18.60 6.21 6.21 7.28 7.28 7.28 7.28 8.06 24.55 24.55 28.42 28.42 28.42 28.42 32.19 
4’-3” 2.32 2.32 2.32 3.26 3.26 3.26 4.14 13.79 13.79 13.79 18.18 18.18 18.18 22.56 6.17 6.17 7.25 7.25 7.25 7.25 8.03 24.48 24.48 28.26 28.26 28.26 28.26 32.00 
4’-6” 2.26 2.26 2.26 3.18 3.18 3.18 4.04 13.52 13.52 13.52 17.79 17.79 17.79 22.04 6.14 6.14 7.22 7.22 7.22 7.22 7.99 24.38 24.38 28.15 28.15 28.15 28.15 31.81 
4’-9” 2.21 2.21 2.21 3.10 3.10 3.10 3.94 13.28 13.28 13.28 17.43 17.43 17.43 21.55 6.11 6.11 7.18 7.18 7.18 7.18 7.96 24.28 24.28 28.01 28.01 28.01 28.01 31.67 
5’-0” 2.15 2.15 2.15 3.03 3.03 3.03 3.85 13.05 13.05 13.05 17.08 17.08 17.08 21.09 6.08 6.08 7.15 7.15 7.15 7.93 7.93 24.19 24.19 27.86 27.86 27.86 31.49 31.49 
5’-3” 2.11 2.11 2.96 2.96 2.96 2.96 3.76 12.83 12.83 16.75 16.75 16.75 16.75 20.66 6.05 6.05 7.12 7.12 7.12 7.90 7.90 24.10 24.10 27.76 27.76 27.76 31.32 31.32 
5’-6” 2.06 2.06 2.89 2.89 2.89 2.89 3.68 12.62 12.62 16.44 16.44 16.44 16.44 20.24 6.02 6.02 7.09 7.09 7.09 7.86 7.86 24.01 24.01 27.63 27.63 27.63 31.15 31.15 
5’-9” 2.01 2.01 2.83 2.83 2.83 3.60 3.60 12.42 12.42 16.14 16.14 16.14 19.85 19.85 5.99 5.99 7.06 7.06 7.06 7.83 7.83 23.93 23.93 27.50 27.50 27.50 30.98 30.98 
6’-0” 1.97 1.97 2.77 2.77 2.77 3.53 3.53 12.23 12.23 15.86 15.86 15.86 19.48 19.48 5.96 7.03 7.03 7.03 7.03 7.80 7.80 23.85 27.37 27.37 27.37 27.37 30.82 30.82 
6’-3” 1.93 2.71 2.71 2.71 2.71 3.45 3.45 12.05 15.60 15.60 15.60 15.60 19.13 19.13 5.93 7.00 7.00 7.00 7.00 7.77 7.77 23.77 27.25 27.25 27.25 27.25 30.67 30.67 
6’-6” 1.89 2.66 2.66 2.66 2.66 3.38 3.38 11.88 15.34 15.34 15.34 15.34 18.79 18.79 5.90 6.97 6.97 6.97 6.97 7.74 7.74 23.69 27.13 27.13 27.13 27.13 30.51 30.51 
6’-9” 1.86 2.61 2.61 2.61 2.61 3.32 3.32 11.72 15.10 15.10 15.10 15.10 18.47 18.47 5.87 6.94 6.94 6.94 6.94 7.71 7.71 23.62 27.05 27.05 27.05 27.05 30.36 30.36 
7’-0” 2.56 2.56 2.56 2.56 3.25 3.25 3.92 14.87 14.87 14.87 14.87 18.16 18.16 21.44 5.85 6.91 6.91 6.91 6.91 7.68 7.68 23.55 26.94 26.94 26.94 26.94 30.22 30.22 
7’-3” 2.51 2.51 2.51 2.51 3.19 3.19 3.85 14.65 14.65 14.65 14.65 17.87 17.87 21.07 5.82 6.88 6.88 6.88 6.88 7.65 7.65 23.45 26.83 26.83 26.83 26.83 30.08 30.08 
7’-6” 2.46 2.46 2.46 2.46 3.13 3.13 3.78 14.44 14.44 14.44 14.44 17.58 17.58 20.72 5.79 6.85 6.85 6.85 6.85 7.62 7.62 23.39 26.72 26.72 26.72 26.72 29.94 29.94 
7’-9” 2.42 2.42 2.42 2.42 3.08 3.08 3.71 14.23 14.23 14.23 14.23 17.32 17.32 20.39 5.76 6.82 6.82 6.82 6.82 7.60 7.60 23.33 26.61 26.61 26.61 26.61 29.81 29.81 
8’-0” 2.37 2.37 2.37 2.37 3.02 3.02 3.64 14.04 14.04 14.04 14.04 17.06 17.06 20.07 6.80 6.80 6.80 6.80 7.57 7.57 8.17 26.51 26.51 26.51 26.51 29.68 29.68 32.81 
8’-3” 2.33 2.33 2.33 2.33 2.97 2.97 3.58 13.85 13.85 13.85 13.85 16.81 16.81 19.76 6.77 6.77 6.77 6.77 7.54 7.54 8.14 26.41 26.41 26.41 26.41 29.55 29.55 32.69 
8’-6” 2.29 2.29 2.29 2.92 2.92 2.92 3.52 13.68 13.68 13.68 16.57 16.57 16.57 19.46 6.74 6.74 6.74 6.74 7.51 7.51 8.11 26.32 26.32 26.32 26.32 29.43 29.43 32.52 
8’-9” 2.26 2.26 2.26 2.87 2.87 2.87 3.46 13.50 13.50 13.50 16.35 16.35 16.35 19.18 6.71 6.71 6.71 6.71 7.48 7.48 8.09 26.23 26.23 26.23 26.23 29.30 29.30 32.35 
9’-0” 2.22 2.22 2.22 2.83 2.83 3.41 3.41 13.34 13.34 13.34 16.13 16.13 18.90 18.90 6.69 6.69 6.69 6.69 7.46 7.46 8.06 26.13 26.13 26.13 26.13 29.19 29.19 32.19 
9’-3” 2.18 2.18 2.18 2.78 2.78 3.35 3.35 13.18 13.18 13.18 15.91 15.91 18.64 18.64 6.66 6.66 6.66 6.66 7.43 7.43 8.03 26.01 26.01 26.01 26.01 29.07 29.07 32.04 
9’-6” 2.15 2.15 2.15 2.74 2.74 3.30 3.30 13.03 13.03 13.03 15.71 15.71 18.39 18.39 6.63 6.63 6.63 6.63 7.40 7.40 8.01 25.93 25.93 25.93 25.93 28.96 28.96 31.88 
9’-9” 2.12 2.12 2.69 2.69 2.69 3.25 3.79 12.88 12.88 15.52 15.52 15.52 18.14 20.76 6.61 6.61 6.61 6.61 7.38 7.38 7.98 25.84 25.84 25.84 25.84 28.81 28.81 31.78 

10’-0” 2.09 2.09 2.65 2.65 2.65 3.20 3.73 12.74 12.74 15.33 15.33 15.33 17.91 20.48 6.58 6.58 6.58 6.58 7.35 7.35 7.95 25.76 25.76 25.76 25.76 28.70 28.70 31.64 

Note: All the moment capacity values are in Kip-ft/ft 
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Table 19. Cracking and nominal moment capacity for UWP6T6B in kip-ft/ft. 

 

 

Transverse 
Rib Spacing 

 

Cracking Moment Capacity 
( +ve Bending) 

Nominal Moment Capacity 
( +ve Bending) 

Cracking moment 
( -ve Bending) 

Nominal Moment Capacity 
( -ve Bending) 

36” 33” 30” 27” 24” 21” 18” 36” 33” 30” 27” 24” 21” 18” 36” 33” 30” 27” 24” 21” 18” 36” 33” 30” 27” 24” 21” 18” 

G
ir

de
r 

Sp
ac

in
g 

(ft
.in

.) 


 

4’-0” 2.50 2.50 2.50 2.50 3.52 3.52 3.52 12.00 12.00 12.00 12.00 15.52 15.52 15.52 6.52 6.52 7.66 7.66 7.66 7.66 8.48 24.65 24.65 28.55 28.55 28.55 28.55 32.33 
4’-3” 2.44 2.44 2.44 3.43 3.43 3.43 4.36 11.79 11.79 11.79 15.19 15.19 15.19 18.59 6.49 6.49 7.63 7.63 7.63 7.63 8.45 24.57 24.57 28.42 28.42 28.42 28.42 32.17 
4’-6” 2.38 2.38 2.38 3.34 3.34 3.34 4.25 11.59 11.59 11.59 14.89 14.89 14.89 18.19 6.46 6.46 7.59 7.59 7.59 7.59 8.41 24.46 24.46 28.26 28.26 28.26 28.26 31.97 
4’-9” 2.32 2.32 2.32 3.26 3.26 3.26 4.15 11.39 11.39 11.39 14.61 14.61 14.61 17.81 6.42 6.42 7.56 7.56 7.56 7.56 8.38 24.39 24.39 28.14 28.14 28.14 28.14 31.83 
5’-0” 2.26 2.26 2.26 3.19 3.19 3.19 4.05 11.21 11.21 11.21 14.34 14.34 14.34 17.45 6.39 6.39 7.53 7.53 7.53 8.34 8.34 24.29 24.29 27.99 27.99 27.99 31.64 31.64 
5’-3” 2.21 2.21 3.11 3.11 3.11 3.11 3.96 11.04 11.04 14.08 14.08 14.08 14.08 17.11 6.36 6.36 7.49 7.49 7.49 8.31 8.31 24.19 24.19 27.88 27.88 27.88 31.45 31.45 
5’-6” 2.16 2.16 3.04 3.04 3.04 3.04 3.87 10.88 10.88 13.84 13.84 13.84 13.84 16.79 6.32 6.32 7.46 7.46 7.46 8.28 8.28 24.10 24.10 27.74 27.74 27.74 31.32 31.32 
5’-9” 2.12 2.12 2.98 2.98 2.98 3.79 3.79 10.73 10.73 13.61 13.61 13.61 16.49 16.49 6.29 6.29 7.43 7.43 7.43 8.24 8.24 24.04 24.04 27.60 27.60 27.60 31.14 31.14 
6’-0” 2.07 2.07 2.91 2.91 2.91 3.71 3.71 10.59 10.59 13.40 13.40 13.40 16.20 16.20 6.26 7.39 7.39 7.39 7.39 8.21 8.21 23.95 27.51 27.51 27.51 27.51 30.97 30.97 
6’-3” 2.03 2.85 2.85 2.85 2.85 3.63 3.63 10.45 13.19 13.19 13.19 13.19 15.92 15.92 6.23 7.36 7.36 7.36 7.36 8.18 8.18 23.86 27.37 27.37 27.37 27.37 30.81 30.81 
6’-6” 1.99 2.80 2.80 2.80 2.80 3.56 3.56 10.32 12.99 12.99 12.99 12.99 15.66 15.66 6.20 7.33 7.33 7.33 7.33 8.15 8.15 23.78 27.28 27.28 27.28 27.28 30.69 30.69 
6’-9” 1.95 2.74 2.74 2.74 2.74 3.49 3.49 10.19 12.81 12.81 12.81 12.81 15.41 15.41 6.17 7.30 7.30 7.30 7.30 8.12 8.12 23.70 27.16 27.16 27.16 27.16 30.53 30.53 
7’-0” 2.69 2.69 2.69 2.69 3.42 3.42 4.13 12.63 12.63 12.63 12.63 15.18 15.18 17.72 6.14 7.27 7.27 7.27 7.27 8.08 8.08 23.63 27.04 27.04 27.04 27.04 30.38 30.38 
7’-3” 2.64 2.64 2.64 2.64 3.36 3.36 4.05 12.46 12.46 12.46 12.46 14.95 14.95 17.43 6.11 7.24 7.24 7.24 7.24 8.05 8.05 23.55 26.92 26.92 26.92 26.92 30.23 30.23 
7’-6” 2.59 2.59 2.59 2.59 3.30 3.30 3.98 12.29 12.29 12.29 12.29 14.73 14.73 17.16 6.08 7.21 7.21 7.21 7.21 8.02 8.02 23.48 26.84 26.84 26.84 26.84 30.08 30.08 
7’-9” 2.54 2.54 2.54 2.54 3.24 3.24 3.90 12.13 12.13 12.13 12.13 14.52 14.52 16.90 6.05 7.18 7.18 7.18 7.18 7.99 7.99 23.39 26.73 26.73 26.73 26.73 29.94 29.94 
8’-0” 2.50 2.50 2.50 2.50 3.18 3.18 3.84 11.98 11.98 11.98 11.98 14.32 14.32 16.65 7.15 7.15 7.15 7.15 7.96 7.96 8.60 26.62 26.62 26.62 26.62 29.80 29.80 32.98 
8’-3” 2.45 2.45 2.45 2.45 3.13 3.13 3.77 11.84 11.84 11.84 11.84 14.13 14.13 16.42 7.12 7.12 7.12 7.12 7.93 7.93 8.57 26.52 26.52 26.52 26.52 29.71 29.71 32.80 
8’-6” 2.41 2.41 2.41 3.07 3.07 3.07 3.71 11.70 11.70 11.70 13.95 13.95 13.95 16.19 7.09 7.09 7.09 7.09 7.90 7.90 8.54 26.41 26.41 26.41 26.41 29.58 29.58 32.67 
8’-9” 2.37 2.37 2.37 3.02 3.02 3.02 3.65 11.57 11.57 11.57 13.77 13.77 13.77 15.97 7.06 7.06 7.06 7.06 7.88 7.88 8.51 26.31 26.31 26.31 26.31 29.45 29.45 32.50 
9’-0” 2.33 2.33 2.33 2.97 2.97 3.59 3.59 11.44 11.44 11.44 13.60 13.60 15.75 15.75 7.03 7.03 7.03 7.03 7.85 7.85 8.48 26.22 26.22 26.22 26.22 29.32 29.32 32.33 
9’-3” 2.30 2.30 2.30 2.93 2.93 3.53 3.53 11.32 11.32 11.32 13.44 13.44 15.55 15.55 7.00 7.00 7.00 7.00 7.82 7.82 8.45 26.16 26.16 26.16 26.16 29.20 29.20 32.21 
9’-6” 2.26 2.26 2.26 2.88 2.88 3.47 3.47 11.20 11.20 11.20 13.28 13.28 15.35 15.35 6.98 6.98 6.98 6.98 7.79 7.79 8.43 26.06 26.06 26.06 26.06 29.08 29.08 32.05 
9’-9” 2.23 2.23 2.84 2.84 2.84 3.42 3.98 11.09 11.09 13.13 13.13 13.13 15.16 17.20 6.95 6.95 6.95 6.95 7.76 7.76 8.40 25.97 25.97 25.97 25.97 28.96 28.96 31.90 

10’-0” 2.19 2.19 2.79 2.79 2.79 3.37 3.92 10.98 10.98 12.98 12.98 12.98 14.98 16.98 6.92 6.92 6.92 6.92 7.74 7.74 8.37 25.89 25.89 25.89 25.89 28.85 28.85 31.79 

Note: All the moment capacity values are in Kip-ft/ft 
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Overhang Design Loads 

A review of current bridge deck designs used by several DOTs showed that the overhang length 
is less than half the girder spacing, with a maximum length of 4 ft 3 in. for typical bridges. As 
noted in previous sections, an F-shape standard concrete railing is used for designing the 
overhang region for collision loads. In addition, based on the suggestions from Iowa DOT 
designers, it is recommended to use a solid cross-section for the overhang region instead of a 
waffle configuration. The solid section for the overhang will help in addressing the variability in 
the types of railings and their capacities as used by DOTs, and it will provide adequate space to 
include the necessary details for attaching the railing to the precast deck. With the selected 
overhang length and type of railing, it is shown below that the overhang will have adequate 
capacity to meet the expected design demands. 

The overhang region is designed for different combinations of dead, live, and collision loads for 
the strength-I and extreme event II limit states, as required by the AASHTO guidelines.(27) The 
critical regions along the deck cross-section for overhang design, sections AA, BB, and CC, are 
shown in figure 45. 

 
Figure 45. Diagrams. Critical section locations for overhang design and cross-sections of the 

waffle deck at those locations. 
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Section AA is located at the interior face of the parapet. Sections BB and CC are located at 
critical locations used for negative moment design. The AASHTO LRFD Bridge Design 
Specification section A13.4 is used for finding the different design cases of the overhang. 
Accordingly, three design cases were considered for completing the overhang design. 

Design Case I: Transverse and Longitudinal Collision Forces 

Design case I accounts for the transverse and longitudinal forces experienced from a collision on 
the parapet and the dead load of the structure. This is an extreme event II limit state, and the 
appropriate load factors are given in table 20. 

Table 20. Negative moment demands due to collision forces at critical locations. 

 Moment Demand @ Section AA Moment Demand @ Section BB 

Parapet self-weight         
(wparapet)* 

(see table 8) 

(17"-5.73") = 0.9392 (0.513)(k-ft)/ft
12

                          =  0.482 k-ft/ft

parapetw   

( -3"-5.73")
 = 

12
(51-8.73") =  (0.513)(k-ft)/ft

12
 = 1.81 k-ft/ft

parapet
parapet

l
w

  

Self-weight of UHPC 
overhang (woverhang)* 

(woverhang = 0.105 k/ft for 
8 in. solid panel) 

( )

2

2

17"= 0.5 
12

= 0.5(0.105) 1.42 (k-ft)/ft
                          =  0.105 k-ft/ft

overhangw  
 
 

 ( )

2

2

( -3")
= 0.5 

12

= 0.5(0.105) 4 (k-ft)/ft
                          =  0.84 k-ft/ft

parapet
overhang

l
w

 
 
 

 

Self-weight of wearing 
surface (wws)* 

(see figure 22) 
none 

( )

2

2

( -3"-17")
= 0.5 (1ft)

12

= 0.5(0.023) 2.583 (k-ft)/ft
                          =  0.077 k-ft/ft

parapet
ws

l
w

 
 
 

 

Barrier collision moment 
(Mc)  

13.9 k-ft/ft 

( )

0

= 
( 3" 17")

2 tan(30 )
12

13.9k-ft/ft (9.7ft) 
9.7ft + 2 0.577 (2.8235ft)

 10.4 k-ft/ft

c c

overhang
c

M L
l

L
− −

+

=

=

  

Design Demand = 1.00 (0.482+0.105)+1.00 (13.9) 
 = 14.49 k-ft/ft 

= 1.00 
(1.81+0.84)+1.00(0.077)+1.00 

(10.4) 
 = 13.13 k-ft/ft 
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It should be noted that the moment demand at section CC will be less than that at section BB, 
thus making the critical moment demand for the T-beam cross-section to be at section BB.  

For critical sections away from the parapet edge (e.g., at sections BB and CC), the collision 
capacity moment of the parapet is dispersed with a distribution angle of 30 degrees. In addition, 
it is assumed the moments and tension forces resulting from a collision are transmitted and 
distributed effectively between adjacent UHPC panels. 

In addition to the collision moment capacity of the railing, the transverse resistance of the railing 
(Rw) should be resisted by the deck panel. This force propagates through the face of the parapet, 
causing direct tension in the deck panel that can be characterized using a yield line failure 
mechanism. The tension force can be estimated using the equation in figure 46: 

2
w

c

RT
L H

=
+  

Figure 46. Equation. Tension force in deck panel due to collision loading. 

where Rw = total transverse resistance of the railing, Lc = critical length of the yield line failure, 
and H = height of the railing. The Rw and Lc values for standard Iowa DOT F-shaped barriers are 
presented in table 9. 

Design Case II: Vertical Collision Forces 

Design case II accounts for the vertical forces experienced from a vehicle overtopping on the 
railing in conjunction with the dead load of the structure. This is categorized as an extreme event 
II limit state, and applicable load factors are given in table 5. This design case generally produces 
much lower negative moments when compared to design cases I and III for overhangs with 
concrete railings, making this load case not critical for overhang design with concrete railings. 

Design Case III: Dead and Live Loads 

Design case III examines the presence of a live load represented by a truck wheel load on the 
overhang region without a collision force and the self-weight of the structure. This is a strength-I 
limit state, and applicable load factors are given in table 5. 

The critical sections for this design case are sections BB and CC, which are the same as the 
critical locations used for deck negative bending design. As mentioned previously, the locations 
of the sections BB and CC are conservatively taken as 3 inches from the centerline of the girder 
(as the minimum width of the top flange, which is 12 inches for typical girders) to estimate the 
negative moment demand; and, the truck load is located at 12 inches from the barrier rail inside 
edge as prescribed by AASHTO requirements. The locations of the critical location and tire load 
are shown in figure 47. 
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Figure 47. Diagram. Locations of dead and live loads for design case III. 

The maximum demand at sections BB and CC under the combined dead load and live load 
effects for different girder and rib spacing were found to be less than the design demand 
estimated in design case I. 

Overhang Capacity 

The negative moment capacities of the deck panel at critical sections BB and CC are estimated 
during the deck design process and are provided in table 21. 
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Table 21. Moment capacity of the overhang section for deck panels with two different 
reinforcement configurations. 

Critical Section 
Shape at Section 

AA    
Transverse Rib 

Spacing (in.) 
Negative Moment Capacity  

(kip-ft/ft) 
Negative Moment Capacity  

(kip-ft/ft) 
36 37.64 37.61 
33 37.98 38.04 
30 38.51 38.46 
27 39.03 39.08 
24 39.74 39.78 
21 40.64 40.67 
18 41.83 41.86 

 
The negative moment capacity of the rectangular cross-section at section AA may be estimated 
using the procedure described earlier in this chapter. The nominal negative moment capacity of 
the solid deck section for different transverse rib spacing is provided in table 21. It is clear from 
the table that the moment capacity of the overhang is nearly 225 percent of the demand. Hence, a 
designer can possibly use a taper for the overhang region between the transverse ribs to optimize 
the material (UHPC) usage, but this approach may be found to be labor intensive and in violation 
of the AASHTO LRFD 13.7.3.1.2 section requirement. 
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CHAPTER 3. CONNECTIONS 
 

INTRODUCTION 

As described in chapter 2, full-depth, precast, UHPC waffle deck panels, which exhibit 
significant advantages over cast-in-place (CIP) bridge deck construction, can be adequately 
designed to meet design loads stipulated by the AASHTO LRFD Bridge Design 
Specifications.(27) However, as shown in previous studies on precast deck systems, the short-term 
and long-term performance of bridges constructed using these deck panels will be influenced by 
the quality of the connections among the panels (i.e., panel-to-panel connections in both 
longitudinal and transverse directions) and with panels to girders.(5) Hence, for successful 
broader application of UHPC waffle deck panels in bridges, increased emphasis must be placed 
on field-installed connections between deck panels and supporting girders in both longitudinal 
(parallel to traffic) and transverse (perpendicular to traffic) directions. 

In current construction practice, these field-installed connections between deck panels and 
girders require interlacing of connecting elements such as mild steel reinforcement or headed 
shear studs extending from the supporting girders and deck panel elements. These approaches 
often cause fit-up and tolerance issues in the field. The problems can be exacerbated when pre- 
or post-tensioning is used in both directions of the panels for design. In addition, some studies 
have reported durability challenges due to field casting of cementitious grout used 
conventionally in these connections.(5,16) 

The combination of these challenges reduces the performance of the connections and, therefore, 
reduces the performance of the precast deck panel system as a whole. Hence, to make precast 
UHPC waffle deck panels an economical, attractive, and long-lasting solution for accelerated 
construction, appropriate connections for the UHPC waffle deck panels must be established. In 
this context, use of post-tensioning technology is avoided, as this adds additional material and 
field labor costs. In addition, due to its superior structural and durability characteristics, and to 
match the durability performance of the waffle deck panels, UHPC is generally recommended in 
this guide as a fill in the field-cast connection regions. In particular, UHPC shows exceptional 
bond when placed against previously cast concrete and reduces development length requirements 
significantly for conventional mild steel reinforcement (see chapter 1). This allows for the 
development of simplified, less-congested connection details, which are not only construction-
friendly but also provide improved long-term performance. 

The next sections present several connection details for panel-to-panel (transverse and 
longitudinal) and panel-to-girder connections that were developed in earlier research projects and 
used successfully in practice for precast deck panels. These connection details have been 
obtained from numerous sources, including research performed under the National Cooperative 
Highway Research Program (NCHRP), FHWA, and the Precast/Prestressed Concrete Institute 
(PCI), as well as from experimental testing programs completed at ISU. 
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It is important to note that, in most cases, these connections were developed primarily for full-
depth solid precast panels and did not consider UHPC as the fill material in the connection. 
Hence, a few of these connections may require modifications to incorporate them in UHPC 
waffle deck panels so that desirable outcomes can be achieved. In addition, the dimensions and 
reinforcement details of the connection regions may be decreased by taking advantage of the 
excellent bond and flow characteristics of UHPC. Where appropriate, comments and suggestions 
for potential improvement of the connection details presented are provided to enhance the 
performance, constructability, and/or economy of the connection when used with UHPC for the 
infill material in the connection regions. 

PANEL-TO-PANEL CONNECTION DETAILS 

Panel-to-panel connection and deck-level connections are critical to transfer loads between the 
precast deck panels and to distribute the load to different elements of the superstructure. Panel-
to-panel connections are subjected to bending moments and vertical shear forces under vehicular 
loading. Traditionally, precast deck panel edges are provided with details to form a shear key 
along the connection when two panels are placed together. This detail prevents the relative 
vertical movement between adjacent panels under traffic load. 

In recent decades, a wide variety of deck level connection designs have been deployed in bridge 
projects involving full-depth precast panels with substantial variance in observed performance 
under traffic loads. The connections that perform well typically consist of match-cast shear keys 
with epoxy adhesive or grouted female-to-female joints with discrete reinforcement, combined 
with field-cast concrete or grouted together with quality construction. In the grouted connections, 
the interface bond between the precast elements and the grout can help with water tightness of 
the connections, thereby improving durability. 

From recent research conducted by Aaleti et al. and Marcu et al., it was found that the interface 
bond between normal concrete and UHPC can be improved significantly by introducing 
roughness or texture at the connection interface.(44,45) According to these studies, sand blasting, 
shot blasting, or creating a rough surface texture using form liners are options, which may be 
given consideration in appropriate panel-to-panel connections, for increasing bond characteristics 
between normal concrete and UHPC. 

Based on discussions with representatives from the Iowa DOT and the FHWA, the researchers 
recommend using details that can utilize field-cast UHPC in connections. Detailed descriptions 
of a few connections that are appropriate for the waffle deck panel are presented below. In 
addition, it is recommended that appropriate surface treatment preparation methods should be 
used to improve the long-term performance of the connections. 

Connection 1 

This connection detail was developed as part of the FHWA HfL program supporting the 
development of UHPC waffle deck panel systems for accelerated bridge construction. The 
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details of the connection, which are shown in figure 48, use 1-inch-diameter dowels bars (epoxy-
coated or stainless steel), extending from the panels, spliced together with additional transverse 
reinforcement and filled with UHPC in the gap. 

 
Figure 48. Diagram. Transverse connection detail tested for waffle deck panel at ISU.(40) 

The structural performance of this connection was evaluated under simulated traffic loading as 
part of an experimental study conducted at ISU. A summary of experimental testing is included 
in chapter 1. More details about the laboratory and field performance of this connection can be 
found in Aaleti et al.(39) 

Connection 2 

In a recent study, Graybeal investigated the structural performance of field-cast UHPC 
connections representing the transverse and longitudinal connections between precast deck 
panels and the connections between the top flanges of deck-bulb-tee girders, respectively.(36) The 
connection details are shown in figure 49. 

These connection details consist of headed reinforcement or straight bars or hairpins protruding 
from the panels into the connection region. The connection region is filled with UHPC mixed on 
site. The experimental testing of these connections under repeated loading (up to 5 million 
cycles) has shown the excellent performance and water tightness of the details. These connection 
details are already implemented by the New York State DOT (NYSDOT) in a few bridges. 
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Figure 49. Diagrams. Panel-to-panel connection details used for HPC deck panels by NYSDOT 
with field-cast UHPC.(36) 

In today’s practice of using precast deck panels, the connection regions are typically filled with 
conventional grouts and utilize mechanical connectors (such as couplers) and confinement using 
steel tubes or hoops to develop the reinforcement in the connection regions. The details of such 
connections are presented below as connections 3, 4, and 5. 

These details were developed primarily for conventional cementitious grouts and HPC precast 
deck panels. Some of these connection details may be relatively difficult to construct and, 
therefore, they may not be cost-effective. However, by taking advantage of the excellent bond 
properties of UHPC (as it is used in the connections instead of grout), these connection details 
can be modified appropriately to find a use in bridges using UHPC waffle deck panels. 

Connection 3 

Connection 3, recommended for panel-to-panel connections herein, was developed as part of 
NCHRP Project 10-71 to develop design and construction specifications for durable CIP-
reinforced concrete connections for precast deck systems.(46) The typical details of the 
connection, which consist of a grouted shear key interlaced with lapped U-bar reinforcement 
along the length of the panels, are shown in figure 50. 

Experimental studies completed on this connection indicated that the proposed longitudinal joint 
had sufficient strength, fatigue characteristics, and crack control for the maximum service loads 
determined. Although NSC was used in the connection, the use of UHPC is suggested here. 
Because of the use of U-shaped bars and UHPC, the length of the connection can be reduced 
appropriately to a value comparable to connection 1. 
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Figure 50. Diagrams. NCHRP 10-71 longitudinal panel-to-panel connection.(46) 

A similar connection was developed for the second Strategic Highway Research Program (SHRP 
2) Project R04, which aimed to develop standards and codes for accelerated bridge construction 
by constructing a demonstration bridge. A UHPC transverse deck joint over a pier was the 
primary focus of a laboratory experiment conducted at ISU due to its location in the tension zone 
resulting from negative moments. This connection was then employed in a demonstration bridge 
in Pottawattamie County, Iowa (see figure 51). 

 
Figure 51. Photo. US Highway 6 demonstration bridge in Pottawattamie County, Iowa.(47) 

The configuration of the connection with respect to other bridge elements and the connection 
detail are shown in figure 52 and figure 53. 
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Figure 52. Diagram. Global connection configuration.(47) 

  
Figure 53. Diagram. SHRP 2 transverse connection detail.(47) 

Testing this connection revealed that the interface between the UHPC joint fill and HPC deck 
panels experienced debonding and significant opening under service level negative moments, 
raising concerns over the durability of the connection. However, similar design details have been 
used successfully at transverse connections in single-span bridges. A post-tensioned retrofit over 
a short distance was developed and implemented successfully with adequate prestressing force to 
eliminate opening at the interface from negative moment experienced over the bridge piers.(47) 
Instead of the joint, if the waffle panel is positioned with the center of the panel over the piers, 
the inherent tensile resistance of the panel may be taken advantage of in ensuring adequate 
performance of this connection without any prestressing. 
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Recommendations 

• If this detail is desired to be used in areas of high negative moment over interior 
supports of multiple-span bridges, further investigation regarding its applicability in 
any tension zone should be carried out. One such option would be to use prestressing, 
and the other is to move the connection away from the top of the pier. 

• In typical transverse connection details, the width of the void at the top of the panel 
can be limited to ~8db, or 6 inches for #6 bars. This would reduce the separation of the 
panels to 9 inches at mid-depth. 

• The U-bar reinforcement may be replaced with conventional, straight reinforcement 
due to superior bond strength between UHPC and steel reinforcement and the 
corresponding reduction in development length. 

• If U-bar reinforcement is used in conjunction with UHPC, the length of connection 
may be reduced appropriately, provided it does not compromise the workability of the 
connection in the field. 

FHWA published Connection Details for Prefabricated Bridge Elements and Systems to promote 
the advantages of using prefabricated elements and systems in bridges.(48) The document 
represents the state of the practice with respect to accelerated bridge construction and focuses on 
presenting quality details for use by bridge engineers in the structure-type study phase of a 
design project. The remaining details in this section are selected details obtained from this 
document. 

Connection 4 

The connection 4 detail is a grouted shear key typical of a transverse joint between adjacent full-
depth deck panels from the Iowa DOT. This connection, shown in figure 54, has been classified 
as Level 2, meaning it had been used on only one project but was found to be practical to build 
and had performed adequately.(48) 

 
Figure 54. Diagram. Grouted shear key panel-to-panel detail.(48) 
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Similar details have been used typically with longitudinal post-tensioning applied across the joint 
to ensure that the joint remains in compression under the negative live load moment. Although 
some States have used details without post-tensioning, there have been reports of concerns 
specific to leakage.(48) 

The connection shown in figure 55 is another transverse shear key joint, but includes the post-
tensioning details, as illustrated, which were proposed by the NYSDOT. 

 
Figure 55. Diagram. Post-tensioned grouted shear key panel-to-panel transverse joint detail.(48) 

This connection is classified as a Level 1 detail—one that has been used on multiple projects and 
has become standard practice for at least one owner/agency.(48) A suggested alternative would be 
to fill the pocket with UHPC to improve durability of the connection. With this detail, the 
connection can provide dependable negative moment resistance. 

Recommendations 

• Numerous shear key geometries have been used successfully in practice. It may be 
desirable to simplify the shear key geometry from that shown in figures 54 and 55 to 
reduce fabrication difficulty (see detail in figure 56). This decision should be made on 
an individual project basis after consideration of the appropriate factors. 

• Post-tensioning is often costly and time-consuming and necessitates the contracting of 
specialized labor, complicating the construction process undesirably. Thus, 
alternative details based on combining UHPC and mild steel reinforcement should be 
evaluated prior to selecting such a detail. However, if post-tensioning is deemed 
necessary, it has been shown to provide excellent crack control and water tightness in 
panel-to-panel connections, reducing many durability concerns. If post-tensioning is 
used, a minimum prestress level of 250 psi should be maintained across the joint after 
losses.(49) 
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Figure 56. Diagram. Post-tensioned transverse joint connection with simplified pocket 

geometry.(48) 

Connection 5 

In the connection 5 detail, on one side of the panel, #6 reinforcement is embedded 6 inches into a 
galvanized, bulged hollow structural section (HSS 4 in. x 12 in. x 3/8 in.). On the other side of 
the panel, the reinforcement extends 7 1/2 inches beyond the panel. A 1-inch-diameter plastic 
pipe is attached to the top surface of the HSS tube and is used to fill the tube with grout after 
installation. The HSS tube has an oversized hole (1.75 inches in diameter) on the free side of the 
panel to help in installing adjacent panels. 

The HSS panels are installed such that the first panel is laid with the HSS exposed and ready to 
receive the protruding reinforcement from the adjacent panel. After the adjacent panel is laid, the 
HSS is filled with grout to complete the connection between panel elements. Note that 
installation of this connection requires tilting of the panels to avoid interference with shear 
connectors attached to the superstructure. An individual panel and the connection interface 
between adjacent panels are shown in figure 57 and figure 58. 

 
Figure 57. Diagram. NCHRP 584 panel for system CD-1A.(50) 
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Figure 58. Diagram. NCHRP panel-to-panel connection interface.(50) 

Use of HSS tubes in the panel was motivated by a tube’s ability to confine the grout used 
conventionally in similar details. Confinement allows a bar to develop its yield strength in a 
shorter distance than when unconfined. Tests showed that conventional grout was able to fully 
develop the yield strength of #6 bars in these details. Thus, in light of UHPC’s enhanced bond 
characteristics, bar development should not be a concern in the detail presented. 

This connection is described in NCHRP Report 584, Full-Depth Precast Concrete Bridge Deck 
Panel Systems, which documents a research project motivated by the potential to develop a 
totally prefabricated bridge construction system.(50) One of the project objectives was to develop 
connection details for new deck panel systems. The requirements were that the details satisfy the 
following conditions: high durability, quick construction time, good ride quality, and high 
structural performance. The research produced two panel-to-panel connection details, one of 
which is the one presented here as connection 5. (The research also developed one panel-to-
girder connection detail each for concrete and steel girder bridges, and these details are presented 
in the next section of this chapter.) 

Although these details were not designed explicitly for use with UHPC, they can be expected to 
perform as well or better when UHPC is used. Thus, they are presented here as viable options in 
precast deck construction. For reference, the deck panels for which this connection was 
developed are 8 ft long and cover the entire width of a 44-ft bridge; the panels have an 8-inch 
structural depth with an additional 1/4-inch sacrificial layer at the top that allows for texturing of 
the top surface of the slab (for rideability treatment). These panels are reinforced longitudinally 
with #6 bars at 13.3-inch spacing. 
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Recommendations 

• Connection 5 would not be suitable for typical waffle deck construction because the 
specified size of the HSS tubes is larger than typical rib widths in waffle deck panels. 
However, connection 4 is presented as an option for connecting internal waffle panels 
to overhang sections that may be solid panels. In this case, the HSS tube would be 
embedded into a solid overhang panel and would receive reinforcement extending 
from the adjacent waffle panel. The HSS tube embedment can be achieved with short 
shear studs anchored into surrounding UHPC in the overhang panel, requiring no 
reinforcement extending from this panel. 

• In addition to filling the tubes with UHPC, the void between panels should be filled to 
provide protection against corrosion of reinforcement crossing the joint interface. 

PANEL-TO-GIRDER CONNECTION DETAILS 

Connections 6a and 6b 

Connections 6a and 6b were designed for the ISU test mentioned previously. In this study, two 
deck panels spanned the width of the bridge and were supported by five prestressed concrete 
girders. The two deck panels met at the center girder, requiring a longitudinal panel-to-panel-to-
girder connection. This connection can be established using dowel bars extending from the 
panels and shear hooks protruding from the girder, which are tied together with additional 
reinforcement placed longitudinally (along the girder length). The void between the panels is 
subsequently filled with UHPC. This connection detail is shown in figure 59. (Note that the shear 
hooks protruding from the girder are not shown, for clarity.) 

 
Figure 59. Diagram. Longitudinal connection tested for waffle deck at ISU.(40) 

The deck panels are also supported between the edges by prestressed concrete girders. To 
provide a connection between the panel and girder, shear pockets are provided at intervals along 
the deck panel and clusters of horizontal shear connectors are left protruding from the supporting 
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girder at these locations. In this connection, shown in figure 60, shear hooks extending from the 
girder are embedded into UHPC that is poured to fill the shear pocket. (Additional information 
about shear pockets and horizontal shear connections is included in chapter 4.) 

 
Figure 60. Diagram. A shear pocket connection tested at ISU.(40) 

These two connections were designed expressly for use with UHPC fill in the connections and 
were shown to exhibit excellent performance. 

Connection 7 

The FHWA developed a novel composite connection detail for joining precast concrete bridge 
decks to supporting superstructure elements.(51) The effort was focused on creating a simple 
detail with little to no interference or field fit-up issues, increased long-term durability 
performance, and reduced aesthetic and rideability concerns. The FHWA designed this 
connection to engage the sustained tensile capacity of the field-cast UHPC. 

The connection at the supporting girder resembles that of traditional CIP deck construction, 
where the headed studs/reinforcing steel protrude from the girder into the haunch continuously 
along the member. One difference, however, is that the extension of the height of the connectors 
is reduced to avoid interference with the precast deck. A continuous channel/void is cast into the 
underside of the deck panel. The bottom mat of transverse reinforcement crosses this void. This 
void under the precast deck eliminates the need for full-depth shear pockets; thus, clustering of 
connectors can be avoided, and the shear connectors can be placed continuously along the girder. 

After the precast components are assembled into position, the haunch is formed and UHPC is 
cast into the void to fill the haunch connection completely. Vent holes can be provided in the 
deck panels to ensure the UHPC fills the void completely. The research concluded that the 
connection developed is capable of meeting the requirements associated with horizontal shear 
connections and ensuring composite behavior, and that it surpassed the performance displayed 
by a companion conventional test specimen. Figures 61 and 62 show, conceptually, the FHWA-
developed connection detail for steel girder and concrete girder superstructures, respectively. 
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Figure 61. Diagram. FHWA panel-to-steel girder connection detail.(51) 

 
Figure 62. Diagram. FHWA panel-to-concrete girder.(51) 

• Roughening the interfaces and surfaces between the precast components enhances the 
interface resistance to horizontal shear stresses. 

• The detail presented above is only conceptual and has not been deployed in actual 
bridge construction projects. Thus, relevant dimensions, bar sizes, etc. must be 
determined and evaluated before the connection can be specified confidently in 
practice. 

Connections 8a and 8b 

As mentioned in the last section, two panel-to-girder connections (one each for steel- and 
concrete-girder bridges) were developed as part of the NCHRP 584 research.(50) The first 
connection detail, shown in figure 63, includes headed shear studs welded to the top flange of 
supporting steel girders at prescribed intervals, with 1 1/4-inch-diameter studs placed in clusters 
of eight and spaced at 48 inches. 

Partial-depth shear pockets are fabricated in the deck panels at locations corresponding to the 
locations of stud clusters along the girder, which are recommended to be filled subsequently with 
in situ UHPC (via a grouting pipe extending through to the top surface of the deck) to complete 
the connection. These pockets were designed with either an HSS tube or three #6 closed ties to 
provide confinement and increase the compressive strength of the grout used; because of its 
superior compressive strength, this may not be necessary when UHPC fill is used. 
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Figure 63. Diagram. Panel-to-steel girder connection.(50) 

The 1 1/4-inch studs are used in favor of 7/8-inch-diameter studs to decrease the number of studs 
per pocket, thus decreasing pocket dimensions. The 48-inch spacing dimension violates the 
AASHTO LRFD Bridge Design Specifications for stud spacing. However, as part of the 
research, NCHRP conducted tests that concluded that the maximum spacing of clusters of studs 
can be extended to 48 inches for 7/8-inch and 1 1/4-inch stud diameters when confinement of the 
grout surrounding the stud clusters is provided. 

This design has been implemented successfully in practice by the Wisconsin DOT during a deck 
replacement procedure of the Interstate 90 Door Creek Bridge in Madison.(52,53) The connection 
is shown utilizing partial-depth shear pockets; consequently, additional considerations arise that 
must be accounted for when evaluating the suitability of this type of shear pocket. 
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Recommendations 

• Confinement of the shear pockets via closed tie reinforcement or an HSS tube can be 
eliminated when UHPC is used as the fill material due to its increased compressive 
strength. 

• The size and number of horizontal shear studs and their spacing need not be as 
described above. Individual project requirements dictate the size, number, and 
spacing needed. 

The second detail developed in the NCHRP 584 report calls for clusters of three 1 1/4-inch-
diameter double-headed studs spaced at 48 inches, as shown in figure 64. These studs are 
embedded into the top flange of the concrete girder. The reason cited for using three double-
headed studs rather than extending the vertical web shear reinforcement of the girder is to 
minimize the dimensions of the shear pocket. Similar to the connection to the steel girder, the 
partial-depth shear pockets are provided in the panel at locations corresponding to the shear 
studs, and the shear pockets can be filled with UHPC to finalize the connection. 

Recommendations 

• Confinement of the shear pockets via closed-tie reinforcement or an HSS tube can be 
eliminated when UHPC is used as the fill material, due to its increased compressive 
strength. 

• Again, the size, number, and spacing of the shear connectors can be modified from 
those presented, to meet specific project demands. 
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Figure 64. Diagram. Panel-to-concrete girder connection.(50) 

Connection 9 

Figure 65 shows a typical panel-to-girder connection that facilitates horizontal shear transfer and 
the development of composite action of the deck/girder system. The deck panel is fabricated with 
tapered shear pockets, or blockouts, at prescribed intervals along the length of the beam. At 
locations corresponding to the blockouts, headed shear studs are welded to the top flange of the 
steel beam. After the deck panel is transported to the site and properly set into place and any 
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required post-tensioning procedures have been performed, the blockout is then filled to complete 
the connection. 

 
Figure 65. Diagram. Panel-to-girder (steel) shear stud connection.(54) 

Due to its superior characteristics compared to typical grout used to fill the shear pockets, UHPC 
could presumably result in smaller pocket sizes and/or smaller shear connectors provided per 
pocket. Additional information on horizontal shear connections between steel girders and precast 
concrete deck panels is included in chapter 4. 

Recommendations 

• The wearing course shown in the detail is optional. It may be eliminated based on 
individual project requirements, as UHPC exhibits unique durability characteristics, 
including excellent abrasion resistance. 

• It may be desirable to provide a tapered blockout as shown to obtain a mechanical 
bond between UHPC and deck panels in addition to the interface friction between the 
two separately cast materials. 

• In addition, oval-shaped blockouts (in plan) may minimize cracking and could 
therefore be preferred over typical rectangular blockouts, provided the cost difference 
is justified. (The additional cost of oval blockouts is usually insignificant.) 

Connection 10 

Another form of horizontal shear connectors that can be provided in concrete girders, protruding 
into the precast deck panel to ensure composite behavior, is hooked reinforcement. This 
reinforcement is usually provided by extending the shear stirrups in the girder out of the top 
flange, as shown at the top of figure 66. This protruding hooked reinforcement is provided at 
regular intervals, rather than continuously, at locations corresponding to shear pockets fabricated 
in the deck panel, similar to the procedure mentioned for the previous two connections. 
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Figure 66. Diagrams. Extended stirrups and field-installed reinforcement as horizontal shear 

connectors.(49) 

However, another option is to provide field-installed hooked reinforcing bars in holes drilled into 
the top flange of the concrete girder and filled with epoxy. This is particularly applicable during 
deck replacement projects, when an existing CIP concrete deck is removed. When a CIP deck is 
to be replaced with precast deck panels, it is required to remove all existing horizontal shear 
reinforcement from the girders (to avoid interference of existing reinforcement with placing the 
precast deck) and replace it with new shear connectors at the prescribed shear pocket locations 
during the deck replacement operation. Figure 66 illustrates both of these concepts. The top 
schematic shows extended shear stirrups, and the bottom one shows field-installed 
reinforcement. 
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CHAPTER 4. DECK REPLACEMENT 
 

INTRODUCTION 

Over the life span of a bridge, it becomes necessary to replace or otherwise modify the 
existing/original deck. Possible reasons for replacing an existing bridge deck include structural 
deficiency due to normal wear and tear, concrete deterioration due to freeze-thaw cycles, and 
damage resulting from penetration of de-icing chemicals (particularly in the midwest and 
northern States that experience seasonal freezing), as well as other environmental factors or other 
functional considerations such as bridge widening to accommodate increasing traffic demands. 

Although the bridge deck may be in need of rehabilitation/replacement, often other elements of 
the existing superstructure remain robust and capable of performing adequately for the remaining 
service life of the bridge. Therefore, an interesting challenge is presented in which the bridge 
deck needs to be removed and replaced while the supporting girders and piers receive little to no 
modification or enhancement. This procedure is known as deck replacement, or redecking. 

This chapter addresses deck replacement procedures when UHCP waffle deck panels are to be 
used to replace existing CIP concrete bridge decks. 

BENEFITS OF PRECAST SYSTEM 

Traditionally, US highway agencies have used CIP concrete to build new bridge decks or replace 
deteriorating decks. However, there are drawbacks with CIP construction associated with 
construction time, including the time needed to cure the concrete, costs resulting from false work 
requirements, traffic disruption, worker safety, and so forth. Full-depth, precast concrete bridge 
deck panels provide an efficient alternative to CIP deck replacement and offer some desirable 
characteristics to help alleviate the drawbacks associated with CIP construction. 

For example, traffic disruption can be reduced because precast components make it possible to 
perform repair/replacement work only at night or on weekends, leaving the bridge in full service 
during peak traffic hours. This ability may also help improve work zone safety by reducing the 
number of construction personnel exposed to moving traffic and the amount of time that they are 
exposed to it. 

In addition, when full lanes of traffic need to be closed for work, staged construction can be 
utilized, leaving the remaining lanes open. Furthermore, construction time and costs are 
decreased due to reduced formwork requirements and concrete setting time, and higher quality 
can be achieved due to panels being cast in controlled environments. 

Because of these benefits, interest in full-depth, precast bridge deck panels has been increasing 
steadily in the past few decades. In fact, more than 15 States have successfully used full-depth 
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precast bridge deck panels in deck replacement projects and new construction on both concrete- 
and steel-girder bridges.(55) 

That notwithstanding, the use of precast deck panels does not come without its limitations. 
Unlike CIP construction, precast construction may introduce fabrication and transportation 
challenges. These challenges include not only cost, but also many logistical considerations. In 
addition, due to the modular nature of precast construction, many connections and joints are 
obviously present in the bridge-deck panel system. These connections present increased 
opportunity for leakage and water, salt, and chloride ingress into the deck panels, creating 
significant potential for corrosion and degradation of the bridge deck. The concrete deck panels 
can also crack under service loading, presenting even more durability concerns. 

Due to its durability properties, the use of UHPC as a primary material in precast bridge deck 
panels eliminates several of the concerns associated with conventional precast concrete deck 
panel construction. The use of UHPC panels realizes all of the advantages associated with 
precast construction, in addition to a few others. 

The superior structural characteristics of UHPC compared to those of normal concrete or HPC 
present an opportunity to decrease panel sizes considerably. This, along with the possibility of 
using a waffle configuration, results in lighter panels, which are handled more easily by 
construction equipment while decreasing the dead load on the structure, improving overall 
structural efficiency. 

The higher strength panels may also undergo less cracking than conventional concrete panels, 
increasing durability performance. As mentioned in chapter 3, the use of UHPC as a fill in the 
joints can result in simplified, constructible connections with exceptional long-term durability. 

CURRENT PRACTICE 

Several procedures are typical for most bridge redecking operations. These common procedures 
follow and assume a CIP existing deck removal replaced with precast deck panels: 

1. Removal and disposal/transportation of existing CIP deck. 
2. Removal of existing horizontal shear connections to beams/girders. 
3. Preparation of existing girders for new horizontal shear connection details. 
4. Design and fabrication of deck panels. 
5. Transportation of deck panels to site. 
6. Placement of deck panels onto existing bridge structure. 
7. Grouting of transverse connections. 
8. Placement of shear connectors in panel blockouts. 
9. Longitudinal post-tensioning and, if required, transverse post-tensioning of deck panels. 
10. Grouting of panel blockouts to engage horizontal shear connectors. 
11. Closure and expansion joint pours. 
12. Barrier and overlay pours if needed. 
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Most precast panels used in deck replacement scenarios are also prestressed panels. Often, the 
panels are pre-tensioned transversely during the precast fabrication process, transported to the 
site, and post-tensioned longitudinally once they are placed on girders. 

The advantages of prestressing are well known and include increased member flexural and shear 
strength, as well as the potential to eliminate/reduce cracking and enhance durability 
performance. The post-tensioning procedure, in particular, creates continuity between adjacent 
deck panels along their transverse joint interfaces, enabling transfer of moments across the 
connections. However, post-tensioning is costly and labor intensive and, as before, left out here 
in favor of more economical and construction-friendly connections. 

Design and analysis of the deck panels, as well as the longitudinal and transverse joint 
connections between adjacent panels, is an obvious step prior to undertaking the deck 
replacement procedure and is presented in accompanying sections of this document (see chapters 
2 and 3). 

A critical aspect of the deck replacement procedure is providing horizontal shear connections 
between the existing superstructure and the new prefabricated deck panels capable of ensuring 
composite behavior usually assumed in design. The remainder of this section discusses some of 
the standard procedures outlined above and how they can be used in installing prefabricated 
UHPC waffle deck panels. It also provides details and recommendations for ensuring composite 
behavior between girders and waffle deck panels through horizontal shear connections. 

Existing Deck and Shear Connection Removal 

Prior to placement of the new precast deck panels, the existing CIP concrete deck must be 
separated from the existing structure and removed. If the existing deck was made to be 
composite with the superstructure via shear connectors, these connectors must be located and the 
concrete around them removed. Due to the nature of CIP construction, the existing deck must be 
cut/sawn into sections of limited size to facilitate removal. This should be done with equipment 
capable of removing the existing deck without damaging the superstructure. 

Sawing/cutting is recommended over jackhammering because of previous cases in which the top 
flanges of prestressed girders have been damaged during the deck removal process.(56) In 
addition, the saw-cutting procedure should be monitored closely to avoid cutting through steel 
girder flanges by using improper blade depths. 

Next, the existing shear connectors must be removed, as necessary, to avoid interference with the 
new precast deck panels. In many cases, complete removal of all existing shear connectors is 
warranted. For steel-girder construction, horizontal shear connectors are present in the form of 
headed shear studs. These studs should be removed by torch cutting them close to the base along 
with subsequent grinding of any remaining connector material. In concrete-girder construction, 
typical horizontal shear connection is in the form of conventional reinforcement left projecting 
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from the top of the girder and then cast into the CIP deck. This reinforcement should be torch cut 
as close as possible to the top of the girder. 

Upon removal of existing shear connectors, the top of the girder should be cleaned thoroughly to 
remove any remains of the old deck, regardless of steel or concrete girders. Figures 67 and 68 
show the removal of an existing CIP concrete deck. Figure 69 illustrates the substantial amount 
of reinforcement that must be removed in deck replacement operations. 

 
Figure 67. Photo. Jackhammering deck sections prior to removal. 

 
Figure 68. Photo. Sawn deck section being removed by crane. 
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Figure 69. Photo. Existing superstructure with remaining reinforcement after deck removal. 

Horizontal Shear Connection Details 

The horizontal shear strength at the interface between two interconnected elements is of primary 
importance to provide composite action. Between bridge decks and the supporting structure, 
horizontal shear connectors are provided, enabling composite behavior between the girder and 
deck slab system and preventing the separation of the girder and the slab. 

Typically in CIP concrete construction, the shear connectors are distributed more or less 
uniformly over the length of the girders and the concrete is then cast over top. However, due to 
the nature of precast bridge deck panel construction and installation, this procedure is not 
practical. Instead, in precast construction, the deck panels are fabricated with blockouts, or 
pockets, at prescribed intervals and clusters of shear reinforcement are provided within these 
pockets, which are subsequently grouted to provide connections between the panels and girder. 
These pockets are illustrated in figure 70, which shows a deck panel placed on steel girders and 
resembles the operation adopted for installing the UHPC waffle deck in the field (see figure 5). 

Composite action is created after the grout in the pocket gains adequate strength. A few options 
are available for providing horizontal shear connectors in girder bridges and are determined 
mostly by whether steel or concrete superstructure girders are present. Some recommendations 
and discussion of each follows. 
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Figure 70. Diagram. Shear pockets used for installing precast deck panels.(57) 

Steel-Girder Bridges 

In steel-girder bridges, the most commonly used option is to provide connections between the 
girders and deck system using headed shear studs welded to the top flange of the girder. These 
studs are embedded in the deck slab for an adequate height to provide for full anchorage. The 
Utah DOT recommends using 3/4-inch-diameter studs, while a diameter of 7/8 inches is the 
largest common size that has been used in highway bridges for the past three decades.(58) 

Utah DOT recommends that the length of the stud be determined by the following criteria: the 
bottom of the head of the connector is at or above the mid-height of the panel while maintaining 
3 inches of clear cover or at least four times the diameter. Another study suggests that the studs 
should be developed at least 5 inches into the slab to prevent pry-out failures.(59) 

Given the shear connectors provided for precast decks systems must be located in discrete 
locations that coincide with the shear pocket blockouts fabricated into the panels, their spacing is 
considerably larger than in CIP systems, where they are distributed uniformly along the length of 
the girders. Therefore, to still provide adequate shear resistance at the interface between the deck 
and girders, the shear studs are clustered within the shear pockets, rather than provided 
individually. Figure 71 illustrates clustered headed shear stud arrangements in deck panel shear 
pockets. 
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Figure 71. Photo and diagram. Clustered headed shear stud arrangement for deck panel shear 

pocket.(60) 

The current AASHTO LRFD Bridge Design Specifications (Article 6.10.10.1.2) state that the 
spacing between shear connectors shall not exceed 24 inches.(27) The specifications do not 
distinguish between spacing requirements of individual studs and those of clusters of studs. 
Designers have interpreted this provision as applicable typically to both situations. However, this 
specification is based on research conducted more than 30 years ago and has been a point of 
contention recently.(58) 

Under NCHRP Project 12-65, researchers conducted tests concluding that the maximum spacing 
of clusters of studs can be extended to 48 inches for stud diameters of 7/8 and 1 1/4 inches when 
confinement of the grout surrounding the stud clusters is provided. This spacing has also been 
implemented successfully in practice during a redecking procedure of the Interstate 90 Door 
Creek Bridge in Madison, Wisconsin.(53) 

It is advantageous to be able to increase spacing of shear connector pockets for a number of 
reasons: simplify and speed up the panel fabrication process, reduce grout usage decreasing cost 
and construction time, reduce possibility of water leakage at deck/grout interface, and increase 
flexibility in layout of required transverse reinforcement. In addition, tests have shown that using 
1 1/4-inch-diameter studs in favor of 7/8-inch-diameter studs can reduce the number of studs by 
about 50 percent and the shear pocket size by 40 percent, further increasing economy. This 
approach has been used successfully in Nebraska.(58) 

Concrete-Girder Bridges 

For concrete-girder bridges, horizontal shear connection is provided typically by conventional 
mild steel reinforcement that projects from the top of the girder and into the slab. However, 
similar to steel bridge shear connections, headed studs can be welded to a steel plate embedded 
into the concrete beam. 
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For deck replacement projects, Utah DOT suggests providing T-headed mild steel reinforcement 
placed in drilled and grouted holes.(61) The recommended bar size is a #6 or equivalent with a 
head size able to fully develop the bar. Embedment is recommended to be 6 5/8 inches to provide 
a minimum of 26.4 kip in tension, which is based on fully developing the yield strength of the 
bars in tension. 

The shear connectors need to be embedded far enough into the drilled/grouted holes as well as 
the precast deck panel to develop the full tensile strength of the reinforcement based on the shear 
friction theory of horizontal load transfer. A Virginia Tech study found that single-leg, post-
installed rebar was a very convenient type of connector when using epoxy to fill the drilled 
holes.(59) In this study, #5 bars were embedded 5 inches into the drilled/epoxied hole and 5.5 
inches into a 5,000 psi precast concrete deck; #6 bars were embedded 6.5 inches into the drilled 
hole and 5.25 inches into the precast deck. Figure 72 shows a connection configuration that can 
be used when placing precast bridge deck panels on concrete-girder bridges. 

 
Figure 72. Diagram. Post-installed reinforcement as horizontal shear connector. 

USE OF UHPC WAFFLE DECK 

Following surface preparation and installation of connection elements such as shear studs or 
reinforcement to the existing girders, installation of UHPC waffle deck panels as part of the 
redecking process can proceed. The process will not be any different than what is recommended 
for new bridge construction (see chapters 2 and 3). The dimensions of the waffle deck panels and 
connections need to be designed adequately using the procedures recommended in the previous 
chapters. During this process, the recommended length for reinforcement and shear studs can be 
used rather than those recommended for typical full-depth precast concrete panels.  
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CHAPTER 5. FABRICATION/PRODUCTION, CONSTRUCTION, AND 
INSTALLATION 

 

PREFABRICATION 

All UHPC waffle panels should be prefabricated at a precast plant that has prior training in 
UHPC mixing and casting from the UHPC material provider. The panel fabrication involves 
several steps related to assembly of formwork to create the necessary void patterns or rib 
spacing, placement of transverse and longitudinal reinforcement, placement of dowel bars at the 
transverse and longitudinal joint locations, creating voids for shear pockets, batching and casting 
of UHPC, and steam curing of the final product. A panel fabrication process is shown in figure 
73. 

 
Figure 73. Photos. Construction of a UHPC panel. 

e) Placement of voidsf) Finished UHPC Waffle deck panel

a) Placement of reinforcement

b) Aligning the trough system  filled 
with UHPC with the panel

c) Pouring of UHPC

d) UHPC filled upto 3/4th height of 
the form
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Formwork 

A specially designed, displacement-type formwork made of steel sections with adjustable rib 
spacing is recommended for the UHPC waffle deck panel fabrication, which is different from the 
formwork used typically for full-depth solid precast deck panels made of normal concrete. 

The steel formwork is necessary to maintain the desired tight tolerances because of the thin 
UHPC sections in the waffle deck panels. In addition, the adjustable steel forms facilitate 
multiple waffle configurations, decreasing the production cost of the panels. It is suggested that 
panels be cast upside down using a formwork consisting of two parts, as shown in figure 74. 

 
Figure 74. Photos. Formwork used for waffle deck panel construction. 

The top formwork consists of blocks used to create the waffle voids, which can be adjusted to 
create the required rib spacing in both panel directions. The bottom formwork is a basic open-top 
design. 

Reinforcement 

The longitudinal and transverse reinforcement is placed in the bottom form, before it is filled 
with UHPC. The high bond strength and excellent durability properties of UHPC eliminate the 
need for using standard hooks and epoxy-coated special reinforcement. 

While placing the transverse and longitudinal reinforcement, as well as dowel bars along the 
joint edges, tight tolerances should be exercised due to the cover requirements and the presence 
of thin rib sections in the waffle deck panel. The use of corrosion-resistant reinforcement may 
help in relaxing the tolerance limits for the longitudinal and transverse reinforcement without 
affecting the overall durability of the deck panel. 
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Batching UHPC 

UHPC may be batched using a variety of different types of mixers. However, it is recommended 
to seek advice from the UHPC manufacturer regarding the energy demand on the mixer and any 
modifications required to mix large amounts of UHPC. Due to the properties of UHPC, it 
requires relatively high energy for mixing, thus subjecting the mixer to higher torque demands 
than normal. Precast producers must obtain training from the UHPC manufacturer prior to 
producing UHPC elements regarding batching of UHPC. The UHPC material batched according 
to the manufacturer specifications typically achieves a minimum dynamic flow of 8 to 9 inches 
(using the flow table described in ASTM C230). 

Casting of the UHPC Panel 

It is important to utilize the self-consolidating and self-leveling nature of UHPC. It can be placed 
with little to no vibration (depending on the flow), and the direction of casting/hopper 
configuration will dictate the fiber orientation. It is recommended to cast the waffle deck upside 
down (driving surface down) to facilitate a flat, uniform riding surface as well as allowing for the 
displacement casting of the waffle voids. Displacement casting of the voids is crucial to ensure a 
crack-free, durable waffle panel. 

Using this casting technique, the bottom form is filled with UHPC to a depth of 4.5 inches (for 
an 8-inch-deep waffle panel), and the top formwork is then pushed into the UHPC, causing it to 
displace and form the ribs. The bottom formwork should be a basic open-top form and be 
fastened adequately to the casting bed, to prevent lifting of the bottom form due to pressure 
developed in the displacement process. The voids should be removed once the UHPC initial set 
is achieved (typically 12 to 14 hours after pouring). This will allow for the shrinkage to take 
place without any restraint, thereby preventing crack development in the deck panel. 

In addition, the UHPC panels should be covered with plastic sheeting to prevent dehydration of 
the exposed surface. If the designer chooses to integrate a riding surface into the waffle deck 
panel instead of using an overlay wearing surface, adequate attention should be given to create 
the necessary riding surface using standard form liners or other suitable materials placed in the 
bottom form. 

Curing of the Waffle Panel 

Similar to conventional concrete, the strength gain of UHPC is influenced by the curing 
temperature. For handling the UHPC panels in the precast yard, a minimum compressive 
strength of 14,000 psi is typically recommended. To reduce the curing time needed to achieve 
this strength, the panels can be tented after casting and cured at 90 °F. On the Wapello County, 
Iowa, project, this additional step decreased the required curing time from 4 days to 2 days. 

Once the UHPC reaches 14,000 psi, the panels should be moved to a curing area and subjected to 
a controlled steam cure at 195 °F with 95 percent relative humidity for 48 hours, as 
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recommended by the UHPC material manufacturer. This steam cure will enhance the UHPC to 
its ultimate strength and durability characteristics, surpassing a minimum design compressive 
strength of 24 ksi. 

FABRICATION OF SHEAR POCKET 

A few recommendations are presented for consideration when specifying the fabrication of shear 
pockets. As noted previously, either full- or partial-height shear pockets can be used, where 
partial-height pockets do not extend through the top surface of the precast deck. Examples of 
both partial- and full-height shear pockets are shown in figure 75. 

 
Figure 75. Diagrams. Full- and partial-depth shear pockets. 

If no overlay is intended to be provided, partial-height shear pockets are recommended for 
protection from water leakage at the shear pocket/grout interface and for aesthetic reasons. When 
partial-depth pockets are used, the following criteria are recommended to be satisfied for precast 
decks: minimum 1/2-inch clearance between the highest point of the shear connector and the 
pocket and 2-inch minimum distance between the highest point of the shear connector and the 
top surface of the panel. In addition, injection ports and vents should be provided in partial-
height pockets.(50) Furthermore, to avoid stress concentrations at the corners of the shear pockets, 
which could initiate cracking, the corners of the shear pockets can be rounded.(56) 

Although identified previously as a preferred option, oval pockets often are more expensive to 
fabricate, but the additional cost is usually insignificant. When UHPC waffle deck panels are 
used in conjunction with in situ UHPC infill, it has been shown that rectangular pockets can be 
used reliably. Furthermore, both full- and partial-height shear pockets may be used. 

If partial-height pockets are preferred, it must be ensured that there is sufficient dimension for 
the access hole to get UHPC in and fill the joint in a reasonable amount of time. In addition, the 
length of shear studs and extension of reinforcement into the pocket can be reduced due to the 
high compressive and bond strength of UHPC.  
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OVERLAY 

Often, a thin epoxy polymer or modified concrete overlay is applied over precast deck panels 
after deck installation or replacement procedures have been completed. By providing an overlay, 
the panels, joints, and connections between precast elements are further protected from water and 
deicing chemicals, which, when used in harsh winter climates, can contribute to the deterioration 
of concrete and corrosion of reinforcing steel. UHPC shows promising durability characteristics 
suggesting that chemical corrosion may not be a major issue; however, specifying an overlay 
provides an additional measure of protection against potential durability issues. 

In addition, due to the necessary transverse connections between deck panels, the riding surface 
on precast deck panel bridges may not meet specific requirements for rideability; an asphalt or 
concrete overlay can mitigate this issue and provide a smooth, comfortable riding surface for 
motorists. 

Some of the suggested recommendations from the Utah DOT for the application of a thin 
polymer overlay on precast concrete deck panels can be utilized for UHPC waffle deck panels. 
These recommendations include selecting a minimum thickness of overlay of at least 1/2 inch, 
applying the overlay in at least two coats to obtain minimum thickness, and providing overlay 
joints that are not coincident with deck panel connections.(61) 

With the UHPC panels, as observed in the Wapello County project, the overlay can be 
eliminated completely by grinding off any excess of the in situ UHPC poured in the joints to 
make a smooth transition between the panels and connections, thus providing an acceptable 
riding surface.  

The suitability of different riding surfaces was investigated as part of this HfL project. The 
rideability and surface characterization of six different waffle deck surface finishes were 
investigated by measuring the skid resistance values (SRVs) and surface texture depth. Five of 
the textured surfaces were characterized using the standard sand patch test. The details of the 
textures investigated are presented in table 22 along with average values of measured sand patch 
diameter and texture classification. 
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Table 22. Details of the textures and average sand patch diameters. 

Sample 
No. Texture / (Brand) 

Sand patch diameter 
(in.) 

Average sand 
patch 

diameter (in.) 
(d) 

Texture depth 
(in.)* = 𝟒𝐕

 𝛑𝐝𝟐
𝒙𝟏𝟎𝟑 

1 2/61 Thames / (Rekli) 9.44, 8.66, 8.46, 8.86 8.86 0.0496 

2 Broom finish / ( Architectural 
Polymers) 10.03, 9.25, 9.64, 9.05 9.50 0.0429 

3 2/102 Parana / (Rekli) 7.87, 7.68, 7.87, 8.07 7.87 0.0626 

4 Heavy Broom finish /             
 ( Architectural Polymers) 6.3, 6.3, 6.1, 5.91 6.15 0.1027 

5 Anti Skid / (Fitzgerald Form 
liners) 8.66, 8.86, 9.05, 9.05 8.91 0.0488 

* V = volume of the sand used (= 3.05 in3) 

SRVs for different surface finishes were measured with the British pendulum tester using the 
ASTM E303 standard method for measuring the surface friction properties. The skid-resistant 
test was performed on all six different texture surfaces with four tests per sample. In all tests, a 
minimum 12-inch by 12-inch sample size was used. The details of the test setup are shown in 
figure 76. 

 
Figure 76. Photo. Test setup for characterization of skid resistance of textures using the British 

pendulum tester. 

The details of the different textures tested and their mean SRV values are provided in table 23. 

British pendulum 
tester

UHPC panel with 
texture surface
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Table 23. Measured skid resistance values for different textured surfaces using British pendulum 
tester. 

Sample 
No. 

Texture / 
(Brand) Texture Skid Resistance Values (BPN) Average 

SRV  

1 2/61 Thames / 
(Reckli) 

 

87,88,88,88 87.75 

2 
Broom finish /                  
(Architectural 

Polymers) 

 

72,70,70,70 70.5 

3 2/102 Parana / 
(Reckli) 

 

Direction-1 96,96,96,96 96 

Direction-2 90,90,90,90 90 

4 

Heavy Broom 
finish / 

(Architectural 
Polymers) 

 

Direction-1 72,75,75,75 74.25 

Direction-2 80,81,80,81 80.5 
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Sample 
No. 

Texture / 
(Brand) Texture Skid Resistance Values (BPN) Average 

SRV  

5 
Anti Skid / 
(Fitzgerald 

Form liners) 

 

80,80,80,81 80.25 

6 
Carpet / 

(Fitzgerald 
Form liners) 

 

Direction-1 62,65,65,65 64.25 

Direction-2 76,75,78,80 76.625 

BPN = British pendulum number 

Based on the suggested minimum values of skid resistance by the Transport and Road Research 
Laboratory, all of the tested texture surfaces surpass the minimum required SRV value of 65, 
satisfying the rideability criteria.(62) 

Figure 77 shows a close-up view of the bridge deck surface from the bridge in Wapello County, 
Iowa. It depicts the smooth transition between the connections and prefabricated waffle panels. 
Of the different riding surfaces summarized in table 23, 2/102 Parana texture was selected for 
implementation in the Wapello County project. 
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Figure 77. Photo. Close-up of shear pockets and shear hooks at Wapello County, Iowa, waffle 

deck bridge. 

Field Installation 

This section describes the steps for installing the UHPC waffle deck panels in the field, which 
are primarily based on the experience gained in Wapello County. 

The precast deck panels were designed to be fully composite with the precast prestressed 
concrete girders. This was accomplished by providing shear hooks in the precast girder at the 
shear pocket locations, which were subsequently filled with UHPC (see figure 77). 

Following installation of the girders, the half-width precast deck panels are set to grade, spanning 
between the concrete girders and leveled to the needed elevation by placing shims. At the panel 
bearings on the beams, an Evazote foam strip is installed to provide a good contact and 
watertight seal between the precast panels and prestressed concrete girder (see figure 78). Quick-
setting spray foam is used to create the watertight seal between panels and girders. 
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Figure 78. Photo. Watertight seal at panel-to-girder connection using quick setting spray. 

Once all panels are installed and tested for moderate water tightness, the connection regions are 
prepared for field casting of UHPC fill material. Figure 79 shows the installed waffle panels at 
the Wapello County bridge. 

 
Figure 79. Photos. Placement of waffle deck panels. 
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The faces of the precast panels were sandblasted at the precast plant to create a roughened 
surface to enhance the bond between the precast panel and the joint fill, leading to water 
tightness of the transverse joint (panel-to-panel joint). In addition, the surface of each precast 
panel was soaked to saturate surface-dry (SSD) prior to casting the joint fill. Figure 80 provides a 
close-up view of the transverse and longitudinal connections in the Wapello County bridge. 

 
Figure 80. Photos. Transverse and longitudinal connections. 

The UHPC joint fill materials were delivered to the site by the material supplier and set up for 
batching (see figure 81). A pair of IMER Mortarman 750 mixers was used to batch the in situ 
joint fill UHPC material. Each mixer was capable of producing 5.12 cubic ft of UHPC per batch, 
with an average mixing time of 20 minutes. The mixers were run in parallel just off the end of 
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the bridge, providing a continuous supply of UHPC material and maintaining direct access to the 
bridge deck. The number and size of mixers needed on a bridge site is determined by the daily 
joint fill volume requirements of the contractor. 

 
Figure 81. Photos. Batching of UHPC joint fill using IMER Mortarman 750 mixers in field. 

The UHPC joint material can be transported to the joints by a power buggy or a wheelbarrow 
and then placed directly into the joints and shear pockets (see figure 82a). UHPC joint material 
flows along the longitudinal and transverse joints due to its self-consolidating and self-leveling 
behavior (see figure 82b). The UHPC should not be vibrated, as that would potentially disrupt 
the random orientation of the fibers. The completed panel-to-girder shear pocket connections are 
shown in figure 82c, while figure 82d shows the partially filled longitudinal panel-to-girder 
connection at the centerline of the bridge. 

The white colored strips that can be seen in figure 82 are made from a rigid, waterproof material 
and have multiple purposes. They provide a 1/4-inch overfill of the UHPC in the joint. As the air 
entrapped during mixing and placing escapes, the grout settles closer to the top surface of the 
bridge deck, minimizing further addition of UHPC. Escaped air forms bubbles on the top surface 
of the connections. The overfill provides a surface slightly above precast panels such that it can 
be ground completely flush with the deck surface to remove any imperfections. 
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Figure 82. Photos. Filling of connection regions with in situ UHPC and completed connections. 

The joints are covered with form-grade plywood strips to prevent any moisture loss during initial 
setting (see figure 83) and then allowed to cure until reaching 15,000 psi before opening to 
traffic. The time needed to reach that compressive strength for the joint fill UHPC material varies 
depending on the ambient temperature. Typically, at ambient temperatures around 68 °F, a 
minimum of 4days is needed to reach the desired strength. This time can be reduced by using 
accelerators or providing external heating sources (such as propane heaters or glycol heating 
lines). 
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Figure 83. Photo. Finished transverse connections (panel-to-panel connection) covered with 

plywood. 

During the field curing process, the UHPC material should be ground smooth to remove any high 
spots and/or overfill. It is critical to grind the connection regions while they are relatively soft 
(around 5,000 psi); otherwise, the UHPC will be hard on grinding equipment. This early grinding 
can only be conducted using hand-operated equipment. If the grinding equipment is mounted to a 
truck, the UHPC must possess vehicular loading strength prior to grinding. Figure 84 shows the 
surface aspect after grinding. Freckling of the surface may appear where any fibers are exposed 
to weather due to grinding; this does not have an impact on the overall performance of the joint. 
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Figure 84. Photo. Close-up of the waffle panel deck after grinding along the transverse and 
longitudinal deck connections. 
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CHAPTER 6. SUMMARY AND CONCLUSIONS 
 

SUMMARY 

Full-depth, precast, UHPC waffle deck panels with longitudinal and transverse ribs and a viable 
set of connections suitable for field implementation were developed for this HfL project. 
Following a successful laboratory validation of the full-scale unit, which consisted of two panels 
and recommended connections, the waffle deck was installed successfully on a replacement 
bridge in Wapello County, Iowa. The subsequent load testing confirmed the desirable 
performance of the UHPC waffle deck bridge. The project described in this report was 
undertaken as a follow-up study to broaden the applications of UHPC waffle deck panels to new 
bridges as well as deck replacement projects. 

To make the broader applications of UHPC waffle deck panels feasible, this report was 
formulated as a guide to provide technical and practical information necessary to allow bridge 
owners to consider the use of UHPC waffle slabs for a wide variety of bridges. Using a series of 
simple and detailed finite element analysis models, every effort was taken to improve efficiency 
of design while ensuring safety, integrated versatility, and simplified design calculations. 

CONCLUSIONS 

This study serves as a guide for complete design, fabrication, and installation of UHPC waffle 
deck panels with mild steel reinforcement. The conclusions drawn from the development of this 
design guide, as well as construction and performance of the waffle deck panels in the laboratory 
and field, are summarized in this section. 

Design 

The waffle deck panel should be designed to act compositely with the supporting bridge girders 
under traffic loads. For broader application of the precast deck panel in different bridge types 
with variable girder spacing, several deck panel configurations with variable transverse and 
longitudinal rib spacing were developed and evaluated under traffic loads. A maximum girder 
spacing of 10 ft was considered while arriving at panel and reinforcement details. AASHTO 
HL-93 truck loading was used to estimate the demand on the waffle deck panel. 

• The deck panel should be at least 8 inches thick to satisfy AASHTO requirements and to 
resist the effects due truck loading. 

• The maximum allowable rib spacing in transverse and longitudinal directions is limited to 
36 inches. 

• The minimum thickness for the slab over the ribs should be taken as 2.5 inches to prevent 
punching failure under truck loads and ensure adequate cover for reinforcement. 

• Two different configurations for transverse rib reinforcement, which are applicable for 
different girder spacing, are proposed and shown in figure 85. The first configuration 
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(UWD6T6B) consists of #6 bars at the top and bottom of the transverse rib. The alternate 
configuration (UWD6T7B) consists of a #7 bar at the bottom and a #6 bar at the top of the 
transverse rib. 

• The cracking moment capacity of the deck panel according to the strip method in the positive 
and negative bending directions was found to be between 1.86-4.14 k-ft/ft and  
5.76-8.17k-ft/ft, respectively, depending on the transverse and longitudinal rib spacing. The 
cracking moment capacities are presented in tables 18 and 19 in chapter 2. 

• The nominal moment capacity of the UWD6T6B deck panel using the equivalent strip 
method in positive and negative bending directions was found to between 10.19-18.59 k-ft/ft 
and 23.39-32.98 k-ft/ft, respectively, depending on the transverse and longitudinal rib 
spacing. The details of the nominal moment capacities are presented in tables 18 and 19 in 
chapter 2. 

• The UWD6T6B configuration can be used for waffle deck panels with any rib configuration 
(rib spacing < 36 inches) in bridges with a maximum girder spacing of 8.25 ft. This 
configuration can be used for bridges with a girder spacing of 8.5 to 10 ft if the transverse rib 
spacing is limited to 21 inches. 

• The UWD6T7B configuration can be used for waffle deck panels with variable transverse 
and longitudinal rib spacing in bridges with a maximum girder spacing of 9.25 ft. For girder 
spacing of 9.5 to 10 ft, the transverse rib spacing is limited to 30 inches. 

• The overhang region in the waffle deck panels should be designed as a solid section rather 
than a waffle configuration to resist the effects of barrier rail crash loads adequately. 
Although this region may be tapered without satisfying current AASHTO requirements, 
economic benefits of this modification are expected to be small. 

 
Figure 85. Diagrams. Proposed transverse reinforcement configurations. 
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Connections 

A set of connections suitable for UHPC waffle panels were tested as part of this HfL project and 
proved satisfactory. While these connections can be used readily, additional connections 
established especially for full-depth precast panels have been identified as acceptable, as 
discussed in chapter 3. 

While using these connections, it is recommended that all voids in the field be filled with in situ 
UHPC. With this modification, a designer may take advantage of increased compressive and 
bond strengths associated with UHPC and simplify the reinforcement details within the 
connections. 

If a connection is expected to experience negative moments (e.g., top of a pier), it is 
recommended that the connection design include some precompression, such as that due to 
localized post-tensioning, to keep the connection from experiencing any tensile stresses. 

Redecking 

Using traditional procedures combined with those recommended in this report, full-depth, 
precast UHPC waffle deck panels can be used effectively for replacing deteriorated bridge decks. 
Regardless of the use of steel or concrete girders in existing bridges, old decks should be 
removed using locally approved methods along with the appropriate guidance provided in 
chapter 4. The selection of the waffle panels and connections can follow the recommendations in 
chapters 2 and 3. 

Constructions Issues 

It is important make sure that the precaster has appropriate training from the UHPC producer for 
fabrication of the UHPC waffle deck panels and the ability to mix large volumes of UHPC and 
thermally cure the panel decks. In addition, it is advisable to have the UHPC manufacturer on-
site with the contractor when casting the UHPC fill connections in the field, to ensure the 
expected product quality is achieved. 

It is important to engage the supplier of the UHPC in the early stages of project design so that 
quality control with mixing and placing of UHPC can be satisfied adequately in the precast plant 
and the field. While an overlay can be used on a UHPC waffle deck, it can also be omitted by 
integrating a suitable riding surface on the top surface of the panel during construction. 
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