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Abstract

Structural Performance of ASR/DEF Damaged

Prestressed Concrete Trapezoidal Box Beams with Dapped Ends

Nancy Anne Larson, BSCE
The University of Texas at Austin, 2010

Supervisor: Oguzhan Bayrak

Across the State of Texas and many other areas of the world, relatively young
concrete structures have developed signs of premature concrete deterioration. Large
cracks form on the surface of the concrete due to expansive forces from alkali-silica
reaction (ASR) and delayed-ettringite formation (DEF). The goal of this project is to
assess the effect of ASR/DEF on the trapezoidal box beam bridges in the US 59 corridor
and Katy Central Business District (CBD) HOV lanes in Houston, TX. Five dapped-end
beams were rejected during the casting process and have been in storage at a local precast
yard for nearly fifteen years. These beams have been subject to accelerated deterioration
and represent the potential severity of the ongoing ASR/DEF distress within the dapped-
end regions of the in-service trapezoidal box beams. The results from five load tests,
corresponding strut-and-tie models, and forensic investigation are used to provide
insights into the relationship between the severity of the deterioration and the capacity
margin.

Vi
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CHAPTER 1

Introduction

1.1 OVERVIEW

Across the State of Texas and many other areas of the world, relatively young
concrete structures have developed signs of premature concrete deterioration. In a
number of cases, severe surface cracking and occasional spalling have been identified as
symptoms of both alkali-silica reaction (ASR) and delayed-ettringite formation (DEF).
Uncertainty with regards to the structural effects of the deterioration have led engineers
to commonly err on the side of caution; costly repair or replacement schemes have been
frequently implemented to eliminate long-term concerns. Such an approach could have a
significant effect on future financial outlays in the State of Texas. It is estimated that the
Texas Department of Transportation (TXDOT) has more than one billion dollars worth of
prematurely damaged infrastructure in the Houston District alone (VVogel, 2008).

Most of the bridges on the US 59 corridor (between IH 610 and BW 8) and the
Katy Central Business District (CBD) HOV lanes were constructed with prestressed
trapezoidal concrete box beams. After a little more than a decade in service, many of the
exterior box beams are showing signs of premature concrete deterioration. TXDOT’s
current strategy for mitigation of the deterioration is a waterproofing treatment priced at
10 dollars per square foot of beam surface. The Katy-CBD HOV lanes contain 26,644
linear feet of trapezoidal box beams and more than 300,000 square feet of treatable
surface area. At the market rate, the total cost for waterproofing would exceed the
original purchase price (2.6 million dollars) of the box beams (Vogel, 2008).

Previous laboratory testing of ASR/DEF-affected reinforced and prestressed
concrete beams has not revealed any drastic implications for the flexure or shear strength
of simple, well-detailed elements. While the results are generally promising, it is difficult
to extrapolate the results to larger, more complex field structures. TxDOT Houston

District engineers face such a challenge in evaluating the effects of severe ASR/DEF
1



deterioration within the dapped ends of the trapezoidal box beams described above. Load
testing has never been performed to investigate the effects of premature concrete
deterioration on the structural performance of dapped ends. The majority of research with
ASR/DEF affected members focused on much smaller, rectangular sections. The unique
load transfer mechanisms and reinforcement details within a dapped end render the test

results found in the literature unsuitable for evaluation purposes.

1.2 PROJECT OBJECTIVES AND SCOPE

Five trapezoidal box beams were cast but not erected within the US 59 corridor.
The beams were rejected during the casting process due to void rotation and concrete
consolidation issues. Over the past fifteen years, the box beams have been exposed to the
elements in the Traylor Brothers’ precast yard in Houston, TX. Four of the beams were
cast in July of 1995 and showed signs of premature concrete deterioration (ASR and/or
DEF) varying from mild to severe. The fifth beam was cast in November of 1995 and
showed little to no sign of premature concrete deterioration; more or less representative
of an “undamaged” beam.

The cracked surfaces of these beams are assumed to represent the condition of the
bridge beams currently in service in 10 to 30 years, depending on environmental
exposure conditions and coatings that may be applied on these structural elements. It is
important to appreciate that the deleterious chemical mechanisms ASR and DEF occur at
a slower rate in the actual bridge beams due to the weather protection provided by the
reinforced concrete bridge deck.

Through an interagency testing contract, the Houston District of Texas
Department of Transportation provided funding for The University of Texas at Austin
(UT Austin) to conduct structural tests on the dapped ends of the prestressed concrete
trapezoidal box beams. The results from load testing of the four beams with moderate to
severe levels of ASR/DEF damage were to be compared with the results from the
“undamaged” segment. In addition, UT was to conduct a structural autopsy on one of the
heavily cracked beams. Load testing was performed at the Phil M. Ferguson Structural

2



Engineering Laboratory (FSEL) of the University of Texas. The results of the tests
provide immediate insight to the severity of the problem that exists in most of the bridges
with the US 59 corridor and the Katy Central Business District HOV lanes. Careful
review of the project’s findings will enable TxDOT engineers to make better
repair/replacement recommendations for the trapezoidal box beam bridges as well as
other structures affected by premature concrete deterioration within the State of Texas.
The scope of this study included: (1) preparation and shipment of the beams to
FSEL, (2) preparation of a load testing frame and instrumentation, (3) load testing of
dapped ends with varying degrees of ASR/DEF-related damage, (4) epoxy injection and
sectioning of one severely damaged beam, and (5) recommendations regarding
application of the load testing results to the structural evaluation of the prestressed

concrete trapezoidal beams affected by ASR and/or DEF.

1.3 ORGANIZATION

The work conducted over the course of the two-year study is described in the
flowing six chapters: Chapter 2 — Background, Chapter 3 — Experimental Program,
Chapter 4 — Experimental Results and Analysis, Chapter 5 — Forensic Investigation, and
Chapter 6 — Summary and Conclusions. A brief outline of each chapter is provided
below.

Background information pertinent to the current study is presented in Chapter 2.
First, the history of the design of reinforced and prestressed concrete beams with dapped-
ends is summarized and the aspects of the structural behavior that will likely control the
load carrying capacity of the beams are identified. Second, the premature concrete
deterioration mechanisms, alkali-silica reaction (ASR) and delayed ettringite formation
(DEF), are described to provide a background on their chemical compositions and
physical implications. Finally, relevant research on ASR/DEF affected beams is
discussed to provide a basis for the structural assessment of the dapped-ends of the

trapezoidal prestressed concrete beams examined in this study.



The experimental program, including the tasks related to the acquisition,
preparation, and testing of the five segments, is outlined in Chapter 3. The structural
details of the trapezoidal box girders, including the dap geometry, mild reinforcement
layout, and strand debonding patterns, are examined first. The full range of deterioration,
including both ASR/DEF related damage and structural properties and defects,
encompassed by the five box beams is then revealed. Finally, the test setup,
instrumentation and loading procedure of the dapped-end segments are described.

Measurements and observations made during the course of the load tests
performed on the dapped-ends of the five trapezoidal prestressed concrete beams are
presented in Chapter 4. The damage critical to the structural performance of the dapped-
end detail is examined and the load-deformation response and ultimate strength of each
segment are then reported with respect to the level of cracking (i.e. light, moderate, or
heavy). Finally, application of strut-and-tie modeling provisions from ACI 318-08,
AASHTO LRFD 2009, and TxDOT Project 0-5253 allow the capacity margin of the
ASR/DEF-damaged dapped ends to be assessed.

Three forensic techniques applied to the trapezoidal box beam segments are
discussed in Chapter 5. First, the findings of a petrographic analysis are used to establish
the nature of the deterioration found within three of the beam segments. Second, the
results of the structural autopsy of an epoxy injected beam are examined to reveal notable
interior cracking which contributed to the behavior and load-carrying capacity of the
damaged segments. Finally, estimates of the ASR/DEF-related expansion, obtained from
elastic rebound testing of the strained transverse reinforcement, are summarized and
compared to the qualitative damage assessments.

The experimental investigation performed during this study is summarized in
Chapter 6. Conclusions and recommendations regarding the structural performance of the
ASR/DEF-affected trapezoidal prestressed concrete beams with dapped-end are
presented. Finally, suggestions are made for future work within the State of Texas
including focusing on the issue of further deterioration and the potential loss of

confinement through ASR/DEF-induced reinforcement fracture.
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CHAPTER 2

Background

2.1 OVERVIEW

Evaluation of the ASR/DEF-affected trapezoidal box beams required a broad
knowledge base due to the complexity of the problem at hand. It was recognized that
proper evaluation and application of the structural test results would require knowledge
of: (1) the design and detailing of dapped ends, (2) the latest strut-and-tie modeling
methods, (3) the physical effects of ASR/DEF deterioration, and (4) historically
significant test results from ASR/DEF-affected structures. This chapter will provide the
information necessary to draw measured conclusions and observations from the results
presented in the remainder of this document.

First, the history of the design of reinforced and prestressed concrete beams with
dapped ends is summarized. In this context, the layout of the beams with dapped ends
used in the US-59 corridor in Houston and tested under this project is discussed. The
aspects of the structural behavior that will likely control the load carrying capacity of the
beams are identified. Second, the premature concrete deterioration mechanisms, alkali-
silica reaction and delayed ettringite formation, are described to provide a background on
their chemical compositions and physical implications. Characteristics common to both
mechanisms are compared to the current state of the prestressed concrete trapezoidal
girders under investigation. Finally, relevant research on alkali-silica reaction (ASR) and
delayed ettringite formation (DEF) is reviewed. Previous laboratory research is discussed
to form the basis for the structural assessment of the dapped-end ASR/DEF damaged

prestressed trapezoidal box girders.

2.2 DEsIGN oF DAPPED ENDS OF REINFORCED AND PRESTRESSED CONCRETE BEAMS

Beams with dapped ends are commonly used in the transportation industry. They
help to reduce the superstructure depths resulting in an efficient utilization of space and

5



resources. Dapped ends are also used in bridges with drop-in girders which allow for
increased span lengths. Their use in bridges results in aesthetically pleasing structures by
maintaining a constant depth between the beam and bent cap. A simplified diagram of a

dapped-end beam and inverted tee bent cap is illustrated in Figure 2-1.

Re-Entrant Corner

_____________Tﬂ ] _\ ™~ Dapped End
i Inverted Tee Bent Cap
Figure 2-1: Bridge Beams with Dapped Ends

Several design challenges are created when a concrete beam is dapped as the ends
of simply supported beams are subjected to the highest shear forces. A large amount of
the shear-resisting concrete is removed with the reduction of the beam’s height and a
severe stress concentration is developed at the re-entrant corner (shown in Figure 2-1).
Despite the wide use of dapped-end beams, studies on their behavior are limited. The first
analyses evaluating the elastic stress distribution of forces were completed in the early
1970s at the University of Washington. Additional research in the late 1970°s by Mattock
& Chan was conducted to determine the design of dapped-end beams and became the
basis of the PCI Design Handbook’s recommendations. Further research has been
conducted to improve original design equations and develop new methods, including
strut-and-tie modeling in TxDOT Project 1127 performed by the University of Texas, as
well as shear friction and diagonal bending. The design method given in the PCI Design
Handbook and strut-and-tie modeling (STM) are the main design methods examined in

this study.

2.2.1 PCI Design Handbook (2004)

Section 4.6.3 of the PCI Design Handbook examines beams with recessed or

dapped bearing areas. The behavior of these regions can be studied based on several
6



potential failure modes as described in Figure 2-2. The PCI Design Handbook’s method
is based on corbel provisions and a reinforcement layout for resisting the different

cracking patterns and beam failure.
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Figure 2-2: Potential Failure Modes and Required Reinforcement
(Adapted from PCI Design Handbook 2004).
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Failure by flexure (cantilever bending) and axial tension in the beam extension
can be prevented by providing flexural or axial tension reinforcement similar to that for
column corbels as shown in Figure 2-2A. Figure 2-2B illustrates a direct shear failure at
the junction of the dap and the main body of the member. A combination of vertical and
horizontal reinforcement is incorporated to preclude that mode of failure. The failure
mechanism shown in Figure 2-2C results from diagonal tension emanating from the re-
entrant corner. This failure mode is controlled by providing shear and hanger
reinforcement, Ag,, which should be placed as close to the re-entrant corner as possible.
The failure mode depicted in Figure 2-2D represents diagonal tension in the beam
extension and is controlled with the horizontal and vertical shear reinforcement, A, and
A,. Diagonal tension failure in the main body of the beam is shown in Figure 2-2E and is
primarily controlled by providing a full development length for As beyond the potential
diagonal crack. Anchorage of all reinforcement is critical in this end region (PCI 2004).

Additional stirrups are provided throughout the section where required.

2.2.2 Strut-and-Tie Modeling

Strut-and-tie modeling has been incorporated into recent codes to offer an
effective method for lower bound strength estimates and designs of disturbed areas (D-
regions) in reinforced and prestressed concrete structures. Based on applications of the
theory of plasticity, a strut-and-tie model (STM) can be used to represent and simplify the
flow of forces through a structure. An efficient STM can be constructed using the elastic
stress field diagram. Because STMs were developed to design the shear critical and
disturbed regions of structures, the design technique is viewed as an excellent tool for
modeling the dapped ends of prestressed concrete beams.

Strut-and-tie models are composed of three elements: struts, ties, and nodes.
Struts represent compression elements and are typically displayed with dashed lines on a
model such as the one shown in Figure 2-3. Ties are tension elements and are shown as
solid lines. Reinforcing steel carries the load in ties while struts are typically made up of
concrete or a combination of concrete and steel. Nodes represent the intersection of two

8



or more elements of a strut and tie model. All ties should be properly anchored so that the

force can develop at the inner face of the nodal zone

Seie
Node I ~u

~
S ~
- ~o
- 2 “

G/' Tie i

Figure 2-3: A Strut and Tie Model

2.2.2.1 Design Provisions

The following sections outline the three design provisions, AASHTO LRFD
Bridge Design Specifications (2009 interim), ACI 318-08, and the STM design
guidelines developed under TxDOT research project 0-5253, used to calculate the
capacity of the beams. The same strut-and-tie model is utilized in conjunction with the

aforementioned three methods.

2.2.2.1.1 AASHTO LRFD Design Method (2009 interim)

Section 5.6.3 of AASHTO LRFD Bridge Design Specifications, referred to as
AASHTO LRFD in the subsequent discussion, includes a discussion on the strut-and-tie
method for modeling deep beams. AASHTO LRFD considers the strength of struts, ties,
and nodes in the design of a structure.

In order to proportion the strut, the nominal resistance of an unreinforced strut is
defined by AASHTO LRFD as:

P =f %A, Equation 2-1 (5.6.3.3.1-1)

Where:
P, = nominal resistance of a compressive strut (kip)
feu = limiting compressive stress (ksi)

A = effective cross sectional area (ksi)



The value of A is determined by considering the available concrete area and the
anchorage conditions at the end of the strut. When a strut is anchored by reinforcement,
the effective concrete area extends a distance up to six bar diameters from the anchored
bar.

The limiting compressive stress f., considers the compressive strength of the
concrete and strains imposed on the concrete.

foo— e cogsp Equation 2-2 (5.6.3.3.3-1)
0.8+170z,

In which:

g =¢&, + (g, +0.002)cot’ «, Equation 2-3 (5.6.3.3.3-2)

Where:

o = smallest angle between the compressive strut and adjoining tension ties (°)

g = tension strain in the concrete in the direction of the tension tie (in./in.)

1. = specified compressive strength (ksi)
If the concrete is not crossed by or joined to ties, it can resist a compressive stress of
0.85f°.. As the angle between the strut and tie decreases, ¢; increases and the limiting
compressive stress decreases. Because the strain in the tie is required to calculate the
capacity of the strut, the AASHTO LRFD design procedure is an iterative method.

The tie reinforcement should be properly anchored so that the force can develop
at the inner face of the nodal zone (i.e as the tie exits the extended nodal zone). AASHTO
LRFD defines the nominal resistance of a tie as:

B, =f*A4,+A,f,.+1] Equation 2-4 (5.6.3.4.1-1)

nt

Where:

Ay = total area of longitudinal mild steel reinforcement in the it (in.z)
A, = area of prestressing steel (in.%)

Jy = yield strength of mild steel longitudinal reinforcement (ksi)

Jpe = stress in prestressing steel due to prestress after losses (kst)

P,,=nominal resistance of a tensile tie (kip)
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The second term in the equation ensures that the prestressing steel does not reach
its yield point and provides a measure of control over unlimited cracking. The increase in
the stress in the prestressing strands is limited to the same increase that the mild steel will
undergo, hence the term f; is used in the brackets of Equation 2-4.

Special consideration has to be given for the development of the prestressing
strand. The full effective prestress force, f,., is developed at a distance, /;, from the end of

a member as calculated with Equation 2-5.

L, > x(f, _§ £.0d, Equation 2-5 (5.11.4.2-1)

Where:

dp = nominal strand diameter (in)

Jps = average stress in prestressing steel at nominal resistance of the member (ksi)
Jpe = effective stress in prestressing strand after all losses (ksi)

k = 1.6 for pretensioned members with a depth greater than 24.0 inches

Figure 2-4: Consideration of Prestressing Strands
In the case where a node is located within the transfer length of the prestressing
strand, shown as Node “A” in Figure 2-4, only a portion of the full stress in the
prestressing strand can be considered. The design stress within the transfer length is
calculated using Equation 2-6 from AASHTO LRFD Section 5.11.4.2 on the
development of prestressing strand. The stress at a point between the transfer and
development length of the strand, Node “B” shown in Figure 2-4, can be calculated using

Equation 2-7 (AASHTO LRFD Equation 5.11.4.2-3). The stress in a tie past the
11



development length of the strand, such as the one to the right of Node “C” in Figure 2-4,

is taken as f,. + f;. Once the stress in the prestressing strand is determined, the strength of

the tie can be calculated using Equation 2-4.

%
f, o= Equation 2-6 (5.11.4.2-2)
7 60d,
[ —60d
=f 4+ T wf Equation 2-7 (5.11.4.2-3)

Where:

[, = distance from free end of prestress strands to section under consideration (in)

Jpx = design stress in prestensioned strand at nominal flexural strength (ksi)

Nodes are proportioned based on the elements framing into them. A summary of
the types of nodes and their corresponding concrete stress limits is provided in Table 2-1.
These stresses and the corresponding effective concrete area are used to determine the
capacity of the node. The reductions in allowable stress of CCT and CTT nodes are based
on the adverse effect of the tensile straining caused by the ties.

Table 2-1: AASHTO LRFD Stress Limits for Nodes

Concrete Compressive Stress Limits in Node Regions (f’¢)

“CCC” node — bounded by compressive struts and bearing areas 0.85

“CCT” node — anchored by a one-direction tension tie 0.75

“CTT” node — anchoring tension ties in more than one direction 0.65

2.2.2.1.2 TxDOT 5253 STM Design Guidelines

The STM design guidelines and provisions developed in TxDOT Project 5253
recommend the use of strut-and-tie models for designing D-regions near supports and
concentrated loads. These provisions are based on the STM recommendations in fib
(1999) and are significantly simpler and more accurate than the current method included

in AASHTO LRFD Design Specifications. Implementation of the TxDOT Project 5253
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improvements is expected to resolve many long-standing barriers to widespread use of
strut-and-tie modeling within engineering practice.

TxDOT 5253 provisions recognize that stresses in a strut-and-tie model
concentrate at the nodal zones and that the capacity of the model is directly related to the
geometry of these nodal regions. Without distinguishing between the two, the design of
the node-to-strut interface indirectly accounts for the design of a strut. References to the
stress checks at CTT nodes have been removed because they are typically smeared nodes
and are therefore not critical. Emphasis of deep beam design is placed on the critical
stresses in the singular CCC and CCT nodal regions. Anchorage of reinforcement at all
nodes is required.

The available capacity in the bearing face is calculated using an efficiency factor
for a CCT node and can be increased using a triaxial confinement factor based on the
bearing plate the size of the plane and the geometry of the member. An illustration using
the prestressed trapezoidal box girders with dapped ends is shown in Figure 2-5.

P =m*v*f' *4, Equation 2-8 (5.6.3.3.3-1)

ny

Where:

P,» = nominal bearing resistance
. . . . ’A -
m = bearing capacity modification factor, A—z < 2, as shown in Figure 2-5
1

v = concrete efficiency factor (Table 2.2)
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Figure 2-5 Definition of A1 and A2 for the Triaxial Confinement Factor
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Like AASHTO LRFD, the TxDOT 5253 provisions reduce the allowable stress in
a node. The varying concrete efficiency factors, v, are summarized in Table 2-2. Along

with the type of node, TxXDOT 5253 provisions also consider the face of the node in the

calculations.
Table 2-2: TxDOT 5253 Node Limits
Concrete Efficiency Factors for Node Faces
Bearing and back face of a CCC node 0.85
Bearing and back face of a CCT node 0.70

Strut-to-node interfaces with proper crack control reinforcement | 0.85—f"./20ksi < 0.65

Strut-to-node interfaces of CCC and CCT nodes

. . 4
without proper crack control reinforcement 0.45

The stress that must be resisted by the back face of a CCT node can be attributed
to the anchorage of the tie. If the tie is adequately developed, bond stresses are not critical
and need not be applied as a direct force to the back face of a CCT node. Checks of
smeared nodes are not required because their geometry is not well defined and they do
not control the capacity of D-regions.

The strength of a tie is determined by multiplying the available area of steel by its
yield strength as in Equation 2-4. Equation 2-6 and Equation 2-7 from AASHTO LRFD
Section 5.11.4.2 are used where special considerations need to be taken for the

development of the prestressing strand.

2.2.2.1.3 ACI 318-08 Strut and Tie Design Method

Like AASHTO LRFD, ACI318-08 differs from the TxDOT 5253 STM provisions
in that struts, ties, and nodes are all considered in the design. The nominal strut capacity
depends on the concrete strength and the cross sectional area of the strut and is modified
by a strut efficiency factor as shown in Equation 2-9. This factor depends on the type of
strut and whether is it properly reinforced as shown in Table 2-3.

P,,=0858*f'*A4, Equation 2-9 (A-2 & A-3)

Strut
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Where:

Py, = nominal strut capacity

[ = strut efficiency factor from Table 2-4.
A, = cross sectional area of strut

Table 2-3: ACI 318-08 Strut Limits (A.3.2)

Strut Efficiency Factor, g

Uniform strut 1.0

Bottle shaped struts with proper reinforcement | 0.80

Struts in tension members 0.80

All other cases 0.60

Ties are defined in the same manner as the previous two methods in that their
nominal strength is determined by their yield strength and steel area as shown in Equation
2-4. Like in the AASHTO LRFD Design Specifications, special considerations are taken
for the development of the prestressing strand. Using the bilinear relationship between
steel stress and distance from the free end of a strand (ACI318-08 Figure R12.9), the
available stress in the strand is calculated. Equation 2-10 was used for sections less than
the transfer length of the strand, while Equation 2-11 considers the stress in sections

between the transfer and development length.

*

f. = 3% v Equation 2-10
d,

fro=fu= Lwar _ S Equation 2-11

Where:

lavair = length from free end of the strand to the edge of the extended nodal region
dp = diameter of prestressing strand

Jps = available stress in prestressing strand

fse = stress in prestressing strand after all losses

15



Separate efficiency factors, based on the type of node, are used for the nodal zone
strength checks and are shown in Table 2-4. These factors modify the product of the
concrete stresses, 0.85f7¢, and the corresponding effective concrete area, A, to determine
the capacity of the node. Again, the reductions in allowable nodal stress are based on the
adverse effect of the tensile straining caused by the presence of ties.

Table 2-4: ACI 318-08 Node Limits (A.5.2)

Node Efficiency Factor, g,
Bounded by struts and bearing areas 1.0
Anchoring one tie 0.75
Anchoring one or more tie 0.60

2.3 DEeEsIGN METHODS FOR BEAMS WITH DAPPED ENDS

Previous research on the application of strut-and-tie models for the design of
dapped ends of reinforced and prestressed concrete beams as compared to previously

accepted procedures (e.g. PCI Design Handbook Method) is discussed in this section.

2.3.1 Mader (1990)

Mader (1990) investigated the methods for detailing the discontinuity in the ends
of dapped pretensioned beams. Unlike most studies, emphasis was placed on
incorporating prestressing forces into the design. Three design methods were compared:
PCI design method, Menon/Furlong design method, and the strut-and-tie method. The
Menon/Furlong design was developed especially for pretensioned beams but will not be
discussed herein because it incorporates a steel strap across the dap and re-entrant corner;
a detail not commonly utilized in modern prestressed concrete beams.

Mader’s first specimen was designed and detailed using the Prestressed Concrete
Institute method (PCI 1994). The reinforcement layout was identical to the one shown in
Figure 2-2 with #5 hoops as hanger reinforcement (Ayp), 3-#5 bars as the dap flexural
reinforcement (Ag), #3 hoops as dap stirrups (Ay), and a #3 hoop and a #4 hoop as the

horizontal bars (Ap). The flexural reinforcement, A’y,, was the same for all designs and
16



included two #5 bars, six #6 bars and, eighteen 3/8” strands in order to provide a 25%
increase in flexural strength to ensure a shear failure.

In addition to the specimen discussed above, Mader (1990) designed two dapped
ends based on different strut-and-tie models. The orthogonal design most resembles the
reinforcement layout in the dapped ends of the prestressed concrete beams under
investigation and is shown in Figure 2-6. The corresponding strut-and-tie model is shown
in Figure 2-7. The inclined strut-and-tie model (not shown in this document) incorporated
hooked bars across the dap and re-entrant corner similar to the steel strap found in the
Menon/Furlong design. Both of these details were found to be difficult to construct due to
congestion of reinforcement. Coincidentally, such complicated details were not used in
the design of the prestressed concrete trapezoidal box beams that are being investigated

in this project.
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Figure 2-6: Reinforcement Layout for STM (Mader 1990)
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Figure 2-7: Strut-and-Tie Model (Mader 1990)

All specimens were tested in shear and showed visible cracks at very low loads
with the first crack appearing at the re-entrant corner. Cracks were more evenly
distributed across the depth of the beam in the strut-and-tie specimens which failed at
loads that were 15-20% higher than predicted.

The specimen that was designed using the PCI Design Handbook approach failed
at a lower load due to poor detailing of the end vertical reinforcement. The vertical #5
reinforcing bars which were bent to confine the prestressing reinforcement straightened
out, causing the concrete cover to spall as seen in Figure 2-8. This created an immediate

loss in anchorage capacity and led to a premature failure in this specimen.

Straightening of Hoops

Figure 2-8: Poor End Detailing
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The main vertical (hanger) reinforcement immediately adjacent to the dap yielded
in all test specimens. Increases in strand strain were very small during the tests, as the
tendons were not able to pick up any additional load in the transfer region. The strains
decreased significantly when longitudinal cracks formed, weakening the anchorage of the
strands.

The strut-and-tie model used to design the beam was not modified to distinguish
between mild and prestressed reinforcement except that the prestress force was used as an
externally applied load. The remaining load-carrying capacity of the tendon was limited
to the residual capacity, or the tendon capacity minus the applied effective prestress
force. After the tests, new models were developed in which prestress forces were applied
at nodes along the transfer length in order to represent prestress transfer to the concrete in

a somewhat more realistic manner.

2.3.2 Barton, Anderson, Bouadi, Jirsa, & Breen (1991)

The study by Barton et al. (1991) compared strut-and-tie models against the
accepted methods of the PCI Design Handbook and the Menon/Furlong design. The
objective was to develop experimental data for verifying various elements in strut-and-tie

models.
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Figure 2-9: Reinforcement Layout for PCI Specimen (Barton et al., 1991)
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Based on the performance of the specimen detailed using the PCI design
handbook, Figure 2-9, it was determined that the most efficient location for the vertical
hanger reinforcement was as close to the interface between the dap and the full depth
section as possible. The researchers concluded that the tie bars should also be placed in a
closely spaced group. Proper anchorage, especially in the horizontal flexural
reinforcement, was found to be critical in developing the strength of the specimen and an

increase in concrete cover was found to improve anchorage capacity.

N -

U

|
|

Figure 2-10: Typical Orthogonal Strut-and-Tie Model (Barton et al., 1991)

The orthogonal strut-and-tie model shown in Figure 2-10 closely represented the
elastic stresses in the member and provided efficient placement of reinforcement for
construction. Testing proved that the model was an efficient representation of the flow of
forces through the end block. Results from Barton et al. indicated that the dapped-end

beam detail can be efficiently and effectively designed using strut-and-tie models.

2.3.3 Bergmeister, Breen, Jirsa, & Kreger (1993)

Bergmeister et al. (1993) expanded on the findings of Batron et al. to examine the
application of strut-and-tie modeling to typical details in structural concrete bridges. The
project presented specific recommendations for choosing the critical dimensions and

carrying out detailed computations using strut-and-tie models.
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Figure 2-11: Proposed STM for Dapped End (Bergmeister 1993)

Different strut-and-tie models were compared with test results from Barton et al.
to evaluate a design approach and create the recommended model that is shown in Figure
2-11. The strut angles in the test specimens examined ranged between 45° and 55° and
tended to increase as the beam was loaded. Hence, an angle of 55° was used in the
recommended model. The addition of strut C6 in Figure 2-11 represented the fanning (or
spread) of the compressive stresses as the struts utilized a larger amount of the available
area with the increase in applied load.

Bergmeister et al. concluded that the use of the strut-and-tie model given in
Figure 2-11 was an efficient way of detailing reinforcement in concrete discontinuity
regions. The calculations for ties were simple and straightforward but the checks of struts
and nodes were found to be laborious and subjective to the designer’s assumptions. In
most cases it was found that ties controlled the design and it was reported that advances
in strut-and-tie design would lead to easier calculations. Despite the difficulty in
implementing them, STMs were found to be a rational approach that could be used for
detailing circumstances that were not covered by other procedures.

According to Bergmeister et al., a strut-and-tie model for a prestressed concrete
member is similar to a reinforced concrete member if appropriate assumptions and
calculations are made to determine the stress levels in the tendons at failure. The stress

level depends principally on whether the tendons have been effectively bonded to the
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concrete. Mild steel is required to resist anchorage force concentrations and distribute
support reactions and can be designed using strut-and-tie models. Prestressing forces are
applied like other external loads on the strut-and-tie models, and changes in the forces in
the tendons due to other load effects are treated as internal forces or tie forces. As
mentioned by Mader (1990), the prestressing force is applied to nodes along the transfer
length of the strands. With proper bond, the prestressing steel can also serve as mild
reinforcement with the remaining capacity in the tie taken as the reserve capacity in the

strand and the capacity of any additional non-prestressed regular reinforcement.

2.4 PRESTRESSED CONCRETE TRAPEZOIDAL BEAMS WITH DAPPED ENDS

The typical reinforcement used in the dapped-end regions of the prestressed
concrete box beams under investigation is shown in Figure 2-12. The reinforcement
layout is similar to the beams designed using the the PCI Design Handbook, and those
tested by Mader et al. (1990), Barton et al. (1991), and Bergmeister et al. (1993). The
large amount of hanger reinforcement, 10-#6 bars, is concentrated adjacent to the dap-to-
full section boundary. The bars at the bottom of the dap, the 3-#5 U bars and 12 bent #7’s
strengthen the region and help to transfer shear into the full depth section. 58 to 64
prestressing strands, with 34 to 40 fully bonded strands, make up the primary flexural
reinforcement. 3-#6 U bars provide additional tensile capacity in the beams’ end-blocks

within the prestress transfer region.

3-#5 U'bars { .
12-Bent #7 bars 1.

3-#6 U bars }Prestressmg
Strands

\ J
T
10-#6 Hoops ~ #4 Stirrups @ 5”
Figure 2-12: Typical Reinforcement Layout for Dapped Ends of Trapezoidal Beams
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One of the major concerns with the prestressed concrete trapezoidal beams is the
capacity of the extended portion (dap). This smaller section has less concrete to resist the
heavy shears in the ends of beams. Tests by Mader (1990) found cracks forming at the re-
entrant corner under very low applied loads. As seen in Figure 2-12, the dap in the beams
is much more heavily reinforced and was the focus of the first test conducted under this
project. The strength of this section did not control the failure of the first test specimen
and it was concluded that the “dap failure” was not critical for the test specimens of this
study due to the presence of heavy reinforcement in this region.

The critical component of the dapped-end beams (Figure 2-12) is actually the
anchorage of the prestressing strands. Each strut-and-tie model in the previous research
has a node in the bottom corner of the beam at the end of the hanger reinforcement. This
node is very close to the edge of the beam and does not typically allow for complete
development of the prestressing strands (as shown in Figure 2-13). Tie 2 represents the
heavy hanger reinforcement while Tie 3 consists of the prestressing strands and #6 bars at
the bottom of the beam. Coupled with the high amount of debonded strands (shown
colored in Figure 2-12), the small amount of concrete available for strand bonding
severely weakens this tie at the node and can become (and in fact is) the critical

component in these beams (as shown in Chapter 4).
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Figure 2-13: Extended Nodal Zone and Reinforcement Anchorage
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2.5 PREMATURE CONCRETE DETERIORATION MECHANISMS

The trapezoidal box beams with dapped ends tested in this study were affected by
two premature concrete deterioration mechanisms. Alkali-silica reaction (ASR) and
delayed ettringite formation (DEF) subject the concrete to expansive forces, leading to
cracking on the surface of structural elements. Alkali-silica reactivity was first identified
as a concrete durability problem in the late 1930’s, and significant research has been
conducted on it since that time. Delayed ettringite formation was first identified as a
potential problem in concrete exposed to high curing temperatures during the early
1980’s.

The surface cracking patterns and visible interior damages caused by either
mechanism are virtually indistinguishable from a structural engineer’s perspective. A
brief discussion of the chemical and physical properties of the mechanisms will be
provided, but no distinction will be made towards their deleterious effects in the rest of

this report. For a detailed description on ASR and DEF, refer to Bauer et al. (2006).

2.5.1 (ASR) Alkali-Silica Reaction

ASR results from a combination of high-alkali cement and siliceous aggregates in
the concrete mixture. The reactive silica within the course and/or fine aggregates
dissolves in the highly basic concrete pore solution and reacts with the alkalis to form a
viscous gel. This gel expands as it absorbs water, generating pressure within the
aggregates and hardened cement paste. In the presence of sufficient moisture the pressure
can easily exceed the tensile strength of the concrete, producing map cracking and/or
surface pop-outs.

The expansive capability of the gel is influenced by a number of factors including
the reactive aggregate, concentration of alkalis within the pore solution and the
availability of sufficient moisture. The reaction is highly responsive to materials, mixture
characteristics, and exposure conditions as described in the following table. This
sensitivity results in significant variation of deterioration not only between two identical

members, but even within a single member.
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Table 2-5: Necessities of ASR and Sources of Variability (Deschenes et al., 2009)

Reactive
Aggregate

Sufficient
Alkali

Sufficient
Moisture

Amount of Reactive
Silica in Aggregate

Reactivity Level of Silica
Aggregate Particle Size

Distribution in Mixture

Amount of Cement
Cement Alkali Content

Alkalis from Aggregates,
Admixtures, Etc.

Migration and Leaching

Volume-to-Surface Area
Ratio

Water-to-Cement Ratio
Permeability

Climate and Exposure

of Alkalis

Accelerated by Elevated Temperature
and External Sources of Alkali

[
—

2.5.2 (DEF) Delayed-Ettringite Formation

Ettringite is the product of a reaction between sulfates, calcium aluminates, and
water. The natural formation of ettringite occurs during the early hydration process prior
to the hardening of the cement and does not pose a risk to concrete durability. Damage is
caused by delayed ettringite forming in the hardened concrete (Boenig et al., 2002).

DEF is a form of sulfate attack that occurs when the concrete is subjected to
temperatures in excess of 158°F (70°C) early in the curing process. When fresh concrete
is exposed to high temperatures the ettringite decomposes and the sulfates and aluminates
become trapped within the early cement hydration products (Bauer et al., 2006). Over a
period of time, the sulfates and aluminates diffuse out of the hydration products to react
and form ettringite. The reformation of ettringite produces expansive forces and micro-
cracking of the hardened concrete paste.

The growth of ettringite leads to bulk expansion of the cement paste and the
development of cracks and gaps around the aggregates. The ettringite then proceeds to fill

the recently formed cracks and create rims surrounding the aggregates, furthering the
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overall expansion and crack development. The formation of large amounts of ettringite
within the hardened cement paste can cause expansions of magnitudes well in excess of
those found due to ASR (Bauer et al., 2006).

The potential for delayed ettringite formation is depended on three conditions: (1)
concrete curing temperatures in excess of 158°F (70° C), (2) sufficient moisture to allow
for the formation of ettringite, and (3) decomposed ettringite or high amounts of sulfur.
Wide variations in cement composition (sulfate content), mixture characteristics
(porosity), and exposure conditions will lead to an equivalent variation of deterioration as

seen with ASR.

2.5.3 Diagnosing ASR and DEF

As discussed earlier, the external symptoms of the deterioration mechanism are
virtually indistinguishable. To the naked eye, “the resulting damage [of DEF] is very
similar to that caused by ASR, as would be expected for any internal expansive type
reactions within a non-ductile material” (Lawrence et al., 1999). Forensic testing of a
specimen is required to determine if ASR and/or DEF is the cause of the cracking.

In 2004, researchers from the Concrete Durability Center (CDC) at the University
of Texas at Austin removed cores from a beam in this study for forensic evaluation.
Residual expansion measurements were performed on the cores to determine the presence
of ASR and DEF in the concrete beam. The scanning electron microscope (SEM) images
in Figure 2-14 showed large gapping around aggregate with ettringite filling the gaps.
There were also signs of distress within the aggregates, suggesting that ASR did occur.
The amount of ettringite and gapping implied that DEF was the main cause of the
deterioration, but it is likely that ASR took place throughout the beam, triggering DEF in

some sections (Folliard & Drimalas, 2008).
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Figure 2-14: SEM Image of End Region (Folliard & Drimalas, 2008)

Because the difference between ASR and DEF can only be determined with
forensic testing, and since they are virtually indistinguishable from a structural engineer’s
perspective, no further distinction will be made between ASR and DEF in reference to

their deleterious capabilities.

2.5.4 Effects of ASR and DEF

Premature concrete deterioration mechanisms result in concrete expansion and
map cracking and often other symptoms including efflorescence, pop-outs, and surface
discoloration. In stressed regions, the cracking is aligned with the compressive stress
trajectories. This can be seen in ASR/DEF-damaged box beams: cracks emanated from
the bottom corner of the beam, propagated to mid-depth, and continued on as horizontal
cracks along the length of the beam (Figure 2-15). The cracks start at roughly a 30-degree
angle where the stress is minimal then bend over as large compressive stresses develop

within the concrete surrounding the prestressing strands.
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Figure 2-15: Premature Concrete Deterioration

Visual observations showed a concentration of cracking in the end regions of the
beams. Three and a half feet of the full section of the beam past the extended portion, or

dap, was solid concrete while the remaining portion is hollow as shown in Figure 2-16.

[} BE b1 iy
Linb it g
R T
LER FE T |

Huin !

Figure 2-16: Beam Concrete and Rebar Layout

The larger volume of concrete found in the end block likely resulted in higher
curing temperatures in that region and hence created a higher potential for delayed
ettringite formation. End regions of the beams were shear-critical and contained larger
amounts of transverse reinforcement than the middle region. The combination of smaller
stirrup spacing and the solid concrete core forces the ASR/DEF related expansions

outward, creating cracking on the surface of the concrete as illustrated in Figure 2-17.
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Expansions along the transverse reinforcement were restrained effectively

expansions perpendicular to the stirrups resulted in bulging of the cross section.

FREE
INWARD
EXPANSION

Figure 2-18: Section B: Concrete Expansion in the Hollow Middle Section

while

The same degree of heavy cracking on the concrete surface was not found in the

void region. There are a number of plausible explanations for this phenomenon:
= The webs of the trapezoidal box beam were free to expand inward as the
styrofoam did not provide much restraint. Such behavior would alleviate
expansion and cracking in the plane of the webs. The expansion behavior
of the hollow cross-section is described in Figure 2-18.
* Curing temperatures not only have a marked effect on the initiation of

DEF, but on the rate and magnitude of ASR development (Deschenes et
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al. 2009). The lack of mass concrete within the void region most likely
resulted in lower curing temperatures and reduced risks of deleterious
ASR/DEF.

= The thin concrete webs of the box beam may not have retained sufficient
moisture to sustain deleterious ASR/DEF over time. Rapid drying of the
hollow region would mitigate the development of severe ASR/DEF.

2.6 PREVIOUS RESEARCH ON STRUCTURES AFFECTED BY ASR/DEF

It has been frequently assumed that ASR/DEF-induced expansion may be closely
related to a loss of structural capacity. The majority of studies on the strength of a
concrete structure indicated minimal adverse influence of ASR/DEF on the strength of
members subjected to flexure. Researchers disagree, however, over whether the
ASR/DEF-induced cracking increases or decreases a structure’s shear capacity.

Deschenes et al. (2009) studied extensively the research projects over the last
three decades in which verifying the structural implication of ASR/DEF damage was an
objective. The details of the test specimens used in previous research studies are given in
Table 2-6. Each reinforced concrete beam in Table 2-6 was fabricated in a laboratory and
generally included tests with reactive and nonreactive aggregate for strength and stiffness
comparisons. Various techniques including outdoor exposure and heated water baths
were used to accelerate the deterioration and the expansion of the concrete and crack
widths were monitored over time. Once the desired level of distress was achieved, the
beams were typically tested under symmetric two-point loading with identical shear
spans on either side of a constant moment region. Flexural failures were induced by
providing a sufficient number of stirrups along each shear span while shear failures were
achieved by the manipulation of longitudinal reinforcement and shear span-to-depth
ratios. Clark (1989) conducted and reviewed a great number of shear tests on beams
without stirrups. These specimens are not included in Table 2-6 due to the discouraged

use of such details (Deschenes et al., 2009).
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With the exception of the tests by Deschenes at al. (2009), all of the previous tests
on ASR-affected reinforced concrete members were relatively small. None of the beams
included in Table 2-6 were over 24 inches in depth or 21 inches in width. It is known
that shear does not scale well and that results from small tests cannot be reliably
extrapolated to evaluate the performance of large structural members.

Table 2-6: Studies of Reinforced Concrete Beams Affected by ASR

(Adapted from Deschenes et al., 2009)

Number Specimen Details Failure
Reference
of Tests h b o o, a/d Mode
Kyoto University, Japan 11 8in | 8in 0.8-1.8% 0.2-0.3% 2.5 Flexure
Ritsumeikan University, Japan 16 8 8 1.2 0.2 2.5 Flexure
Giffu Univerisity, Japan 18 7 4 1.7 * 2.8 Flexure
% Kobe Univeristy, Japan 20 8 8 0.8-1.2 0.0-0.3 1.5-2.5 Flexure/Shear
E Konoike Construction Co., Japan 8 20 20 0.5 * 2.5 Flexure
Takenaka Research Laboratory, Japan 3 20 10 0.9 * 33 Flexure
Public Works Research Institute, Japan 27 20 20 0.2-1.4 0.0-0.4 - Flexure
Swamy and Al-Asali 3 4 3 1.8 1.3 3.1 Flexure
Chana and Korobokis, 1991 24 8 4 2.3 0.2 5.6 Shear
Ahmed, Burley and Rigden, 1998 8 5 3 2.7 0.4 3.6 Shear
Fanand Hanson, 1998 6 10 6 0.4-1.0 0.3 2.2 Flexure
Deschenes, Bayrak and Folliard, 2009 6 42 21 3.1 0.15-0.31 1.85-3 Shear
Total/Range 150 4-42 | 3-21 0.2-3.1 0.0-1.3 1.5-5.6
* shear reinforcement provided throughout the length - unspecified
_ L ]
h Py ¢
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Brown et al. (2006) compiled the results of thousands of shear critical beam tests

for TxDOT Project 4371, Design for Shear in Reinforced Concrete Using Strut-and-Tie

Models. These results were assembled in Figure 2-19 by Deschenes at al. (2009) for a

comparison of effective concrete shear area that is used for the beams tested in this

project. For the purpose of this study, a majority of the ASR/DEF specimens included in

Table 2-6 are below the fortieth percentile of effective shear area in the database. This

figure is revisited to put the scale of testing in context with the typical specimens

employed in the history of shear research.
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Figure 2-19: TxDOT Project 0-4371 Shear Database — Effective Shear Area

(Adapted from Deschenes et al., 2009)

All of the tests included in Table 2-6 were performed on specimens built in

laboratories where ASR and/or DEF reactive concrete was batched. Reactive aggregate

was carefully chosen and proportioned to reproduce the effects of in-situ premature
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concrete deterioration. The test specimens then underwent special curing techniques to
accelerate the deterioration process. As realistic as the accelerated ASR/DEF damage
seen in specimens included in Table 2-6 may be, they were aimed at mimicking field
conditions that occur over a much longer period of time. The trapezoidal box beams in
this study developed ASR/DEF damage in the field and under “more realistic”
conditions. The concrete was designed for structural purposes and is the same concrete
mixture that was used for the beams in the US 59 corridor in Houston, TX. The beams
under investigation have not been introduced to any acceleration processes other than
exposure to the elements in a precaster’s yard. Full exposure to the elements allowed
ASR/DEF deterioration to develop at a much faster rate than found in the deck-protected
trapezoidal box beams in the field. With that being the case, the beams selected for this
study represent the future condition of the beams within the US-59 corridor in Houston,
TX. In short, they can be viewed as the worst-case representations of the damage found

in the field.

2.6.1 Large Scale Shear Tests on ASR/DEF-Affected Concrete

Because there is no known research performed on any beams similar to the full
scale ASR/DEF-affected prestressed trapezoidal box beams with dapped ends, the review
of relevant research is limited. Three experimental programs in which large-scale tests
were conducted on ASR/DEF-affected beams are introduced here. Specimens tested in
these research studies experienced little if any change in shear strength due to ASR/DEF

but failed in a manner differing from the beams under investigation.

2.6.1.1 Clayton et al. (1990)
Clayton et al. (1990) tested 400 mm high and 200 mm wide (15.75 by 7.87

inches) prestressed I-beams subject to ASR deterioration. Four beams were evaluated at a
pre-reaction stage, at the first sign of cracking (at an expansion of Imm/m), and at full
expansion after a five-month conditioning regime in 38°C water. A non-reactive concrete

mixture provided the baseline for comparisons. Shear tests were performed on the 2.5
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meter (8 feet, 2.5 inch) beams by applying a single point load at a shear span-to-depth
ratio of 2.0. The results showed comparable shear strengths between the control specimen
and a reactive specimen at the pre-reaction stage. A 23% decrease in strength between the
reactive and control specimen at first noticeable ASR cracking was reported.
Subsequently a strength gain back to the shear capacity of the non-reactive specimen was
noted after extensive cracking. Clayton et al. suggested that the apparent increase in shear
capacity was due to the continuing ASR-induced expansion engaging the shear
reinforcement, providing additional concrete restraint. No substantial loss of bond

between the concrete and the prestressing strand was found in this study.

2.6.1.2 Boenig et al. (2001)
Boenig et al. (2001) investigated the effect of ASR/DEF damage on the shear and

flexural strength of prestressed box sections at Ferguson Structural Engineering
Laboratory (FSEL) at the University of Texas at Austin (UT Austin). Fifty-six
prestressed concrete box girders were fabricated by a precaster in the summer of 1991 but
were never installed in TxDOT bridges because they displayed premature concrete
deterioration while still in the storage yard. Four of those girders, representing a typical
range of damage, were brought to FSEL for testing. The beams were 48-inches wide and
27-inches tall, with the majority of the ASR/DEF deterioration located in the 26-inch
long solid end blocks. Each of the four beams was tested at a shear span-to-depth ratio of
1.9 and the results revealed a 14% decrease in shear capacity for the heavily deteriorated
beam. Strand slip in the anchorage zone was also noticeably increased in heavily cracked
beams. Although this indicated that the bond between the strand and concrete had been
affected, anchorage failure was not the controlling factor as all beams failed in web

crushing.

2.6.1.3 Deschenes et al. (2009)
Deschenes at al. (2009) sought to establish a relationship between ASR/DEF

deterioration and the shear capacities of affected bridge bent caps. Six large-scale
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specimens with cross sections measuring 21 inches by 42 inches were fabricated at FSEL.
After a prolonged exposure period, three beams, representing undamaged, mild, and
moderate levels of deterioration, were tested in shear. The necessity of large-scale testing
was emphasized in this project due to the complexity of ASR/DEF deterioration and poor
scaling effects of shear behavior. No significant loss of shear capacity was found at low
to moderate levels of ASR-induced deterioration (0.09% to 0.63% transverse concrete
expansions) and it was strongly recommended to continue with testing of higher levels of

premature concrete deterioration.

2.6.2 Effects of ASR/DEF Damage on Reinforcement Anchorage

As discussed in Section 2.4 and Chapter 4, the governing failure mode for the
dapped-end beams under investigation was shear-induced anchorage failure of the
prestressing tendons at the bottom corner of the beam. In order to support this
observation, previous research of the ASR/DEF effects on the bond strength between

steel and concrete is presented.

2.6.2.1 Chana and Thompson (1992)

Chana and Thompson (1992) examined the shear strength of reinforced concrete
beams with poorly anchored reinforcing bars. The beams were relatively small with a
cross section of 100 mm by 200 mm (3.9 by 7.9 inches) and a development length of 5
times the bar diameter past the center line of the support. Four different stages of ASR
expansion were examined including a nonreactive specimen. All reactive specimens had
an ASR crack along the potential shear failure plane prior to testing. The maximum
reduction in shear strength was approximately 23% between the nonreactive and highly
reactive specimen. Chana and Thompson concluded that their test results were
encouraging given that the decrease in shear strength was relatively modest with respect

to the poor anchorage of the primary tension tie.
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2.6.2.2 Bach etal. (1993)

Bach et al. (1993) examined the effects of ASR on the anchorage of four beams
with a rectangular cross section of 180 mm by 360 mm (7.1 by 14.2 inches) and a length
of 4300 mm (14 feet). After curing, the reactive beams were exposed outdoors for four
weeks and then stored in saturated NaCl at 50°C. The control beam was stored in water
for 3 to 4 weeks before testing. The beams were then tested under symmetric two-point
loading with identical shear spans on either side of a constant moment area. The results

found a 20 to 30% reduction in the anchorage strength due to ASR deterioration.

2.6.2.3 Ahmed et al. (1999)
Ahmed et al. (1999) completed a similar study on 120 mm by 100 mm (4.7 by 3.9

inch) beams with a total length of 1300 mm (4 feet 3 inches). Two concrete mixtures
were used to compare the behavior of six non-reactive beams to another six beams
subject to ASR deterioration under static loading. The beams were tested in four-point
loading and different lap lengths were used at the center of each uniform bending zone.
Beams B1-A, B2-A, B3-A, B4-A, and B-5-A, having lap lengths of 5, 8, 12, 20, and 32
times bar diameter, showed a reduction in strength of 6.3, 5.1, 4.4, 3.3, and 2.8 percent
compared to their respective control specimens. Ahmed et al. concluded that the concrete
expansion did have a noticeable effect on the concrete-to-steel bond within the lap length

of the tensile reinforcement.

2.6.3 Concrete Expansion and Steel Strain

As the concrete expands due to ASR/DEF, it is restrained by the reinforcing steel.
When subject to high levels of expansion, the steel could develop high levels of strain
with a potential for yielding or even fracturing. Studies conducted on steel strain due to

premature concrete deterioration are examined in this section.
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2.6.3.1 Mohammed et al. (2003)

Mohammed et al. (2003) investigated ASR-induced strains over the concrete
surface and embedded steel bars in the concrete. Specimens measuring 250 mm by 250
mm by 600 mm (9.8 x 9.8 x 23.6 inches) were developed with reactive and non-reactive
coarse aggregates and varying levels of internal restraint. Strain gages were attached to
the embedded steel and demec studs were used to measure concrete strain. Their test
results strongly suggested that ASR-induced strains depend on the restraint provided by
the steel in the concrete. The location of the reinforcement was also significant: smaller
surface strains were observed if the steel bars were located near the concrete surface. The
strain in the bar closest to the surface was higher than a bar far from the surface.
Mohammed et al. recommended further research to understand the expansion process in

large structural components with heavy confinement by stirrups.

2.6.3.2 Kubo etal. (2003)

If the amount of reinforcing steel is relatively small compared to the volume of
concrete, the steel could develop large strains to the point of fracture. A study by Kubo et
al., published in 2003, examined the fracture of steel bars in the footings of concrete
piers. Fractures were found in the bends of the reinforcing steel at the base of the footing
under investigation. Large diagonal cracks were also found to extend beyond the
embedded steel due to the loss of restraint. Model specimens measuring 300 mm by 300
mm by 900 mm (11.8 by 11.8 by 35.4 inches) were constructed with reactive aggregate in
order to determine the mechanism of fracture of the steel bar. The tensile strains at the
bends of the steel bars were found to increase along with the expansion of the concrete.
The experimental results revealed that the stress at the reinforcement bends was at or
beyond the yield strength of the steel regardless of the reinforcement ratio. Kubo et al.
(2003) concluded that the fracture of the steel bar was caused by a combination of

bending-related defects at the bends and large tensile strains imposed by ASR expansion.
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2.6.3.3 Miyagawa et al. (2006)

According to Miyagawa (2006), Japan has at least 30 ASR-damaged structures,
including highway and railroad bridges, with confirmed rebar fractures. The researchers
found fractures in the bends of reinforcing bars in an ASR-affected, T-shaped pier that
was constructed in 1979. The pier had been repaired in 1989 and again in 1992 with a
surface coating and crack injection in an effort to prevent further ASR expansion.
Fractures in the bent section of the stirrups were discovered during an investigation in
1999 as shown in Figure 2-15B. The researchers noticed that at the location of the
fractured stirrups there were extensive cracks perpendicular to the direction of the
reinforcing steel (Figure 2-20A). The fractures also corresponded to areas where the

amount of steel bars was too small to confine the concrete expansion.

w2, R .
Figure 2-20: (A) Example of Pier Damage (B) Fracture of Reinforcing Bar
(Miyagawa 2006)

In order to determine the severity of the ASR expansion, it was important to
determine the mechanism behind the fracture of the reinforcing bars. Miyagawa et al.
performed a series of tensile tests on steel bars with different bend radii and found that
the rib shape on the bars and the bending radius had a significant influence on the bar
fractures. The fracture of the reinforcing bars was presumed to be due to the bending
operation leading to localized strain and cracking with strain aging of the steel that

increased its sensitivity to fracture. Cracking of the concrete led to moisture penetration
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and corrosion while ASR expansion generated large stresses on the inner surface of the
bend.

Miyagawa et al. concluded that as long as the stirrups had not fractured due to the
ASR expansion, the structural integrity was not seriously compromised. The loss of
confinement of the concrete through the fracture of the reinforcement would lead to the
rapid weakening of the core and an unquestionable loss of structural safety. This
observation will become critical when examining the shear strength of ASR/DEF-

affected structures.

2.6.3.4 Reinforcement Standards

Before the possibility of bend fractures can be dismissed, it is important to note
the differences in the Japanese and American reinforcing standards as summarized in
Table 2-7. Japanese researchers including Kubo et al. (2003) and Miyahawa et al. (2007)
have conducted a series of studies in response to the discovery of more than thirty
structural elements with stirrups fractured due to ASR/DEF-induced concrete expansions.
The proposed mechanism involved the combination of bending operation decreasing the
bars’ mechanical properties and ASR/DEF expansions generating large stresses on the
inner surface of the bend. Miyagawa et al. also found that the rib shape on the bars and
the bending radius had a significant influence on the bar fractures.

Most ASR/DEF-affected elements are substructures and the Japanese typically
use grade 40 reinforcement in their foundation elements. A comparison between the
American GR40 reinforcement and the equivalent Japanese SD295 reveal that the
Japanese standards require a stronger (42.6-56.9 vs. 40 ksi) and more ductile (18% vs.
12% elongation) steel. This strength advantage is offset by the smaller allowable bend
radius. For grade 40 reinforcement, the ACI minimum bend radius is greater than the
JSCE guidelines for standard hooks and #3 stirrups or ties. The two standards require the
same minimum bend radius for larger stirrups and ties. Japanese reinforcement may be
stronger and more ductile than its American counterpart, but the minimum bend radius, a
key component in the ASR/DEF-induced bar fracture mechanism, is smaller. Therefore it
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is difficult to directly compare results from studies on the effects of ASR/DEF expansion
on the fracture of Japanese reinforcement to structural elements in the United States.
Similarly, for grade 60 reinforcement bars, the Japanese standard requires a
stronger (56.9-74.0 vs. 60 ksi) and more ductile (16% vs. 9% elongation) steel. The
minimum bend radii for standard hooks is the same for both guidelines and JSCE requires
a larger radius for all bars with the exception of #3 bars for stirrups and ties. In the US,
the use of grade 60 reinforcement in prestressed and reinforced concrete structures is
fairly typical. The combination of weaker, more brittle steel with smaller bend radii
would suggest that the US GR60 reinforcement would be more prone to fracture than the
Japanese SD390. In short, further studies of ASR/DEF-induced expansions and the
resulting steel strain should be conducted to determine the probability of reinforcement

fracture.
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2.7 SUMMARY

Premature concrete deterioration mechanisms are a growing concern around the
world. Alkali-silica reaction and delayed ettringite formation subject the concrete to
expansive forces, resulting in large cracks on the surface of the concrete. In previous
experimental research conducted on large-scale concrete beams, there were no significant
decreases in shear or flexural capacity, but none of the studies have involved full-scale
prestressed trapezoidal box beams with dapped ends.

Through review of common dapped-end details and test results, the ultimate
strength of the dapped-end trapezoidal box beams was found to be uniquely governed (in
the context of ASR/DEF-related structural research) by shear-induced anchorage failure.
The short development length of the primary flexural reinforcement at the dap-to-full
section interface generally precludes dapped ends from failing in diagonal strut crushing
(seen by Boenig et al. 2001 in standard end box beam tests). Furthermore, researchers
have found that ASR/DEF weakens the bond between the reinforcement and concrete to
varying degrees. It was suggested that breakdown of the reinforcement bond could have a
further detrimental effect on the anchorage of the prestressing strands in the beams
considered in this study.

Other concerns regarding the long-term integrity of the trapezoidal box beams
centered on the vulnerability of the reinforcement to fracture. It has been commonly
suggested that the loss of material strength in the concrete is balanced by the compressive
stress generated as ASR/DEF expansions are restrained by the steel reinforcement.
Moderate to high levels of premature concrete deterioration have been found to yield the
shear reinforcement, and in some cases, ASR/DEF expansion caused fractures at bends in
the bar. High strains in the steel have not resulted in loss of capacity as concluded in
laboratory tests, but fracture of the stirrups could potentially lead to a loss of structural
safety that engineers need to be aware of.

In short, examination of the research results reported in the literature provided
valuable insight into the structural behavior of trapezoidal box beams used to construct
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the US-59 corridor in Houston, TX. However, it became clear that the conclusive answers
needed to achieve the objectives of this investigation could not be found in the literature.
A large-scale experimental program was needed to study the behavior of the trapezoidal

prestressed concrete beams with dapped ends.
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CHAPTER 3

Experimental Program

3.1 OVERVIEW

While the Texas Department of Transportation recognizes that ASR/DEF-affected
segments of the US 59 corridor will require durability-related repairs (i.e. application of
crack sealants, waterproofing agents, etc.), it is unclear whether structural retrofits will be
required. Fortunately, long-term storage of five rejected trapezoidal box beams provided
an opportunity to assess the structural effects of the deterioration within the laboratory.
Tasks related to the acquisition, preparation, and testing of the five segments are
described herein.

The structural details of the five trapezoidal box girders are examined first. Many
aspects of the original design are reviewed, including the dap geometry, mild
reinforcement layout, and strand debonding patterns. The full range of deterioration
encompassed by the five box beams is then revealed. More specifically, the pre-test
condition of each segment is assessed from both durability (i.e. ASR/DEF-related
cracking and spalling) and structural (i.e. construction defects and material properties)
standpoints. Finally, the test setup, instrumentation and loading procedure of the dapped-
end segments are described.

3.2 ASR/DEF-DAMAGED TRAPEZOIDAL Box BEAMS (1995)

Over 25,000 linear feet of trapezoidal box beams were fabricated by Traylor
Bros., Inc for the US 59 corridor expansion (begun in 1991 and completed in 1999).
From July to November of 1995, five beams were rejected by TxDOT (less than two
percent of the total footage) and remained in the yard. The basis for rejection of each
beam is summarized in Table 3-1. It should be noted that the defects were judged to have

no impact on the viability of the research program; as substantiated later in this chapter.
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Table 3-1: Rejection of Trapezoidal Box Beams

Erection Mark | Cast Date Reason for Rejection
RF-3R-9 7/6/1995 Void floated during concrete placement
RF-3R-12 7/9/1995 Lack of concrete consolidation
RF-1R-1 7/26/1995 | Concrete did not set in a limited area of web and soffit
RF-2R-6 7/28/1995 Void floated during concrete placement
MLL-9-34 11/9/1995 Incorrect end skew

Due to the size of the box beams and costs related to disposal, Traylor Bros.
elected to store the rejected elements at the Mesa Precast Yard. The storage conditions
were typical of any other production beam; each end of the beam was supported by

concrete blocks placed upon firm ground (Figure 3-1).

Figure 3-1: Trapezoidal Box Beam Storage at Mesa Precast Yard

All five of the trapezoidal box beams were continuously exposed to the hot,
humid climate of Houston, Texas for nearly fifteen years. During a site visit in 2008, UT
Austin researchers noted a wide range of ASR/DEF-related damage; the most severe of
which greatly exceeded the damage found within the US 59 corridor bridge structures.
The beams were, in effect, a complete representation of the past, present, and future
damage found within the US 59 corridor structures. Knowledge to be gathered through
structural testing of the box beams was potentially invaluable to those planning future US
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59 corridor maintenance. Recognizing the technical value of such an endeavor, the
Houston District of the Texas Department of Transportation commissioned the current

study.

3.2.1 Acquisition of the Trapezoidal Box Beams

As fabricated, the trapezoidal box beams ranged from 102 to 113 feet in length
and weighed between 65 and 71 tons. To facilitate transportation to (and within)
Ferguson Structural Engineering Laboratory, each of the box beams were cut into three
sections of equal weight. The resulting fifteen segments ranged from 32 to 40 feet in
length and weighed between 21.8 and 23.5 tons; within the hauling length and laboratory

crane limitations (Figure 3-2).

Figure 3-2: Arrival of Beam Segments from Mesa Precast Yard

(A) Transport via Tractor-Trailer, (B) Offloading with Spreader Beam and Nylon
Straps, (C) Temporary Storage in FSEL
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Three of the beam segments were taken directly into Ferguson Structural
Engineering Laboratory and temporarily stored in anticipation of testing. The remaining
twelve beam segments were offloaded via mobile crane and placed on a stable paved
surface near the laboratory. After the first round of testing was complete, additional

segments were moved into the laboratory via a similar set of operations (Figure 3-3).

Figure 3-3: Handling of Beam Segments with a Mobile Crane

Six of the fifteen beam segments were not suited to the purpose of the current
study; i.e. to evaluate the structural performance of dapped ends with ASR/DEF
deterioration. These six segments featured a combination of either cut ends or standard
block ends and were therefore set aside for alternate courses of research. The dapped-end
segments and the one standard end segment used in this project are listed in Table 3-2.
The erection mark from the full beam length and the new segment labels are included for
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referencing purposes. Shop drawings corresponding to each erection mark are included in

Appendix A.
Table 3-2: Selected Beam Segments

Segment ID | Erection Mark Damage Purpose
N-I1 MLL-9-34 Little to None | Load Test
L-11 RF-3R-12 Light Load Test
M-I RF-3R-9 Moderate Load Test
M-11 RF-3R-9 Moderate Load Test
H-I1 RF-1R-1 Heavy Load Test
H-A RF-1R-1 Heavy Autopsy
N-P MLL-9-34 Little to None | Petrography
M-P RF-2R-6 Moderate Petrography
H-P RF-1R-1 Heavy Petrography

The new labeling scheme shown in Table 3-2 was developed to better describe the
test segments and facilitate comparisons of the test results. The first term indicates the
level of distress in the beam: undamaged (N) to light (L), moderate (M), or heavy (H)
cracking. Qualitative determination of the damage level is described in Section 3.3.2. The
second term indicates the type of test: dapped-end test at a shear span-to-depth ratio of
1.2 (1), dapped-end test at a shear span-to-depth ratio of 1.85 (Il), petrographic analysis
(P), or autopsy (A). For clarity, all future discussions concerning the various beam

segments will reference this labeling convention.

3.2.2 Structural Details of Trapezoidal Box Beams

In order to establish a basis for the evaluation of ASR/DEF- and construction-
related damages described in Section 3.3, the original trapezoidal box beam design is
described here. To begin, the geometry of the dapped end, solid end block, and hollow

void region are illustrated in Figure 3-4. While the implementation of trapezoidal box
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beams with dapped ends was intended to provide aesthetically-pleasing superstructures,
fabrication of the unique cross-section could prove to be challenging; as evidenced by the

rejected box beams included within this study.

- 59 %" 4%

447 417
12 57
3
3611 1017 1
Dap Solid End Block Hollow Void Region
5" ! 4%
1211
24,
’ Dap 39 %7 T~ | 4
177 | 42"
. 6” Chamfer
247 4
Solid End Block Hollow Void Region

Figure 3-4: Dimensions of a Standard Trapezoidal Box Beam

The eight dapped-end segments were virtually identical with the exception of two
minor details. First, the dapped ends of segments N-1I and N-P were skewed at 33
degrees; all other segments featured square ends. Secondly, the amount and configuration
of the flexural reinforcement varied from segment to segment. Non-skewed segments,
including L-11, M-I, M-II, and H-II, typically contained 62 one-half inch prestressing
strands with 24 of those debonded according to the schedule shown in Figure 3-5A.
Skewed segments N-1I/N-P contained 58 prestressing strands with 34 fully bonded as
shown in Figure 3-5B. In both cases, the longer debonded lengths were concentrated at

the edges of the beam (i.e. under each of the box beam webs). This detail, in combination
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with the high level of debonding (about 40%), was expected to have adverse effects on
the flexural and shear capacity of the member in the end block region.

Debonding Schedule

(A) ® ® ® ® ® ® ® ® ® ® ® ®
e % 3 Feet from End
o.o e o o o Yk o Kk e ko o o o o.o
.'VVV'*'**'*'VYV’. ¥ 6 Feet from End
e H A B e ¢ ¢ @ ¢ & o m /A B o

€® OFeetf End
62 Strands, 38 Fully Bonded (L-11, M-I, M-I, H-II....) eetrom En

B 12 Feet from End

(B) o o

.:. e o 0o 0ok o khkok oo oo .:. A 15 Feet from End
V.'V'V'*'**°*°vovo.y @ 21 Feet from End
e A o H o Q@ ¢ H o A e

58 Strands, 34 Fully Bonded (N-11, N-P) 3 24 Feet from End

Figure 3-5: Debonding Schedules for the Dapped-End Segments

The reinforcement layout (shown in Figure 3-6) was standard for all of the
segments. In order to prevent failure of the dap, the end block of each beam was heavily
reinforced. The horizontal dap reinforcement was welded to a plate at the end face and
anchored with a 90° hook two inches from the inner face of the end block (1). Additional
horizontal hooked bars were provided up to two thirds of the dap height to help prevent
cracking at the reentrant corner (2). The large amount of vertical reinforcement located
near the reentrant corner (3) was a feature of both strut-and-tie modeling and PCI Design
Handbook design methods (refer to Chapter 2). This hanger reinforcement extended
down past the prestressing strands and, along with three bent bars at the bottom of the
beam (4), helped to provide confinement. Reinforcement sizes and spacing are provided
within the detailed shop drawings included in Appendix A.
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3.3 PRE-TEST CONDITION OF Box BEAM SEGMENTS (2008)

Upon arrival each of the beam segments were examined for construction defects
and ASR/DEF-related damage. The condition survey served two purposes: (1) to
determine each segment’s suitability for dapped-end testing and (2) to qualitatively
establish the level of ASR/DEF-induced cracking and damage within each segment. The

results of the survey are summarized in Table 3-3 and detailed within the subsections

below.
Table 3-3: Pre-Test Condition of Box Beam Segments

Segment ID Construction Defects ASR/DEF-Related Damage
N-I1 Wrong End Skew Little to No Cracking
L-1 Poor Consolidation Light Cracking
M-I Slight VVoid Rotation Moderate Cracking
M-Il Slight VVoid Rotation Moderate Cracking
H-I1 Honeycombing, Previous Coring Heavy Cracking
H-A Consolidation Heavy Cracking
N-P Wrong End Skew Little to No Cracking
M-P 23 Feet of Top Flange Missing Moderate Cracking, Leaching
H-P Honeycombing, Previous Coring Heavy Cracking

It is essential to recognize that the dapped-end tests were only conducted on
segments deemed fit for the purposes of the structural investigation. The segments that

had defects rendering their structural performance questionable were not tested.

3.3.1 Construction Defects

Placement of the styrofoam void during the multi-stage cast was challenging and
could lead to void floatation and consolidation issues (shown respectively in Figure 3-7
and Figure 3-8). In order to exclude segments with significant defects from the dapped-

end testing program, all surfaces of each segment were thoroughly examined.
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Figure 3-8: Example of Poor Consolidation

Measurements of the web and flange thickness were taken at the cut ends of each
segment, and in one unique circumstance, along the length of one segment (M-1) using a
non-destructive technique. Obervations of void floatation at the cut end generally did not
reveal noticeable deviation from the required 5-inch webs and 4.5-inch top flange and the
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non-destructive measurements concluded that the combination of both web widths
summed to ten inches. However, inspection of the cut ends provided no information on of
void floatation along the length of the segments. After testing segment L-II, which
showed no void movement in the initial assessment, a cut was made through the test
region. It was discovered that translation of the void decreased the web to 2.5-inches on
one side. In spite of the thin web, the load-carrying capacity of L-1I was governed by
shear-induced anchorage failure (similar to that of the remaining segments, see Chapter
4) within the solid end block region.

It should be noted that the failure of each segment was unrelated to any of the
defects referred to here (see Chapter 4). Rather, this discussion is meant to highlight the
difficult nature of box beam construction and potential field implications. Based on the
inspection of the alternate beam segments (rejected for reasons other than void
floatation), it is likely that many in-service trapezoidal box beams are subject to void
misalignment along their lengths. In the context of the current study, void misalignment
did not appear to influence dap performance. However, such misalignment may be
detrimental to other limit states such as shear strength of the box webs.

A few cores were sampled from the end block of segment H-11 by Folliard in
2008 for materials research purposes. Although several of these cores were located in the
critical dapped-end region, no stirrups were damaged and the removal of cores did not

appear to have a significant effect on the behavior of the beam.

3.3.2 ASR/DEF-Related Damage

Each of the five segments subjected to structural testing (i.e. N-11, L-11, M-I, M-Il
and H-11) was fabricated with the same type of cement, coarse and fine aggregates (refer
to Table 3-4). With the exception of the admixture dosage and water-to-cement ratio, the
concrete mixture design was consistent for the five segments. It is therefore safe to
assume that the alkali loading (derived from the cementitious materials) was relatively

consistent as well (whether subjected to ASR/DEF deterioration or not). The concrete
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mixture designs for the dapped-end segments are summarized in Table 3-8 and detailed

in Appendix A.
Table 3-4: Concrete Materials
Aggregate Admixture
- Water | Cement
Fine Course Type A Type D Type F
Hallet- | Vulcan -1y, | CapItol | y\yon A jkiveoL | Daratard 17 | WRDA-19
Porter | Materials Type Il

Table 3-5: Concrete Mixture Designs

Batch Design (One Cubic Yard) N-11 L-11 to H-11

Fine Aggregate 1492 Ibs 1301 Ibs

Course Aggregate 1686 Ibs 1686 Ibs

Water 190 lbs 263 Ibs

Cement 658 Ibs 658 Ibs

Admixture A 121 0z -

Admixture D - 78 0z
Admixture F 684 0z 625 oz

Barring any major differences in the storage conditions, the wide range of
ASR/DEF deterioration encompassed within this study can only be attributed to
variations in the curing temperature. Investigation of the air temperatures corresponding
to each of the casting days further substantiates this inference (refer to Table 3-6). The
temperature in the northeast Houston area was as high as 100°F during the placement of
the heavily damaged segment (H-11) and only as high as 77°F during the placement of the

least damaged segment (N-11). The qualitative damage levels assigned within this section
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generally correlate well to the maximum temperature measured on the corresponding

casting dates.

Table 3-6: Maximum and Mean Air Temperatures at Casting

Segment ID | Cast Date | Max Temperature | Mean Temperature
N-I1 11/9/1995 77 64
L-1 7/9/1995 93 82
M-I 7/6/1995 93 82
M-I11 7/6/1995 93 82
H-I1 7/26/1995 100 90
Data Source: www.wunderground.com (2010)

Assessment of the ASR/DEF-related cracking and damage was conducted almost
exclusively on a visual basis; arbitrary crack width and spacing measurements only
served to guide the assessment process. Noted features of the deterioration and the
rationale behind each of the qualitative damage levels are described below.

3.3.21 N-II

Examination of segment N-I1, shown in Figure 3-9 with cracks outlined in black,
revealed little more than minor cracking. The largest crack was located at the vertical
interface of the solid end block and hollow void section. It was 0.05 inches wide.
Hairline map cracking in the middle of the end block and a few small cracks radiating
from the bottom corner were the only other indications of ASR/DEF deterioration. The
pre-existing damage was deemed inconsequential and segment N-1I was selected to

represent the performance of an “undamaged” dapped-end beam.
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Figure 3-9: Minor Damage in End Block of N-11

3.3.2.2 L-II

The largest crack (measuring 0.05 inches in width) in segment L-II was also
located at the vertical interface of the solid end block and hollow void section. This was,
in fact, the case for all three segments classified as lightly or moderately damaged. The
commonalities with segment N-II typically ended there. Map cracking within the end
block and discrete cracks in the transfer length region of segment L-II (i.e. radiating
diagonally from the bottom corner of the beam) were more prominent (up to 0.016 inches
in width). There was also a slight lack of consolidation below the load point due to
improper vibration after the second casting stage (shown in Figure 3-10). A mid-depth
horizontal crack ran through this area, suggesting that the ASR/DEF-induced cracking
might have been influenced by a cold joint. Due to the limited widths of the most
significant cracks (in relation to the remaining segments), L-Il was selected to represent

the performance of a “lightly damaged” dapped-end beam.
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Figure 3-10: Mildly Damaged End Region of L-I1

3323 M-I/M-I11

Segments M-1 and M-Il were obtained from opposite ends of the same trapezoidal
box beam (RF-3R-9 as listed in Table 3-1) and consequently featured similar signs of
deterioration. Map cracking was extensive in the solid end block regions; crack widths
ranged from hairline to 0.06 inches. Diagonal cracks again radiated from the bottom
corner of each dapped end towards mid-depth. The mid-depth crack then extended the
full length of the beam as shown in Figure 3-11. The width of the diagonal cracks in the
anchorage region was nearly double that found in segment L-11 (0.03 inches versus 0.016
inches). Based on this observation, the ASR/DEF-related damage in segments M-I and

M-Il was classified as “moderate.”
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Figure 3-11: Moderately Damaged End Regions of Segments M-I and M-11

3.3.24 H-II

The ASR/DEF-related damage to segment H-11 was unparalleled in the current
testing program. The largest cracks on the west face of the segment (referred to as “Large
ASR/DEF Cracks” in Figure 3-12) were 0.06 and 0.164 inches wide. Previous coring on
the dapped end was extensive, but had no impact on the mode of failure; failure
ultimately occurred in bottom corner of the full-depth section (discussed in Chapter 4).
Cracking on the east face was even more severe; maximum crack widths exceeded one
quarter of an inch (see Figure 3-13). Due to the extent and exceptional severity of the
map cracking, H-11 was selected to represent the “heavily damaged” dapped-end beam.
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Figure 3-13: Heavily Damaged End Region of H-11 (Northeast Corner)
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3.3.3 Material Properties

Determination of the concrete and reinforcement strengths was critical to the
analysis of the test results via strut-and-tie modeling (please refer to Chapter 4). A
number of concrete cores and several lengths of reinforcement were sampled from the
beam segments subjected to dapped-end testing.

Segments N-11, L-11, M-I, M-11, and H-1I were cored after the dapped-end test was
completed. The cores were extracted from the face of the dap as shown for L-1I and H-11
in Figure 3-14. The face of the dap was the only suitable area in the test region as it was
free of extensive shear cracks and closely spaced reinforcement. The cores measured 3%
inches in diameter and were cut to lengths of 7% inches to provide the required aspect
ratio. The core extraction procedures of ASTM C42 and compression testing procedures
of ASTM C39 were followed. It should be noted that the preparation tasks and
mechanical tests were conducted soon after the original core extraction date to minimize

moisture loss and potential relaxation of the damaged samples.

L-11

Figure 3-14: Core Extraction Locations for L-11 and H-11

As mentioned in Chapter 2, extraction of a core removes the peripheral restraint

and augments existing microstructural damage. Coring-related damage may cause a

reduction in strength and stiffness not representative of the structure and thereby lead to

inappropriate conclusions. It was nevertheless important to obtain an estimate, even if it
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was a lower bound, for the compressive strength of the concrete in the ASR/DEF
distressed beams. The compression test results were corrected for the effects of coring as
recommended by ASTM C42 (f'. = (f'c, core)/0.85). The average core strengths
(three samples per segment) are summarized in Table 3-7. The compressive strengths
required and measured at seven days are included for comparison purposes.

Table 3-7: Compressive Strength of the Dapped-End Segments

N-11 L-11 M-I M-11 H-11
at 7 Days 8.6 ksi 7.6 ksi - - 8.3 ksi
at 14+ Years 9.3 ksi 9.6 ksi | 11.8ksi | 8.6 ksi 6.4 ksi
Required 5.4 ksi 5.8 ksi - - 6.0 ksi

The compressive strengths of the undamaged and lightly cracked segments (N-II
and L-II, respectively) have increased about 15 percent (on average) over the fourteen
years of storage. While the strength gain is meager in comparison to traditional precast
concrete mixtures, the final compressive strength was well in excess of the seven day
requirements stipulated by TxDOT. Compressive strength information was not available
for segments M-I and M-II as records were not kept for the beam (RF-3R-9 as listed in
Table 3-1). If the assumption is made that similar requirements were applied then no
significant strength deficiencies have resulted as a consequence of the ASR/DEF
deterioration.

In contrast, the concrete compressive strength of the heavily cracked segment (H-
I1) was significantly less than the reported seven-day strength and only marginally higher
than the seven-day requirement. The notable reduction in compressive strength over the
last fourteen years substantiates the conclusions drawn during the visual inspection;
segment H-11 was subjected to severe ASR/DEF deterioration. It is important to keep in
mind that the compression testing results are not necessarily indicative of the structural
performance. Due to the potential for coring-related damage and loss of in-situ restraint,

only load tests can provide an accurate assessment of the structural performance.
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In an alternate effort to verify the yield strength of the mild reinforcement used in
the beams, two no. 4 bars (transverse reinforcement) and one no. 6 bar (longitudinal
reinforcement) were removed from segment H-11. The bars were loaded to failure in a
universal testing machine. An extensometer was used to measure the elongation of the
bar as tension was applied. The stress-strain response of all three bars was typical of
standard grade 60 reinforcement. The stresses at yield and fracture for each bar are

summarized in Table 3-8.

Table 3-8: Reinforcement Tensile Strength

Bar Size Purpose fy fu
No. 4 Transverse Reinforcement 70 Ksi 96 Ksi
No. 6 Longitudinal Reinforcement 63 ksi | 104 ksi

The reinforcement properties were coupled with the concrete compression testing
results (described above) to provide estimates of the dapped-end strength. Results of the

dapped-end tests and strut-and-tie models can be found in Chapter 4.

3.4 DAPPED-END TESTING PROGRAM

The objective of the testing program was to establish the effects of ASR/DEF
deterioration on the structural performance of dapped-end trapezoidal box beams. The
undamaged (N-II), lightly cracked (L-1I1), moderately cracked (M-1 and M-II), and
heavily cracked (H-I1) box beam segments (described above) provided a sufficiently
large range of deterioration to accomplish that objective. Dapped-end testing commenced
in January of 2009. All five segments were tested by the beginning of October in that
same year. A schedule of the testing is provided in Table 3-9 for reference purposes. It is
important to note that the results of the first test (M-1) led to a shift in the test procedure.
As discussed in detail within Chapter 4, the shear span-to-depth ratio was increased to

focus the study on the performance of the flexural reinforcement anchorage.
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Table 3-9: Schedule of Dapped-End Testing

Segment ID Shear Span-to-Depth Ratio Test Date
M-I 1.20 1/29/2009
M-II 1.85 3/2/2009
L-11 1.85 5/21/2009
H-11 1.85 7/21/2009
N-11 1.85 10/5/2009

The critical aspects of the dapped-end testing program at Ferguson Structural
Engineering Laboratory, including the test setup, instrumentation and testing procedures

are detailed in the following sections.

3.4.1 Test Setup
A high capacity test setup designed for shear testing of U-beams (TxDOT Project

0-5831) was well suited to the dapped-end testing program. Modifications to the existing
setup were minimal; greatly facilitating the experimental work. End and isometric views

of the set-up are shown in Figure 3-15 and Figure 3-16, respectively.

Transverse
Spreader Beam

Six 3%” Rods
Threaded at Ends

Four Load Cells

ASRER A4 R A

Figure 3-15: North and South End of Test Setup
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Twin 2000-Kip
Hydraulic Rams
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Figure 3-16: View of Test Setup Looking South East

Load was applied to the beam with two 2,000 kip hydraulic rams (as shown in

Figure 3-17). A 12-inch spherical head attached to the piston of each ram accommodated

slight misalignments between the loading apparatus and the top of the box beam segment.

Two 4-inch thick steel plates with dimensions of 26 inches by 24 inches were set in

hydrostone to evenly distribute the load to both box beam webs. When hydraulic pressure

was applied, the rams reacted against the white transverse spreader beam that transferred

the load to the two brown longitudinal reaction beams. The load was then transferred to

the elevated strong floor by six 3%-inch steel rods. A nut secured the threaded portion of

each steel rod to the top of the longitudinal reaction beam and the bottom of the elevated

strong floor. Access to the bottom-side nuts was provided by tunnels at regular intervals

in the strong floor as shown in Figure 3-15 and Figure 3-16.
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Figure 3-17: Four-Million Pound Loading Apparatus

The ends of each box beam were supported by a total of three bearing plates: one
at the dapped end and one under each web at the cut end of the beam (Figure 3-18). The
dapped-end bearing plate measured 32 inches by 9 inches and was placed with its long
side perpendicular to the longitudinal axis of the beam. The other bearing plates
measured 16 inches by 9 inches and were placed under each web parallel to the

longitudinal axis of the beam.

3.4.2 Instrumentation and Data Acquisition

The structural performance of each dapped end was characterized by load and
deformation measurements. Techniques and instruments unique to this testing program

are described herein.

3.4.2.1 Load Measurements

Four 1,000-kip load cells were used to measure the self weight of the beam and

the load applied by the hydraulic rams. The typical arrangement of all four load cells is
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shown in Figure 3-18. The following description of the support hardware is intended to
demonstrate the care taken to ensure clear boundary conditions and accurate load

measurements.

2.5” Elastomeric BearingPad

. 25”El aist'dmeri(;_ Beari ng Pad '

Load Cells

Figure 3-18: North and South Supports of Test Setup

To evenly distribute each reaction, a 2%-inch thick, 5-laminate elastomeric
bearing pad was placed between the bottom-side of the box beam and each bearing plate.
The 2-inch thick bearing plates were typically counter-bored on the bottom face to accept
each of the load cells; preventing slippage between the surface of the plate and the
slightly convex top of the load cell. The bottom of the load cells were then secured to
another 2-inch plate with a %-inch diameter threaded rod, forming a stable reaction
system. At the cut end, the 2-inch thick steel plate rested directly on the elevated strong
floor. At the dapped end, a 2-foot high support block was necessary to account for the
height difference between the bottom of the beam and the bottom of the dap.

N-II, the only skewed beam tested in the current study, presented unique
challenges at the time of setup. The load cells and bearing plates were kept in their
original position at the south (cut) end of the beam but rotated to account for the skew at
the dapped end. Careful measurements were taken to ensure that the center of the two
load cells corresponded to the center of the beam along its longitudinal axis as shown in
Figure 3-19.

(o]
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Figure 3-19: Skewed Support for Segment N-11

3.4.2.2 Deformation Measurements

Deflections and crack openings were measured with linear potentiometers. The
deflections were generally recorded at four different locations along the length of the
beam: at the two supports, at the bottom of the dapped end of the beam, and at the load
point. Arrangement of the linear potentiometers for a typical load test is shown in Figure
3-20. The load point deflections reported in Chapter 4 have been corrected for movement

at the two supports.

T S T o e N e e i

Figure 3-20: Measurement of Segment Deflections
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Linear potentiometers were also used to measure average concrete strains at the
void and dap sections during each test. Each setup, commonly referred to as a shear-
deformation gage, included three linear potentiometers arranged to form a 45-degree right
triangle (shown in Figure 3-21). The linear potentiometers were secured to aluminum
plates that were free to rotate about three %-inch threaded rods (epoxied into the
concrete). Piano wire was used to connect the plunger end of each linear potentiometer to
eye hooks on the plates. All of the potentiometers were set at half stroke to accommodate
movement in either direction. The completed assembly (shown in Figure 3-21) monitored
the relative movement of each rod with respect to the other rods. This effectively
measured the opening of cracks which crossed the horizontal, vertical, and diagonal
wires. Four shear deformation gages were used to monitor the concrete deformation at the
dap and void sections of both beam faces. The position of each shear deformation gage
corresponded to components which were subjected to significant load/deformation
demands: (1) the concrete strut between the load and flexural reinforcement anchorage
and (2) the reentrant corner at the dap. The location of each shear deformation gage

length in relation to the primary load paths is shown in Figure 3-22.

Figure 3-21: Measurement of Concrete Deformation
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Figure 3-22: Position of Shear Deformation Gages at the Void and Dap

3.4.2.3 Data Acquisition

Segment L-11 is shown in Figure 3-23 completely instrumented. Each of the
transducers (load cells and linear potentiometers) were wired to bridge completion
modules and then interrogated via a 120-channel scanner. The voltage output was
converted into engineering data using predetermined calibration factors. Data acquisition

software was used for real-time monitoring and storage of the transducer output.

conlBll) a1
Figure 3-23: L-11 Fully Instrumented for Dapped-End Testing
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3.4.3 Test Procedure

The preparation and testing of each dapped-end segment was identical: (1) box
beam placement, (2) deck placement, and (3) load application. Each of the steps is
described in detail within the following sections.

3.4.3.1 Box Beam Placement

The heaviest box beam segments weighed over twenty-three tons; just shy of the
laboratory crane capacity of twenty-five tons. Following the addition of a concrete
topping slab (described in the following section) the weight of the segment would
undoubtedly exceed the crane capacity. For this reason, accurate placement of the
segment prior to the addition of the topping slab was essential. The topped segment
would have to be tested in its final position (illustrated in Figure 3-23); large adjustments

would not be possible.

ELEVATION

SUPPORT
a SUPPORT

82" 22°-6”
Figure 3-24: Load Plate and Bearing Pad Locations for M-11

Careful attention was paid to the placement of the box beam segments to ensure
the correct shear span was established. This was critical to achieving the desired behavior
and ensuring compatibility between the test results. In the context of the current project,
the shear span was defined as the distance between the centerlines of the support and load
bearing plates. Two shear span configurations were tested. Segment M-I was positioned
to establish a shear span of 64 inches, while the remaining segments were positioned to

establish shear spans of 98 inches. At an effective depth (defined as the distance from the
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top of the slab to the centroid of the prestressing strands) of 53 inches, the resulting shear
span-to-depth ratios were 1.20 (for M-I) and 1.85 (for segments N-I1 through H-I1).

3.4.3.2 Deck Placement

Once the segment was in its final testing position, the 4-inch topping slab was
placed. The concrete deck served one purpose: to raise the moment capacity of the beam
and ensure a dapped-end failure. After each successful test, the beams were cut in half
with a concrete wire saw to facilitate removal from the laboratory.

While the thickness of the precast flange was required to be 4%z inches, it typically
varied from beam to beam and within the segment itself (depending on void floatation).
Wood forms were therefore fabricated and adjusted as necessary to achieve a total top
flange thickness of 8% inches. TXDOT requirements for top mat deck reinforcement
guided the detailing of the cast-in-place slab. No. 4 bars, spaced at 9 inches
longitudinally, were crossed by no. 5 bars spaced at 6 inches transversely. The
constructed formwork and assembled reinforcing mat are shown prior to concrete

placement in Figure 3-25.

Figure 3-25: Formwork and Rebar for the Topping Slab
The top of the segment was wetted before casting to prevent it from absorbing
moisture from the fresh concrete. The concrete was placed via a gated bucket attached to
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the overhead crane. Internal vibrators were used to consolidate the concrete around the
reinforcement and within the coped section at the dapped end. A screed was used to
achieve the proper slab depth and create a smooth, level surface appropriate for loading.

Students at Ferguson Laboratory are shown placing the deck concrete in Figure 3-26.

Figure 3-26: Casting the Deck of Segment H-11

Four-inch diameter cylinders were cast with the deck to obtain the compressive
strength at the time of dapped-end testing. They were stored alongside each segment until
testing. The topping concrete was designed to achieve 10 ksi in twenty-eight days. The
rapid strength gain of the high strength mixture minimized the curing period. The same
mix was used for all five test segments and the corresponding compressive strengths can
be found in Table 3-10.

Table 3-10: Deck Cylinder Strength

M-I N-11 L-11 M-I H-11
Cylinder A 5.7 ksi 7.7 ksi 9.3 ksi 9.1 ksi 8.3 ksi
Cylinder B 5.7 ksi 7.7 ksi 8.7 ksi 9.5 ksi 7.2 ksi
Cylinder C 5.9 ksi 7.8 ksi 9.1 ksi 8.7 ksi 8.7 ksi
Average 5.8 ksi 7.7 ksi 9.1 ksi 9.1 ksi 8.0 ksi
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3.4.3.3 Load Application

The topped segment was typically ready for testing after a short curing period of
seven days. Prior to testing, the segments were carefully lifted one end at a time (due to
crane limitations) and placed onto the load cells. The self weight of each test segment
(summarized in Table 3-11) was recorded to provide an accurate measurement of the
total dapped-end capacity. To that end, the load measurements referenced in Chapter 4
represent all of the forces resisted by the dapped end, including the weight of the beam
and associated testing hardware.

Table 3-11: Pre-Test Segment Measurements

M-I N-11 L-11 M-11 H-11

Short Shear Span 64 in 98 in 98 in 98 in 98 in
Long Shear Span 267 in 251in 2711in 270 in 273 in
Total Length 35.9 ft 32.2 ft 35.8 ft 35.9 ft 36.6 ft

North Self-Weight 26.9 kips | 24.8 kips | 29.7 kips | 30.1kips | 30.2 kips

South Self-Weight 34.8 kips | 21.6 kips | 30.9 kips | 31.6 kips | 31.7 kips

Total Self-Weight 61.7 kips | 46.4 kips | 60.6 kips | 61.7 kips | 61.9 Kips

Pre-existing cracks were marked, pre-test pictures were taken and multiple
cameras were setup to provide a record of the test. Following a brief check of the
instrumentation, load was applied through the twin hydraulic rams. Pressure was
supplied by a hydraulic pump. Loading increments of 100 kips (total load) were applied
until the first new crack was observed. Following that observation, the load increments
were decreased to 50 and 25 kips in order to carefully observe the crack progression and
accurately record critical loads. Once the newly formed cracks exceeded 0.06 inches in
width, the beam was loaded until failure. The results of the five dapped-end tests are

presented in Chapter 4.
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3.5 SUMMARY

The objective of the testing program was to determine the effects of ASR/DEF
deterioration on the structural performance of dapped-end trapezoidal box beams. The
five beams rejected by TxDOT for the US 59 corridor project provided a complete
representation of the past, present, and future damage within the bridges. The beams were
cut into thirds and shipped to Ferguson Structural Engineering Laboratory where five
dapped-end segments were chosen for load testing.

The five segments had a variety of construction-related defects that did not appear
to discredit the validity of the test program. All defects were located outside of the
flexural reinforcement anchorage zone critical to the dapped-end capacity. Further
examination of the five segments revealed a wide range of deterioration. The
“undamaged” segment exhibited little more than fine map cracking. The “heavily”
damaged segment had extensive map cracking with individual cracks measuring in
excess of one-quarter inch in width. The results of compression tests conducted on
extracted core samples confirmed the visual assessment of the deterioration. Long-term
strength gain was negatively impacted by the most severe deterioration. Despite this
observation, it was clear that only load testing could provide an accurate assessment of
the structural effects of the ASR/DEF deterioration.

Finally, the test setup, instrumentation and loading procedure were described. The
segments were carefully placed in the testing frame to obtain the appropriate shear span-
to-depth ratio (1.2 for segment M-1 and 1.85 for segments N-11 through H-11). Following
deck placement, the beam was loaded to failure with two 2,000 kip hydraulic rams. Load
cells at each bearing point recorded the weight of the beam and the superimposed loads.
Linear potentiometers were used to measure the deflection of the beam and concrete
strain across the dap and hollow void regions. The test results are presented in Chapter 4
and compared to the strut-and-tie capacities calculated using the material properties in
Chapter 5.
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CHAPTER 4

Experimental Results and Analysis

4.1 OVERVIEW

In order to ascertain the structural effects of ongoing ASR/DEF deterioration in
the US 59 corridor bridge structures (please refer to Chapter 1), five dapped ends
representative of both current and expected states of deterioration were load tested. Tasks
related to the acquisition, preparation, and testing of the five segments were described in
Chapter 3. Measurements and observations made during the course of the testing program
are summarized here and examined with respect to contemporary design codes.

To begin, the pre-test condition of each box beam segment is re-examined to
identify damage critical to the structural performance of the dapped-end detail. The load-
deformation response and ultimate strength of each dapped end are then reported with
respect to the level of cracking. Examination and comparison of the test results provides
insights into the relationship between the severity of the ASR/DEF-related damage and
the structural performance of each dapped end. Finally, application of strut-and-tie
modeling provisions from ACI 318-08, AASHTO LRFD 2009, and TxDOT Project 0-
5253 allow the capacity margin of the ASR/DEF-damaged dapped ends to be assessed.

4.2 ASR/DEF-RELATED DAMAGE TO DAPPED-END SEGMENTS

Prior to each load test, ASR/DEF-related surface cracking was marked and
thoroughly documented through photographs and crack width measurements (as
described within Chapter 3). The crack mapping efforts served two purposes: (1) to
facilitate the identification of load-induced cracking and (2) to provide insight into the
magnitude and directionality of the ASR/DEF-induced damage. While the severity of the
damage was qualitatively assessed in Chapter 3, a brief comparison of the cracking
patterns, as shown in Figure 4-1, will assist efforts to interpret the test results presented
within Section 4.3.
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Figure 4-1: ASR/DEF-Related Damage to Dapped Ends
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The five dapped ends were either undamaged (segment N-II) or subject to light
(L-II), moderate (M-I, M-II) or heavy (H-II) cracking. Variation of the crack widths
within a given segment was generally large and ranged from hairline (less than 0.002
inches) to one-quarter of an inch in the most damaged segment (H-II). The most notable
cracks within each dapped end were of similar shape and location as those found within
the other segments. All of the dapped ends (including “undamaged” N-II) were subject to
a large vertical crack (around 0.05 inches in width) at the transition between the end
block and hollow beam section. Diagonal cracks (from 0.02 to 0.03 inches in width)
radiating from the bottom corner of each dapped end were also a common feature among
all the segments (however, N-II had a much smaller crack of 0.002 inches). The length
and width of the diagonal cracks along with the overall appearance of the beam were
used to gage the overall severity of the ASR/DEF-related damage (refer to Figure 4-1).

The position of the vertical cracks did not coincide with the load path and were
not considered relevant to the structural performance. The diagonal cracks, on the other
hand, were likely to significantly affect the integrity of the dapped end. These cracks
were located in a critical area in which forces from both hanger reinforcement and strand
anchorage forces were transferred (as identified in Chapter 2). Close attention was

therefore paid to the growth of the diagonal cracks within each of the dapped-end tests.

4.3 STRUCTURAL PERFORMANCE OF DAPPED-END SEGMENTS

The structural performance of each dapped-end segment was characterized
through deflection, crack width, strain and load measurements. Results and observations
for all five dapped-end tests are presented in this section. The discussion is organized to
highlight the structural consequences of ongoing ASR/DEF deterioration. The behavior
of “undamaged” segment N-II is presented first and serves as a basis for the evaluation of
the results from the deteriorated segments (arranged from light to heavy damage). Critical
observations and conclusions with regards to the structural performance of ASR/DEF-

affected dapped ends are presented in Section 4.4.
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4.3.1 No Significant ASR/DEF-Related Damage (Segment N-1I)

Due to the small amount of scattered cracking on the concrete surface, segment
N-II was selected to represent the performance of an undamaged dapped-end beam. The
segment geometry, reinforcement, and deterioration were thoroughly documented in
Chapter 3. Pertinent structural details are repeated here for convenience. Thirty-four of
the fifty-eight strands were fully bonded at the end of the test segment which was skewed
at approximately 32 degrees. At the time of testing, the concrete strength of the dapped
end (obtained through compression testing of cores) was estimated to be 9.3 ksi.

Segment N-II was tested at a shear span of 1.85 times the effective depth. The
initial application of load yielded a linear response and little additional cracking. The
load-deflection response of the “undamaged” dapped end is shown in Figure 4-2. The
shear stress, plotted on the vertical axis, represents all forces resisted by the dapped end,
including the weight of the beam and associated testing hardware. The measured
deflection at the load point, plotted on the horizontal axis, was adjusted to account for
movement at the supports and overall rigid body motion of the segment. For the purposes
of comparing the stiffness to the results of the other four dapped-end tests, the shear
stress was normalized by the concrete strength and web area. The deflection was also
normalized by the full span length, which varied due to the length of the beam and the
condition of the cut end. It should be noted that the results from all five dapped-end tests

were corrected and normalized as necessary to illustrate key points and observations.
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Figure 4-2: Load-Deflection Response of Segment N-11

While slight widening and lengthening of pre-existing ASR/DEF-related cracks
was noted early on, it did not appear to degrade the stiffness of the beam in any
meaningful way. The first load-induced cracks were visually noted at 57 percent of the
maximum applied shear, with the first noticeable change in stiffness occurring shortly
thereafter (70 percent). More significant cracking between the load and support did not
develop until nearly 90 percent of the maximum applied shear was achieved; progression
of the load-induced cracking is illustrated in Figure 4-3. At that point, the diagonal
cracking was accompanied by cracks on the end face of the dap. Further application of
load extended the crack network and caused sliding of existing crack faces relative to one
another. The extensive cracking and translation, in addition to the occurrence of minor
spalling in the dap region, were indicative of imminent failure. The maximum shear force

experienced by segment N-II was 772 kips.
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Figure 4-3: Diagonal Cracking on the West Face of Segment N-11

The growth of several cracks was monitored over the course of the test to assist in
the identification of the failure mode. A comparison of the initial and final crack widths is
presented in Figure 4-4. Significant increases in the crack widths were generally limited
to those cracks located in the bottom corner of the dapped end (crack numbers 5, 6, and 7
in Figure 4-4). Growth of the existing cracks was nearly continuous from the start of the
test. The diagonal crack (number 5), which emanated from the corner and stopped short
of the beam mid-depth, grew to nearly ten times its original size right before failure. Such
behavior was uncharacteristic of a shear failure, which generally produces a significantly
wide crack along the full length of the primary diagonal strut (here, located between the

load and bottom corner).
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The magnitudes of the average concrete strains recorded by the surface-mounted
linear potentiometers suggest that the deformation was concentrated at the bottom corner
of the end block. The average concrete strain measurements for segment N-II are
summarized in Figure 4-5. They are plotted against the percentage of the maximum
applied shear to simplify future comparisons. The maximum average concrete strain
measured at either the dap or the web section was on the order of 1.5 millistrain;
insufficient to initiate the yielding of the transverse reinforcement necessary to precipitate
a shear failure. Tension testing of transverse reinforcement samples indicated that
yielding would correspond to a deformation of 2.4 millistrain (on average, discussed in
Chapter 3). Furthermore, the lack of post-failure strain growth implies that the cracking
found within the reentrant corner and void regions was not associated with the loss of
load-carrying capacity.

With regards to the overall nature of the concrete strains, the diagonal
measurements at the dap and void region generally proved to be the most sensitive to the
application of load. This is consistent with formation of cracks at the reentrant corner and

along the primary strut; both nearly perpendicular to the diagonal gage lengths.
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Closer examination of the load-induced cracking revealed wide cracks which ran
along the bottom side of the beam (see Figure 4-6). The nature of the cracking suggested
that the tie anchoring the lower end of the diagonal strut was no longer capable of
maintaining equilibrium. Due to the limited length available for anchorage of the flexural
reinforcement, this explanation was most logical. The failure mechanism was therefore

classified as a shear-induced anchorage failure.

Figure 4-6: Post-Failure Cracking in Segment N-11

The structural performance of N-II did not appear to be significantly
compromised by the limited deterioration noted in Figure 4-1. The development of a
diagonal crack was independent of any existing cracking and provided sufficient warning
of failure. The shear-induced anchorage failure was clearly defined by sound of strands
slipping and a drop in the applied load, resulting in an ultimate shear capacity of 772

kips.

85



4.3.2 Light to Heavy ASR/DEF-Related Damage (L-11, M-I, M-II, and H-II)

The four damaged segments tested within this study were selected to demonstrate
the time-dependent effects of ASR/DEF deterioration on the structural performance and
strength of trapezoidal box beams with dapped ends. The first three segments (L-11, M-I,
and M-II) represented the early to intermediate stages of deterioration. They were subject
to extensive, random cracking as well as a few discrete diagonal cracks which emanated
from the bottom corner of the dap (within the prestress transfer length). The fourth
segment (H-II) represented the severe stage of deterioration among the beams. While it
generally shared the abovementioned damage characteristics, the largest cracks were
several orders of magnitude wider than those found in the other segments. The overall
maximum crack width ranged from 0.016 inches in segment L-II to 0.25 inches in
segment H-II. The width of the discrete diagonal cracks, previously identified as the most
deleterious aspect of the deterioration in Section 4.2, varied from 0.016 to 0.030 inches.

All four of the segments featured sixty-two prestressing strands; thirty-eight of
which were bonded over the full length. With the exception of segment H-II, no
substantial ASR/DEF-related loss of concrete strength was evident from core tests. The
concrete strength, of segments L-II, M-I, and M-II ranged from 8.6 to 11.8 ksi and
exceeded the required design strength. Cores extracted from segment H-II yielded a
compressive strength of 6.4 ksi at the time of testing; well below the seven-day strength
of 8.3 ksi. While the loss of compressive strength does not necessarily indicate a loss of
structural capacity, the low values obtained from the cores were further evidence of the
severe deterioration found within that segment and the difficulty in extracting cores that
were not near visible cracks.

M-I was the first ASR/DEF-damaged dapped end to be tested. The initial
objective of the study was to evaluate the capacity of the dap (i.e. the shallow beam
extension) as controlled by direct or diagonal shear through the reentrant corner. The
original intent was to study the performance of the dap only. M-I was therefore tested at a

relatively short shear span-to-depth ratio of 1.2 to maximize demand on the extended
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portion of the beam end. The load-deflection response of segment M-I is plotted along
with the results of the other damaged segments in Figure 4-7. The linear-elastic response
of the segment is markedly stiffer than the other damaged segments due to the shorter
shear span-to-depth ratio. Degradation of the beam stiffness due to the growth and
development of cracking was not apparent until the load exceeded 80 percent of the
maximum applied shear. Audible strand slip and rapid crack growth at the bottom corner
of the dapped end signaled the unexpected: shear-induced anchorage failure at a

maximum applied shear of 912 kips.
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Figure 4-7: Load-Deflection Responses of Segments L-11, M-I, M-11, and H-11

The results of the load test on segment M-I clearly indicated that the flexural
reinforcement anchorage at the bottom corner was the controlling aspect of the dapped-
end design. To properly assess the effects of ASR/DEF deterioration on the anchorage
detail, the remaining three segments (L-II, M-II, and H-II) were tested at a shear span-to-

depth ration of 1.85. Examined independently, the load-deflection behavior of each
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damaged segment was not markedly different than the others. The linear-elastic response
generally softened between 70 and 80 percent of the maximum applied shear as a result
of preexisting crack growth and new crack development. Examined collectively,
however, a trend between the dapped-end stiffness and level of cracking emerges. As
depicted in Figure 4-7, the stiffness of the distressed dapped ends appears to increase as a
function of the damage severity. It is likely that restraint of the ASR/DEF-related
expansions by the dapped-end reinforcement led to the development of compression
within the structural core concrete; eliciting a stiffer material response. ASR/DEF-
induced compression has been shown to be capable of offsetting (and superseding) the
loss of mechanical strength or stiffness due to the microstructural cracking (Deschenes et
al., 2009).

The presence of ASR/DEF-induced compression also provides a logical
explanation for the observed delay of first cracking in the damaged segments. The
development of load-induced cracking for the segments subjected to light (L-II) and
heavy (H-II) cracking are shown in Figure 4-8. The illustrations effectively cover the full
range of behavior noted during the damaged segment tests. The behavior of segment L-I1
was similar to the undamaged segment N-II. First cracking was noted to occur at a
slightly higher percentage of the capacity (67 percent), but an extensive crack network
was nonetheless present prior to failure. The behavior of H-II (subject to 0.25-inch wide
cracks) was drastically different. Substantial cracking did not develop at any point in the
dapped-end test; including failure (refer to Figure 4-8). The only notable crack on either
face of segment H-II (shown in Figure 4-13) corresponded to a preexisting ASR/DEF
crack; impending failure was not apparent. Segments M-I and M-Il were intermediate
cases of the abovementioned behavior. Overall, the results suggest that either greater
ASR/DEF-related damage led to the development of higher internal compressive stresses
which further delayed the formation of load-induced cracking or that there was no need

for more cracks to form is extensive cracking already existed.
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Measurements of the concrete deformation (e.g. strains and crack widths)
provided further insight into the mechanics of the ASR/DEF-affected dapped ends. As in
N-II, the diagonal measurements at the dap and web section for L-II through H-II were

the most sensitive to the application of load. Therefore, the less sensitive longitudinal and
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transverse strain measurements were not presented. This consideration simplified
examination of the results and facilitates the identification of meaningful trends.

The concrete strain response at the dap and void of each damaged beam are
plotted in Figure 4-9. The most notable feature of these plots is the especially stiff
response of the damaged daps. The maximum deformation measured at the diagonal of
the undamaged dap was nearly 1.5 millistrain. In contrast, the deformation of each
damaged dap was surprisingly stiff and yielded no more than 0.5 millistrain by the onset
of failure. The results suggest that the demands placed on the dap were insufficient to
overcome the ASR/DEF-induced compression. Decompression does not seem to occur as
few if any new cracks were noted at the dap of the damaged segments (refer to Figure
4-10 through Figure 4-13). Furthermore, the relatively stiff response of each damaged
dap most likely contributed to the overall increase in the segment stiffness.

The concrete strain response of each damaged web was not significantly different
than that measured during the undamaged segment test. Among the damaged segments,
there were no meaningful differences or trends noted with regards to the initiation,
stiffness or magnitude of the responses. Due to the average nature of the measurement
and the variability of ASR/DEF-related expansions, it is unreasonable to expect clear
indications of the loads corresponding to web decompression and subsequent cracking.
Crack width measurements did provide further substantiation of the assumed internal
mechanics of the damaged segments. Load testing of the undamaged dapped end (N-II)
yielded near continuous growth of select preexisting cracks. Most significantly, the
diagonal crack emanating from the bottom corner of the dap (number 5) showed notable
growth with only forty percent of the maximum shear applied. In contrast, growth of the
largest preexisting crack within segment H-II (“4-inch to begin) only occurred within the
last two load increments (i.e. at loads exceeding 80 percent of the maximum applied
shear). Furthermore, the relative growth of the ASR/DEF-related cracking within the
damaged dapped-ends was generally less than that found in the undamaged segment. The
results of the crack width measurements are summarized per segment in Figure 4-10

through Figure 4-13.
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Loading of segments L-II, M-II, and H-II at a shear span equal to 1.85 times the
effective depth resulted in similar, but more critical, shear-induced anchorage failures. In
general, diagonal cracks (preexisting and load-induced) extended into and opened within
the transfer length of the prestressing strands (Figure 4-14A). Subsequent extension of
the diagonal cracks across the bottom side of the box beam (Figure 4-14B) was
accompanied by minor spalling in several of the beams. A loud pop signified significant
slip of the prestressing strands and a drastic loss of load-carrying capacity. In most cases,
the shear-induced anchorage failure was followed by growth of pre-existing ASR/DEF
cracks. The heavily cracked segment (H-II) produced the most sudden, pronounced
failure of the damaged dapped ends (shown in Figure 4-14C). Pre-existing ASR/DEF
cracks connected between the load and bottom corner of the beam, forming a large,
continuous crack that widened extensively and extended into the deck under the hydraulic
rams and under the beam in the strand anchorage area. The maximum applied shear
resisted by H-II was 659 kips. The light (L-II) and moderately (M-1I) damaged segments
failed at 711 and 703 kips, respectively.
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(C) Post-Failure Growth of ASR/DEF Cracks

Figure 4-14: Typical Features of Damaged Segment Failure
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4.4 NOTABLE EFFECTS OF ASR/DEF ON DAPPED-END PERFORMANCE

Preliminary comparisons between the undamaged (Section 4.3.1) and damaged
segment behavior (Section 4.3.2) identified a number of interesting trends related to the
severity of the ASR/DEF deterioration. Those trends are reexamined here to identify the
most notable serviceability and strength implications of the ASR/DEF deterioration
encountered within this study. Please note that segment M-I is excluded from the

majority of this discussion due to the difference in the shear span-to-depth ratio.

4.4.1 Serviceability

As traditionally defined, serviceability relates to the ability to control excessive
deflections and undesirable cracking under service loads. Such considerations may not be
of primary concern to the bridge owner due to the severe cracking and inherent stiffness
already exhibited by the damaged dapped ends. The observations made with regards to
serviceability nonetheless provide valuable evidence of the internal mechanics of an
ASR/DEF-affected structure and are therefore presented here.

The serviceability characteristics of the damaged dapped ends generally support
the assertion made by Deschenes et al. (2009): the expansion-induced compressive
stresses within an ASR/DEF-affected member can effectively offset (and potentially
supersede) the structural effects of reduced plain concrete strength and stiffness. Based
on the cores tested in the current study, the heavily cracked segment (H-II) was subject to
the greatest loss of concrete compressive strength and stiffness (assuming traditional
relationships between strength and stiffness hold true). In spite of this deficiency,
segment H-II yielded the stiffest response of the four dapped ends (shown in Figure
4-15). The stiffness of each dapped end fits well within this trend, with the lightest

damage corresponding to the least stiff response and vice-versa.
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Figure 4-15: Observed ASR/DEF-Related Increase in Dapped-End Stiffness

The cracking behavior of the dapped ends further substantiated the implied effects
of ASR/DEF-induced compression. The percentage of the maximum applied shear
corresponding to the formation of a new crack is plotted against the severity of the
deterioration in Figure 4-16. The results clearly indicate that the first cracking (newly
formed diagonal crack) load increased as a function of the deterioration. More
importantly, the trend suggests that the ASR/DEF-induced compression (responsible for
the delay in cracking) is proportional to the severity of the deterioration. It is also
interesting to note that the assigned levels of cracking correspond well with the levels of

deterioration implied by the first cracking loads.
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Figure 4-16: Observed ASR/DEF-Related Increase in First Cracking Load

Based on the former observations and the work of Deschenes et al. (2009), it is
clear that the accumulation of ASR/DEF damage within a concrete member generates
significant tensile strains and stresses in the reinforcement. That reinforcement stress is in
turn equilibrated by a commensurate amount of compression in the concrete. Barring the
loss of the confining reinforcement (perhaps through rebar fracture, see Chapter 2), the
compression induced within the concrete will be capable of compensating for the
microstructural damage done by the ASR/DEF-related expansion.

Presentation of these results is not intended to suggest that the presence of
ASR/DEF is beneficial to the structural performance of a concrete member. Rather it is
intended to shed light on the common misconceptions associated with the structural
effects of ASR/DEF deterioration. Specifically, it is of critical importance to recognize

that the outward appearance of a reinforced or prestressed concrete member affected by
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ASR/DEF is not immediately indicative of a loss of structural stiffness or strength. In this
unique case, surface cracking does not necessarily imply tension in the structural core (as

traditionally assumed).

4.4.2 Strength

Load testing of segment M-I revealed the governing aspect of the dapped-end
design used in the US 59 trapezoidal box beams: anchorage of the mild and prestressed
flexural reinforcement. Following that revelation, the focus of the project shifted from
evaluating the shear strength of the dap to evaluating the dapped-end strength as a whole.
The maximum shear applied to each dapped end is summarized in Table 4-1 and Figure
4-17. Please note that direct comparisons to the strength of segment M-I are invalid due
to the short shear span testing arrangement.

Table 4-1: Failure Loads

Beam | Shear Span to Depth Ratio | Concrete Strength (f°c) | Failure Shear
N-II 1.85 9.28 ksi 772 kips
L-II 1.85 9.59 ksi 703 kips
M-I 1.20 11.84 ksi 912 kips
M-II 1.85 8.63 ksi 711 kips
H-1I 1.85 6.39 ksi 659 kips
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Figure 4-17: ASR/DEF-Related Capacity Trend

As shown, the results suggest a loss of dapped-end capacity with increasing
deterioration. While this observation is significant, it is important to realize that the
measured capacities do not give any indication of the performance of the beam in a
structure. Only comparisons to valid strut-and-tie models can provide meaningful

answers in that regard.

4.5 DAPPED-END CAPACITY ESTIMATED BY STRUT-AND-TIE MODELS

In this study, the capacity margin is defined as the ability of the dapped end to
exceed the structural capacity estimated by applicable design provisions. It is important
to consider that variation of the material properties, debonding schedules, and effective
prestress forces among the trapezoidal box beam segments could have factored into the

trend observed in the previous Section 4.4.2. Strut-and-tie modeling was therefore
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applied to determine the nominal capacity of each dapped end and allow proper
evaluation of the capacity margin. The contemporary design provisions outlined in
Chapter 2 (ACI 318-08, AASHTO LRFD 2009, and TxDOT Project 0-5253 provisions)
were all implemented as part of this effort. To reveal the ASR/DEF-related change in the
capacity margin, the ratios of the measured-to-calculated capacities are examined within

the context of the qualitative ASR/DEF damage levels.

4.5.1 Development of the Strut-and-Tie Models

Evaluation of the five dapped ends required the development of two different
strut-and-tie models, one for each testing arrangement. The strut-and-tie model
corresponding to shear span-to-depth ratios of 1.85 and 1.2 are shown in Figure 4-18A
and Figure 4-18B, respectively. The struts are represented as dashed red lines and the ties
as solid blue lines. Nodes are located at the intersections of multiple struts and ties. The
general layout of each strut-and-tie model was based upon the dapped-end models
presented in Chapter 2. The shear span-to-depth ratio, reinforcement layout, and bearing
plate dimensions unique to each box beam segment were then used to determine the final
model geometries. All of the models were in accordance with the basic theories of

plasticity and requirements of the various strut-and-tie modeling procedures.

103



Nod 3 de 5
(A) STM for Segments N-II, L-II, M-II, and N-II

& Node 6
T )

(B) STM for Segment M-I

(C) Typical Dapped End Reinforcement Layout

Figure 4-18: Strut and Tie Models
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The strut-and-tie models corresponding to segments N-II, L-II, M-II, and H-II
were nearly identical to one another (basic layout shown in Figure 4-18A). Slight
variations in the strand debonding pattern and compressive strength necessitated minor
adjustments of the tie positions and node proportions. For the sake of clarity, the rationale
for the placement and proportioning of each element within the first strut-and-tie model is
presented below. All struts, ties and nodes are identified within Figure 4-18A.

The size and location of Node 1 was determined by the support plate geometry
and the centroid of the dap flexural reinforcement (Tie 1). The horizontal centroid and
vertical point of anchorage for the hanger reinforcement (Tie 2) controlled the placement
of Node 2. Node 3 was positioned at the alternate end of the hanger reinforcement and
aligned with the vertical centroid of the primary flexural reinforcement (mild and
prestressed; Tie 3). The location of Node 4 was determined by the intersection of the
flexural dap reinforcement and the vertical reinforcement at the face of the void (Tie 4).
Node 5 was positioned directly below Node 4 at the vertical centroid of the primary
flexural reinforcement (Ties 3 and 5). Finally, the size and location of Node 6 was
determined by the load plate geometry and the depth of the compressive stress block at
failure (obtained through analysis).

A separate strut-and-tie model was developed for segment M-I to account for the
alternate load paths developed within the shorter shear span (shown in Figure 4-18B).
The addition of Strut 6 allowed a portion of the load to flow directly from the load point
to the support and limited the demand on the transverse reinforcement within the end
block. As discussed in the following section, the ultimate strength of the model was
thereby controlled by the anchorage of Tie 3; consistent within the test observations.
Aside from the general model layout, placement and proportioning of the strut-and-tie

elements for the second model was accomplished in the manner described above.

4.5.2 Capacities Estimated by the Strut-and-Tie Models
The capacity of each dapped end was calculated according to the strut-and-tie
provisions of ACI 318-08, AASHTO LRFD 2009, and TxDOT Project 0-5253. To begin,
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the material properties listed in Chapter 3 were used to determine the strength of each
STM element (i.e. a strut, node, or tie). All of the elements were analyzed within the
context of the model geometry and overall balance of forces. This included the effects of
prestressing, shown in Figure 4-18 as the superposition of anchorage forces at Nodes 3
and 5. Use of a structural analysis program facilitated calculation of the maximum load
corresponding to the failure of each STM element. For the sake of brevity, only the strut-
and-tie capacity corresponding to the controlling STM element is presented for each box
beam segment. Detailed calculations can be found in Appendix C.

Figure 4-19 includes a comparison of the strut-and-tie capacity and maximum
applied loads for each of the five tests completed. The governing STM element is listed
alongside the results for each dapped-end test in Table 4-2. It should be noted that load
and resistance factors were not considered during the STM analyses. The computed strut-

and-tie capacities are therefore compared to the measured strength of each dapped end.
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Figure 4-19: STM Capacities and Maximum Applied Loads
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The analysis results were generally consistent with the failure mechanism
observed in all five tests: shear-induced anchorage failure. In fact, the capacity of each
strut-and-tie model was governed by failure of Tie 3 (the primary flexural reinforcement
at the face of the dap) in all but one case (Tie 2 in M-I).

Application of the ACI 318 provisions to the strut-and-tie model for segment M-I
suggested failure via yielding of the hanger reinforcement (Tie 2). The governing of Tie 2
was the result of alternate code approaches to the transfer of prestressing force. As
currently presented in ACI 318-08, the calculated transfer length will be consistently
shorter than that of AASHTO LRFD for effective prestress greater than 90 ksi (virtually
all cases). In the context of the current study, the prestressing force calculated at Node 3
was therefore consistently higher when the ACI provisions were applied. This effectively
reduced the demand on Tie 3 and, in the case of segment M-I, caused alternate failure
modes to control. Beyond segment M-I, this detail led the ACI strut-and-tie provisions to
provide higher capacity estimates for each of the five dapped ends.

It is also interesting to note that the calculated capacities provided by the
AASHTO LRFD and TxDOT 5253 provisions were identical in each case. This can be
attributed to the fact that the strength of each model was governed by a tension tie. The
recommendations made by TxDOT Project 0-5253 were largely limited to revisions of
the current AASHTO LRFD treatment of struts and nodes. Recommendations to the
capacity of ties or the effects of prestressing were not made.

Irrespective of the differences between the methods, all three strut-and-tie
modeling provisions provided conservative estimates of the dapped-end capacity (as
summarized in Table 4-2). This result suggests that there is no immediate risk of failure
in properly designed dapped ends affected by ASR/DEF deterioration of similar severity
seen here. It is possible that concerns with diminishing capacity margin may become
apparent in the most severe cases of ASR/DEF deterioration in the future. The ratio of the
measured-to-calculated capacity for each of the dapped ends is presented in Figure 4-20
to illustrate the concern. Please recall that the dapped-end capacities provided by the

AASHTO LRFD and TxDOT Project 0-5253 provisions were equivalent due to their
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consistent treatment of the prestressing strand transfer length. Accordingly, the less

conservative nature of the ACI transfer length provisions led to consistently higher

dapped-end capacity estimates (and lower ratios of measure-to-calculated capacity).
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Figure 4-20: Ratio of Measured-to-Calculated Capacity

The ratios of measured-to-calculated capacity equal to, or in excess of, 1.0 are

indicative of structurally safe dapped ends. As depicted in Figure 4-20, all five of the
ASR/DEF-affected dapped ends were safe with respect to the ACI 318-08, AASHTO
LRFD and TxDOT 5253 STM provisions. Despite this encouraging fact, it is clear that

the capacity margin decreases with increasing levels of ASR/DEF-related damage.

Relative to the undamaged segment N-II, the strength for segments subject to

light or moderate cracking (L-II, M-I, and M-II) was consistently lower with a capacity

margin of 30 to 15 percent rather than 50 to 37 percent. Furthermore, the capacity margin

of segment H-II, subject to the heaviest cracking, was only 17 to 3 percent in excess of

the AASHTO/TxDOT and ACI estimate. It is likely that deterioration in excess of that
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found within segment H-II would deplete the available capacity margin of similar dapped

ends, rendering them unsafe with respect to current design codes.

4.6 SUMMARY

The results from the dapped-end tests and strut-and-tie analyses offered insights
into the serviceability, strength, and safety of the US 59 corridor bridge structures. Crack
width measurements, load-deflection plots, and concrete strain histories provided
understanding into the internal mechanics of the ASR/DEF-affected beams. An
ASR/DEF-related loss of dapped-end strength was initially inferred from comparisons
between the severity of the premature concrete deterioration and the measured load-
carrying capacity of each beam segment. Further comparisons to the load-carrying
capacities estimated by contemporary strut-and-tie modeling provisions ultimately
confirmed those observations: the ratio of measured to computed capacity for current
dapped-end detail decreases with increasing levels of ASR/DEF-related damage.

The ASR/DEF deterioration had a noticeable effect on the service load behavior
of the dapped-end detail. Increasing levels of deterioration generally led to higher
dapped-end stiffness and significant delays in the formation of load-induced diagonal
cracking. Briefly stated, the serviceability characteristics of the damaged dapped ends
generally supported the assertion made by Deschenes et al. (2009): the expansion-
induced compressive stresses within an ASR/DEF-affected member can effectively offset
(and potentially negate) the structural effects of reduced plain concrete strength and
stiffness. The results also highlight the critical nature of the confinement provided by
well-anchored reinforcement in ASR/DEF-affected structures. Loss of the confinement
(perhaps through fracture, see Chapter 2) would lead to severe implications for the
integrity of damaged structures. The dapped-end test of segment M-I revealed that the
governing aspect of the US 59 trapezoidal box beam design was the anchorage of the
mild and prestressed flexural reinforcement. Once that was established, the remaining
four beam segments were tested to examine the effects of light, moderate, and heavy
ASR/DEF deterioration on the shear-induced anchorage failure of the dapped ends. Based
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on a preliminary analysis of the results, it appeared that premature concrete deterioration
progressively weakened the anchorage of the flexural reinforcement in the dapped-end
region. The least damaged segment (N-II) supported the highest loads (772 kips of shear),
while the most extensively cracked beam (H-II) could only withstand 659 kips of shear.
The mildly and moderately damaged segments, L-II and M-II, failed at 703 and 711 kips,
respectively.

While the observed loss of dapped-end capacity was significant, it did not give a
clear indication of the capacity margin of the deteriorated dapped ends (due to variations
between the structural details and material strengths). Strut-and-tie models were therefore
developed to provide code-based estimates for the nominal capacities of the trapezoidal
box beams with dapped ends. Application of strut-and-tie modeling provisions from
AASHTO LFRD 2009, TxDOT Project 0-5253, and ACI 318-08 yielded similar
predictions for the failure mode and generally conservative estimates of the dapped-end
capacities. By further comparing the measured and calculated capacities, a clear trend
between the level of ASR/DEF-related damage and the reserve strength of the dapped
ends was made apparent: the inherent capacity margin decreased with increasing levels of
ASR/DEF-related damage. In the case of the heavily deteriorated segment, the measured
load-carrying capacity was only 3 and 17 percent greater than the ACI and AASHTO
calculated capacities, respectively. It is likely that deterioration in excess of that found
within the heavily cracked segment would deplete the available capacity margin and
render the dapped-end detail unsafe with respect to current design codes. While the
results suggested that there is no immediate risk of trapezoidal box beam failure, the

potentially drastic implications of prolonged deterioration were emphasized.
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CHAPTER 5

Forensic Investigation

5.1 OVERVIEW

Upon completion of the dapped-end testing program, three forensic techniques
were applied to the trapezoidal box beam segments. The purpose of the forensic
investigation was two-fold: (1) to place the box beam deterioration within the context of
common ASR/DEF evaluation techniques and (2) to provide documentation of the
internal ASR/DEF-related defects which contributed to the loss of structural safety. The
results of the forensic investigation help to further substantiate the
observations/conclusions drawn in Chapter 4.

First, the findings of a petrographic analysis are used to establish the nature of the
deterioration found within three of the segments. Observations regarding the cause of
deterioration, general character of the microstructural cracking, and qualitative severity of
the damage are presented. Second, the results of a structural autopsy are examined to
reveal notable interior cracking which contributed to the behavior and load-carrying
capacity of the damaged segments. Finally, estimates of the ASR/DEF-related expansion,
obtained from elastic rebound testing of the strained transverse reinforcement, are

summarized and compared to the qualitative damage assessments.

5.2 PETROGRAPHIC ANALYSIS

A total of nine cores, three from the dapped ends of segments N-P (undamaged),
M-P (moderately cracked) and H-P (heavily cracked), were submitted to the TXxDOT
Concrete Laboratory for evaluation. The petrographic analysis served three purposes: (1)
to visually document and qualify the contributions of ASR and DEF deterioration, (2) to
characterize the crack networks occurring within the concrete cover and structural core,

and (3) to provide a qualitative comparison of the microstructural damage found within
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each segment. The following discussion summarizes the results in relation to the
aforementioned tasks. The detailed petrographic report can be found in Appendix D.
Visual inspection, scanning electron microscope (SEM) and spectral analyses of
multiple lapped sections allowed personnel at the TXDOT Concrete Laboratory to
identify microscopic features and chemical products of both ASR and DEF. It was
ultimately concluded that the three segments had *suffered significant distress from
alkali-silica reaction.” The development of ASR deterioration was attributed to the fine
aggregate fraction of the concrete mixture: “the primary ASR aggregate type is
microcrystalline chert fine aggregate.” Two of the images depicting a distressed fine
aggregate particle are included in Figure 5-1A and Figure 5-2A. While ettringite
formation was noted to fill many of the air voids and microstructural cracks, the
occurrence of gapping around aggregates (see Figure 5-1B and Figure 5-2B) due to
delayed ettringite formation was limited. As a result, ““it is inconclusive whether DEF has
contributed to the distress based on the limited amount of true gapping due to paste

expansion.”
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Figure 5-1: Examples of Microstructural Damage
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(A) Distressed Fine Aggregate (ASR) (B) Gapped Aggregate (DEF)

Figure 5-2: Fluorescence Imaging of Microstructural Damage

The diagnosis put forth by TxDOT personnel did not mirror the findings of
researchers at the Concrete Durability Center (CDC) of UT Austin. Folliard and Drimalas
(2008) conducted a forensic evaluation in 2004 and concluded that delayed ettringite
formation was primarily responsible for the damage found in segment H-I1; alkali-silica
reaction only played a secondary role (see Chapter 2). It is important to note that segment
H-I1 (evaluated by CDC) was sourced from the same trapezoidal box beam as segment H-
P (evaluated by TxDOT). The concrete mixture and corresponding deterioration were
therefore equivalent. The disparity between the two diagnoses highlights two critical
limitations of petrographic analysis. First, the method cannot be used to distinguish the
order in which the reaction products formed. Did DEF products form within pre-existing,
ASR-induced cracks, or vice-versa? When products of both deleterious mechanisms are
present, diagnosis of the primary mechanism is purely subjective. Second, examination of
concrete samples which represent a small fraction of the total affected volume of concrete
is not an effective means to precisely diagnose the cause of the damage. The consistency
of the concrete mixture, curing temperatures, and exposure vary throughout the volume
of an affected member. It is therefore improper to base broad diagnoses on the
petrographic results from relatively few concrete samples.
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In the context of the current study, the value of such diagnoses is limited. The
chemical processes of ASR and DEF may differ, but the structural effects are
indistinguishable to the structural engineer. Both mechanisms cause bulk volumetric
expansion and microcracking of the concrete. In a reinforced structure, strains imposed
on the reinforcement setup an internal force system in which reinforcement stresses are
equilibrated by compression in the concrete. Where sufficient confinement is present, this
compression suppresses the development of macrocracks within the structural core and
generally influences the direction of macrocracks at the concrete surface. Regardless of
the relative ASR and/or DEF contribution to the overall expansion, the resulting internal
damage to, and outward appearance of, the deteriorated concrete member is the same.
Comparison of the current petrographic results to those obtained by Deschenes et al.
(2009) for an alternate set of prematurely deteriorated concrete members will further
substantiate this point.

In order to investigate the distribution of ASR/DEF cracking within the cross-
sections of several ASR/DEF-affected bent cap specimens, Deschenes et al. (2009)
extracted a number of cores for petrographic analysis. Initial examination of the cores
revealed little evidence of DEF-related damage, but a substantial number of petrographic
features related to ASR deterioration. A fraction of the cores were then split lengthwise to
study the distribution and orientation of the cracking along the core axis (i.e. through the
width of the bent cap members). The diagram in Figure 5-3 illustrates the typical
cracking pattern found within each of the extracted cores. Macrocracking perpendicular
to the exterior surface generally gave way to sub-parallel cracking within the first two
inches of the core length. Beyond this, cracking within the structural core did not develop
in a preferential manner (e.g. it was random). Deschenes et al. (2009) suggested that the
sub-parallel cracking was indicative of the high local stresses imposed by the transverse
reinforcement (the direction of least restraint was perpendicular to the bar in this area).
Concrete removed from the immediate influence of the reinforcement (i.e. the structural

core and cover concrete) was less likely to feature such highly directional cracking.
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Figure 5-3: General Crack Orientation within Cores (Deschenes et al. 2009)

Examination of the cores extracted from the trapezoidal box beam segments
resulted in an equivalent set of observations. In fact, the distribution of cracking through
the core length is well represented by the diagram in Figure 5-3. It is important to realize
that the box beams were likely affected by both ASR and DEF deterioration; based on the
synthesis of petrographic results from the TxDOT Concrete Laboratory and the Concrete
Durability Center. The reinforced concrete beams examined by Deschenes et al. (2009)
were only affected by ASR deterioration, yet they featured the same internal damage
characteristics. It is therefore difficult to claim that there are any meaningful differences
between the structural effects of ASR and DEF. Collective treatment of the internally
expansive mechanisms as “premature concrete deterioration” is most logical from a
structural engineer’s perspective.

To further evaluate petrographic analysis as a structural evaluation tool, the
TxDOT Concrete Laboratory personnel were asked to qualitatively rank the severity of
the deterioration found within each core. Overall assessment of the deterioration was
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guided by two independent observations: (1) the number of reactive particles identified
within a given length of core, and (2) the relative severity of the microstructural cracking
found within the core. Interestingly, the counting of reactive particles is a major
component of the damage rating index (DRI) method. As conceived, the DRI method
promised to provide an accurate, quantitative assessment of ASR deterioration through
careful counting of common microstructural defects (including reactive particles).
Although the TxDOT personnel did not conduct a full DRI assessment, results of the
counting process did not show any meaningful correlation to the qualitative damage
levels (i.e. light, moderate, or heavy) or observed loss of structural safety. As depicted in
Figure 5-4A, the heavily damaged segment (H-P) contained fewer reactive particles than
the moderately damage segment (M-P). Final assessment of the internal damage,
including observations regarding the severity of the microstructural cracking, did yield a
reasonable correlation with the qualitative damage levels (see Figure 5-4B). It should be
noted, however, that inspection of the internal damage did not reveal the same magnitude
of disparity between the “undamaged” and “heavily damaged” segments. Cores from the
heavily damaged segment were subject to a “slightly higher” level of deterioration than

found within the undamaged segment.

117



5’ 10,

w ~

3 B .
Il Il

©

w

=
L

Average Number of Reactive Particles
Average Level of Distress

o

(A)

N-P M-P H-P
Figure 5-4: Comparison of Microstructural Damage

While the petrographic analysis did provide insights into the nature of the internal
damage, the information gathered during the analysis was not of sufficient value to
warrant the use of the technique during structural evaluations. Results of the petrographic
analysis may be better utilized by those planning durability-related repairs, for which the

microstructural nature of the deterioration is of greater concern.

5.3 Box BEaM AUTOPSY

The value of the information gathered from load testing and forensic investigation
of the five trapezoidal box beams cannot be underestimated. The box beams were

fabricated using standard industry practices and allowed to deteriorate under normal
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storage conditions. In a research area (namely, study of the structural effects of ASR/DEF
deterioration) dominated by accelerated deterioration schemes and scaled specimens of
questionable merit, the box beams promised to provide highly relevant information.
Therefore, the opportunity to directly inspect the internal damage resulting from nearly
15 years of continuous deterioration had to be pursued. A segment (identified as H-A)
with a standard end block exhibiting heavy deterioration equivalent to that found in H-11

was therefore selected for a structural autopsy.

5.3.1 Autopsy Methods

In order to clearly identify penetration of the surface cracks into the cross-section,
the standard end block was injected with epoxy prior to placing the cuts. Epoxy injection
of segment H-A was a two stage process. Epoxy ports were first distributed over the
cracked surface of the beam and sealed in place with a grey epoxy coating (as shown in
Figure 5-5A). Once the outer epoxy seal had adequately cured, a black-colored epoxy
was injected into each one of the ports shown in Figure 5-5B. Sufficient penetration into

the crack network was established when a threshold injection pressure was met.

(A) Placement of Epoxy Ports (B) Epoxy Injection

Figure 5-5: Preparation of the Autopsy Segment

Segment H-A was then moved into Ferguson Structural Engineering Laboratory
and carefully supported to allow incremental removal of five short end block segments.
Each of the cuts was placed perpendicular to the longitudinal axis of the box beam with a
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concrete wire saw. As shown in Figure 5-6, a wire embedded with diamonds was pulled
around the box beam by a hydraulically powered flywheel. Continuous adjustment of the
pulley assembly ensured the proper amount of contact and pressure was maintained

across the entire cut.

Hydraulic Power Unit Diamond Embedded Wire Pulley Assembly

Hydraulically Powered Flywheel
Figure 5-6: Cutting with the Concrete Wire Saw

5.3.2 Visual Inspection of Cross-Sections

A total of five cuts were made through segment H-A. The cuts were spaced at
increments of 8 to 17 inches from the free end of the box beam segment as shown in
Figure 5-7. The first four cuts exposed sections within the solid end block region, while
the fifth passed through the void. This arrangement allowed examination of effects
related to: (a) the distance from the free end of the box beam, (b) the transfer and
development of the prestressing force, and (c) the transition from a solid to hollow
section. Observations regarding the distribution of internal cracking and resulting cross-
sectional distortion were generally used to characterize the deterioration at each section.
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(A) East Fac.;.e. o B)est Fat;é
Figure 5-7: Location of Beam Cuts

Prior to application of the epoxy, wide cracks were noted to extend from the free
end onto each side face of the segment (as shown in Figure 5-7). The deterioration within
the standard end block region was quite severe in comparison to most of the segments;
small areas of spalling and efflorescence were indicative of mature levels of ASR and
DEF. Due to the striking appearance of the box beam exterior, it was difficult to deny the
potential presence of significant interior damage (even in light of the petrographic results,
refer to Section 5.2).

Photographs of the four cuts placed within the solid end block are included in
Figure 5-8. The orientation of each cut face is consistent with the next. Contrary to what
the outward appearance suggested, the surface cracks did not penetrate deep into the
structural core of the member. In fact, all of the cracks terminated within ten inches of the
beam’s surface. The most notable cracks ran sub-parallel to the left side of the cut faces
shown in Figure 5-8. This interior cracking corresponded to the more heavily cracked,
west face of the box beam segment shown in Figure 5-7B. While the wide sub-parallel
cracks occasionally intersected surface cracking, they did not appear to be a direct
extension of discrete surface cracks. It is more likely that the sub-parallel cracking is the
result of two circumstances: (1) the presence of highly localized restraint in the vicinity
of the transverse reinforcement, and (2) the lack of compatibility between the confined

structural core and free concrete surface.
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Section C — 30 inches Section D — 38 inches

Figure 5-8: Epoxied Sections in the Solid End Block
In spite of the absence of a clearly defined structural core (as conventionally
defined), sub-parallel cracking (of greatly diminished length and width) was also
identified within the webs of the hollow box beam section. The photographs in Figure 5-9
illustrate the scope of the deterioration with the crack outlined with red in Figure 5-9A.

Please note that penetration of the epoxy into the box beam void caused the visible
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damage to the styrofoam block-out. The mechanism for the formation of such a crack
within a hollow section was not immediately apparent. However, it is possible that
compatibility with the solid end block forced the formation of the sub-parallel cracking.
The cut through the hollow section was only located 13 inches away (or less than one
quarter of the effective beam depth) from the face of the solid end block region.
Furthermore, inspection of the original cuts placed within the hollow regions of the most

- e g f3 s ' 4
(A) Section E - 55 inches (B) Small Crack and Melted Styrofoam

Figure 5-9: Cut Placed in the Hollow Region of the Box Beam Segment

In general, the sub-parallel cracks diminished in width and length as the
longitudinal distance from the free end of the box beam segment increased. Sub-parallel
cracking within Section A (14 inches from the free end) was up to 0.40 inches in width,
while the cracks found within Section E (55 inches from the free end) were a maximum
of 0.08 inches in width. The maximum sub-parallel crack width is presented as a function
of the distance from the free end in Table 5-1. The observed trend cannot be attributed to
variation of the reinforcement details. The transverse reinforcement was consistently

spaced at five inches over the length of the region under consideration.
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Table 5-1: Characterization of Sub-Parallel Cracking

Section Distance from Free End | Maximum Crack Width
A 14 inches 0.40 inches
B 22 inches 0.24 inches
C 30 inches 0.16 inches
D 38 inches 0.14 inches
E 55 inches 0.08 inches

Two equally viable explanations for the diminishing sub-parallel crack widths can
be offered. First, consider that a section further from the free end will be subjected to
inherently tighter boundary conditions and higher effective prestress forces. The presence
of such restraint would certainly limit the development of ASR/DEF-related damage at
the interior sections. Second, it is likely that the potential for severe damage was directly
linked to the curing temperatures. Please recall that the most significant cracking within
each of the damaged box beam segments was typically concentrated within the massive
end regions. While temperature data logs are not available, the small mass of the hollow
region may not have generated enough heat to trigger severe DEF deterioration
mechanisms (while ASR could still occur). The gradient of temperature (and
corresponding damage potential) present at the transition from the solid to hollow
sections could have contributed to the diminishing severity of the sub-parallel cracking.

A number of other significant, yet visibly less apparent, internal defects were
revealed during the box beam autopsy. They included: (a) debonding of transverse
reinforcement, (b) cross-sectional bulging, and (c) inter-strand cracking. The formation of
each defect and its significance from a structural performance standpoint is explored
below. Figure 5-10 provides a complete visual description of the defects typically found
within the solid cross-sections:
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Debonding of the Transverse Reinforcement: The cut face intersected the
transverse reinforcement in two of the cross-sections (refer to Figure 5-8).
In both cases it appeared as though the sub-parallel cracking led to
debonding of the back-side of the transverse reinforcement. The debonded
length was relatively short in both cases but could have created a splitting
plane through the splice. Despite the observation, the beams subject to
load testing did not suffer from stirrup anchorage failure so it can be
assumed that the potential presence of a similar defect within other box
beams may not impact overall structural performance.

Distortion of the Solid Cross-Section Geometry: While the box beams
were originally formed with straight steel forms, the side faces exhibited a
slight bulge upon autopsy. Over time, the internal expansion was
restrained at the corners by well anchored transverse reinforcement. The
flexural stiffness of the reinforcement was not sufficient to prevent the
lateral bulging of the side faces shown in Figure 5-10C. No distortion was
found in the hollow cross-sections located a sufficient distance from the
severe deterioration of the end region.

Fine Cracking Between Parallel Strands: Due to the rapid transfer of
prestressing force from the strands to the concrete, tensile (or splitting)
stresses are generated in the transverse plane of the beam. While the
magnitude of the tensile stress is not typically great enough to cause
splitting cracks, it may be augmented by tensile stresses related to
ASR/DEF actions and result in cracking in the horizontal plane of the
strands. Close examination (refer to Figure 5-10D) of the exposed strand
ends revealed fine cracking between a number of strands in each layer. As
discussed in Chapter 4, the inter-strand cracking generated by ASR/DEF
expansion is suspected to be responsible for the observed loss of

anchorage and overall dapped-end capacity.
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(C) Distortion of the Cross-Section Geometry

Figure 5-10: Typical ASR/DEF-Related Defects in Solid End Cross-Sections

5.4 ELASTIC REBOUND TESTING

Study of the structural effects of ASR/DEF deterioration has traditionally been

limited to the testing of specimens constructed and conditioned in the laboratory. While
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the disadvantages of such an approach were alluded to in the previous section (i.e.
accelerated deterioration, use of scaled models, etc.), overwhelming preference for such
testing is firmly rooted in the ability to accurately track the development of ASR/DEF
deterioration through expansion measurements. Direct measurement of the expansion
within the box beam segments was impossible without a suitable datum and the
assessment of the deterioration was therefore left to qualitative methods.

Efforts to provide a more quantitative estimate of the deterioration were initiated
after the completion of the load testing program. Borrowing on the experience of
Deschenes et al. (2009), the elastic rebound or in-situ reinforcement test was selected to
provide an estimate of the expansion. The fundamental basis for the test is the
compatibility which exists between the reinforcement and concrete within a structural
concrete member. Theoretically the strains experienced by the confining reinforcement
should be equivalent to the expansion of the ASR/DEF affected concrete, excluding any
external influences. Further discussion regarding the theoretical basis and practical
viability of the method can be found in Deschenes et al., 2009.

Measurement of the reinforcement strains was accomplished through the
destructive means shown in Figure 5-11. A hand-held jackhammer was used to expose a
small length of transverse reinforcement. Removal of the concrete was carefully
conducted to minimize prying or impacts that would disturb the in-situ state of stress. The
bars were then cleaned and instrumented with a foil strain gage. Shortening (or elastic
rebound) of the reinforcement was recorded as the cut was being placed. As long as the
ASR/DEF-related expansions were less than the reinforcement yield point, the
corresponding reinforcement strains would be equivalent to the concrete expansion.
Expansions in excess of the reinforcement yield point would not be recovered as elastic

recovery of the reinforcement does not include the effects of plastic deformations.

127



Figure 5-11: Exposing and Cutting the Transverse Reinforcement

Elastic rebound testing was conducted on four of the box beam segments: two
heavily damaged, one moderately damaged, and one undamaged. Two of the four
segments had previously been subjected to dapped-end testing. In those cases, the
location of the elastic rebound testing was selected to avoid load-induced cracking. The
results from all of the elastic rebound tests are summarized in Figure 5-12. Ideally, there
would be correlation between the reinforcement strains and qualitative damage levels (i.e.

light, moderate, heavy).
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Figure 5-12: Strains from Stirrup Rebound Tests

Contrary to the expectations, the reinforcement strain measured within one of the
two heavily damaged segments was of the same magnitude as that measured within the
“undamaged” segment. The visual assessment of cracking did not show any relation to

the transverse reinforcement strains. In the end, a number of unique aspects of the
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dapped-end segments may have contributed to the poor correlation, or rather poor
application, of the elastic rebound technique.

= Irregular Crack Distribution: In order to obtain an upper bound estimate
of the ASR/DEF-related expansion (i.e. controlling case), it is advisable to
conduct the elastic rebound tests in areas subject to the most severe
cracking. Desirable placement of the elastic rebound tests was not
generally possible in the current study due to the constraints introduced by
the pre-existing core holes and load-induced cracking.

= Unclear State of Stress: In contrast to the work done by Deschenes et al.
(2009), the state of stress within the dapped ends is not clear. This is a
function of both the unique geometry and complicated reinforcement
scheme. It is possible that the principal direction of expansion does not
coincide with the transverse reinforcement; in which case, elastic rebound
testing of the reinforcement would not provide the most applicable results.

= Poor Reinforcement Anchorage: The transverse reinforcement consisted
of two open segments which were lapped at the box beam side faces to
provide confinement. Due to the extensive nature of the sub-parallel
cracking, it is conceivable that slip of the transverse reinforcement laps
occurred in the most heavily damaged segments. If the slip was limited,
the tensile strains would have been relieved while the structural integrity

was maintained.

5.5 SUMMARY

Review of the results from a petrographic analysis, structural autopsy, and elastic
rebound testing helped accomplish two goals: (1) to place the box beam deterioration
within the context of common ASR/DEF evaluation techniques and (2) to provide
documentation of the internal ASR/DEF-related defects which contributed to the loss of
structural safety. Petrographic evidence of both ASR and DEF were found in cores taken
from the lightly to heavily damaged segments. Due to conflicting interpretations of the

130



microstructural damage, the ultimate diagnosis of the deterioration was not conclusive.
Investigation of the internal cracking pattern through the examination of both cores and
full cross-sectional faces nonetheless made it clear that the large cracks found on the
surface of the beams were limited to the perimeter of the box beams. With regards to the
structural effects of the interior damage, fine cracking between the prestressing strands
was identified as the most significant aspect of the deterioration. Lastly, elastic rebound
testing revealed ASR/DEF-induced strains within the transverse reinforcement. The
results did not correlate well with the qualitative damage levels for a number of reasons
related to the unique geometry and complicated reinforcement schemes of the dapped
ends.
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CHAPTER 6

Summary and Conclusions

6.1 SUMMARY

In the decade following the completion of the US 59 corridor and Katy Central
Business District (CBD) HOV lanes, many of the trapezoidal box beam bridges began to
show signs of premature concrete deterioration. Cores taken from rejected, yet
representative, box beams confirmed the potential for alkali-silica reaction (ASR) and
delayed-ettringite formation (DEF) in beams constructed at the same precast facility.
Furthermore, the rejected beams illustrated the potential severity of the ongoing
ASR/DEF deterioration within the dapped-end regions of the trapezoidal box beams. Due
to the complex structural details of the dapped ends and the unparalleled deterioration
found within, it was impossible to find relevant test results in the literature. Load testing
had never been performed to investigate the effects of premature concrete deterioration
on the structural capacity of prestressed concrete beams with dapped ends.

The Texas Department of Transportation (TXDOT) has provided funding for the
University of Texas at Austin (UT Austin) to conduct load tests and an autopsy on five
trapezoidal box beams. The rejected dapped-end beams had been in storage at a local
precast yard for nearly fifteen years and were subject to varying levels of ASR/DEF
deterioration. One “undamaged” beam was accompanied by four other beams with low,
moderate, and heavy levels of cracking. The most severe deterioration was characterized
by minor spalling and cracks as wide as one quarter of an inch. The dapped-end beams
were cut into thirds and shipped to UT Austin for load testing at Ferguson Structural
Engineering Laboratory (FSEL).

With the exception of one dapped end, all of the load tests were conducted at a
shear span-to-depth ratio of 1.85 to study the effects of ASR/DEF on the primary failure
mechanism of the dapped end. The load carrying capacity of each dapped end was

governed by shear-induced anchorage failure. Test observations of anchorage failure,
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including the formation of cracks in the development region and audible pops as the
prestressing strands slipped, were reinforced by the results of the strut-and-tie modeling
process. Due to the limited length available for development of the prestressing strand,
the computed strength of each of the strut-and-tie models was controlled by the flexural
reinforcement anchorage at the bottom corner of the full depth section. The dapped-end
capacities obtained from application of the most recent ACI, AASHTO, and TxDOT
Project 0-5253 strut-and-tie modeling provisions were compared to the maximum applied
loads from each load test. Review of the results from all five dapped ends provided
insights into the relationship between the severity of the ASR/DEF deterioration and the
capacity margin.

Upon completion of the dapped-end testing program, a forensic investigation was
carried out to further examine the structural implications of the internal defects created by
ASR/DEF deterioration. A petrographic analysis was first used to establish the nature of
the microstructural damage found within three of the segments (undamaged, moderately
and heavily cracked). A structural autopsy was then conducted to reveal notable interior
cracking which may have contributed to the behavior and load-carrying capacity of the
damaged segments. Lastly, estimates of the ASR/DEF-related expansion were obtained
from elastic rebound testing of the strained transverse reinforcement and compared to the

qualitative damage assessments.

6.2 CONCLUSIONS AND RECOMMENDATIONS

Motivation for the current study was rooted in the ability to obtain results which
were directly applicable to the US 59 corridor and Katy/CBD HOV bridges. As detailed
in the previous chapters, the observations and data gathered over the course of the study
provide a clear picture of the relationship between the severity of the ASR/DEF
deterioration and the structural performance of the dapped-end beams. The most
important aspects of that relationship are summarized below. These conclusions and
recommendations will serve as a reference for the planning of future maintenance and
replacement operations on the US 59 corridor and Katy/CBD HOV lanes.
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1. The structural capacity of the dapped ends, as detailed for the US 59
corridor and Katy/CBD HOV lanes, are governed by shear-induced
anchorage failure. The initial attempt to fail the dap (partial depth portion) in
shear resulted in anchorage failure of the trapezoidal box beam. Detailed
review of the beam design in the context of strut-and-tie modeling revealed
the critical nature of the flexural reinforcement anchorage. A significant
portion of the load was being transferred through the anchorage region. Due to
the relatively short length available for prestressing strand development, this
detail will likely control failure of the beam end irrespective of the shear span-
to-depth ratio.

2. Moderate to heavy levels of ASR/DEF damaged the anchorage region of
the primary flexural reinforcement; thereby reducing dapped-end
capacities by up to 15 percent. Two particular characteristics of the damage
suggested that ongoing ASR/DEF deterioration was responsible for the loss of
anchorage capacity. First, relatively large surface cracks (up to 0.03 inches
wide) were identified within the prestress transfer region of all the
deteriorated segments. Second, structural autopsy of one box beam segment
revealed fine cracks between the prestressing strands. These defects reduced
the load-carrying capacity of the heavily cracked dapped end to 659 kips; as

compared to the 772 kips carried by the undamaged segment.

3. The load-carrying capacity of comparable dapped ends may be
conservatively estimated using current strut-and-tie modeling provisions
in combination with core-based material strengths. The load-carrying
capacity of each dapped end, including that of the heavily damaged segment,
was conservatively estimated through application of the ACI 318-08,
AASHTO LRFD 2009, and TXxDOT Project 0-5253 strut-and-tie provisions.
With that said, the conservatism of the estimates generally decreased with

increasing levels of deterioration. In the case of the heavily deteriorated
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segment, the measured load-carrying capacity was only 3 and 17 percent
greater than the ACI and AASHTO calculated capacities, respectively. It is
likely that deterioration in excess of that found within the heavily cracked
segment would deplete the capacity margin and render the dapped-end detail

unconservative with respect to current design codes.

The internal mechanics of an ASR/DEF-affected concrete member (as
presented by Deschenes et al. 2009) were validated by both the condition
and structural performance of the dapped ends. Deschenes et al. (2009)
suggested that the accumulation of ASR/DEF damage within a concrete
member generates significant tensile strains and stresses in the reinforcement.
That reinforcement stress is in turn equilibrated by a commensurate amount of
compression in the concrete. Barring the loss of the confining reinforcement,
the compression induced within the concrete impedes the development of
large internal cracks and generally compensates for microstructural damage.
Evidence of this phenomenon within the current study included: (1) increased
dapped-end stiffness with increasing deterioration, (2) delayed formation of
load-induced cracking, (3) a lack of perceptible cracking within the dapped-
end cross-sections, and (4) measurable presence of significant reinforcement

strains.

Future infrastructure management decisions must consider the apparent
loss of conservatism which occurs with increasing levels of ASR/DEF
deterioration. In contrast to the heavily cracked segment, the measured
capacity of the “undamaged” segment was 37 to 50 percent greater than the
capacity estimated by applicable code provisions. Ongoing ASR/DEF
deterioration will continue to compromise the capacity margin available
within the US 59 corridor and Katy/CBD HOV bridges. Regardless of code
compliance, risks related to failure under overloads and other extreme loading

scenarios will increase over the life of the bridge structures. The results of this
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study will provide valuable data for making maintenance or replacement

decisions where ASR/DEF related cracking is evident.

6. Qualitative evaluation of the exterior deterioration provided a more
accurate indication of the dapped-end performance than traditional
(more demanding) assessment methods. The petrographic analysis of
several cores, which included traditional defect-counting exercises, failed to
provide a better correlation to the load-carrying capacities of the deteriorated
dapped ends. Due to the complexity of the dapped-end details, elastic rebound
testing of the reinforcement also failed in this regard. From a practical
standpoint, it seems that qualitative evaluation of the ASR/DEF-related
cracking within affected trapezoidal box beams will provide a satisfactory

indication of the capacity loss with very little effort.

6.3 FUTURE WORK

Despite the severity of surface cracking, the measured loss of dapped-end
capacity related to the long-term deterioration of the beams was relatively mild. Further
deterioration and the potential loss of confinement (through reinforcement fracture, refer
to Chapter 2) would lead to more severe consequences. Not only would the controlling
anchorage defects be exacerbated, new concerns regarding the shear strength of the
dapped end would be introduced. Future work within the State of Texas should focus on
the issue of ASR/DEF-induced reinforcement fracture. Definitive information regarding
the potential for, and consequences of, reinforcement fracture is of paramount concern to

those managing TXxDOT’s inventory of ASR/DEF-affected structures.
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APPENDIX A

Beam Properties

Appendix A includes the concrete mixtures, beam properties, and shop drawings for the

Houston prestressed concrete trapezoidal box beams with dapped ends.
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Table A-1: Concrete Design Work Sheet for Design Number 392-03-95 R

Texas Highway Department

Construction Form 309

County: Harris
Date: 7/19/95 10:41 AM

PHYSICAL PROPERTIES | Specific Gravity | % Solids | UnitWtSSD | Sources of Materials
Fine Aggregate (FA) 2.61 0.62 101.4 Hallet

Course Aggregate (CA) 242 0.558 84.48 Vulcan

Water 1 Well

Cement 3.1 Capitol Type 111
Design Factors ADMIXTURES:

Cement (CF) | 7.00 | Sacks per cubic yard of concrete Type F = WRDA - 19
Course Aggr. | (CAF) | 74.00 | Percent of maximum that is CA 16 oz. per 100 Ibs
Water (WF) | 450 | Gal. per sack of cement Type D = Daratard 17
Air (AF) | 1.00 | Percent 2.0 0z. per 100 Ibs
BATCH DESIGN VOLUME: 1-SK Batch VOL to WT (lb) | 1sk Batch | Batch Wght
(One-Sack) (CU.FT) VOLXx62.5xSpGr | BAT WTS Factor | forone CY
Yield = Cu. Ft. / Cu. Yd.
2717=3857
Cement Factor (CF)
Vol CA = Yld x CAF x Solids 3.857x0.74x0.558= | 1593 | x6250x2.42= | 240.89 x 7.00= | 1686 Ibs
Vol Mortar = YId — Vol CA 3.857-1.593 =2.264
Vol Water = Water Factor
45/7.48 = 0.602 | x6250x1.00= | 37.60x 7.00= | 263 Ibs
Gal Water per cu ft
Volume One Sack Cement 1.00x 0.485 = 0.485 | x62.50x3.10 = 93.97 x 7.00= | 658 Ibs
Vol Air = YId x AirFactor 3.857x0.010 = 0.039
Vol Paste = Volume (Cement + 0.485 + 0.602 + 0.039
Water + Air) =1.125
Vol FA = Vol Mortar — Vol Paste 2.264-1.125= 1139 | x62.50x2.61= | 185.84x 7.00= | 1301 Ibs
Yield 3.857 cu. ft
Total Batch Weight 3908 lbs
] Vol. of FA 1.139
Fine Aggregate Factor ] =81.15
FA Solids x Vol. Mortar 0.006 x 2.264
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Table A-2: Concrete Design Work Sheet for Design Number 392-12-95

Tx. D.O.T. Project

Date: 10/12/95 12:01 PM

PHYSICAL PROPERTIES | Specific Gravity | % Solids | UnitWtSSD | Sources of Materials
Fine Aggregate (FA) 2.61 0.62 101.4 Hallet
Course Aggregate (CA) 242 0.558 84.48 Vulcan
Cement 3.1 Capitol Type 11
Water 1 Well
Design Factors ADMIXTURES:
Cement (CF) 7.00 | Sacks per cubic yard of concrete Type F = WRDA - 19
Course Aggr. | (CAF) | 74.00 | Percent of maximum that is CA 17 oz. per 100 Ibs
Water (WF) 3.25 Gal. per sack of cement Type A = WRDA/HYCOL
Air (AF) 1.00 Percent 3.0 0z. per 100 Ibs
BATCH DESIGN VOLUME: 1-SK Batch VOL to WT (lb) | 1sk Batch | Batch Wght
(One-Sack) (CU.FT) VOLXx62.5xSpGr | BAT WTS Factor | forone CY
Yield = Cu. Ft. / Cu. Yd.

27/7=3.857

Cement Factor (CF)

Vol CA = YId x CAF x Solids 3.857x0.74x0.558= | 1.593 | x6250x2.42= | 240.89 x 7.00= | 1686 Ibs
Vol Mortar = YId — Vol CA 3.857-1.593 =2.264
Vol Water = Water Factor

3.25/7.48 = 0.434 | x6250x1.00= | 27.16x 7.00= | 190 Ibs

Gal Water per cu ft

Volume One Sack Cement 1.00 x 0.485 = 0.485 | x6250x3.10= | 93.97x 7.00= | 658 Ibs
Vol Air = YId x AirFactor 3.857x0.010 = 0.039
Vol Paste = Volume (Cement + 0.485 +0.434 + 0.039
Water + Air) =0.958
Vol FA = Vol Mortar - Vol Paste 2.264 -0.958 = 1.306 | x62.50x2.61= 213.10x 7.00= | 1492 lbs
Yield 3.857 cu. ft
Total Batch Weight 4026 Ibs
Volume of FA 1.306
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Table A-4: Concrete Compressive Strength of US-50 Beams
GIRDER CAST MIX WiC Release Release Design Design
MARK DATE DESIGN # Reqg’d Actual Reqg’d Actual
First Beam Cast and Rejected.
RF-3R-9 7/6/95 392-3-95R 0.4
No information available.
. 6340 psi @ . 7550 psi
RF-3R-12 7/8/95 392-3-95R 0.4 5810 psi 5810 psi
68.5 hrs @ 7 days
) 6620 psi @ ) 8320 psi
RF-1R-1 7/26/95 392-3-95R 04 5989 psi 5989 psi
51 hrs @ 8 days
) 7050 psi @ ) 7080 psi
RF-2R-6 7/28/95 392-3-95R 04 5413 psi 5811 psi
67 hrs @ 7 days
] 5530 psi ] 8630 psi
MLL-9-34 11/9/95 392-12-95 0.29 5012 psi 5419 psi
@23 hrs @ 7 days

141




6SSN61I] 11 (2210  SIydvH 8THT X

o | o | s | o | ) S o
96-» ~ s3ont [0

16 9 (29) 16 HN sworsiam *8°4°0 'Na|

e “ON 193r08d Q1Y Y3033 s 0661 ¥R 131¥0 NiNvEQ TN 10180

2 40 1 L33HS rS-91

(S31143d0¥d- . vS)
Av3g X08 1vQ10Z3dvyl
3134ONOD Q3SS3YLSIHd

UOYJDJIOdSUDL | JO JUSWIDASQ SDX3 ] \

Lm.

— “30V4UNS 3JHL ONIN3HONOY NIHM (Q3N3IS001
38 LON 1IVHS 31VO3¥99V “HSINI4 WOOM8 4411S ¥O LVO14
QOOM HONOY V 3AVH TIVHS 30VJuNS 3HL *3LvO3¥99V 11V
¥3A0D ONV 30V3dNS 3HL OL ¥VLIHON ONI¥8 OL LVO74
HONOY ¥O SAV38 40 S3JVJuNS dOL 3HL a33Y0S
“HLON3YLS Q314
d013A30 OL YOLI3NNOD IVIINVHIIW
“+SWV38 3134ON0J (03SS3YLSI™d.
¥04 3J1¥d @18 LINN 3HL NI @30NTONI 38 TIVHS
SYVE 030V3¥HL 3031d-OML OGNV SONIHY3E J1H¥3NOLSVI3
ONITTVLSNI ONV ONIHSINYNI 40 1SOD
"03LLINY3d LON 3dv SWJOJ Qyv0ogayvd
TAGL 40 ALIGINNH 3A11YI34 Vv NO @31vIND
S3SSOT 03SS3YLS3Ud"I1Sd pLb SA3IIOX3 SSIYLS
3TISN3L 313YONOD 3IHL NIHM Q3LVdIDILNY SI ONINOVYHD
“ANV38 3JHL 40 3HUNLOVINNYN ONIUNA dOT13A3A 17IM SHIVHD
ON LVHL HONS 38 17IM 3¥N03008d ONISSIYLS IHL
*03LL1WY3d 38 ION 77IM ONIGNOE30 301A0Y¥d OL
3dVL HLIM SONVYLS 40 ONIddVEM “NOILVYLIIANI LNO¥9
L181HOYd OL 3dVL 400¥dY3LVM HLIM Q37V3S ATLN3I1D144NS
S1 ONI8NL 3HL 40 Wv3S 3HL G301A0¥d G3SN 38 AVW ONI8NL
J1LSVId L17dS "3dVL JOOHdYILYM HLIM G3TV3IS ONIENL
30 SON3 ANV HLION3T Q3ANOE3Q 3d11IN3 3IHL INOTV ONIENL
J11SV1d NI 03SVON3 38 TIVHS (ONIAN0E830) 39viv3Ide
ANO8 HLIM SONVHLS °G3SN 38 ISAN SANVYLS NOILVXV
-73¥ MO SdIX 0°1€ = NOISN3IL3Yd IVILINI “I1SH 0.2
“V10.%, 38 1M SONVYLS ONISS3Y¥LSIHd 1V
“NI13Y3H
0314133dS S3ONVY3TIOL TYNOISNIWNIQ 3HL NIHLIM 38V 3JONVS
WOLLO8 ONV 39NVT4 dOL “S83M 3JHL LVHL ¥33NION3I 3HL OL
NOILVII4183A 3A1L1SOd 30A1A0Hd TIVHS HOLVI|4EVH
"S3OVLS OML NI ATTVOIHLITONOW
L1SVD 38 T1VHS SWv3E X08 3L13YONOJ 03SSIYLSIYd
“NMOHS SV
HLON3YLS HLIM H SSVID 38 TIVHS 3L3¥ONOD 11V
‘09 30VYO 38 TIVHS 331S ONIJHOANIIY 1V
"SNOILVO14103dS QUVANVLS 6861 OLHSYY HLIM 3JONVQHOIOV NI
‘ONIQVOT 0Z-SH Y04 Q3NDIS3A 3YV SWV3IE 3ISIHL
“S133HS
QYVANVLS 3S3HL OL 3ON3Y343Y LNOHLIM NOILI3IJSNI ONY
NOILVD1¥8V4 LO3¥¥00 378YN3 OL 11VL3A NI LIN3ID144NS
SONIMVHA dOHS VAOHddY ¥Od4 LINENS ANV 3¥vd3dd
TIVHS ¥OLVI1¥EVS WY38 X08 03SS3YLS3dd IHL

yve 40 %Sz

-V 38V

8011 (zN1) v3gv
896 ‘vOb GNI) 1
bSI1 (134/87) 1M
62712 NI A
12792 C'NI) QA
S$31143d40dd Wv3g

9¢ AR

(°dAL) 81

YIINVHD . 4 T

as

‘gry

“bS

+A

EEEU ]
Y0 "avy

-1 1

N,
21t g3y311ve

38 AVA 30V4

*SILON TVH3IN39D

WIS ~ NV1d

SYINYOD 3LNIV & “dAl
WS1 <& NIHM TVAMON . %41 —

L K 2

Il

—
—
—
—i,

NNy

S334930 NI vas(Zr-sn

"WE°LX3 40 301S VIJSV4XVA vOv ¥ve

1 e el 1)

20p S¥ve NIIML3E
CXVR) \

"vdS €Ob SHVE ./ «0-.G6 = .0l ® *VdS 9 Y mf_,\ d0l €0p Syve

\ \ \ "1108 10b syvE

VdS .9 -1 «01 @ SN b-.€ =

W€-.9 =.G5 @ "VdS GI e lie dOL vZob syve
B 20v Syuve

w01 @ °VdS ¢

0-.1 1No%2078

1v130 QIOA 3LVNYILIV

“S3HONI 9 AT3LVAIXOYddY GIYIJNVHD
38 AVA WHO4 O10A 3HL 40 SY3INY0D WOLLO8 3HL

71V130 ON3 QYVANVLIS ~ NOIL1VA3T3

‘S1NGV LV _1IVMNOVE OL “dy3d d3dNSvan
(S71v130 IN38 33S) SIN3E YOIYILINI LV Wv38 ONOTV a3¥NSVIN

“IMN8 40 30V4
4o IN38 40 B

(STIVL3Q IN38 33S) 30V4 dvd-1 LV IN39 3 OL°d¥3d QIYNSVIN

X7 m_lLo dvd-1 40 30v4

XIS
(SYvE 13MO0 ¥04 ST1VL3A°LNgY 33S) ININLY3Y¥L ON3 IN3WLNBY M
B
AN3*dX3 1V 370H Q31101S.%1xp s
ON3 3X13 LV 310H HOHONV 8.%1 7 m
) ﬁ_om A 7.2:5 AR
Ry
1 H
T T T T 1] EE:
i 109
V10b4+—=i \ob
o .
5
e
=]
A Wlo
g
=
23 £ ] ] L)
€Op —=f
20p SHVE N3IIML38 vdS £O0v SHVE .2, L +0-.G =.01 ® 'VdS 9 7 s doL £ov suve
| _ *1108 10b Syve
‘VdS XV .9-, 1 wb- = .01 @ 'VdS P w€-.,9 = .G 8 ‘VdS SI W€.%2 dOL VZOp Syve
_ B 20b Suve
w01 1Noxd20718
TVNYON ~ NVd
.
[ 2 ?
R RR R IRLRL
s 1 1 1 1 _ _ _
=
] 1
T |
W8 *LX3 ww 301S VIOSVA'XVN .81 @ pOb ¥vE El vOob uve
20v SuVE N3IIML3A vdS SO0v SHVE .4 L .0-.S = .01 ® 'VdS 9 T 6 dOL €0v suve
| | ‘1108 10V Syve
‘VdS CXVWN .9 -1 wb-,€ = .01 @ "VdS ¥ w€-.9 =.6 @ 'VdS GI W€ 2 dOL vZovr syve
B 20v Syve
1nox2071g

N9Q°pSEL

140

QYVANVLS VN,

142




(ENE

S 1HYVH

prrvoy 84/n3 WA

96-v ~ SOvd 338" 1
- swisiam

oy |
55 NG

‘ON 1930084 01V V43034 0661 U +31v0 onikve0 ww1D1a0|

2 40 ¢ L33HS rG-91

(S71v130 ON3-.pS)
ANv38 X089 1va10Z3dvyl
JL3IYINOD (Q3SS3YLSIYd
UOY4D4I0dSUDL | JO JUBWIDASQ SDX9 ) \

=

0-a NO1123S

J-J NOILJ3S

"dX3/03X 1 4~ 948

| 11vi3Q 338
100 ~ 21
2 £f %) m\m e, Vel Vi) ] K-
cJ
2 . > +
ALy = »
w
i I
) 3 505
[~ —1 909~6
L T o

(444

8-8 NOI1J3S

V-V NOTLVA313

veor
206~6

vowl\

i

2 1vi3a 335 N ne oy
L W .
“ro¥g w2l :
M3INS HOJ QILSAPQV 3@ TIVHS SHLONIT Suve
¥v8 40 3NITYILNID 3HL OL 3¥Y SNOISNINIQ 11¥ - S71v130 ON3 Q3HJOION S71v1i30 AN3 QYVANVLS
310N T - = — = ==
(Us) (94) (9) (e8) e v13d NOI1VA33 NOI1VA33
10, y¥ve r09 ¥vg €09 uve n ‘g 40 aN3 ‘g 40 ON3
QI10A 18YLS .9- S QIOA 1¥VLS 9" . _
(¢ 40 | ﬁ.ﬂumrm 33S) 20v/10F Syvg & 2 wm #suvwm\m&udou .
- 8y 2 €8°p ONIOVdS QYYONVLS L¥VIS ~ .S d°VdS GI L | e m (£ 40 | 133MS 33S) "dX3 ¥O O3X14~"ON¥E 3 =
K S11v130_8v1S a 5
335~T31vevd l.\uU - m_.u l\@ 2 I\W |l.\<.v
L J £0%— ; 2
EETY POy ¥ve T P IL.T ~
7\ » +
g =P N €09 SHvg-— } —=— 1 470
€09 sSyve |\ m_ T S \. VIOov Syve
NOTI33r0 | YIIAVHI. 9 M P . YIIAVHI .9 10v Syve
dd . <
(9#) (9s) (G#) (Gx) NTW 1D E s > ¥10 WYl m
- . B~ ¥3INVHD .2
Vi09 §ve 109 ¥va 0% §ve v0S 4vE 8V 40 3903 101 Sive—— 1117130 2
p— 9 i
NOT1VA3IT3 56 0| Ve =
HEINERIBEIR T iy ian 204 suve o€ vZop suve
" a E o_ _ 0s _ €170 1 11v1i3a Ton ﬂ oo ~ 20p SHve
~ suva J
& S VA VAN ; 4 | ) vi09 Suva
7 @ - » ~ % 412 20p Sy¥ve i 20p o —i={i- 209
3 : 104 Suve—~ 7 £0v SHvE uT L CUCHEYE| oS B €05 | 109 SHve —f ! =4
[ L NV1d — [ T = 1 | Iy & i M*z/
5T 5T e =l Lo en oed T T _ T __.4me e 509 ] :
= |
. b0S B £0S Suve AR 09 suve wommw \ S3§ | v0S~£0S Suve €0V Suve <0 —)
: 09—
w U
< & 4@ T0-.1 | Lnowaoe
0=l 1NOX%2078
) (9%) (w) GN3 Wv38 H3d 3INO_°0MNna 0S NV T1avd NV1d “1avd
909 uve S09 uve €05 uve Y N1YV .
/01 NVHL $S37 SHvE ON _ S 130 ONIyv3s 03NI ._<zo:aaw 404 .«\_mJ AL - <N$w “04NI_TVNOIL1QQY 404 v20v %
S3017dS 2-2 "NIN 0% 0L°C I-3 NOTIOIS (€40 1 133HS 335).6 8 “vdS SI 1LY | [S°3 <)% 20p Syve (€ 40 | L33HS 335).6 O 'VdS Gl .£|.4 2Ov sava
~0dN|_1vNOIL1AQv tOJ (€ 30 T°IAS 335) 'vdS €04 _ £0v suve
192 A T||__ 3 N (€ 30 1 LAS 335).01 O £Ob Suva o1 2 3 _
. N
@
/G272 SANTW HLON3T Wv38 N 2 ELEN <me mm«m _R cOp Suve | u__ .
. SILYNIAYT ©] 3 \ 3
BRI 9115v13 NON-b 8 - S vZ0r Suva ] -
* —t— el m
(be) (bs) S /) — 34075 Wv38 = 200 suva ] uf cov suva z
ror ¥vE ¢Oov dve vZOr dve HOLYW OL 13A38 = »09 SHvE hows m hl
N .u *¥8 014INOLSYII ~ \ T 5 =
. Z — ;
“HOIN 7 osd |- @ SINIAYY LiSYIR-NON B = -
N W91/ 1~p NN - \ —— X N
z 11v130 338 aQ X 09 Suve T o ol
‘ro¥d .21 NVd ) b0S Suve | S S
SNId INIWNOITY 804 310H &.% | 3 : \ T o viob suve >
) (ve) (v#) \ £0¢ Suve b o | o
e 10p Syve z
Z0b uve Viob &ve TOv uvE \\\ \\\\\\\\ \\\ o e ] z :
et - : 5 \ \\ \\ \\ \\\ m
*|F L L ElrE [FEee Fe sie |66 \ It ¢ ruree R o
_ - S [T = \ o 200 Syve T 1w v2or suve 200 SHYE ———————— el
N 2 . “ONL_TVNOIL10Qv H0J (€ 40 [°LHS 33S°VdS ¥O4) V20p Suve
T £8 662 <8 S| & 8 / 11v130 aN3 e Lha (€ 30 T L3305 33506 8 VdS &1 ok /=1 Tov Suve “OINI TYNO!L10Y ¥4 Y10p SuvE
799 QUYONYLS NO11VA3T3 20
€ 40 | L33HS 3ILON 33S 30v4 ¥O IN38 B Al LIE £0S/M p0S suve (€ 40 | L33HS 335).5 ® 'VdS Gl .€.2 B 10V Suve

N9Q *rSaL

140

QYVANVLS VN~

143

."’.\




NOISING NDIS3] TR W RV
66160 g34 _lm__.,__,,.hm
FAIADAY PTUTN T

‘iBlep jo ssauloaliod sy a0y Aujiqis
-ucdsas ay) Jo 101081400 BY) aAR) 8N
1ou ssop sBume.p esay) Jo jeaciddy

mwmmmm.._
A T e
UMOLS SE Uotiesyipour Y paaciddy [
UOREMIPOL JOLLM B.én%\a

NOLYIHOdSNYHL ININIHYAIA SYEL

e

1 Lagmirey

. 144



e it e WWIE J0 INTREIGD ML WD ¢|nl:_
3 TN ddo O L RO
E.E_h FewET h_ m o9 ) 3

00 &)

J i ﬁ
L j Lo “ail)
¥ L ™ ¥4 d N o 4
/ g @

T |~ 0w @)
o {onn el 1or l\ _18. {8
<1l
h - 1, Cown wd cor — — t Iﬁ P ahde
T T T o i
- - be Jani e
S i o # 5 T cug o t
[
. y . o THEE
nﬂh\—nl_ _n.a_._mon_v uhM\—hwn_—L aht
T=d HE P -
FVROIES
. AL 1 £
NG 2 & -d

IS AN F
L3HS G T 5| -2
WL (Tt /0% L B8 AN B8

3Rl
ﬁ-]
Honoad
W ©)
=y
1
=
—r o
towg il
—R

N0
k-3
T
L]
] d
L G
“ M ... gy
» - AT TN
: o f \
] = m | | i
» °
; __ “ i/
3 N 1 — 1
& S & 1 -
—“- m i 5 _ T £
: 1] se
wor S mq_.m (v wstranoa ] [&ie
G * Ao WEVE ol
T-d' b FroEeT nae % THOW
RLTHET VI L 3T £
i WEIOS SHOTY HEDNET 271 OL-.fLl
. _Iﬂ 2 WIDWET O0A X7 1 DL-3G1 o
munﬁv §0 SsauUldali0s ey 1oy Aygss m
-uodsel sy} jo i0jaRNK00 oy) aABNaI I g
10u $90p sBuIMEIp B3] JO |BALIddY A R ] \v.l .
. A £ W]t . ‘el a
&Y
MY ey a3y
uMoys se ucrzagipow s pesciddy [ . Y
cﬂgbgg_u_.?vmgg -E-m!-ﬁ_ FRTOVE L _ o i o e
¥
NOLIVIHOJSNYHL INTMIHYAI] SYYaL B _ _ _ | i _ S
wate s — | N
_ IR s

. 145




M3 JO BETIIMED PR M
= SR 4d0 0N NERL HOLOSS
T RS i = e
.ﬂﬂﬂﬂ FENEL ¥ . Lov (9 ...__.l/ j s &) 5 hb__ _.u_ﬁ.n'. j
= =i Y ="
1. - “ X
315 b (L
1 r W w q l;l&.dﬂn_
MQ . < m I\ # i} 1]
5 = ] “or oA 50 WU B , il
— R ) < L] 4/,|u.—.
X . ,_ \ :
1 TRV o 1or—] o )
¢ _ w
i : ) - |
[ , UL LR R
= I T < 1 I | 7
| T 3 1T j .\ [ 1 -
i e (P I i RETE LT A e | <
3 K L i
s e SuoReOQ uwuuﬂzﬂ.ﬂ.nuaxlﬂm ) t_ww‘h: ST T SN % | dmuu.._\.:bu_._n._ AT halahld ..:TM ﬂw_
PR W e - ke ] oht i v — T = by
SAUCH .
EE WAL S0 FSUCHED ML KDL
TR . OIS - ] Q=N NG ROLTS
o .mau_b eI T H.E_.J \lﬁs:a
. . L | oL “\ I
o — W ¥
NN L
TS 02 £ 5 | 4 . N : =i+ it 20 5m e ~
S SAVE 21 z i " b c : N - w 2 ﬂdﬂmﬂ%u.ﬂ.ﬂﬂ 1 N
M [EL /0 tu] SAaeR ] =] - _ 4 “ m = —w e /
ATS T Teidy 35 AT [ 2 W I M - ] o =t ___m / .H HwrE o 20 INUG
DS % [T =3 = a:\ [ 54 - ‘._._-l\_ . f<-
IS W30 WAL S | Z-401 .8 S0 53 * J - N
o] sz | v 1 ve A i hicadil R : . il N ot v
LIS WA30 MMk T3S | -l [y ] g i . . | i 20¢ 200 19
ITHS W] WO 1S Sl $ 109 | 3 ﬁ m 200 (8)
35 W00 WU B8] Z-ik El o | ———r— <+ “4 & - T - zor
13MS WA WRAL TS Sl Li] e Jﬁ « w = a i o o = - i ‘N_Il/. . 5
3G X RO )OS [] X5 “ _r i m ..ﬁ M . _ _ ) /l
L3S 0 WY TS £oud L] L2 ! = e /|
B W Wl Tl St v | wor tog ?c_._ | b ; 8 __ __ # _ i % _.m‘ | e e F/l @ {au} oov
LS WL Wil T[E o (313 o N o
s Wi WL s | 2ea Lo | o = LL_._.;..: FYFE T o M O8] M T ETFER AN ESE [kt
SAUGY HLONET _§ w0 | e a/ SN ] FUR L vE) L Fan
ASTT v SHIGHOINIZY ] S e 5 L] o
Y e 2 oo
dﬂmt.u.nllsa ﬂﬂ‘;&hl“”“ . - ST P THE AT Sl
ARG IR sium s SR R -
N A % NGT TR 37T &=, 101 L | s 1
|
. L3
‘|lB)8p JO S50ULNBI:00 Y] o A o [ e
! Y1 lof Aljiqis ol
-uodsai 8U3 JO J1030RIUOS BY) erayas | . T e .
1ou seop sbumeip esey) jo jaciddy H
v_ . ale(y :
MI 8861 ¢3 g3d _amn
UMOUS SE HOIEORPOW Yim panciddy [ | k]l bl W
UORESHIROW INOYEM peacuddy \E m b .w .
3 [
NOLYIHOJSNYHL INTMLEVEG SYXEL - . . L . . E s
- - I~
. G | . W &

146




wivieiof hod el

32

WIS &2

IS ST

o (T 20T LS

LG T30 WG 138

Ltnills

LIS IO WML BS

AHWIS

LEHE WK WL T3S

3G W30 WO T3S

ATGHS T30 ORI

LTZHS WME30 ol 335

LIS W] Woadi TS

NN LHINLS

zn|ele|vlofoly |alm|Rla]a|n

2|=

2

oo oo e

i
¥
Aty
tha5is |

)

(]

X

PRI

L I7p evis T

)

E74

o

8

!
-E“-ﬁ‘" I-.!le

e
ks (1

Veor 471 &

IR ]
ol

gn_g_ _._ Oy

LAl

T=dT A

_.-!.hl.n

|

‘I'BIep JO SS3USLO0T oy; o) Apjiges
-todss) 8Y) Jo iojoRINI0D Byt BABIBI
Jou seop sfuimelp eseyl jo |eaoiddy

MY e gg gaf™
UMGYS SE LOIIEaINOW M paaoiddy [
LOLENEROW oM vm:Q&\qE

NOLWYLHOJSNYLEL ININLYYI0 SYEL

VAR ]
\ T
_ FETaEE i g
e
&
i~
—_— -_— e
&
M
.ﬂ.LI\
) FIFO-Z @ YE ¥
T ST T-a7m vor Sva (5] 5 Ak 8 WS

i

147

>/ Limy

St g

1 5
T b & WIS L > -

ol
FATWE R | M ESE



i V130 30%id W3O vy el P o]
T ﬂnmui.illﬁlnmlaiu_

%n\";ﬂm
Ailllinwe
LA

il

y
v m.p
se |11 T 3 i | A
. g T LT e d ik o -
3 =y _ R
3 Il . | L 2o
3015 g SEONET W2 0T WA ST TH M O r e M AN L W A
T8 LTINS TS SWIX SO NG 804 T >4 Z 4 Free T |
2-Ju SRS T SIS0 ONY SNOLSTS Tesddd ¥4 1 . E=La K7

SZLON
o el
DTS 82 £ [ T-d -
s aa/e] o T i m
R A z = - . H
= R L3 L3 < i 2
vemus]  I-& A ) L f = by
135 W0 Vol 39S | -0 5 s =i _: N [ |
HINULS. Sz ¥ R H 5y ] o - d o A //!

535 WX WOt BS| -2 s ] y [ (LY
3 I WML TS)  S-L [ ] k2 m | 208 (oh~r

LIHE TNLG N 138 Z=Al 2 =6 | B.nal.#

IS W WL DS | S~ R — 2 | 4 1\ |

1338 WX VAL [ | o-a [ e " 1L o = —= i i L o :

A0S M SHIMLS e = *or M i T l\ lu ) _m = = { .AW

S WIK W TS £-ut w | or Cauy | Cald woe B3 - : - o [ovu 30 eor M

133SI T 235 - [] 20T -1 Tt o % m\n w

133 W30 WAL T8 | S w0t 1 mor ¥ 3 v_ _Lna _ m _ _ ..

ATHS W30 WO TE | S0 19; 3 Suﬂmc.m -..u\_ G-k WS T 8L .T;; T 00 (&) rl_ _l.*-—uol._.baﬁnbb.:hw\:-___ i TN

SRV FLONTT_ | NV | e | o Zh + 2 ¥ Ll L
. = EXE T e % oW
X SUEFGT VA THL AT TIT 1
- N TR DAY RISHET A% T |
| HIEKTL O0A W5 G101 L |
'#ajap 10 283UI0BLG AL} Io; Aupgqis

-uodsey ey} Jo 10192:1U00 a1y BraKS. - L oW i~ =
104 $eop sBumelp esey) jo |eaciddy 4

3
k
Ni
1
i

TTTANDY  fe —amg o - .
\/V_\U mmm_. WN g %&ﬂﬂu—hﬂj FITVEE . o -Hlml FIAVEE _.T.ﬂ_

UMOYS SE UOIEIPOY LM po v =6 N TG EEE A VE ¥ £ |
URREMPOW (roytm pasoiddy M o
_ ! . | . ! 4
HOLLYLHOCSNYYL LNZWIKYI3] SYEL - T - T - - ] :
wEos L 5
- ST : 5
s 12
/T E @Y T f U SV (LY
1
I =3 T S _hn._ ' S a¥E & P TH T i) .W-h.l S=.L oS & =ik “.n_ ova nuu*“ RS _
R Y e 2 i ! B R - ! haddy 2o,
Tor sava WO | 1Lus, . O s oF Do VEF Il @ s & SA VAU ERN N A T EevE e, ] Lhgme

148




%05

ATTLTE
SEETETE
nosddy

“peeq
vy ]
n_ax_.B

i

Y31

5 ovas ¢ L_m

<lnl=l~ |~ (28]

HaNN

a[a oo a ool e e

| (=86 = v medl S 30 au 335

i3

IR Y E 1

3 8 s s oo e e

£l

bbb
BEEES

s
gieied
yoyy

4
' (AEEAN
foDabOARe

Fhe

149

7 O ery

CRENTETN

] ..._%ﬁ/%%

90 d I 000

NS

(51w 2o

bt id g
D oy T I Ee v i AR 7 (O 2
L i i

T -

T/ A T




ve un - L™

- Enre [{
e T SuaENAN v 43080 035y | se/s/s | W
T s oM LI s NOUZMD530 Ava | A3 |

,_.m_mnmommm:_um:auw& E.__..__.__a_m
odses UL j0 J0;2E1U0D Y} anst3l
jou sa0p SBUIMEIp asay) jo [eroiddy

5 g SERTTOR

UMOUS SE UONBIIIPOW YIM ponoiddy [
uopealyipow 4

NOLLYLHOdSNYHL JUERIELLE

T8 ANIMNGY —= T=L1 1NGE Y=

./__...T:;._.!
\var-mm “\re-zi-Tn T
{5t : fsé_m,._.._ AV EE
Mgﬂ‘dgmaﬂ
_.. 19=E1-Tn I5=Ti=Tim |F-/__.._ ~1=Tin
Ir=1i-
Hgm,ﬂ V.rlllll
/2.«_ ™ /q_l_-.::

ey — 61 18 3 —=, 124 138 3= -1 1438 3 —— 101 18 3=, 16 N8 3=
b — hY b2 b

150




APPENDIX B
Calculations

Appendix B includes the deboning schedule for the prestressing strands, the prestress loss
calculations, and the moment capacity / compressive stress block calculations for the one

of the Houston prestressed concrete trapezoidal box beams with dapped ends (MLL-9-34-
A or N-11).
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Prestressing Strand Debonding Schedule

RF-1R-1-A

Debonding Schedule

@ 3'-0"from each end
o O @ 6-0" from each end
O @ 90" from each end
O (@) @ 120" from each end

' 150" from each end

64 strands, 40 fully bonded

Find Center of Gravity of Steel Tie

A

strang = 0-153in°

Nstrand = 40

2
Apgr = Adin Npar = 6

_6-2in + 6-4in + 14-6in + 14-8in .
COstrand = Nwand =5.8in
stran
2-3in + 2-5in + 2-7in .
=5-in
Nhar
Cstrand Mstrand Astrand * 9par bar Abar .
cgs = = 5.559-in
Nstrand Astrand ™ "bar Abar

COpar =

RF-3R-12-A

Debonding Schedule

@ 3-0"from each end

® & e ] ® @ ® e @ ® e @
O O 6'-0" from each end
® @ ® ® @ @ <] ® @ e @ @ ® ®© e o @ [ ]
(@] O @ 90" from each end
® (€] e © e e ® @ e e @ ® © © © e
O @) @ 12-0" from each end

[
L]
O
Q
@
L]
o
o
L]
[
)
L]
®
0]
Q
[

15'-0" from each end

62 strands, 38 fully bonded

Find Center of Gravity of Steel Tie

.2
Astrand = 0.153in Nstrand = 38

2
Apgr = Adin Npar = 6

6-2in + 6-4in + 14-6in + 12-8in .

COstrand == . = 5.684-in
strand

2-3in + 2-5in + 2-7in .

=5-in
Nhar

Cstrand Mstrand Astrand * 9par Mbar Abar .

gs = = 5.471-in

Nstrand Astrand ™ "bar Abar

COpar =
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RF-3R-9-C

Debonding Schedule

@ 3-0"from each end

O O 6-0" from each end
L] (] [ ] L] [ [ ] e [ e e [ e L] [ [ ] ® @ [ ]
O @) @ 9-0"from each end
[ ] (&) ] 5] @ =] [ ] @ @ [ ] @ @ (5] Q o] [ ]
O O @& 12'-0" from each end

15'-0" from each end

62 strands, 38 fully bonded

Find Center of Gravity of Steel Tie

.2
Astrand = 0.153in Nstrand = 38
Apgr = 44in° Npar = 6
6-2in + 6-4in + 14-6in + 12-8in .
COstrand == . = 5.684-in
strand
_2:3in+ 2:5in + 2-7in .
COpar = . = 5.in
bar
COstrand Mstrand Astrand * Ibar "bar Abar i
cgs = = 5.471-in
Nstrand Astrand ™ "bar Abar
) Debonding Schedule
MLL'9'34-A I,l’ll @ 3-0"from each end
Iu" @ 6-0" from each end
8] . » e . . o — I."f @& 9-0"from each end
orjo e © ®# © ©® @ © © ® © ® © ©® © o(\o f,f' T L e
& & 0 & & & B & & 6§ 6 8 6 % 6 8 6 @ ff' ® 150" from each end
O O .
e 0o © © e © ®© © © e © ® ©0 O 0 e f/'/ 2107 from eech end
|'" 24°-0" from each end

. . ) 58 strands, 34 fully bonded
Find Center of Gravity of Steel Tie

.2

Astrand := 0.153in Nstrand = 34

.2
Apgr = -44in Npar == 6

6-2in + 8-4in + 14-6in + 6-8in .
COgtrand = . — 5.176-in

strand
2-3in + 2-5in + 2-7in .
COpar = - = 5.in
ar
COstrand Mstrand Astrand + Ibar "bar Abar i

cgs = ~ 5.117-in

Nstrand Astrand ™ "bar Abar
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AASHTO Estimation of Loss in Prestressing Strands

Prestressing Strand Properties

fpu = 270ksi Ultimate strength
fpy = 0.9-fpu = 243-ksi Yield Strength

Ep := 28500ksi Modulus of Elasticity
dp := 0.5in Strand diameter
Astrand = 0.153-in2 Area of strand

Concrete Section Properties

Ag = 1131.5in2 Gross cross sectional area (Hollow Section)
Ig = 404968in4 Gross moment of inertia
Yp := 26.71in Distance from CG to bottom
Yi = 27.29in Distance from CG to top
kip .
Wg, = 1.154 ? Self weight of beam
Adeck = 296in2 Cross sectional area of cip deck
Yt deck = 2-89in Distance from CG to top of deck
ldeck = 1290in4 Moment of inertia of deck
RF-1R-1 (H-I1)
fo = 6.39si Concrete Strength at testing
E := 57000- [f.-psi = 4556.436-ksi Elastic Modulus at testing
fj = 6.62ksi Concrete Strength at release
Ecj:= 57000- [fj-psi = 4637.713-ksi Elastic Modulus at release

f'C_dECk = 8.02ksi

Ecg = 57000- [f_geckPsi = 5104.604-ksi

fl
c_deck .2
Ag = Ag + Adeck'f.— = 1503.005-in

C

154



f'c_deck

Ag:(ve + 4in) + Adeck 5 Yt_deck
c
~ = 24.27-in
Yic A
Yih = 58in — y; = 33.73-in
fl
' 2 c_deck
lg:= lg + Ag:(ye + 4in = Yic) "+ lgeck * Adeck
c
Nstrands = 64
.2
Aps = Nstrands Astrand = 9-792:In
P .= 31kip
Pj = Ngtrands'P = 1984-kip
Pi
Aps
d 5o (16:2+ 164+ 186 + 14.8)in _ o

P 64
em = dp - Yt =19.773-in

€nc = (dp + 4in — ytc) = 26.792-in

L := 113ft + 3.75in

Elastic Shortening

= 1852.13-kip-ft

«
.l.
(ee]

2
. Aps'fpi'(lg +em ~Ag) - em-Mg~Ag
Ag"g'Eu
Aps' Ig + e

A 4 —=
y
Ep

2

| I“m
N My

fcgp = A_g I = 2.584-ksi

= 15.877-ksi

Tegp

E
p
Af =—
ES
P Eei

155

= 14.287-ksi

2 .4
(Yt deck ~ Vo)’ = 631835.561.in

Number of strands
Area of prestress steel
Initial force in strand

Initial prestress force
Initial stress in strands
Depth to CG of prestress
Prestress eccentricity
Prestress eccentricity of

composite section

Length of beam

Moment due to self weight

(C5.9.5.2.3a-1)



Long Term Losses

Girder Shrinkage Pre-Deck

H:=75 Humidity (%)
tg := 365.24-14 — 5.36 = 5108 Final age (days)
tj:= 31 Age at transfer (days)
24
tg:=1t — 12 Age at deck placement (days)
kg:=1.0
Khc := 1.56 — 0.008H
Kf = > — = 0.656
1+ ﬂ
ksi
ki
K¢y := ———— =0.993
td fl .
61— 4— + tg
ksi
-0.118 eq 5.4.2.3.2-1

by fi = 1L9kgKpokekigti

Kpg == 2 — 0.014H = 0.95

ebld = kSkhSkfktd0481O_ 3
Kig = : - 0836  eq5954.2a-2
2
E, A A, -e
1+ LBl (14 07y g)
Eci Ag lg -
AfpSR = ebid'Ep'Kid = 7.082-ksi Prestress loss due to shrinkage of girder concrete
between time of transfer and deck placment
Girder Creep - Pre-Deck
t
d
ktd = —f' .
ci
61 — 4~—_ + td
ksi
—-0.118

b di = 19Ky Kne ke kg ti

E
AprR = _p'fcgp"bb diKig = 14.438 ksi Prestress loss due to creep of girder concrete
Eei - between time of transfer and deck placement
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Strand Relaxation - Pre-Deck

fit:= 0.75-fy, = 2025-ksi

K| := 45

P Prestress loss due to relaxation of prestressing strands

between time of transfer and deck placement

f: log(24t f 3( Af + Af
Afyry = itM P os5)1- (8fpsr + Spcr) Kig = 2.164-ksi
KL log(24tj) | foy ot

Girder Shrinkage Post-Deck

Kys == =0.798
df 5
E, A A.-e
14 _PPS,, _CPC .(1 + 0.7y, fi)
Eci Ag c -
te — t
Kig = ( f d) = 0.258
fei
61 —4.— + (tg — t
o )
-3
AfpSD = gbdf.Ep.de = 1.755-ksi Prestress Loss due to shrinkage of girder concrete
between time of deck placement and final time
Girder Creep Post-Deck
Ade = AfpSD
t
f
N i —
fei
61 — 4~—_ + tf
ksi
19Kk koK -0.118 Prestress Loss due to creep of girder concrete
Pp_fd = 1-9KsKpeke-Kegtg between time of deck placement and final time
Ep Ep .
Afpep = = Togp (Yo_fi ~ Vo_ai)Kaf + £ Al bp_fa-Kar = 3801 ksi
Ci C
Strand Relaxation - Pre-Deck
AprZ = Aprl Prestress loss due to relaxation of ps strands in composite

section between time of deck placement and final time

fse RF1 = fpi = Afges — AfpL1 = 155.334-ksi Stress in Prestressing Steel after all Losses

fse_RF9 = 154.6ksi
fse_RFlZ = 152.6ksi
fse_MLL := 160.6ksi
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MLL-9-34-A (N-II) Compression Block and Final Strand Stress Calculations

Compression Block Calculation

i, := 9.28ksi
foq = 160.6ksi
fy = 63ksi
L:= 32.21ft
aghear = 99in
span := 369.6in
P (span - ashear)
P := 1020-kip Vi=p—
_ ) span
W= M — 1.441.ﬂ
L ft
2
shear

Mu = V'ashear + SW-

Ay = 42.0.153in” = 6.426-in”

p
b := 58.25in

d = aft+ 4+ =) in=52188in
p 16

a
Mn = Aps'fps'(dp — E)

= 746.786-kip

— 6.21 x 10°-kip-ft

B Aps‘fps
0.85-b-f,
2
A
2 ps .
Apsdp — (Aps'dp) -4 2-0.85-b-f,, My
fps = A .
z.L'
2.0.85-b-f,
A .-f
= PP 3506.in
0.85-b-f,

158

Compressive Strength of Concrete
Effective Stress in Strands After Losses

Yield Strength of Mild Reinforcement

Beam Length

Shear Span
Total Span Length
Ultimate Applied Load

Self Weight

Moment due to Applied Load and Self Weight

42 Developed Strands

Width of Compression Block

Depth to Centroid of Prestressing Strands

Nominal Moment Capacity

Height of Compression Block

= 229.254-ksi Final Stress in Strands

Height of Compression Block



APPENDIX C
Strut-and-Tie Models

Appendix C includes the detailed strut-and-tie model calculations for one of the Houston
prestressed concrete trapezoidal box beams with dapped ends (MLL-9-34-A or N-II) and
the results from all five models.
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Node 3 Node 5
Figure C-1: Standard Dapped End Strut and Tie Model

Node 3 Node 5

Figure C-2: Strut-and-Tie Model for RF-3R-9-A

160



MLL-9-34-A (N-I1) [p

. 2-2" |
| T /6\
@ 22— 7T T
A, N
/1" N
v
o |
VAL
1) T
l—g— %fb/
/\ ¢!
AN\
Y |
g
'\;3,/ ™
Input
P := 1kip Apply a nominal 1 kip load
spanq := 99in span, := 251in
spany
Vq = P-————— = 0.72kip Vy:= P — Vg =0.28kip
spanq + span,
1 := 58deg pg = 30deg p7:= 34deg
pp := 93deg pg := 46deg (pg := 34deg
p3:= 35deg pg = 40deg (pg := 40deg
Calculations
Vi
Sy == = 0.85-kip
sm(apl)
Ty := S1-c05(1pg ) = 0.45-kip
Sl-cos(upl)

S, = = 0.45-kip

cos(<p2 - 90deg)

Ty := Sy-sin(pq) — | Sy-sin(«py — 90deg)| = 0.69-kip
T :
S3:= (o) = 1.21-kip

T3 := Sg-cos(¢pg) = 0.99-kip
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B 83COS(LP3> - Tl

Sy = o) = 0.63-kip

T4 1= Sgsin(ipg) — Sg-sin(tpy) = 0.38-kip
T -

55 = w = O.53-k|p

Tg=Tg+ 55-cos(¢5) = 1.36-kip

P Sz-sin(npz - 90deg) - S4~sin(ap4) - S5-sin(up5) _
Sg = o] - 0.44-kip
= Sgsin(pg) = 0.28-kip

—
[ep]

S = Sz-cos(apz - 90deg) + S4~COS(kp4) + 85-cos(<p5) - S6-cos(<p6) = 1.02-kip

T .
= w = O.51-k|p

T7:= Tg — Sg-cos(pg) = 1.02:kip
Tg := Sg-sin(ip7) = 0.28-kip
Tg:= Ty — Sg-cos(p7) = 0.6:kip
Tg
510~ sin(upS)
Sg = S7 — Sg-cos(tp7) = 0.6-kip

= 0.51-kip

TlO = Slo~Sin((p8) = 0.28.kip

T1q:= Tg — Syo:c05(1pg) = 0.18-kip
T

S12°= sin(upg)

S11 = Sg — Syqcos(1pg) = 0.18-kip

= 0.28-kip

Vg = 82-005(180deg - tpz) + S4-cos(90deg - <p4) + Ss-cos(QOdeg - tp5) = 0.72-kip

Hg = Sy-sin(180deg — () + Sy-sin(90deg — () + Sg-sin(90deg — 5) = 1.36-kip

Results
S1= 0.85-kip
Sy = 0.45-kip
Sg= 1.21-kip
Sp= 0.63-kip
Sg = 0.53-kip

T, = 0.45-kip
T, = 0.69-kip
T3 = 0.99-kip
T4 = 0.38-kip
Tg = 1.36-kip

’ 2 2 .
N6 = VG + H6 = 154k|p

He
ONg = asin| — | = 62.16-deg
Ne
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MLL-9-34-A (N-II) TxDOT 5253 Provisions

f'o := 9.28ksi
foe := 160.6ksi
fy = 63ksi
fys := 70ksi
fps = fge + fy
6
dpg := —in
dbS = 0.5in
38-dpa-ksi f
lyg = —=——L_ _ 982.in
[f-c.kgi 60ksi
1.6
Ki=—
Si

2 .
IdS = Kr(fps - E.fSEJ.dbS = 93.23-in

Node 1 - CCT Node

Bearing Face

Compressive strength of concrete
Stress in prestress after losses
Yield stress of mild reinforcement
Yield stress of stirrups

Maximum stress in prestress
Diameter of #6 Bars

Diameter of 1/2 in Strand

AASHTO LRFD Section 5.11.2.4
Development length for bent #6 bar

1.6 for prestensioned members with
a depth greater than 24.0 inches

AASHTO LRFD Section 5.11.4.2
Development of prestressing strand

—~ N el

— Loaded Area A1

Al = 32in-9in = 288~in2

A, = 39in-16in = 624-in°

A
m:= min| 2, [— | = 1.47
Al

Loaded Area

Frustum Bottom Plane

Concrete Confinement Factor

163



Fy = Vy = 0.72-kip

Ub =07
foy = MV T = 9.56-ksi
Fp = fouAp = 2753.81-kip
Fn
SF1,,q :== — = 3839.98
l:U

Strut to Node Interface-1

Fy = Sq = 0.85-kip

v = 0.45

fCU

= M-y, f,=6.15ksi

h, := 8.1875in

0:= pq = 58-deg

Ig:= 9in

W= hy-cos(0) + Igsin(0) = 11.97-in
b= 32-in

Fry:= fo Wb = 2354.74-kip

n

Fn
SFlgq == — = 2784.56
Fy
Tie-1
Fy = Tq = 0.45-kip

=1.0

US =

A= 12-0.6Oin2 + 12-0.31in2 = 10.92-in2

Fiie == Vg fy-A = 687.96 kip
F .
t
SF1., = —< _ 153521
=
u

Node := min(SF1,,SF1g;,SFly) = 1535.21

Ultimate Load

Bearing Efficiency for a CCT node

Concrete Ultimate Stress

Node Face Capacity

Total Load Capacity

Ultimate Load

Efficiency for Strut-to-Node Interface
without Crack Control Reinforcement

Dimensions of the node-to-strut interfaces
calculated using the definition provided in Figure
5.6.3.2-2 in Appendix A of TXdot 5253

Width of Strut-to-Node Interface
Depth of Node

Node Face Capacity

Total Load Capacity

12 #7's and 6 Double Leg #5's

Tie Capacity

Total Load Capacity

Limiting Node Capacity



Node 3-CTT Node

STNI-3
Fy = S3 = L.2L-kip

f

o= Fove = 418 ksi

h, = 10.234in

0 := pg = 35-deg

lg = 12.25in

W= hy-cos(0) + Igsin(0) = 15.41-in

Fry:= foWeb = 2059.2-kip

n

Fn

SF3gq = — = 1702.73
F
u

Tie-2

Fy = T = 0.69-kip
vi=10

Steely = 20.0.44in"fy, + 8-2in" fyg

Fije := V-Steel, = 666.4-kip

F .
t
SF2, 1= —< _ 960.7
=
u
Tie-3
Fy = T3 = 0.99-ip
Vg = 1.0
A = 6:0.44in°

S

.2 .2
Aps = 34-.153in" = 5.2-in

lavail.3 = 19.5675in

foo lavai
seavail.3 .
053" " = 10475 ksi
60dp,g
Fie = Vs (fy-Ag + fpg 3:Aps) = 711.24-kip
F;:
tie
SF3y3:= — = 717.95
u

Nodeg = min(SF3s3, SF33, SF2y,) = 717.95

165

Width of Strut-to-Node Interface

Node Face Capacity

Total Load Capacity

Height determined by location of anchoring bar for
vertical hangers (Bar 604) 7-3/16" from top of beam

10 Double Leg #6's and 4 Double Leg #4's

Tie Capacity

Total Load Capacity

3 Double Leg #6's

Less than transfer length of 30in

AASHTO LRFD EQ. 5.11.4.2-2

Tie Capacity

Total Load Capacity

Limiting Node Capacity



Node 5-CTT Node

STNI-5
Fu = Sg = 0.53-kip
Ve = 0.45

foy = fove = 4.18-ksi

h, := 10.286in
0 := g = 46-deg

Ig = 16in

W= hy-cos(0) + Igsin(6) = 18.65-in
b,y := 10in

F = foy-W-by,, = 779.02-kip

Fn
SF5¢g = — = 1473.02
F
u

Tie 4
Fy = T4 = 0.38-kip

Steel := 4- 44in’-f,, + 18-2in" f, = 362.88-kip

Fije == v-Steelg = 362.88-kip
F .
t
SF4,, = —° _ 953.87
“=
u
Tie 5
Fy = Ts = 1.36-kip
Vg = 1.0
.2 .2
Ans = 34 153in” = 5.2:n

lavail 5 := 48.9639in

SF3(4-Vq = 514.87-kip

Web width
Node Face Capacity

Total Load Capacity

4 #6's and 9 Double Leg #4's

Tie Capacity

Total Load Capacity

|\ ,Ai1 = — 60-d

avail.5 bs

f =fo+ ———(fc — foa) = 179.5-ksi
s.5a se S~ 'se

p lgs — 60-dpg ( p )

fse'('avaiI.S - 3ft) .
f s.5b = = 69.4-ksi
PS. 60d,

.2 .
Fiie = v-(fps_5a-ApS + fiog 5p-0.153in ~8) = 1018.68-kip

F .
SF5.c = —° _ 750.12
5=
u

Nodeg := min(SF5¢5, SF5t5, SF4ty, SF33) = 717.95

Tie Capacity

Total Load Capacity

Limiting Node Capacity



Node 6 - CCC Node

Loading Face
. . .2
Aq = 26in-24in = 624-in

Ay = 28in-26in = 728-in2

A

2
—£_1.08
A

28“

m:=
e N1
F, =P = 1Kkip
591}/ "
Ub =07
581"
fou = mypfo = 7.02-ksi
. | 24" |

Fp = foy2-Aq = 8756.57-Kip | |

Fn : '
SF6p := F_ = 8756.57 N e

u © ]
STNI-2,4,5 1
Fu = Ng = 1.54-kip &N
Ve =045
fou = fove = 4.18ksi
h, == 5.676in Compression stress block "a"
determined from flexural analysis

0:= dNg = 62.16-deg
Ig:= 18.98in

W= hy-cos(0) + Igsin(0) = 19.43-in
bg := 58.25in

Fry = fo W-bg = 4727.37-kip
F

n
SFBscomb = = 3078.22
u
Nodeg = min(SF6p, SF6ycomp) = 3078.22

Node := min(Nodel,Node3,Node5,Node6) = 717.95
Capacity := P-Node = 717.95-kip

\Y
. 1 .
Sheargogg = Capamty-? = 514.87-kip
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Width in flange area

Node Face Capacity

Total Load Capacity

Limiting Node Capacity

Smallest Node Capacity

Beam Capacity

Beam Shear Capacity




MLL-9-34-A
Strut and Tie Check (ACI Appendix A.3 and A.4 pg 388-392)

Agp = 0.2in°
_ .
Agp, = 0.31in
_ .
A6b = 0.44in
_ .
Aqp = 0.60in
_ 2
Agtrand = 0-153in

Check if struts are reinforced:

bg := 10in Smallest expected strut width
$:=5in Stirrup spacing
aq = 116deg Maximum strut angle
Qo = 34deg Minimum strut angle
0.003-bg's 5 .
Agi1 = ———— =017-in Equation A-4
sm(cxl)
0.003-b¢s
Agip = ————— = 0.27-in°
sm(cxz)
Aprov = 2:Ayp = O.4-in2 Minimum steel provided
Bg:=0.75 Strut Efficiency Factor - All struts classified at reinforced
Strut 1

h, = 8.1875in Height of node

0:= pq = 58-deg

Ig:= 9in Length of node

Wyq = hy-cos(0) + lg-sin(0) = 11.97-in Width of node

bq := 32in Minimum strut width

Struty := 0.85-B4f-bq-wq = 2266.28-Kip Nominal compressive strenth of strut

Strutq
Vg1 = = 2679.96 Capacity based on strut 1
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Strut 2

Strut 3

Wy 1= 5.326in

b2 = 54in

Struty := 0.85-Bs~f‘c~b2-w2 = 1701.47-kip
Strut2

Vgp = = 3791.69

ha = 10.234in

0 := pg = 35-deg

Is = 12.25in

W3 = hy-cos(0) + Ig-sin(0) = 15.41-in
b3 = 34in

Strutg := 0.85- B¢ f,-bg-wy = 3099.53-kip

Strut 4

Strut3
Vg3 = = 2562.96
ha ;= 5.676in
0:= dng = 62.16-deg
Is = 18.98in

Wy = hg-cos(0) + Igsin(0) = 19.43-in
b4 = 10in

Strut, := 0.85-B¢-fpby-w, = 1149.72-kip

Strut 5

Struty
Vgy = = 1835.28
h, := 10.286in
0:= dNg = 62.16-deg
Ig:= 16in
Wi := hy-cos(0) + Ig-sin(6) = 18.95-in
b5 = 10in

Strutg = 0.85- B¢ f-bg-wi = 1121.18-kip

Strut5
= 2119.99

Vg5 =

Width of node

Minimum strut width
Nominal compressive strenth of strut

Capacity based on strut 2

Height of node

Length of node
Width of node

Minimum strut width

Nominal compressive strenth of strut

Capacity based on strut 3

Approximate height of smeared node

Length of node
Width of node

Minimum strut width

Nominal compressive strenth of strut

Capacity based on strut 4

Height of node

Length of node
Width of node
Minimum strut width

Nominal compressive strenth of strut

Capacity based on strut 5
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Tiel )
Ay = 12-Aq + 12-Agpy = 10.92-in
Tiel = fy'Atl = 687.96-kip
Tlel
V;q = —— = 1535.21
tl T
1
Tie 2
Steeltz = 20A6bfy + 8A4bfyS
Tie, := Steeli, = 666.4-kip

T|E‘2
Vip = — = 960.7
T
Tie3
.2
Aps = 34-Agirang = 5.2:in
3Ksi- |y qil 3
fhs3i= — = = 117.4-ksi
dbs
Tieg = fy-Atg + fs 3:Aps = 777.06-kip

T|63
Vt3 = ——=17844
T3
Tie 4
Tiey := Steely, = 362.88-kip
T|E‘4
Viq = — = 953.87
Ty
Tie5
.2
Aps1 = 34 Agtrand = 9-21In

.2
ApS2 = 8'Astrand =1.22-in

Loieksi 2-f
50— X 204.99-ksi
dps
3ksi- (1 it  — 3ft
fos.5h = (avails — 31 — 77.78ksi
dps

Ties := (fps 5aAps + fos.5b"Aps2) = 1161.59-kip

T|E‘5
Vig:= — = 855.35
T5

12 #7's and 6 Double Leg #5's

Nominal tensile strenth of tie

Capacity based on tie 1

10 Double Leg #6's and 4 Double Leg #4's

Nominal tensile strenth of tie

Capacity based on tie 2

3 Double Leg #6's

ACI| 318-08 EQ 12-4

Nominal tensile strenth of tie

Capacity based on tie 3

4 #6's and 9 Double Leg #4's

Nominal tensile strenth of tie

Capacity based on tie 4

ACI| 318-08 EQ 12-4

Nominal tensile strenth of tie

Capacity based on tie 5
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Nodal Check (ACI Appendix A.5 pg 392)

Node 1 - CCT Node

By = 0.8
foo = 08581 = 6.3L-ksi

Tie 1 Face
btl = 32in

fan-Wiq-b
1M1
Ve = 2 U 368046
tl n T
1
Strut 1 Face
WSl = Wl = 1197|n

bSl = 32in

foa-Weq-b
Vg = =21 ogsges

Bearing Face

Wbl = 9|n
bh1 .= 32in
Vi o= D200 973707
bl n v
1

V1= min(Vyy_n.Vep n.Vpy_n) = 2737.27

Node 3 - CTT Node
Bpo = 0.60
foe = 0.85-Bpp-f. = 4.73 ksi

Tie 2 Face
Wip = 12.25in
br? = 34|n
fan-Win-b
ce Mt2'Ft2
Vt2 n=———-= 2841.76
- T2
Strut 3 Face

WS3 = W3 = 15.41-in

bgg = 34in
fanWen-b
ce "'s3'¥s3
Vg3 pi= —————— =2932.25

S1

Ab5.2.2

Node width

Minimum beam width

Load at node failure

Node width

Minimum beam width

Load at node failure

Node width

Minimum beam width

Load at node failure

A5.2.3

Node width

Minimum beam width

Load at node failure

Node width

Minimum beam width

Load at node failure



Tie 3 Face

Wig = 10.234in
bt3 = 34|n
fon-Wia-b
Vi = 2 BB 6636
t3_n T
3

Vg = min(Vip n.Veg . Vig_p) = 1662.36

Node 5 - CTT Node
Bpo = 0.60

foo = 0.85-B-f = 473 ksi

Tie 4 Face
Wt4 = 16|n
bt4 = 34in
fn-Wis-b
v, =Y e
t4 n T
4
Strut 5 Face
W = 19.23in
b55 := 10in
fonWere-b
Ve = =2 _ 17909
_ 55
Tie 5 Face
Wig = 10.234in
bt5 = 34in
fon-Wis-b
ce ™Mt5'7th
Vig = ————— = 44826
- T5- T3

Vs = min(Vig_n.Ves n.Vis_p) = 1720.9

Node width

Minimum beam width

Load at node failure

A5.2.3

Node width

Minimum beam width

Load at node failure

Node width

Beam width

Load at node failure

Node width

Minimum beam width

Load at node failure



Node 6 - CCC Node
Bnp = 1.0 A5.2.3

foe = 0.85- By f = 7.89-ksi

Strut 2, 4, 5 Face

Wig = 19.6144in Node width

bt6 = 58.25in Beam width
fon-Win-b

Vg = =2 1 _ 5g68.33 Load at node failure

— N
6
Bearing

Whg = 18.98in Node width

bpg := 58.25in Minimum beam width
foaWhe-bpg-2

Vi oo S8 POTO6 o671 Load at node failure

b6_n Ng

Vg = Min(Vig_n.Vpg_n) = 5868.38

Capacity
Strut == P-min(Vsy, Vgo, Vg3, Veq. Vss) = 1835.28-kip
Tie = P-min(Vy1. Vi, Viz. Vig. Vis) = 784.4-kip

Node := Pmin(Vp1. Vg, Vs, Vyg) = 1662.36-kip

Capacity := min(Strut, Tie, Node) = 784.4-kip

\%
. 1 .
Shearpc) = Capauty-? = 562.53-kip
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MLL-9-34-A

Strut and Tie Check (AASHTO LRFD Section 5.6.3)

Pyit = 717.95

Tiel
.2
Ap = 12-Agp + 12-Agpy = 10.92:in

E := 29000ksi
Tiey = f,Ay = 687.96-kip
Tlel
Py = — = 153521
T
Puit T1 in
£y = ——— = 0.00101594-—
A E in

Tie 2
Steelyy = 20'A6b'fy + 8-A4b.fys

A= 16-Agy + 8-Agp

Tie, := Steeli, = 666.4-kip

TI€2
Py i= —— = 960.7
T
Pur T2 in
e = ——— = 0.00198759.—
ApE in
Tie 3
Az = 6-Agp
. 2
Ans = 34-Agrang = 5.2:in
oo lavail 3
fogim —— 104,75 ki
Ps. 60d )
Tieg i= f,-Arg + fog 3:Aps = 711.24-Kip

T|63
Pigi= — = 717.95
T3

Puit T3 in
£ = —————— = 000312743 —
(Ag+ Aps>-E in

Ultimate Load in Kips(iterative)

12 #7's and 6 Double Leg #5's

Nominal tensile strenth of tie

Capacity based on tie 1

10 Double Leg #6's and 4 Double Leg #4's

Nominal tensile strenth of tie

Capacity based on tie 2

3 Double Leg #6's

AASHTO LRFD EQ. 5.11.4.2-2

Nominal tensile strenth of tie

Capacity based on tie 3



Tied
Steelyy = 4'A6b'fy + 18'A4b'fys
A= 4-Agp + 18:-Ayy
Tiey = Steely, = 362.88-kip

Tie

4
Pig = —— = 953.87
Ty
P T .
ult' "4 in
Eiy = = 0.00175714-—
E-At4 in
Tieb

.2
Aps1 = 34 Agtrand = 9-21In

.2
ApS2 = 8'Astrand =1.22-in

|\ ,Ai1 = — 60-d

avail.5 bs

f =fo o+ —— - (f« — foo) = 179.5-ksi
s.5a se S~ 'se

P lgs — 60-dpg P )

fse'('avaiI.S - 3ft) .
f s.5b = = 69.4-ksi
PS. 60-dpyg

Ties := (fps 5aAps + fos.5b"Aps2) = 1018.68-kip

TI€5
Pts == 75012
Ts

Puit Ts in
e = ——————— = 0.00523194—
(Apsl + ApSZ)E n
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4 #6's and 9 Double Leg #4's

Nominal tensile strenth of tie

Capacity based on tie 4

AASHTO LRFD EQ. 5.11.4.2-2

Nominal tensile strenth of tie

Capacity based on tie 5



Strut 1

OLS = (pl
ES = €tl

€1 = eg+ (g + 0.002)(cot(oy))?

fl
. c , .
foy = mm[—,o.ss-fc} = 7.89-ksi

0.8 + 170~€1
ha := 8.1875in
0:= pq = 58-deg
|s = 9in

Wy = hg-cos(0) + Igsin(6) = 11.97-in
bl = 32in

Struty = fobq-wq = 3021.71-kip

Strutl
Pg1 = = 3573.28
S1
Strut 2
OLS = §p2
ES = €t2

€1 = eg+ (g + 0.002) (cot(oy))?

f'C
fCu = minf ———
0.8 + 170~€1

Wy 5.326in

b2 := 54in

Struty := o -by-wy = 2268.62-kip

Strut2
Pso = = 5055.58
Sy

,o.ss-rcl = 7.89-ksi
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Smallest angle between the compressive
strut and adjorning tension ties (deg)

Tensile strain in concrete in the concrete
in the direction of the tension tie (in/in)

Strain in compressive strut

Limiting Compressive Stress

Height of node

Length of node

Width of node

Minimum strut width

Nominal compressive strenth of strut

Capacity based on strut 1

Smallest angle between the compressive
strut and adjorning tension ties (deg)

Tensile strain in concrete in the concrete
in the direction of the tension tie (in/in)

Strain in compressive strut

Limiting Compressive Stress

Width of node

Minimum strut width

Nominal compressive strenth of strut

Capacity based on strut 2



Strut 3

Og = P3
€g'= €3
€1 = eg+ (g + 0.002)(cot(oy))?

fl
foy 1= Min —————— 0.85-f | = 2.98-ksi
0.8+ 170-g9

h, := 10.234in
0 := pg = 35-deg
Ig:= 12.25in

Wz = hy-cos(0) + Ig-sin(0) = 15.41-in
b3 = 34in

Strut3 = fCUb3W3 = 156359k|p
Strutg

Pgg = = 1292.91

Strut 4

0g = (g + 90deg
ES = €t4
€1 = eg+ (g + 0.002)(cot(oy))?

fl
foy 1= Min ——————0.85-f, | = 7.08-ksi
0.8+ 170-g9

h, = 5.676in
0:= dpg = 62.16-deg
lg:= 18.98in

Wy = hg-cos(0) + Igsin(0) = 19.43-in
b4 = 10in

Strut4 = fCUb4W4 = 1375k|p
Struty

Py = = 2194.9
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Smallest angle between the compressive
strut and adjorning tension ties (deg)

Tensile strain in concrete in the concrete
in the direction of the tension tie (in/in)

Strain in compressive strut

Limiting Compressive Stress

Height of node

Length of node
Width of node
Minimum strut width

Nominal compressive strenth of strut

Capacity based on strut 3

Smallest angle between the compressive
strut and adjorning tension ties (deg)

Tensile strain in concrete in the concrete
in the direction of the tension tie (in/in)

Strain in compressive strut

Limiting Compressive Stress

Height of node

Length of node

Width of node

Minimum strut width

Nominal compressive strenth of strut

Capacity based on strut 4



Strut 5
OLS = (p5
ES = €t5
€1 = eg+ (g + 0.002)(cot(oy))?

fl
foy 1= Min —————— 0.85-f | = 3.27-ksi
0.8+ 170-g9

h, := 10.286in
0:= dNg = 62.16-deg
|s = 16in

Wi := hy-cos(0) + Ig-sin(6) = 18.95-in

b5 = 10in
Strutg := f-bg-wg = 620.15-kip
Strutg
Ps5 = = 1172.62
S
5

Nodal Check (AASHTO LRFD Section 5.6.3.5)

Node 1 - CCT Node
foe = 0.75-f = 6.96-ksi

Tie 1 Face
b” = 32in
fan-Wiq-b
ce "t1Mt1
Ptl n=———— = 4069.26
_— Tl
Strut 1 Face
WSl = Wl = 1197|n

bS1 = 32in

fonWer-b
ce s1'¥s1
P —_

sln= = 3152.9

S1
Bearing Face
Wp1 = 9in
bpq = 32in
foe Wp1Ppy'm
Vi

Pb1_ni= = 3019.04

Pn1 = Min(Pyy_1:Ps1 nsPp1_n) = 3019.04
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Smallest angle between the compressive
strut and adjorning tension ties (deg)

Tensile strain in concrete in the concrete
in the direction of the tension tie (in/in)

Strain in compressive strut

Limiting Compressive Stress

Height of node

Length of node

Width of node

Strut width

Nominal compressive strenth of strut

Capacity based on strut 4

Node width

Minimum beam width

Shear at node failure

Node width

Minimum beam width

Load at node failure

Node width
Minimum beam width

Load at node failure



Node 3 - CTT Node
fce = 0.65-f'C = 6.03-ksi
Tie 2 Face

Wiy = 12.25in

br? = 34|n
frn-Win-b
ce "t2'Ft2

Pip ni= ———— =3621.85

- T2

Strut 3 Face
WS3 = W3 =15.41-in

bgg = 34in

feeWs3-bs3

P =———=3737.18

s3 N
! Sl

Tie 3 Face
Wig = 10.234in
brg = 34|n
frn-Wiq-b
ce "t377t3
Pig ni= ———— = 2118.69
- T3

Png = Min(Piy .Ps3 n-Pr3_pn) = 2118.69

Node 5- CTT Node
fce = 0.65-f'C = 6.03-ksi
Tie 4 Face
Wt4 = 16|n
bm_ = 10in
fan-Wis-b
ce "t4' 4
Pig ni= ——=—— =2536.91
_ T4
Strut 5 Face
Wgg = 19.23in
b55 .= 10in
feeWs5-bgs5

Psg_ni= — 5 = 219331
5

Tie 5 Face
Wis = 10.286in
bﬂ.—) = 34in
feeWisbi5

Pp = ——— > _ 574214
t5 n
- T5-T3

Pns = Min(Piy_n.Ps5 n-Prs_n) = 2193.31

Node width

Minimum beam width

Load at node failure

Node width

Minimum beam width

Load at node failure

Node width

Minimum beam width

Load at node failure

Node width

Minimum beam width

Load at node failure

Node width

Beam width

Load at node failure

Node width

Minimum beam width

Load at node failure

179



Node 6 - CCC Node
foe = 0.85-f = 7.89-ksi

Strut 2, 4, 5 Face

Wig = Wg = 18.95-in Node width
big := 58.25in Minimum beam width
fon-Win-b
P =& OO ce7008 Load at node failure
t6_n N
6
Bearing
Whg = 18.98in Node width
bpg = 58.25in Minimum beam width
fonWpha-bpa-2
P o E OO iais Load at node failure
b6 _n Ng

Png = Min(Pig_.Ppg_n) = 5670.08

Capacity
Strut == P-min(Pgy , Pgy. Psg. Pgg. Pg5) = 1172.62-kip
Tie == P-min(Py1. Prp. Pyg. Pyg. Pys) = 717.95-kip

Node := Pmin(Pp,1.Py3.Prg) = 2118.69-kip

Capacity := min(Strut, Tie, Node) = 717.95-kip

\%
) 1 .
ShearaasHTO = CapaC|ty~? = 514.87-kip
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Comparison

Sheargogg = 514.87-Kip
Shear o) = 562.53-kip

Node 1
Bearing
STNI 1
Tie 1

Node 3
STNI 3
Tie 2
Tie 3

Node 5
STNI 5
Tie 4
Tie5

Node 6
Load Point
STNI Combo

Tie 1
Tie 2
Tie 3
Tie 4
Tie5

Strut 1
Strut 2
Strut 3
Strut 4
Strut 5

TxDOT 5253

SF1,1-Vy = 2753.81-kip
SF1g;-Vq = 1996.93-kip
SF1y'Vy = 1100.97-kip

SF3¢g-Vy = 1221.1-kip
SF3,3-V = 514.87-kip

SF5¢5-V; = 1056.36-kip
SF4-V; = 684.06-kip
SF55-V; = 537.94-kip

SF6p-V = 6279.71-Kip

SF6scomb

SF141-Vq = 1100.97-kip
SF2i5'V; = 688.96-kip
SF3(4-Vq = 514.87-kip
SF4y4'V; = 684.06-kip
SF55'V; = 537.94-kip

SF1g;-Vq = 1996.93-kip

SF3g3-Vy = 1221.1-kip

SF5¢5-V; = 1056.36-kip

-Vq = 2207.52-kip

Failure of Tie 3

Failure of Tie 3

Failure of Tie 3

ACl 318-08

Vi1 pVq = 1963.01-kip
V1 Vg = 2050.04-kip
Vig_n'Vq = 2645.87 kip

Vg3 nVq = 2102.84-kip
Vig_n'Vq = 2037.95-kip
Vig_n'Vq = 1192.15-kip

Vg5 Vg = 1234.13-kip
Vig_n'Vq = 4853.41 kip

Vis_n'Vq = 3214.66-kip

Vipg nVq = 8144.69-kip
Vig_n'Vq = 4208.46-kip

Vip-Vy = 1100.97 kip
ViV = 688.96-kip
Vig'Vy = 562.53-kip
Vig-Vy = 684.06-kip
Vi5Vy = 613.41-kip

Vg1-V1 = 1921.92-kip
Vgp-Vq = 2719.18-kip
Vg3-Vq = 1838.01-kip
Vgq-V1 = 1316.16-kip
Vg5-V1 = 1520.33-kip
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AASHTO LRFD

Pp1 n'V1 = 2165.09-kif
PSl_n'Vl = 2261.08-kif.
Ptl_n'vl = 2918.24-kip

Psg_n-Vq = 2680.09-Kif
Pip Vg = 2597.39-kip
Pig_pVyq = 1519.4-kip

P55_n-V1 = 1572.91-kif
Pt4_n'V1 = 1819.33-kip
Pt5_n'vl = 4117.94-Kkip

Pog V1 = 8144.69-kir
Pig_n-Vq = 4066.26-kip

Py-Vy = 1100.97-kip
Pip'V = 688.96-kip
Pig'Vq = 514.87-kip
Pig'Vq = 684.06-kip
Pi5'Vq = 537.94-kip

Pg1-Vq = 2562.55-kip
Pgy-Vq = 3625.58-kip
Pgg-Vq = 927.2-kip
Pgy-Vq = 1574.05-kip
Peg-Vq = 840.93-kip



Table C-1: MLL-9-34-A STM (N-11) Shear Capacities

AASHTO LRFD | TxDOT 5253 | ACI 318-08
Bearing 2,165 kips 2,754 Kips 1,963 Kips
% S-T-N-11 2,261 kips 1,997 kips 2,050 kips
< |Tie1 2,918 kips 2,646 Kips
S-T-N-13 2,680 Kips 1,221 kips | 2,103 kips
% Tie 2 2,597 kips 2,038 kips
< |Ties 1,519 Kips 1,192 kips
S-T-N-15 1,573 kips 1,056 kips | 1,234 kips
% Tied 1,819 Kips 4,853 Kips
=z Tie 5 4,118 Kips 3,215 Kips
© Load Point 8,115 kips 6,280 kips 8,145 kips
-§ S-T-N-1 Combined 4,066 Kkips 2,208 kips 4,208 Kips
Tiel 1,101 Kips 1,101 Kips 1,101 kips
Tie 2 689 kips 689 kips 689 kips
% Tie 3 515 Kips 515 Kips 563 Kips
= Tie 4 684 Kips 684 Kips 684 Kips
Tie 5 538 kips 538 kips 613 Kips
Strut 1 2,563 kips 1,997 Kips 1,922 Kips
Strut 2 3,626 kips 2,719 kips
g Strut 3 927 Kips 1,221 Kips 1,838 kips
2 Strut 4 1,574 kips 1,316 kips
Strut 5 841 kips 1,056 Kkips 1,520 kips
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Table C-2: RF-3R-12-A (L-11) STM Shear Capacities

AASHTO LRFD | TxDOT 5253 | ACI 318-08
Bearing 2,237 kips 2,846 kips 2,029 kips
% S-T-N-I11 2,337 kips 2,064 kips 2,119 kips
< Tie l 3,016 kips 2,734 Kips
S-T-N-13 2,942 kips 1,307 kips | 2,308 kips
% Tie 2 2,684 kips 2,106 kips
< Tie 3 1,697 kips 1,331 kips
S-T-N-15 1,662 kips 1,151 kips | 1,304 kips
g Tie 4 1,923 Kkips 5,129 kips
2 [Ties 4,709 kips 3,695 Kips
© Load Point 8,275 kips 6,628 kips 8,275 kips
-§ S-T-N-1 Combined 4,213 Kips 2,228 kips 4,244 Kips
Tiel 1,101 kips 1,101 kips 1,101 kips
Tie 2 689 kips 689 kips 689 Kips
% Tie 3 536 kips 536 kips 612 Kips
F o [ Ties 700 Kips 700 Kips 700 Kips
Tie 5 564 kips 564 Kips 656 Kips
Strut 1 2,627 kips 2,063 kips 1,986 kips
Strut 2 3,747 Kips 2,810 kips
g Strut 3 943 kips 1,307 Kips 1,967 Kips
Z Strut 4 1,544 Kips 1,286 kips
Strut 5 915 Kips 1,151 kips 1,638 kips
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Table C-3: RF-3R-9-A (M-1) STM Shear Capacities

AASHTO LRFD | TxDOT 5253 | ACI 318-08
Bearing 2,762 Kips 3,513 kips 2,505 kips
- S-T-N-I11 3,118Kkips 2,754 Kips 2,827 kips
S [sTNI6 16,265 Kips | 14,364 kips | 14,747 Kips
Tiel 3,077 kips 2,789 kips
S-T-N-13 4,022 kips 2,277 Kips 3,156 kips
% Tie 2 3,694 kips 2,898 kips
< |Ties 2,754 Kips 2,161 kips
S-T-N-I15 3,142 kips 2,189 kips 2,465 Kips
% Tie 4 2,759 Kips 7,360 Kips
=z Tie 5 15,661 Kips 12,288 kips
© Load Point 15,275 Kips 9,012 kips | 15,275 kips
§ S-T-N-1 Combined 7,834 Kips 3,725 kips 7,893 kips
Tiel 910 kips 910 kips 910 Kkips
Tie 2 768 Kips 768 Kips 768 Kips
8 Tie 3 701 kips 701 kips 791 Kips
= Tie 4 813 kips 813 kips 813 kips
Tie 5 832 kips 832 kips 952 Kips
Strut 1 3,158 kips 2,754 kips 2,650 kips
Strut 2 4,861 Kips 3,726 kips
Strut 3 2,410 kips 2,277 kips 3,427 kips
2 [strut4 1,902 kips 2,450 kips
% Strut 5 2,790 kips 2,189 kips 3,119 kips
Strut 6 16,473 Kips 14,364 kips | 14,856 kips
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Table C-4: RF-3R-9-C (M-11) STM Shear Capacities

AASHTO LRFD | TxDOT 5253 | ACI 318-08
Bearing 2,013 kips 2,561 kips 1,826 kips
% S-T-N-11 2,103 kips 1,857 kips 1,906 kips
< [Tie1 2,714 kips 2,451 kips
S-T-N-13 2,648 Kips 1176 kips | 2,077 kips
% Tie 2 2,415 Kips 1,895 kips
< |Ties 1,527 kips 1,198 kips
S-T-N-15 1,496 kips 1036 kips | 1,174 kips
g Tie 4 1,730 Kips 4,616 kips
2 [Ties 4,238 kips 3,325 kips
© Load Point 7,447 Kips 5,964 kips 7,445 Kips
-§ S-T-N-1 Combined 3,791 Kips 2,005 kips 3,820 kips
Tiel 1,101 kips 1,101 kips 1,101 kips
Tie 2 689 kips 689 kips 689 Kips
% Tie 3 542 Kips 542 Kips 611 Kips
= [ Ties 700 Kips 700 Kips 700 Kips
Tie 5 570 kips 570 kips 660 Kips
Strut 1 2,364 kips 1,857 Kips 1,787 kips
Strut 2 3,372 kips 2,529 kips
g Strut 3 848 kips 1,176 Kips 1,770 kips
Z Strut 4 1,389 kips 1,158 kips
Strut 5 824 kips 1,036 kips 1,474 Kkips
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Table C-5: RF-1R-1-A (H-11) STM Shear Capacities

AASHTO LRFD | TxDOT 5253 | ACI 318-08
Bearing 1,491 Kips 1,896 kips 1,352 kips
% S-T-N-I11 1,557 kips 1,375 kips 1,412 Kips
< | Tie1 2,009 kips 1,822 kips
S-T-N-13 1,924 kips 855 kips | 1,510 Kips
% Tie 2 1,789 Kkips 1,403 Kips
< |Ties 1,095 kips 859 kips
S-T-N-15 1,108 kips 773 Kips 869 kips
g Tied 1,281 kips 3,418 kips
2 Tie 5 3,195 kips 2,507 kips
© Load Point 5,514 kips 4,421 Kips 5,514 kips
-§ S-T-N-1 Combined 2,821 kips 1,497 Kips 2,828 kips
Tiel 1,101 kips 1,101 kips 1,101 kips
Tie 2 689 kips 689 kips 689 Kips
% Tie 3 565 kips 565 kips 637 kips
F o [ Ties 700 Kips 700 Kips 700 Kips
Tie 5 594 kips 594 Kips 686 kips
Strut 1 1,735 kips 1,375 Kips 1,323 kips
Strut 2 2,496 kips 1,872 kips
ERETE 615 Kips 855 kips | 1,287 Kips
Z Strut 4 1,016 kips 857 kips
Strut 5 614 Kips 773 Kips 1,097 kips
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APPENDIX D

Petrographic Analysis
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Texas
Department

of Transportation

Petrographic Analysis

03/30/2010
Report: UT ASR DEF
Date Received: 03/3/2010
Structure Type: Unknown
Sample Type: Core
Location: Unknown
Coarse Aggregate Producer: NA
Coarse Aggregate Type: Crushed Limestone
Fine Aggregate Producer: NA
Fine Aggregate Type: Siliceous Sand
Cement Producer: NA
Cement Type: NA

Comments:
This petrographic analysis was performed in response to a request from Caroline Herrera,
P.E., (CST/Soils and Aggregates Branch Director) to assist the University of Texas in an
ASR/DEF investigation of nine submitted cores. The following objectives were specified
by UT:

e General observations on concrete quality. (Comments on placement, mixture
proportions, water-cement ratio).

e Visual documentation of ASR and/or DEF micro structural damage. (Images
depicting gel/ettringite locations, cracking and gapping of paste/aggregate
interfaces).

e Qualitative study of damage severity in each sample. (Comparison of micro
structural damage between all samples).

e Qualitative study of damage progression through the length of the sample.
(Comparison of micro structural damage in surface and core concretes of each
sample).

General observations on concrete guality (comments on placement, mixture proportions,
water-cement ratio)

General Appearance: Nine cores were submitted for analysis and were designated as: P1, P2, P3,
P4, P5, P6, P7, P8 and P9. The submitted cores were 3-3/4 inch in diameter and ranged from 7.5
to 13 inches in length. Cores P1, P2, P5, P7, P8 and P7 had obvious distress cracks on the surface
of the core.
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Water/Cement Ratio: None of the cores had abnormal or elevated w-c ratio. Cores P1, P2 and
P3 had a slightly lower w-c ratio than the remaining cores. In order to estimate w-c ratio, a mix
design plus a standard job site cylinder would have been required.

Proportioning and types of aggregate: ~ Without a batch design we could not determine if
excesses or deficiencies exist between the point count data and the theoretical values from the
batch design. Based on point count data the paste volume indicate a high sack mix. Coarse
aggregate consist of crushed limestone and a small percentage of chert. Fine aggregate consist of
quartz, agate, feldspar, carbonates, sandstone and chert. The following table summarizes the
point count data:

Core ID Paste FA Volume CA Volume % Entr_apped % Ent(ained

Volume Air Air
P1 26.61 27.01 42.29 3.03 0.92
P2 28.59 27.14 40.45 2.24 1.58
P3 28.07 34.82 34.68 1.10 1.21
P4 29.42 31.71 36.3 1.21 0.81
P5 26.28 22.1 49.73 0.81 0.81
P6 30.09 31.31 34.82 2.16 1.08
P7 33.42 29.92 35.44 0.67 0.40
P8 28.3 32.27 38.28 0.38 0.51
P9 29.69 31.98 36.57 0.27 1.21

Paste content and appearance:  Paste content is indicative of a high sack mix and appearance is
normal except for the numerous fine micro cracking observed in the cores. No fly ash or other
mineral admixtures were present in the mix.

Air Content: Non-Air Entrained.

Degree of Hydration:  Normal.

Carbonation: Carbonation was noted at the exterior surface of all the cores. The following chart
represents the depth of carbonation for each core:

. Carbonation Depth
Core ID Carbo_natlon Depth From Observed Along Slf)rface
Exterior Surface of Core
Crack
P1 1/16” 1/8”
p2 3/32” NA
P3 3/32 5/8”
P4 3/16 7/16”
P5 1/32” 7%
P6 1/8” NA
P7 3/16” 3/8”
P8 1/8” 3/16”
P9 3/16” NA
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Deleterious Reaction Mechanism: All cores have suffered significant distress from ASR. The
primary ASR aggregate type is a microcrystalline chert fine aggregate. Ettringite was observed
filling most of the micro crack generated by ASR distress. Ettringite was also noted in many of
the air voids and in some discrete nests within the paste. The occurrence of gapping around
aggregates due to paste expansion (DEF) was limited. Complete gapping of the aggregates was
only observed in a minor amount of the particles. It is inconclusive whether DEF has contributed
to the distress based on the limited amount of true gapping due to paste expansion.

Microscopic documentation of ASR and/or DEF micro structural damage.
(Images depicting ASR gel/ettringite formation, cracking and gapping at paste/aggregate
interfaces)

ASR Related Evidence

Image of Core P5 illustrating ASR distress cracking from reactive fine aggregate.

ASR‘?ingﬁed FA

- ..
-

e -

Ettringit€ Fif€d Micro Cracks

5633188 millimeter
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Image illustrating ettringite filled gap surrounding fine aggregate

Ettringite Filled'Micro Crae
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Image illustrating fine network of ettringite filled micro cracks and ASR distressed fine aggregate

6666423 millimeters

2

Ettringite Filled Micro Cracks

ASR Gel Filled Mi¢ro Crack

ASR Distress FA

Image illustrating ettringite filled micro cracks
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Fluorescence Microscopy Documentation

Fluorescent imaging is very useful tool in highlighting the fine micro cracking associated with
PCD mechanism. The following images illustrate the level of distress associated with the
reaction:

Fluorescent image illustrating ASR distressed fine aggregate and associated distress cracking

ASR Distressed FA—

ASR Generated Distress Cracks from FA
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ASR distress fine aggregate

ASR Generated Micro Cracks

y S

ASR Distress FA

Highly distressed fine aggregate illustrating radial distress cracking

ASR Distressed FA (Note Radial Cracking)

2126127 millimeters
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Image illustrating ettringite filled gap surrounding aggregate

3546879 millimeters

4991271 millimeters

Image illustrating ettringite filled gap around FA

44 millimeters

Ettringite Filled Gap

Note Numerous Micro Cracks Intersecting Aggregate

195



Image illustrating intersection of ettringite filled micro cracks

Ettringite Filled Micro Cracks

ASR distress fine aggregate

5.464789 millimeters

ASR Distressed FA~
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Scanning Electron Microscope (SEM) Documentation

The SEM analysis was performed on a Hitachi brand 3200N variable pressure
microscope with a Oxford EDS system. This tool was used to document and confirm the
type of PCD responsible for the distressed concrete. EDS spectral analysis was used to
verify reaction site chemistry and relationship to other phases in the mix (paste,
aggregate). EDS elemental dot mapping was performed to document the location of
reaction product within the mix. The following images document numerous ASR
distressed aggregates and ettringite formation sites:

ASR distress aggregate with gel filled air void

197



SEM/EDS spectra taken in gel filled air void

Spechum 1

o 1 z 3
Full Bcale 2758 cls Cursor: 00M
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ASR distress aggregate

Image illustrating numerous fine ettringite filled micro cracks

P2 S g

Eftringite Filled if Voiddsr—=—29/

’ ." / 7 / /
Eﬁring’ilt_#illed Micre Cracks /:'

A -

N y :
/. ASR GelFormation”
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SEM/EDS spectra illustrating elemental chemistry of ettringite

o 1z 3
Full Scaie B35 cbs Cursor: 0

ASR distressed FA and associated gel formation

ASR Gek Filled Crack

#
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SEM/EDS spectra confirming ASR gel chemistry

a 1 z 3
Full Soe =73k Curon 0000

ASR distress FA

=
4 :

[T Qe E‘_tt-r_ingitg Filled
- f’ o t“ = , » :
ASR Gel Filled Micro ka

" Fine A'g_greqate ‘:
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ASR distress FA illustrating gel formation and significant dissolution of the reactive
aggregate.

S N

Dis SBltit

Gion Cayjty -

r

SEM/EDS spectra confirming gel chemistry

EpEciam 1

1] 1 s 3
Full Scale Z210 cb Cursor: 0000
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Highly ASR distressed aggregate

SEM/EDS spectra confirming ASR gel chemistry

Specim 1
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Image illustrating ettringite filled gap around FA

FA

Ettringite
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Image illustrating numerous ettringite filled micro cracks

Sulfur Dot map illustrating ettringite filled micro cracks
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Image illustrating ettringite filled micro cracks

ASR Gel and Spectra Site

Ettringite Forfiation

& 2
v
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SEM/EDS spectra confirming ASR gel chemistry

' Ettri-ngite F'i!]ed Micro Crack

ASR Gel Filled Micro Crack . i
s ,. - o - "—f "
Spectra Site1. -
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SEM/EDS spectra sites confirming ASR gel and ettringite chemistry

Spectra Site 2

Spectra Site 1

5 @ f Z @ % 1 ®\ i ©B @ s - [ 8 om 2 @ LI R B - T
| L

Image illustrating ASR distress intermediate size aggregate
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Qualitative study of damage severity in each sample and damage progression through the

length of the sample. (Comparison of micro structural damage between all samples).

Micro Structural Damage and # Reactive Particles
Counted on Cross-Sectional Polished Slab
Total
Core # 4-12
Length Top 4 .
4-8 Inches | Inches or | Remainder
Inches .
Remainder
3 reactive
particles.
Primary
Macro
vertical
crack 6 reactive
propagated particles
full length of Primar '
section and y 9 reactive
. crack i .
pierced - particles in
continues e
numerous another 1- remaining
CA. Fine L 2”. Fine
L 1/2 in this L
ettringite . ettringite
. section. .
« filled cracks L filled cracks
P1 10 . Ettringite :
associated filled fine associated
with FA . with ASR.
. micro cracks e
reactivity X Similar
) associated .
oriented . distress level
with FA
more as 4-8
- ASR. )
vertical Distress section.
become sub- :
level is
parallel to
. moderate.
surface with
depth.
Overall level
of distress is
low to
moderate.
7 reactive
particles. .
Two surface . 15 rgactlye
12 Reactive | particles in
cracks one articles remaining 2-
% “deep and particies. o
Ettringite 3/4”.
the other 3/8 - . o
. filled fine Ettringite
inch deep. - : .
Fine micro cracks filled fine
P2 8-3/4 ettringite asspﬁlated micro grac(l;s
filled crack with FA ass_ouate
oriented ASR. with FA
more Distress ASR.
. level slightly Distress
vertical . .
b - higher than | level slightly
ecoming .
P1. higher than
sub-parallel
P1.
to surface
with depth.
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Level of

distress
slightly
higher than
P1.
4 reactive
particles.
Three
shallow 16 reactive
surface particles. 4 reactive
cracks Fine articles in
ranging ettringite partich
from 7/8 to filled | "éMaining 2-
P3 10-1/2” . . 1/2”. Level
2/8 in depth. | cracking and of distress is
Some fine level of less than P1
ettringite distress is and P2
filled cracks. similar to ’
Level of P1.
distress is
less than P1
and P2.
3 reactive
16 reactive particles in
particles. remaining 2-
. Numerous 1/2 =
13 reactive -
articles fine Lower #
P ' ettringite ASR
Several . . -
filled micro particles
shallow ¥4 to
” « cracks than P1, P2
P4 8-1/2 1/8 “surface .
cracks oriented and P3.
Distres.s sub-parallel Abundant
e to surface. ettringite
level similar . .
t0 P2 _Sllghtly filled cracks.
' higher level Level of
of distress distress
than P2. similar to
P2.
12 reactive
9 reactive 23 reactive partlf:lz_as N
. . remaining 3
particle. particles. inches
Surface Abundant Abun daﬁt
cracks to 1- fine fine
1/2 inch ettringite ettrinaite
deep. Fine | filled cracks . gl
s filled micro
etringite and larger cracks
" filled micro crack in )
PS5 11 Larger
cracks lower cracks
increase in section arcin
lower pierced Iipmestor?e
section. limestone CA oriented
Level of CA. Level sub-parallel
distress is of distress is top the
higher than higher than
P2 P2 surface.
' ' Level of
distress
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similar to 4-
8 section.
18 reactive 3 reactive
23 reactive particles. partl_cl_es in
. . Abundant remaining 1-
12 reactive particles. L “
. etringite 1/2 -
particles. Abundant . - -
. A filled micro Ettringite
Fine ettringite cracks. | filled micro
ettringite filled micro Lar er. cracks
filled micro cracks cra(?ks abundant
crack oriented oriented sub- Larger .
P6 13-1/2” increasing | both vertical g
. parallel to cracks
with deep to and sub- .
surface oriented
abundant parallel to —
piercing parallel to
level. Level surface.
. : numerous surface were
of distress is Level of .
o ) . limestone observed.
similar to distress is
. CA. Level Level of
PS5. higher than . ; - .
PS5 of distress is distress is
' higher than higher than
P5. P5.
14 reactive
particles.
Surface
1
cr ack t0 %2 19 reactive
inch and .
larger cracks particles. .
. Abundant 18 Reactive
oriented . . .
) ettringite particles in
near vertical . . L.
filled micro | remaining 2-
to sub- K «
arallel to cracks. 3/4 ~
P Some larger Abundant
the surface. cracks in to ettringite
P7 10-3/4” Abundant Infop ) etringl
fine se_ctlon filled micro
ettringite running sub- cracks.
. . parallel to Level of
filled micro ) .
surface. distress is
cracks o
. Level of similar to
increase - .
. distress is P6.
with deep of S
; similar to
section. PG
Level of '
distress is
similar to
P6.
13 reactive
particles. 22 reactive 24 reactive
Surface . . .
particle. particles. 3 reactive
crack to 3/8 . . .
. Abundant Micro particles in
inch deep. L . e
. ettringite cracking remaining
Fine . . - « .
. L filled micro | similar to 4- | 3/4 “section.
P8 12-3/4 ettringite .
. . cracks. 8 section. Level of
filled micro -
Level of Level of distress
cracks - . - . L
oriented _dlgtress is .d|§tress is similar t.o 8-
more similar to P6 | similar to P6 12 section.
vertical in and P7. and P7.
top section
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and sub
parallel with
depth.
Larger
cracks
oriented
sub-parallel
to surface in
lower
section.
Level of
distress is
similar to P6
and P7.

P9

7-1/2”

9 reactive
particles.
Surface
crack to 3/8
deep. Level
of distress is
similar to
P3.

18 reactive
particles in
remaining 3-
1/2”. Level
of distress is
similar to 4-
8 section in
P3.

The following schematic is a representation of the cracking and orientation observed in
these specimens.

Representation of Micro
Structural Damage
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Conclusion: Based on this analysis ASR is the primary PCD mechanism
responsible for the distressed concrete in all 9 cores. A microcrystalline chert fine
aggregates is the principle lithologic mineral associated with the reaction. Micro
structural damage from the ASR resulted in an extensive network of fine micro
cracks (see above images) observed throughout these cores. The expansive
reactions resulting in development of larger vertical surface crack seen in most of
the cores.

It is inconclusive whether DEF has played a role in the distressed concrete. Due to
the limited occurrence of true gapping (resulting from bulk expansion of the paste)
DEF does not appear to have played a significant role in the distress. Most of the
site that appear to be gapping were created as a result of ASR generated micro
cracks intersecting the aggregate and then partially wrapping around them
(fluorescent and SEM demonstrates this occurrence). Bifurcation of the intersecting
cracks can sometime make it look like gapping has occurred. It is unclear whether
the ettringite precipitation and potential imbibing of moisture could generate
enough stress to potentially widen these cracks at the paste aggregate interfaces.
Ettringite was noted as small discrete nests within the paste and in air voids. A
coating of ettringite was also noted where the rebar had dislodged (on imprint of
rebar) during the polishing process in Core P4. This indicates that either a
separation occurred (debonding) between the rebar and paste forming a gap large
enough for ettringite precipitation or possibly settlement gaps or thermal cracks had
occurred.
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