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Chapter 1. Introduction

1.1. Introduction

According to the 2017 ASCE infrastructure report card, Texas saw an improvement
in the letter grade for Bridges from B- in 2012 to B in 2017, and 81.8% of the
53,488 bridges were classified as structurally sufficient [1]. However, over this
period, microcracks have also been observed in numerous in-service pre-stressed
concrete girders across Texas at relatively early ages, e.g., within thirteen to
eighteen months of casting. These microcracks have shown a tendency to increase
in width and number as well [2], [3]. Figure 1.1 shows the typical microcracking
observed in the girders.

(a) Microcracking observed on Girders (b) Close-up of microcracked section

Source: Images by Authors

Figure 1.1: (a) Typical microcracking observed on girders and (b) close-up of cracked
section with crack ruler for scale

The pre-cast mixtures used in these pre-stressed girders exhibiting microcracking
are designed for high early strength and self-consolidation. The high early strength
and use of self-consolidating mixtures allows for reduced construction time and
quicker release of pre-stress, thereby reducing construction costs. The mixes
proportioned to have low water-cementitious material (w/cm) ratios (0.28-0.33),
finer cement particle size, high cement contents, and high percentages of chemical
admixtures (water reducers, superplasticizers and viscosity modifying agents). This
has been shown to lead to high amounts of drying and autogenous shrinkage [2],
[3]. Another factor that could lead to unwanted volumetric changes is that these
girders are also subjected to limited curing periods. The typical curing period for
the bridge superstructures, including bridge girders, is 8 days (for structures with



Type I and I1I cements) and 10 days (for structures with SCMs) [4]. Some pre-cast
elements can even get only 24 hours of curing [5].

Similar surface microcracking has been seen in pre-cast pre-stressed bridge girders
in other states across the United States as well. For example, Lane (1994) published
a study that examined early-age cracking in a bridge in Virginia. The cracking was
found to be due to plastic shrinkage and settlement [6]. Likewise, Krauss and
Rogalla (1996) presented a study conducted on a bridge in Pennsylvania
constructed with high-performance concrete. This bridge experienced early age
cracking caused by shrinkage and creep due to the use of higher paste/aggregate
volume ratios used in them [7]. Darwin et al. (2004) conducted surveys on bridges
in Kansas as part of a field observational study and found microcracking in many
high-performance concrete bridges caused due to high water content, cement
content and total cement paste volume, in addition to increased fixity of bridge
decks [8]. Subramaniam (2016) also studied early-age cracking caused by
shrinkage and thermal effects in a high-performance concrete bridge girder in New
York [9]. Ye atal. (2017) investigated the early-age cracking in a high performance
concrete bridge in New Jersey, however these cracks were attributed to thermal
stresses and live loads in a high-performance concrete bridge in New Jersey [10].

The mechanism behind the microcracks appearing in the girders of interest in this
work is not fully understood yet. The cracks initially appeared in the form of a “star-
burst” pattern, and with continued exposure to the environment, they progressed
into a map cracking pattern. The cracks appeared outside of the regular time-period
of plastic shrinkage cracks, and they did not display the telltale signs of an alkali-
silica reaction and corrosive products [2], [3]. Due to the low water-to-
cementitious-material (w/cm) ratio of these concrete girders, the influence of
autogenous shrinkage was studied and subsequently ruled out as sole driving
mechanism [3]. The cause of cracking is most likely material-related and not arising
from loading since for many of the girders, the microcracks developed in girders
that were still sitting in the pre-cast yards (i.e., before the girders were put in-
service).

While understanding the mechanism behind the microcracking would be
advantageous to help prevent the formation of these microcracks, the presence of
these cracks in themselves, especially in-service structures, is of concern, since it
is currently unknown whether these cracks have the potential to grow wider or
increase in number. Both of which, can lead to reduced service life of the bridge
girders [2], [3]. With $331.1 million dollars spent on the maintenance and
replacement of bridge girders in the state of Texas in 2018 alone [11], it is important
to know if the microcracks seen on the girders have the potential to cause loss in
strength, stiffness, and/or durability of these girders. This information can then be
used to determine if any maintenance program changes are warranted.



1.2. Goal and Objectives of the Study

The overarching goal of this research work is to develop a better understanding
about the temporal behavior of microcracks seen on precast, prestressed girders in
order to predict whether the presence of the microcracks would impact the long-
term integrity of the girders. In order to accomplish this goal, the following
research objectives were identified:

e Quantify the effect of cracking on the strength, stiffness, and durability
properties of low w/cm ratio concrete mixtures generally used in the
construction of pre-cast concrete girders

e (Generate a reasonably reliable service life model that could be used by
transportation department engineers in the field to predict the remaining
service life of these girders exhibiting microcracking with easily available
input variables such as age, material composition, observed cracking
index/density, and ultrasonic pulse velocity.

e Observe the behavior of these girders with surface microcracks under
marine exposure to determine the effect of the microcracks on chloride-
induced corrosion.

e Examine the suitability of a monitoring system based on guided ultrasonic
waves (GUWs) for detecting the initiation and growth of corrosion damage
in prestressed concrete beams.

The results from this work would then be used as the basis to determine if any
modifications should be made to maintenance program of these girders.

1.3. Key Tasks and Report Organization

To fulfill the objectives listed in Section 1.2, the study was divided into six tasks.
These tasks, as well as the chapters in this report that they are associated with, are
summarized below:

e Task 1: Field survey and specimen selection (see Chapter 2)

e Task 2: Girder examination (see Chapter 3)

e Task 3: Evaluation of extracted cores (see Chapter 4)

e Task 4: Prediction of remaining service life of girders (see Chapter 5)
e Task 5: Marine simulation testing (Chapter 6)

e Task 6: Corrosion monitoring of pre-stressing strands (see Chapter 7)



Task 7: Recommendations (see Chapter 8).

1.4. Scope of Work

This study involves the observation and collection of data from full-scale girders,
some of which are currently in service in bridges across roads and highways. Thus,
data collection and analysis were subject to the following material, logistical,
financial, and accessibility constraints:

The bridge girders are relatively young (3 to 12 years at the time of first
field visits), considering their intended service life (75 years) [12]. Thus,
the effects from long-term fatigue and impact loading effects have not yet
manifested and might be topics of concern later in the life of these girders.
Any conclusions drawn from this research are based on the three-year
monitoring period.

Due to the presence of microcracks in sections containing large amounts of
reinforcing bars and/or pre-stressing strands, it was not possible to extract
samples from those sections of the girders.

The concrete mix designs are performance-based mixes. The research team
received limited information regarding the mixture proportion, pre-stressing
strand design, specified strength, curing method, and curing temperature.

The empirical models generated are for concrete mixes with w/cm ranging
from 0.28 to 0.36, since these are the w/cm ratios of the girders examined
in this work.

The temporal effect of microcracks, with widths ranging from 6um to
100pm, observed on the girders are quantified in this study. Larger cracks
have not been included. However, the effect of both micro and macro cracks
is discussed for the lab cast concrete samples.



Chapter 2. Field Surveys and Specimen
Selection

2.1. Overview of Chapter

This chapter discusses the methodology for Task 1: Field survey and specimen
selection. Full-scale girders were selected for the study based on their geographical
location, the extent of cracking, ease of accessibility, and mixture compositions.
Some of these girders were in-service in bridges, and others were rejected/overcast
girders that were being stored at pre-cast yards. These girders in the pre-cast yards
were either rejected for unrelated aesthetic reasons or overcast (i.e., excess girders
or girders that are not needed on a project for several years). Three rounds of field
trips were performed to all girders. Non-destructive testing was conducted on all
girders and cores were collected from only the overcast girders due to safety reasons
and to avoid damaging to structural integrity of the in-service girders.

2.2. Objectives

The objective of Task 1 was to select appropriate full-scale girders to be used in the
study and to conduct field visits to collect non-destructive test data and cores from
the girders and exposure blocks exhibiting microcracking. Three types of visits
were conducted by the research team:

e Visit Type A: Field visits conducted at TxDOT approved precast yards. At
these yards, the research team evaluated cracked girders on site. Some
girders were rejected, while others were overcast and not needed on the
project for several years giving the research team enough time to perform
the inspection and sampling. The girders that were rejected were not
rejected due to the presence of surface cracking visible to the naked eye.
The girders were rejected due to the presence of one of two unrelated
aesthetic defects (e.g., end spalling or honeycombing in the bottom flange).

e Visit Type B: Field visits conducted at in-service bridge sites. At these sites,
the research team evaluated cracked girders. These cracked girders were
cast at the same time (with similar materials and proportions) as the girders
located at Visit Type A and/or Visit Type C.

e Visit Type C: Field visits conducted at TxDOT approved precast yards. At
these sites, the research team evaluated uncracked girders. The girders were
cast at the same time (and with similar materials and proportions) as those
that exhibited cracking at the precast yards examined in Visit Type A.



2.3. Materials and Methods

2.3.1. Selection of Girders

Full-scale pre-stressed concrete girders that were cast by TxDOT approved
producers at commercial precast plants were used in this project.

The girders were selected based on information provided by TxDOT engineers on
the extent of visible microcracking on the girders; in addition, the research team took
into consideration the location and accessibility of the girders when deciding on the
testing matrix. As some of the girders are currently in bridge superstructures that
span across rivers and busy highways, accessibility with minimal disruptions to the
public played an important role in the girder selection process. Additionally, the goal
was to select girders exposed to different exposure conditions and degrees of
cracking across Texas, United States. The geographical locations of the selected
girders, as well as whether they are were located in in-service bridges (i.e., Visit
Type B) or overcast/rejected beams at precast plants (i.e., Visit Type A and C) are
shown in Figure 2.1.

@ Visit Type A
« Texas Concrete Partners, Waco
* Heldenfelds Enterprise Inc, San Marcos
* Bexar Concrete Works, San Antonio
= Valley Prestress Products, Eagle Lake

— 2 beams

@ Visit Type B
Bowie —IH30 and US93
Dallas — Inwood and Hampton

@ Visit Type C
Texas Concrete Partners, Victoria

% UT Austin
Source: Images by Authors
Figure 2.1: Geographic locations of girder

The following girders were selected for the study:

e Five rejected/overcast girders (IR, 2R, 3R, and 4R) were selected for
observation. In this study rejected girders and overcast girders are
collectively referred to as overcast. Tests on these girders were conducted



at the pre-cast yard they were cast at and stored, and the girders were not
under external loads.

e Six in-service girders (61, 71, 81, 91, 101, and 111) that are currently in use
in bridge superstructures. These girders were examined in the field at the
location where they were installed. These girders had visible cracking and
were under external loads. It is unknown exactly as to when the cracks
appeared; however, these girders were found to exhibit microcracking
during routine inspections conducted by Texas Department of
Transportation engineers.

e One overcast girder (SRC) and two in-service girders (12IC and 13IC)
exhibiting negligible cracking were also selected to serve as control
specimens. Negligible cracking refers to cracking that is not easily visible
to the naked eye (see Figure 2.2b). While these girders may display
microcracks when viewed under a crack microscope, these cracks were not
easily visible to the naked eye (like those see in Figure 2.2b) and hence
these cracks are referred to as negligible cracks.

e One overcast girder (14V) with microcracks was used to validate the study.

(a) Cracked Girder (b) Negligibly-Cracked Girder

Source: Images by Authors

Figure 2.2: Typical regions on an (a) extensively cracked and (b) negligibly cracked
(control) girder



2.3.2.

Field Visit Schedule

Three rounds of field trips were conducted to each girder approximately one year
apart. Due to logistical reasons, it was not possible to collect the temporal data
precisely one year apart. In addition to the three field visits, an additional round of
visits was conducted to two girders to collect data for a validation study. Table 2.1
presents the dates and visit intervals.

Table 2.1: Field Visit Intervals and Tests Conducted

Girder | Location Visit | Date of Visit | Visit Interval | Tests Conducted
1 10/06/2016 -
R Xfolﬁg reEiglzss 2 | 06/152017 | 242
Lake ’ 3 05/17/2018 336
4 05/22/2019 370
Texas Concrete ! 07/21/2016 .
2R Company, Waco 2 06/01/2017 315
’ 3 06/06/2018 370
Bexar Concrete 1 08/18/2016 - Non-Destructive
3R Works, San 2 06/29/2017 315 Testing and Cores
Antonio 3 07/11/2018 377 Collected
1 10/06/2016 -
iR ;’folﬁgr%:gzss 2 | 06/152017 | 242
Lake ’ 3 05/17/2018 336
4 05/22/2019 370
Texas Concrete ! 06/29/2016 .
5RC Company, Victoria 2 06/08/2017 344
’ 3 06/27/2018 384
61, 81, Inwood and 1 11/07/2016 -
91, Hampton, Dallas 2 11/17/2017 365
121C ’ 3 12/12/2018 400 Non-Destructive
71, 101, 1 12/06/2016 - Testing Only
1, }l?e(z(Z?l?aEaS% ’ 2 | 11/16/2017 | 345
131C 3 12/11/2018 390
Heldenfels 1 06/29/2017 - Non-Destructive
14V Enterprise Inc., 2 07/11/2018 377 Testing and Cores
San Marcos 3 05/30/2019 323 Collected

To account for the difference in time intervals among the various field visits, as
well as the variations in the material properties arising from different ages and
compositions, the following data analysis method was used:

The average value for each parameter was calculated.

The average value for the parameter of interest versus time interval curve
was created and the linear slope of the curve was calculated.

The slope was then used to calculate the effective change in the parameter
over the one- and two-year time periods.



2.3.3. Tests Conducted

2.3.3.1. Visual Survey

A visual survey was conducted on each girder in accordance with the American
Concrete Institute’s Guide for Conducting a Visual Inspection of Concrete in
Service [13]. Photographs of the girders were taken during the site visits to compare
significant changes in cracking magnitude and pattern. Table 2.2 and Table 2.3
summarize the results of the visual surveys for the overcast and in-service girders,
respectively. Images and additional information on the girders are provided in
Appendix A.

Details about each girder's exposure conditions, visual survey dates, location, type,
mixture proportion, pre-stressing strand information, curing conditions, and other
relevant information is provided in Table 2.2 and Table 2.3. In these tables, the
extent of cracking in these girders is categorized as “extensive” or “negligible,”
with extensive cracking referring to girders exhibiting substantial surface cracking
that is visible to the naked eye and negligible cracking indicating girders with
surface cracking not easily visible to the naked eye (see Figure 2.2). Additionally,
the following data were recorded for each girder:

e Description of structure: location, type, size, and loading conditions

e Environmental condition: exposure, climatic conditions, orientation,
drainage, and soil conditions

e Distress indicators: cracking, staining, surface deposits, and leaks

e Cracking: location and frequency, type of cracking, crack map, width, and
pattern

e Materials: strand pattern, mix design, admixtures, aggregate, and
cementitious materials, strength, unit weight, and curing conditions



Table 2.2: Girder Information—Cracking, Age, Exposure (Climate, Rainfall, and Temperature)

Girder IR 2R 3R 4R 5RC 61, 81, 91, 12IC 71, 101, 111, 131C 14V
Girder Information Overcast Overcast Overcast Girder Overcast Overcast Control | In-Service Girders | In-Service Girders Overcast
Girder Girder Girder Girder 6 - Exterior 7 - Exterior Validation
8 and 9 - Interior 10 and 11 - Interior | Girder
12 - Control 13 - Control
Extent of Cracking Extensive Extensive Extensive Extensive Negligible 6,8and9 - 7,10 and 11 - Extensive
Extensive Extensive
12 - Negligible 13 - Negligible
Age 9.6 years 7 years 5.51 years 7 years 12.2 years 11.5 years 10.8 years 3.5 years
Years in Service - - - - - 8 years 7.8 years -
Reason for Rejection N/A End Honeycombing End Honeycombing - - N/A
Spalling in the bottom | Spalling in the bottom
flange flange
Climate as Climate at Storage Yard Semi-Arid | Humid Humid Humid Humid Arid Arid Arid
per.NC.EI Climate at In-Service - - - - - Humid Sub- Semi-Arid -
Guidelines Losien Tropical
[14]
Rainfall Average Annual Rainfall at 924 mm 836 mm 1115 mm 1115 mm | 1047 mm 924 mm 924 mm 908 mm
from NCEI | Storage Yard (36.381in.) | (32.91in.) | (43.891in.) (43.891in.) | (41.22in.) (36.38 in.) (36.38 in.) (35.75in.)
climate data Average Annual Rainfall at - - - - - 1041 mm 1320 mm -
[14] In-Service Location (40.97 in.) (51.98 in.)
Total Rainfall from Casting 6722 mm 4615 mm 10541 mm 6006 mm 13296 mm 8313 mm 9732 mm 4243 mm
to Visit 1 (264 in.) (181 in.) (4151n.) (236 1in.) (523 in.) (327 1in.) (383 1in.) (167 in.)
Number of Rain Days from 312 338 686 413 423 438 391 304
Casting to Visit 1
Temperature | Temperature on Construction | 38-31 C 25-5C 28-11C 20-11C 25-13C 25-17C 19-8 C 19-(-4) C
from NCEI Day (101-88 F) | (77-42 F) (69-52 F) (69-52 F) (78-57 F) (77-62 F) (66-46 F) (67-25F)
climate data Temperature during 37-32C 32-5C 32-25C 32-22C 37-32C 25-12C 23-9C 25-16 C
[14] Construction Week (103-90 F) | (80-42 F) (83-77F) (83-71 F) (81-73 F) (77-53 F) (73-49 F) (77-61 F)
Temperature during Field 32-31C 32-23C 35-25C 32-22C 37-22C 30-13C 12-7C 33-27C
Visit 1 (100-88 F) | (91-74 F) (90-72 F) (83-71 F) (99-81 F) (86-55 F) (54-44 F) (92-81 F)
Temperature during Field 32-27C 32-27C 34-25C 35-25C 34-33C 28-21C 17-13 C 35-22C
Visit 2 (89-90 F) (89-80 F) (95-77F) (95-77F) (93-91 F) (82-69 F) (63-55F) (96-72 F)
Temperature during Field 37-32C 37-32C 31-21C 34-21C 32-31C 18-9C 16-(-2) C 30-21C
Visit 3 (99-89 F) (99-89 F) (94-70 F) (94-70 F) (90-88 F) (64-48 F) (60-29 F) (86-71 F)
Temperature during 30-22C - - 30-22C - - - -
Validation Field Visit 4 (86-71 F) (86-71 F)
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Table 2.3: Girder Information—Mix Proportions, Dimensions, Strength, Curing, and Pre-stressing

Girder IR 2R 3R 4R SRC 61, 81, 91, 71, 101, 111, 14V
121C 131C
Mix w/cm ratio 0.28 0.30 0.28 0.30 0.28 0.36 0.36 0.31
Proportions Coarse River Gravel River Gravel Limestone River Gravel River Gravel River Gravel River Gravel River Gravel
Aggregate
Fine Aggregate River Sand River Sand River Sand River Sand River Sand River Sand River Sand Dolomitic
Limestone
Cementitious Type Il Cement | Type III Type 111 Type III Cement Type 111 Type 111 Type 111 Type 111
Materials® + Class F Fly Cement + Cement + + Class F Fly Cement + Cement Cement Cement +
Ash Class F Fly Class F Fly Ash Class F Fly Class F Fly
Ash Ash Ash Ash
High Range 391 ml/100 kg 342 ml/100 kg | 391 ml/100 342 ml/100 kg of | 651 ml/100 kg | 587 ml/100 652 ml/100 kg | 325 ml/100 kg
Water Reducer” of cement of cement kg of cement cement of cement kg of cement of cement of cement
(6 fl. 0z./100 (5.3 11. 0z./100 | (6 fl. 0z./100 (5.3 1. 0z./100 (10 fl. 0z./100 (9 1l. 0z./100 (10 fl. 0z./100 (5 fl. 0z./100
cwt) cwt) cwt) cwt) cwt) cwt) cwt) cwt)
Water Reducer 163 ml/100 kg 82 ml/100 kg 196 ml/100 98 ml/100 kg of 196 ml/100 kg | 163 ml/100 163 ml/100 kg | 65 ml/100 kg
and Retarder® of cement of cement kg of cement cement of cement kg of cement of cement of cement
(2.5 fl. 0z./100 (1.3 fl. 0z./100 | (3 fl. 0z./100 (1.5 fl. 0z./100 (3 fl. 0z./100 2.511. (2.511. 0z./100 | (1 fl. 0z./100
cwt) cwt) cwt) cwt) cwt) 0z./100 cwt) cwt) cwt)
Dimensions Girder Type ¢ Type IV Tx70 Type IV Type IV Tx54 Type IV Type IV Tx54
Length 30 m (100°) 53 m (175%) 30 m (100°) 33m(116°) 33m (115) - - 23 m (75’)
Strength 7-day Strength 72.8 MPa 67.3 MPa 69.7 MPa 67.3 MPa (9760 55.84 MPa 58.6 MPa 64.12 MPa 67.6 MPa
(10560 psi) (9765 psi) (10110 psi) psi) (8100 psi) (8500 psi) (9300 psi) (9800 psi)
Curing Method Wet Mat Q-Box Wet Mat Wet Mat Wet Mat Steam Wet-Mat Wet Mat
Temperature 31.1-56.7C N/A 23.1-59.4C 23.5-59.4C 33.9-66.1 C 18.8-35.5C N/A 32-14C
(88-134 F) (79-139 F) (74-139 F) (92-151 F) (66-96 F) (90.2-57.5 F)
Pre-stressing | Number of 30 40 44 40 52 38 42 28
Straight Strands®
Number of 12 10 12 10 12 8 14 8
Deflected
Strands®
Age at Pre-Stress | 14 hours N/A 16 hours 13 hours 14 hours 14 hours 15.5 hours 16 hours

Release

a - ASTM C494-2017 [15]

b - ASTM C150-2017 and ASTM C618-2017 [16], [17]

¢ - TxDOT Bridge Design Manual (2018) [18]
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2.3.3.2. Non-Destructive Testing

Non-destructive tests were conducted on all girders on the field. Table 2.4 summarizes the non-
destructive tests were conducted on the girders. Six locations on each overcast girder and 4
locations on each in-service girder were monitored. The test procedures and the results obtained
from the study are presented in Chapter 3.

Table 2.4: Non-Destructive Tests Conducted on Girders

Number of Samples Tested

Test Source for Test Method Visit 1 | Visit 2 | Visit 3
Microcracking | oy A H1F_09-004 Report [19]
Evaluation . .
Strain FFW A-HIF-09-004 Report [19] 6.overcast girders — 6 grids on each

- girder
8?{(?531;“’ Pulse |\ sTM €597 [20] 8 in-service girders — 4 grids on each
Surface AASHTO T358 — Modified for Cylinders girder
Resistivity [21]

2.3.3.3. Collection of Cores

Concrete cores were collected from the web of the overcast girders from sections exhibiting
microcracking (see Figure 2.3). Care was taken to avoid reinforcing bars and pre-stressing
strands during coring. Thus, it was not always possible to extract specimens from areas
exhibiting highest cracking densities (end sections), as the concentration of reinforcing bars
and pre-stressing strands was highest there (see Figure 2.3 b and c¢). Samples were extracted
and stored in accordance with ASTM C823-2016 Standard Practice for Examination and
Sampling of Hardened Concrete in Constructions [22].

Figure 2.4 shows the extraction of cores from a girder. During the first visit, 15 cores were
extracted from each girder. The number of cores that could be extracted from the girders was
limited by the presence of vertical reinforcing bars spread across the length of the girder and
the depressed pre-stressing strand; thus, 7 cores were extracted from each girder from the
second and third field visits (see Figure 2.3 b and c). A total of 29 cores were extracted from
each girder. Details about the laboratory testing conducted on the extracted samples and the
results obtained from these tests are presented in Chapter 4.

2.3.4. Monitoring Period

The girders selected were monitored for a period of 588 to 750 days by the research team,
which equates to the girders were between 1275 and 5000 days (3.5 and 12.2 years) old at the
beginning of the test period.
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Figure 2.3: (a) Cross-section and (b) longitudinal section showing pre-stressing strands, and (c)
vertical reinforcing bars showing (d) sections of a typical overcast girder from where cores can be
extracted

(a) Cores Extracted from Flange of Girder (b) Enlarged Section (c) Typical Core Collected

Source: Images by Authors

Figure 2.4: (a) Extraction of cores from girders, (b) enlarged section of flange, and (c) typical core
collected

2.4. Conclusions

Fourteen different girders displaying different degree of microcracking was selected for the
research study. The girders were located across different regions of Texas and range in age
from approximately 3.5 to 14 years age. Over the course of two years, non-destructive testing
and cores were extracted from the girders. The data obtained from the non-destructive tests is
discussed in Chapter 3, whereas the data obtained from conducting laboratory tests on the cores
is discussed in Chapter 4.
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Chapter 3. In-situ Examination via Non-Destructive
Methods

3.1. Overview of Chapter

This chapter discusses the methodology and results for Task 2: In-situ examination via non-
destructive methods. Non-destructive testing was conducted on the girders selected in Chapter
2 to monitor changes in the strength and durability. Over a two-year period, microcrack width,
microcrack index, strain, ultrasonic pulse velocity, and surface resistivity of the girders were
monitored. The relative change of these properties over time was used to gain insight into the
microcracking behavior and potential loss in durability from these cracks. External loading,
environmental exposure, and pre-existing cracks are common factors that can influence
microcracking growth in concrete girders. The impact of these factors on microcracking
behavior in full-scale precast concrete girders was also considered.

3.2. Objectives

The primary objective of the research conducted during this phase of the project was to
investigate the rate of growth of the microcracks present on the girders and assess their potential
impact on durability. A secondary objective was to determine the major factors that contribute
to the growth of microcracking and to determine whether barrier coatings applied to the girders
were sufficient to inhibit these microcracks.

3.3. Background

Concerns about loss in service life were raised when unexplained microcracks were found in
several in-service, pre-stressed concrete bridge girders at relatively early ages, i.e., within
thirteen to eighteen months of casting. Pre-stressed bridges are typically designed for a service
life of fifty years [23]. In order to maximize the useful life of a bridge, maintenance and
inspection are integral. It is expected that the service life of a well-maintained bridge can be
extended to seventy-five years [23]. Due to the critical nature of bridge girders to the structural
integrity of bridges, it is important to determine how cracks evolve over time and whether they
may be a cause of concern. While it is preferable to collect and analyze data over the entire life
cycle of these girders, studies conducted on in-service structures are often constrained due to
resources (e.g. time, funding, and personnel). In addition, testing can be limited by availability
and accessibility to the girders since critical sections may be difficult to reach without
disrupting traffic flow. Due to these constraints, periodic measurements over a short period of
time (e.g. 1 year) have been successfully used to provide insight into the present condition of
in-service girders. For example, Cao et al. (2018) conducted a study over a 470-day period to
determine the long-term deflection in cracked pre-stressed concrete box beams; Kim (2009)
conducted a study on the loss of pre-stress in concrete box girders that lasted 750 days [24],
[25].

Cracks, regardless of their formation mechanism, increase the ingress of deleterious material
into concrete, and in turn, can accelerate the deterioration process of concrete structures. Otieno
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et al. (2010) tested the influence of crack reopening on corrosion resistance. The results
indicated that concrete samples with reopened cracks had higher corrosion rates when
compared to the uncracked samples. The study was conducted on reinforced concrete
laboratory specimens with macrocracks with widths of 400 and 700 pm and w/cm ratios of
0.40 and 0.55 [26]. Kwon et al. (2009) studied the effects of early-aged cracks due to heat of
hydration and drying shrinkage in an in-service concrete wharf structure. They showed that
increasing crack width led to higher diffusion coefficients. They studied the effect of a single
crack, with crack widths ranging from 100 to 300 um [27]. Wang et al. (2018) showed that
laboratory samples with flexural cracks (widths ranging from 100 to 300 um) had the highest
carbonation, followed by samples with drying shrinkage cracks (widths ranging from 40 to 180
um, while uncracked samples had the lowest carbonation [28]. Cao et al. (2013) showed that
longitudinal cracks could provide a preferential path to oxygen, a crucial factor influencing
corrosion propagation. They also showed that crack widening that was induced by corrosion
products led to an acceleration in degradation [29].

Structures under sustained and/or cyclic loading show higher rates of deterioration than
unloaded structures. Yu et al. (2015) showed that the loading of concrete played a major role
in the development of chloride-induced corrosion, i.e., beams under sustained loading had
higher diffusion than unloaded beams. The study was conducted on reinforced concrete
laboratory specimens, some of which were subjected to a salt fog room immediately after
casting and others after aging for 29 years [30]. Malumbela et al. (2010) showed that a higher
rate of widening of cracks led to an increased loss of steel when reinforced laboratory
specimens were subjected to loads. The rate of widening of corrosion cracks, as well as strain
on uncracked faces of reinforced concrete laboratory specimens, beams, were monitored [31].

A surface crack may grow in depth and size when subjected to alternate wet and dry states and
may ultimately develop into a complete structural crack. Bao and Wang (2017) conducted work
on specimens with a 0.2 mm wide crack that was subjected to sustained compressive loading
while also being exposed to water. They showed that higher rates of chloride penetration
occurred in the samples that were exposed to water and under compressive loading when
compared to unexposed loaded samples. This showed that external loading when coupled with
exposure to environment could cause a loss in durability [32].

The effects of microcracks on durability have also been examined by researchers, albeit to a
lesser extent. Konin et al. (1998) showed that uncracked high strength concrete (80 and 100
MPa) had lower chloride penetration than uncracked normal strength concrete (45 Mpa).
However, with significant microcracking, even the high strength concretes had increased
chloride penetration [33]. Corina-Maria Aldea et al. (1999) studied the effect of cracks ranging
between 50 to 400 um on high strength concrete mixtures (79 MPa) and showed that the effect
of a single crack smaller than 200 pm did not adversely affect the permeability [34]. However,
studies conducted by Wang et al. (2016) and Poursaee and Hansson (2008) showed that even
cracks as small as 100 pm had a detrimental effect on permeability in concretes with w/cm
ratios 0 0.43 and 0.35 [35], [36]. Yoon and Schalangen (2014) calculated an even lower critical
crack width of 13 um for chloride diffusion by the rapid chloride penetration test. However,
they also found that cracks under 40 pm width exhibited self-healing tendencies in the long
term in concretes with w/cm ratios of 0.50 [37]. Alahmad et al. (2009) showed that carbon
dioxide would penetrate through cracks with widths as small as 10 pm in mortars with w/cm
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ratios of 0.48 [38]. Wang et al. (2018) showed that microcracks (40 to 180 um) caused by
drying shrinkage decreased carbonation resistance in reinforced concrete beam samples with
w/cm ratios ranging from 0.40 to 0.55 [28].

The American Concrete Institute Building Code [39] defines structural cracks as cracks wider
than 300 pm. However, it does not offer a clear definition of microcracks. Thus, various
definitions for crack width ranges for microcracks have been adopted. According to the
American Concrete Institute Committee 224R-01 [40] report on Control of Cracking in
Concrete Structures, the term microcracking is simply used to refer to cracks that form at
boundaries of coarse-aggregate (bond cracks) and propagate through the surrounding mortar
(mortar cracks). Other researchers have defined microcracks as cracks with crack widths
smaller than 50 um [41], [42]. The RILEM Committee on Microcracking and Lifetime
Performance of Concrete [43] suggested the use of the term microcracks for cracks with crack
widths less than 10 um. Slate (1983) defined an upper crack width limit of 100 pm and stated
that the lower limit would be the smallest crack-like discontinuity that can be detected,
approximately 6 um [44]. For this study microcracks were defined as cracks with widths
ranging from 6 to 100 um.

The effects of macrocracks on durability properties of concrete have been studied extensively
by the aforementioned researchers and others. However, the behavior of microcracks,
particularly non-ASR related microcracks, present on in-service pre-cast concrete girders with
low w/cm, have not been studied as much. In addition, a clear consensus on a critical
microcrack width does not exist, and the range of the critical crack width has been stated to be
as low as 13 um [37] and as high as 200 pm [34], thus, it is important to monitor the growth of
the microcracks appearing in in-service structures and determine their potential to cause loss
in durability.

3.4. Materials and Methods

Full-scale pre-stressed concrete girders that were constructed at commercial precast plants were
used in this project. The girder selection process and tests conducted are described in Chapter
2, Section 2.3. Additional information about the girders is provided in Appendix A. This
section describes the non-destructive tests conducted and the data analysis procedures.

3.4.1. Specimen Nomenclature

Fourteen girders were included in this study:

e R: The overcast girders with visible microcracking. Four girders of this type were
evaluated (1R, 2R, 3R, and 4R).

e RC: The overcast control girder with negligible visible microcracking. One girder of
this type was evaluated (5RC).

e [: The in-service girders with visible microcracking. Six girders of this type were
evaluated (61, 71, 81, 91, 101, and 111).
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e [C: The in-service control girders with negligible visible microcracking. Two girders
of this type were evaluated (12IC and 13IC).

e V — Overcast Girder with visible microcracking used to validate the study. One girder
of this type was evaluated (14V).

3.4.2. Selection of Testing Locations on Girders

3.4.2.1. Overcast Girders

At the time of the first field visit, the youngest overcast girder was 3.5 years old while the
oldest overcast girder was 12.2 years old. Upon arriving at the pre-cast yards, the girders were
found to be stored in a manner with one face was exposed to the ambient environment (see
Figure 3.1a), while the other face was relatively protected from the elements by neighboring
elements (see Figure 3.1b). The personnel at the pre-cast yards were requested to maintain this
exposure condition for all girders selected for monitoring. As such, the face exposed to the
environment is referred to as “Exposed” and the other face as “Sheltered” in this work. The
ends of the girders had pre-stressing release cracks (see Figure 3.2a and Figure 3.2b); pre-
stressing release cracks are typically found in the end regions of precast beams (see Figure 3.2¢
for image showing the end and middle sections) due to the highly localized force applied to the
girder during the release of the pretensioned forces [45].

(a)View from Right Side (b) View from Left Side

Source: Images by Authors
Figure 3.1: Typical overcast girder showing (a) exposed face and (b) sheltered face
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(a) Pre-stressing

Release Cracks

(b) Typical Rejetedloﬁercést .
Girder

(c) Test Locations on Rejected/Overcast Girder

Source: Images by Authors

Figure 3.2: (a) Pre-stressing release cracks in a (b) typical overcast girder and (c) pictorial
representation of end and middle sections of girders

3.4.2.2. In-Service Girders

These girders are currently being used in the superstructure of in-service bridges. Thus, these
girders are under dead loads as well as live “external" loads. According to Chapter 2 of the
TxDOT Bridge Design Guide (2018) [46], the girders were designed based on the Federal
Highway Administration's Load and Resistance Factor Design (LRFD) for Highway Bridge
Superstructures for the theoretical HL-93 type vehicular loading [47].

Some of the in-service girders examined in this project were exterior girders (see Figure 3.3a)
and were exposed to the elements more readily than the interior girders (see Figure 3.3b). It
was found that the face of the girder exposed to the environment was painted, which can be
readily seen in Figure 3.3a (notice the lighter color of the exterior girder as compared to the
interior girder in Figure 3.3a). This paint is an opaque sealer, i.e., a solvent-borne stain-type
coating capable of waterproofing as well as coloring finished concrete. The paint consists of a
blend of acrylic and silicone resins and toning pigments suspended in solution at all times by a
chemical suspension agent and solvent. The paint conformed to the Texas Department of
Transportation Specification DSM8110 [48]. The paint coating on the exterior girders was
provided with the intention of protecting the girders from the effects of weathering and for
aesthetic reasons.

Measurements taken on the exposed face of the exterior girders (i.e., the face on the exterior
side of the girder) are referred to as “Exposed” whereas the measurements that were taken on
interior girders and the unexposed face of the exterior girders are referred to as “Sheltered”
(see Figure 3.4b). Additionally, each girder can be considered to be comprised of "End" and
"Middle" sections (see Figure 3.4b). Like the overcast girders, the ends of the in-service girders
also have pre-stressing release cracks.
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Interior Girder

(a) Typical In-Service Girder

(b) Test Locations on In-Service Girder

Source: Images by Authors

Figure 3.3: (a) Typical in-service girder showing exterior and interior girders and (b) pictorial
representation of end and middle sections of girder

——— R oG]

Sheltered

ol

(a) View from Left Side (b) View from Right Side

Source: Images by Authors
Figure 3.4 In-service girder showing (a) exposed face and (b) sheltered face

3.4.3. Experimental Methods

Cracking, strain, ultrasonic pulse velocity, and surface resistivity tests were conducted on all
the girders during each field visit. The temporal behavior of cracking and durability was
determined using the data collected. The test methods used are described in this section.
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3.4.3.1. Crack Indexing and Strain Measurement

Cracking in concrete elements is often related to the overall amount of expansion or shrinkage
experienced by the affected concrete member [49]. Crack width measurements are typically
used to quantify cracking severity [26], [27], [30], [31]; however, measuring only crack width
may not provide a complete picture on the extent of cracking. The FHWA HIF-09004 report
on ASR mitigation suggests a comprehensive method for evaluating the extent of cracking and
volumetric change in concrete members by calculating the cracking index of the region of
interest, determining the average crack of the cracks, and measuring strain [19].

Six locations on each overcast girder were selected. Due to limited accessibility to the in-
service girders (e.g., accessing the middle of a beam is difficult when it is on a high overpass),
four locations on each in-service girder were selected for evaluation. The 200 x 200 mm (8 x
8 in.) cracking index grids were set up at each test location on the girders. Figure 2.2 shows a
typical crack grid on a girder. The cracking index and average crack width were calculated
according to the method detailed in the FHWA HIF-09004 report [19], and is briefly
summarized in this report. Specifically, the cracking index and average crack width were
determined by counting the number of cracks and their respective crack widths along a
perimeter square (the cracking index grid) with an illuminated Elcometer 900 ™ 50x crack
microscope. Cracking index (1) is calculated as the summation of crack widths (7) divided by
the base length (B) on the concrete surface (see Equation 3.1).

[ = W
B Equation 3.1

Average crack width (ACW) is calculated as the summation of all crack widths (W) divided by
the total number of cracks (#) (see Equation 3.2).

W
ACW = —

# Equation 3.2

Figure 3.5 shows a schematic of a typical crack grid and the calculation method for the average
crack width and cracking index.
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Source: Image by Authors
Figure 3.5: Sample calculations and possible crack grid scenarios

Strain measurements were facilitated by attaching DEMEC discs to the surface of the girders
at the corners of each cracking index grid with a two-part cementing epoxy, and strain
measurements were made using a Humboldt Multi-Length Strain Gauge ™ set at 200 mm (8
in.) gauge length, in accordance with the FHWA HIF-09004 report [19]. The images in the
squares in Figure 2.2 shows typical regions on an extensively cracked girder (see Figure 2.2a)
and negligibly cracked control girder (see Figure 2.2b) as visible to the naked eye. The images
shown in the circled call-out in Figure 2.2 show these girder surfaces at 50x magnification.

3.4.3.2. Ultrasonic Pulse Velocity

The in-situ condition of concrete is best determined by sampling cores and laboratory testing.
However, coring is not always feasible due to safety and logistical reasons, as in this case. In
such cases, UPV can be used as an indirect indicator of in-situ concrete quality. As per ASTM
C597, Standard Test Method for Pulse Velocity Through Concrete [20], the pulse velocity of
longitudinal stress waves in a concrete mass is related to the concrete's elastic properties and
density. Studies have shown that UPV can be used as an indicator of modulus of elasticity and
compressive strength of concrete. Researchers have showed that good correlations between
UPYV and elastic modulus and compressive strength [50], [S1]. Researchers have also shown
that UPV can also be used to accurately estimate in-field conditions of concrete structures by
comparing UPV values measured in-situ and from extracted samples [52], [53].

The UPV test method can also be used to assess the uniformity and relative quality of concrete,
indicate the presence of voids and cracks, identify changes in the properties of concrete and
estimate the severity of deterioration or cracking. Higher pulse velocity in concrete indicates
better homogeneity, i.e., higher quality concrete will have shorter wave travel time and
subsequently higher velocity. The test can also be used to monitor changes in condition over
time when the tests are repeated at the same locations [20]. UPV measurements were taken at
the center of each cracking index grid, in accordance with ASTM C597, Standard Test Method
for Pulse Velocity Through Concrete [20] with a C N S Farnell PUNDIT7 ™ portable
ultrasonic pulse velocity meter.
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3.4.3.3. Surface Resistivity

Electrical resistivity, an indicator of a material's ability to withstand the transfer of charge,
represents the ratio between the applied voltage and resulting current multiplied by a cell
constant. Higher resistivity values are associated with higher corrosion resistance [54]. Using
surface resistivity measurements as an absolute value might not yield satisfactory results, due
to the high scatter observed in correlation data between corrosion rate and resistivity[55].
However, the test can be used effectively to monitor changes in condition over time when test
locations are marked on the element and tests are repeated at the same locations[56]. Studies
have shown that surface resistivity has good correlations with both bulk resistivity and rapid
chloride penetration test values [57], [58]. Surface resistivity has also successfully been used
as an indicator of concrete durability for in-situ concrete members [59]-[62].

Surface resistivity was measured according to AASHTO TP358—Standard Method of Test for
Surface Resistivity Indication of Concrete’s Ability to Resist Chloride lon Penetration [21]
with a Reispod Proceq™ Wenner probe. While the standard is prescribed for use on cylinders
and cores, the method was modified in accordance with the method suggested by Gowers and
Millard (2009) for the surface of the girders. Prior to each measurement, one liter of water was
sprayed on the girder to saturate the surface [56].

3.5. Results and Discussions

In this study, pulse velocity is used as an indicator of the extent of deterioration in elastic
properties and density of concrete, while the surface resistivity is used as an indicator of
corrosion potential. The overall extent of cracking in the girder is characterized through the
analysis of changes in cracking index, average crack width, and the strain. A decrease in pulse
velocity and surface resistivity and an increase in cracking index, average crack width, and
strain are indicative of lowering in overall quality of concrete. This section reports the temporal
changes in cracking index, average crack width, strain measurements, surface resistivity, and
ultrasonic pulse velocity of the test girders.

All figures in this section show the change in these parameters over the one and two-year
monitoring period with the black bars indicating the change over one year and the grey bars
indicating the cumulative change over two years (as seen in Figure 3.6a). In addition, values
that are too small to be shown clearly on the main graphs have been magnified and shown in
the insets (as seen in Figure 3.6b).
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Figure 3.6: Magnitude and percentage change in cracking index over the one- and two-year
monitoring period

3.5.1. Effect of External Loading

All girders show an overall increase in the cracking index (see Figure 3.6) over the two-year
test period, as well as a change in the average crack width (see Figure 3.7). An increase in
cracking index (see Figure 3.6) is seen in both the overcast and in-service control girders during
the monitoring period. The overcast girders show a larger increase in the cracking index than
the in-service girders (Note: For ease of viewing, different scales were used in Figure 3.6a and
Figure 3.6b. In Figure 3.6a, the y-axis ranges from 0 to 6 pm/m; whereas in Figure 3.6b, it
ranges from 0 to 1 pm/m). Like the trend exhibited by the cracked girders, the overcast control
girder has a higher increase in cracking index than the in-service control girders. The negligibly
cracked control girders have a lower magnitude of change when compared to their cracked
counterparts (compare Overcast with Overcast Control in Figure 3.6a, and In-service with In-
service Control in Figure 3.6b). As seen in Figure 3.6c and Figure 3.6d, the percentage change
in cracking index shows that both overcast and in-service girders have a similar rate of increase
in cracking, even though the magnitude of change is different.
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Figure 3.7: Magnitude and percentage change in average crack width in over the one- and two-year
monitoring period

Figure 3.7 shows the change in average crack width values for the overcast and in-service
girders. Comparing the relative change in average crack width and cracking index of girders
provides insight into the formation of new cracks and the widening of existing cracks. Crack
widening is observed in girders that show an increase in average crack width and cracking
index. For example, Girders 3R and 8I show an increase in both average crack width (see Figure
3.8a) and cracking index (see Figure 3.8b). Analysis of the crack distribution curves provides
more insight into the nature of crack growth. Girder 3R shows an increase in both the formation
of new cracks and the widening of existing cracks (see Figure 3.8). The large increase in the
number of cracks measured in the smallest crack width measured (i.e., 6 um) proves that new
cracks were formed. However, since there was a considerable increase in the number of cracks
measured in the other width ranges as well, this shows that widening of the existing cracks also
occurred. Whereas for Girder 8I, the crack growth pattern is more attributed to crack widening
than the formation of new cracks, since there were fewer cracks forming in the 6 um range and
a moderate increase in the number of cracks in the other width ranges (see Figure 3.8d).

However, most girders exhibited a decrease in the average crack width (see Figure 3.7). This
can lead to the erroneous conclusion that the microcracks were healing themselves, which is
not the case, as indicated by the positive increase in the cracking index values (see Figure 3.6).
Thus, negative values for average crack width coupled with positive cracking index values
mean that the cracking behavior during the time frame of interest was dominated by the
formation of thin cracks rather than by the widening of existing cracks. For example, Figure
3.8e and Figure 3.8f show crack width distributions for Girders 61 and 71, both of which show
negative values for average crack width and positive cracking index values. It can be seen that
for both these girders the number of cracks measured in the 6 to 12.5 pum range increased,
which means that new cracks were detected. However, since the number of cracks measured
in the moderate and larger width ranges remained relatively unchanged, this indicates that
overall the cracks in these size ranges are not widening. Thus, by using both average crack
width and cracking index as measures of cracking, deeper insight is obtained about the growth
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pattern of the microcracks. Crack width distributions for all girders is provided in Appendix A.
In this work, three different crack growth patterns were observed during the monitoring period.
Figure 3.5a depicts the calculation of average crack width (ACW) and cracking index (I). A
schematic of a crack grid at age "X" years (see Figure 3.5b) and the temporal changes observed
in the crack grid at “X-+N” years is provided in Figure 3.5c. The three crack growth patterns
observed in this work are summarized below:

e Figure 3.5¢ (i) - An increase in cracking index (I) and a decrease in average crack width
(ACW) due to the formation of new cracks, as seen in the case of Girders 61 and 71.

e Figure 3.5¢ (i1) - An increase in both cracking index (I) and average crack width (ACW)
due to the widening of existing cracks, as seen in the case of Girder 8I.

e Figure 3.5c (iii) - An increase in both cracking index (I) and average crack width
(ACW) due to the widening of existing cracks and formation of new cracks as seen in

the case of girder 3R.
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Figure 3.8: Crack width distributions

Figure 3.9a and Figure 3.9b show the strain values of the overcast and in-service girders. The
strain values had standard deviations ranging between 0.00004 and 0.00006. The negative
values indicate volumetric shrinkage. The expected theoretical strain value generated by the
ACI Committee 209 model for prediction of creep, shrinkage, and temperature effects on
concrete structures for a typical girder was calculated [63]. Strain values of 0.0003, 0.00034,
and 0.0004 were calculated for typical Type IV, Tx7, and Tx54 girders [64], respectively, for
a two-year period. It can be seen that all the girders, with the exception of 111, 12IC and 13IC,
have exhibited higher strain values than the predicted value. The strain values of the girders
show a trend similar to the increase in cracking index with overcast girders having the highest
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strain followed by the overcast control, in-service, and in-service control girders (i.e.

R>RC>I>IC).
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Figure 3.9: Strain over the one- and two-year monitoring period

Since the in-service girders are under the influence of external loads, they were expected to
display a higher increase in microcracking and losses in durability than the overcast girders,
which are not under the influence of external loads. However, the overcast cracked girders had
greater reductions in pulse velocity measurements (see Figure 3.10) and surface resistivity
measurements (see Figure 3.11) than the in-service cracked girders. This correlates well to the
changes seen in the cracking index and strain values since the overcast girders have a larger
change in cracking index (see Figure 3.6), average crack width (see Figure 3.7) and strain (see
Figure 3.9) than the in-service girders. However, the magnitude of change in pulse velocity and
surface resistivity is small enough that durability concerns due to this reduction are not
warranted for this present state. All the concretes had an ultrasonic pulse velocity and surface
resistivity values greater than 5000 m/s and 425 kQcm, respectively. A concrete ultrasonic
pulse velocity of greater than 4575 m/s is classified as "Excellent" and surface resistivity higher
than 35 kQcm is classified as having very low corrosion potential [65], [66].

The aforementioned results show that the impact of external loading on the growth of
microcracks in the girders is minimal (see Figure 3.6, Figure 3.7, Figure 3.9, Figure 3.10, and
Figure 3.11). To better understand the factors affecting the microcracking growth, additional
data analysis was conducted to examine the role of exposure conditions (see Figure 3.1 and
Figure 3.3) and the presence of pre-existing cracks (see Figure 3.2 and Figure 3.4). In addition,
the effect of pre-stressing direction on strain values could also be taken into account as the
girders are pre-stressed in the longitudinal direction and this can have a restraining effect on
the volumetric changes.
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Figure 3.11: Magnitude and percentage change in surface resistivity in over the one- and two-year
monitoring period

3.5.2. Effect of Exposure to the Environment

The effect of exposure conditions was analyzed to understand the factors affecting
microcracking behavior. The change in cracking index, average crack width, strain, and
resistivity are discussed. The change in pulse velocity is not included as it is an indicator of
bulk concrete properties rather than surface properties and hence, a comparison based on
exposure conditions, that would affect just one face, would not accurately be indicated by the
variation in pulse velocity.
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Figure 3.12 shows the change in cracking index for all girders based on the exposure
conditions. The exposed faces of the overcast girders have a greater increase in cracking index
than the sheltered faces (see Figure 3.1a). However, this behavior is not observed in the exposed
faces of the in-service girders (see Figure 3.4b). In-service Girders 61 and 71 are exterior
girders, each with one face exposed and one face sheltered, as seen in Figure 3.3. The sheltered
faces of these girders display a greater change in cracking index than the exposed face of the
in-service girders. This can be attributed to the paint on the exterior face of the girder (Figure
3.4a). The remaining in-service girders (8I-111, 12IC, and 131C) do not have exposed surfaces
as they are interior girders. Figure 3.13 shows the impact of exposure conditions on the change
in average crack widths for all girders. Overall, like the change in cracking index, the change
in average crack width is greater for the exposed faces than the sheltered faces in the cracked
overcast girders (see Figure 3.13a). The paint has the same effect on the average crack width
as it does on cracking index (i.e., greater change in crack width on exposed face than the

sheltered face), as seen in Figure 3.13b.
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Figure 3.12: Effect of exposure conditions on change in cracking index over the one- and two-year
monitoring period
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Figure 3.14 shows the change in surface resistivity for all girders. The exposed faces of the
girders show a greater reduction in surface resistivity than the sheltered faces in all cracked
overcast girders. This suggests that the deterioration is higher in the exposed faces than the
sheltered faces. In the case of the exterior in-service girders (61 and 71), the surface resistivity
of the exposed faces is higher than both the sheltered faces of the exterior girders as well as the
interior in-service girders in the bridges. This indicates that the exterior faces of the in-service
girders have higher deterioration than both the sheltered faces of the exterior girders and the
interior girders. This contrasts with the change in cracking index and average crack width
results (see Figure 3.12b and Figure 3.13b). The surface resistivity results indicate that painting
the exposed face of the exterior girder does not necessarily prevent loss in corrosion resistance.
Change in cracking values for the exterior faces of the in-service girders (see Figure 3.12b and
Figure 3.13b) suggest that there is a lower rate of loss in durability on the exposed, exterior
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faces than the sheltered face. However, the decreasing surface resistivity values for the exposed
faces indicate a higher rate of loss in corrosion resistance on the exposed faces than the
sheltered faces. As such, the paint appears to only prevent cracks from being observed but does
not prevent the formation of cracks. If the paint truly played a significant role in decreased
cracking, this would have manifested in the form of a lower decrease in the surface resistivity
on the exposed faces of the in-service exterior girders as well.
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Figure 3.15 shows the strain for all girders. The strain values are greater for the exposed faces
than the sheltered faces in all the cracked overcast girders. A higher strain is also observed in
the exterior faces of in-service girders (61 and 7I) when compared to the strain in the sheltered
faces and the interior in-service girders. This shows that there indeed is strain in the exterior
girders, further supporting the theory that the paint merely prevents the cracks from being
observed and not the formation of cracks. The overcast control girder exhibits lower strain than
the cracked overcast girders on the exposed face. The in-service control girders have strain
values comparable to the overcast control girder, while still being lower than that of the cracked
in-service girders.
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3.5.3. Effect of Pre-Existing Cracks

Visual inspections showed that higher levels of cracking were present on the end sections of
all girders than in the middle sections. This can be attributed to the presence of large pre-stress
release cracks present in the end sections. These cracks generally number between 5 and 10,
are wider than 100 um, and radiate inwards from the end of the girder (as seen in Figure 3.2).
As these cracks are outside the 6 to 100 pm microcrack width range, they are not included in
the calculations for the average crack width and cracking index in the crack grids. Hence, the
cracking parameters discussed in this study consist only of microcracks lying in the 6 to 100
um crack width range. The impact of these larger pre-stressing release cracks on the change in
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average (micro) crack width, (micro) cracking index, strain, pulse velocity, and resistivity over
the monitoring period will be determined.

Figure 3.16 shows the change in three cracking parameters—(a) cracking index, (b) average
crack widths, and (c) strain—for all girders examined in this work for the two-year monitoring
period for the (i) overcast and (ii) in-service girders. The results corresponding to the end
sections of the girders are denoted using solid bars, whereas a hatched bar with diagonal lines
denotes the regions corresponding to the middle section. In both the cracked and control
overcast girders, the end sections of the girders show a higher increase in the three cracking
parameters than their corresponding middle sections. Similar behavior is seen in the end
sections of both the cracked and control in-service girders, with the end sections exhibiting
greater changes in the three cracking parameters than their middle sections. A higher change
in the cracking index and average crack width values indicates an increase in the overall
microcracking, while a higher change in the strain values indicates increased shrinkage. Thus,
the presence of pre-existing cracks proved to be a factor that has the potential to affect the rate
of change in cracking (i.e., average crack width, cracking index, and strain).

Figure 3.17 shows the change in (a) pulse velocity and (b) surface resistivity for all the (i)
overcast and (i1) in-service girders. Similar trends are seen on both the pulse velocity and
surface resistivity values. The decrease in pulse velocity and surface resistivity is higher in the
end sections in cracked and control overcast and in-service girders than the middle sections.
This behavior occurs regardless of the presence of visible cracks on the girders. The decrease
in pulse velocity and surface resistivity in the end sections of all control (overcast and in-
service) girders are comparable to that of the in-service cracked girders. Thus, when the rate of
change in cracking parameters, ultrasonic pulse velocity, and surface resistivity between end
and middle sections are compared, the end sections have a higher loss in durability in all the
girders. This further supports the premise that the presence of pre-existing macrocracks play a
role in reducing the integrity of the girders, and suggests that a greater reduction in modulus of
elasticity (as indicated by the decrease in pulse velocity) and corrosion resistance (as shown by
the decrease in surface resistivity) would occur in the end sections of the girders as compared
to the middle sections.
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Figure 3.16: Effect of pre-existing cracks over the one- and two-year monitoring period
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Figure 3.17: Effect of pre-existing cracks over the one- and two-year monitoring period

3.5.4. Effect of Direction of Measurement

Figure 3.18 shows that the girders exhibit shrinkage in both directions, i.e., parallel and
perpendicular to direction of pre-stressing (see Figure 3.19b). However, it is seen that there is
higher strain perpendicular to the pre-stressing strands than in the parallel direction. This
unequal strain is reflected in the cracking behavior as well and is likely due to the pre-stressing
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strands acting as restraints against shrinkage in the prestressing direction [67], [68]. This
restraint results in fewer cracks opening in that direction [69], [70]. In other words, as depicted
in Figure 3.19, the restraint due to the prestressing strands leads to the cracks being oriented in
the direction parallel to the prestressing strands since more volumetric changes (and thus crack
opening) occur in the direction in which shrinkage is unrestrained, i.e., perpendicular to the
prestressing direction.
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Figure 3.18: Effect of direction of measurement (parallel and perpendicular to the direction of pre-
stressing) on strain over the one- and two-year monitoring period
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Figure 3.19: Schematic of pre-stressing strand details in (a) cross-section and (b) longitudinal section,
(c) formation of cracks and (d) orientation of microcracks direction

3.6. Conclusions

The conclusions of Task 2 are presented in this section. A temporal study to observe the
cracking, ultrasonic pulse velocity, the surface resistivity of the overcast and in-service girders
was conducted. It was seen that the girders exhibited an increase in cracking and shrinkage and
amarginal decrease in ultrasonic pulse velocity and surface resistivity. Analysis of the temporal
data showed that exposure to environment and pre-existing cracks were major factors affecting
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the rate of cracking. It was also seen that external loading had not impacted the rate of growth
of cracking in a negative way yet.

The following conclusions were drawn from the study:

An increase in overall cracking, a decrease in ultrasonic pulse velocity (an indicator of
stiffness properties) and decrease in surface resistivity (an indicator of corrosion
resistance properties) occurred in the girders over the two-year test period. Taken
holistically, this suggests that a decrease in durability occurred during the timeframe
considered. However, even with these reductions, the present state of the girders should
have good resistance to corrosion since the surface resistivity values, and pulse velocity
values of all the girders are still in the high-quality range.

The girders that are not in-service (i.e., overcast girders) showed a higher increase in
microcracking than the in-service girders, which suggests external loading is not a
major factor impacting the integrity of the beam. As the girders are relatively young
(average age is under 10 years old), when one considers the intended service life of the
girders (50 — 75 years), it is possible that the effects of sustained load and cyclic loading
on the girders have not yet manifested.

Exposure conditions did have an impact on the microcracking tendency in the overcast
girders, and the exposed faces of the overcast girders showed the greatest increase in
microcracking than the sheltered sides and interior girders. While the exposed faces of
the exterior in-service girders did not exhibit an increase in average crack width and
cracking index, interestingly, they exhibited a decrease in surface resistivity and higher
strain. This can be attributed to the layer of paint applied to the exposed in-service
girders, and the results indicate that the paint layer, intended to protect the girder surface
from exposure to environment, only prevented the cracks from being visible and did
not prevent their formation.

Pre-existing cracks played a substantial role in the rate of growth of cracking, and
regions that had pre-existing macrocracks exhibited a greater increase in microcracking
than the regions that did not have pre-existing macrocracks.

The direction of pre-stressing also played a role in the magnitude of strain. It is seen
that there is a much higher strain perpendicular to the pre-stressing strands than in the
parallel direction. This behavior may be attributed to the effects of reinforcement acting
as restraints against cracking.

The study also showed the temporal behavior of average crack width values is heavily
dependent on the mechanism of increase in cracking, i.e. whether the change is due to
an increase in width of existing cracks or due to the formation of new cracks. When
new cracks are formed, this can lead to a decrease in average crack width over time,
erroneously indicating that the cracks are growing smaller, whereas this is not the case.
Hence, to accurately account for the temporal behavior of cracking, both the growth in
cracking index and average crack width should be taken into consideration.
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Chapter 4. Evaluation of Extracted Cores

4.1. Overview of Chapter

This chapter discusses the methodology and results for Task 3: Evaluation of extracted cores.
Laboratory tests were conducted on the cores extracted from the overcast girders to determine
the effect of cracking on the strength, stiffness, and durability properties of the girders. The
change in cracking, compressive and split tensile strength, modulus of elasticity, ultrasonic
pulse velocity, surface and bulk resistivity, chloride diffusion coefficient, and carbonation
coefficient of the girders over the monitoring period is reported. In addition, accelerated
weathering was conducted on a portion of the cores to study the effect of weathering and pre-
existing cracks on the rate of growth of cracks. Optical and scanning electron microscope
images of the surface cracks are presented to gain a better understanding of the microcracking
behavior.

4.2. Objective

The primary objective of the research conducted during this phase of the project was to conduct
laboratory tests on the cores collected from the Type A and Type C visits (i.e., the overcast
girders) to determine the extent to which the cracking can affect strength, stiffness, and
durability of the girders.

4.3. Background

Cracks are caused when concrete is subjected to stresses higher than the design value. This
stress can be due to volumetric changes, loading, thermal changes, and internal pressure, among
others. Table 4.1 shows the various causes that can generate cracks in concrete. However,
irrespective of why they are caused, cracks exacerbate the rate of deterioration, which leads to
loss of service life of in-service structures. The debilitating effect that cracks have on both
strength and long-term durability of concrete structures has been quite well researched [35],
[711-]78].

Early studies on evaluating the effect of cracking in concrete were focused on large visible
cracks, also known as macrocracks. These cracks are generally larger than 300 um (0.01 in.)
[39]. However, cracks several magnitudes smaller than 300 um (0.01 in.) have been found in
concrete. Thus, these cracks were called microcracks. While these microcracks were smaller
in width than macrocracks, they tend to be more numerous [79].

As detailed in Table 4.1, microcracks can be caused by various methods. They also have the
potential to grow into larger macrocracks over time due to chemical attacks or physical stresses
[80]. Extensive microcracking is often seen is in pre-cast pre-stressed bridge girders [2], [9],
[10], [81]-[83]. These pre-cast mixtures are generally designed for high early strengths and
self-consolidation to reduce construction time and to allow for quick release of the pre-stressing
strands. Precast pre-stressed concrete mixtures typically have low w/cm (0.28-0.33), high
cementitious contents (>800 Ibs/yd), and contain chemical admixtures (water reducers,
superplasticizers, and viscosity modifying agents) which can increase drying and autogenous
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shrinkage [2], [3], [84]. Cracks formed during concrete’s plastic stage, i.e., before hardening,
generally do not temporally evolve unless there are additional external stresses applied to them
[85]. Structural and physio-chemical cracks are usually induced internally as microcracks that
grow to external macrocracks under continued stresses [40]. Cracks formed due to volume
instability tend to manifest on the concrete’s surface as microcracks and temporally evolve
under increasing volumetric changes or structural loads or a combination of both [67], [86]—
[88]. These cracks can be quantified in both two-dimensional as well as three-dimensional
parameters. The two-dimensional surface characteristics can be quantified in terms of crack
widths and crack densities. The three-dimensional characteristics can be ascertained by
including crack depth/index. Other crack parameters include orientation, tortuosity, shape, and
connectivity [89].

Table 4.1: Types and Causes of Cracking in Concrete

Time of . g
Cracking Cause of Cracking Type of Cracking
. Formwork Movement Compression, tension or
Construction . .
M ¢ flexure induced micro and
ovemen Subgrade Movement macro cracks
Plastic Shrinkage
Before . . .
Hardening Plastic Plastic Settlement Microcracks
Autonomous Shrinkage
Premature Freezing
Frost Damage Crazing or map cracking
Crazing and Scaling
Drying Shrinkage
Cracking Volume . Microcracks that grow in a
in Instability Thermal Shrinkage map or star-burst pattern
Concrete Creep
Overloading ) )
Compression, tension or
Structural Subgrade Movement flexure induced micro and
- macro cracks
After atigue
Hardening Alkali Aggregate
Reaction
Alkali-Silica Reaction o
Physio- Internal expansion induced
YSK Delayed Ettringite microcracks that grow into
chemical .
Formation external macrocracks
Corrosion
Freeze-thaw cycling

The influence of crack width and depth on the strength and durability properties of concrete is
well researched [38], [78], [90]-[95]. In addition, modeling the effect of a single crack on
strength and durability is quite common. However, the impact of crack density/index is not
studied as much due to the complexities involved in modeling multiple cracks. For example,
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Kwon et al. (2009) conducted a study to estimate the service life of concrete wharves with
drying shrinkage cracks. However, in their model, they decided to avoid using samples with
multiple cracks to avoid the complexities of modeling multiple cracks [27]. However, some
limited research has been conducted to determine the effect of cracking density/index. Jacobsen
et al. (1996) used crack density, measured by counting the number of cracks traversing parallel
lines, to study the effect of cracking on compressive strength and chloride ingress in concrete
subjected to freezing and thawing [96]. Nemati et al. (2009) conducted an analysis of
compressive stress-induced cracks in concrete. They quantified the density of microcracks and
their distribution by measuring the surface area of cracks per unit volume [97]. Zhou et al.
(2011) attempted to incorporate the impact of crack interconnectivity on the permeability of
microcracked solids. While not focused on concrete, this study showed that increased
interconnectivity in cracks led to increased permeability [98]. Akhavan et al. (2012) attempted
to quantify the effects of crack geometries on the water permeability of cracked mortars. They
showed that permeability coefficient was a function of the square of crack width. They also
showed that tortuosity and surface roughness of cracks were factors that affected the
permeability coefficient [99]. Wang and Zhang (2016) presented a numerical procedure to
simulate chloride ingression into cracked concrete with different crack geometries (width
ranging between 49 um to 0.3 mm). The influences of single and multiple flexure induced
cracks on chloride ingress were considered. They found that increasing crack width, depth, and
the number increased the chloride ingress [100]. Wang et al. (2016) studied the effects of
different cracking parameters on the potential for chloride ingress. They determined that there
was a linear approximation between crack tortuosity and crack orientation. They also showed
that chloride ingress increased with increasing crack density. They showed that this model
could be improved by accounting for crack orientation. They also showed that chloride
diffusivity was significantly affected by cracks with widths between 100 and 400 pum, but
beyond this range, the influence of crack width was negligible [35].

4.4. Materials and Methods

Cores extracted from full-scale overcast girders at pre-cast yards were used in this study. Table
4.2 presents the tests conducted and the number of samples from each girder used during each
study. It also presents the acceptable serviceability values from standards and literature for
concretes with comparable w/cm and strengths. Some tests were non-destructive; thus, they
were conducted on all the samples. These samples were later used to conduct the strength,
stiffness, and durability tests since those tests are destructive tests.
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Table 4.2: Items of Investigation and Serviceability Values

Source for Test 28-day Source for Number of Samples
Test Methodolo Serviceability Serviceability Tested from each Girder
8y Values Values Visit 1 | Visit 2 | Visit 3
VISUAL EVALUATION
Microcracking FHWA-HIF-09- | ) 15 ] 3
Evaluation 004 Report [19]
Optical
Microscopy i ) ! ) )
: ASTM C1723
Scanning [101]
Electron - - 1 - -
Microscopy
STRENGTH TESTS
(SO IR ASTM C42[102] | 3> MPa TxDOT Bridge | 4 2 2
Strength (5000 psi) Design Manual
Tensile ASTM C496 3 MPa (2018) [18] ’ 5 5 5
Strength [103] (425 psi)
STIFENESS TESTS
Ultrasonic Malhotra (1976)
. ASTM C597 [20] | 3660-3050 m/s Turgut (2006) 15 8 8
Pulse Velocity* (651, [104]
Elastic ASTM C469 35 Gpa TxDOT Bridge
6 Design Manual 4 2 2
Modulus [105] (5x10 psi) (2018) [18]
DURABILITY TESTS
Bulk AASHTO TP119
Resistivity* [54] 12-21 kQcm 15 8 8
Surface AASHTO T358 — Sengul (2014)
Resistivity* Modified for 5-7.5 kQcm FDOT Standard 15 8 8
Cylinders [21] (2004)
SH00E NT Build 492 B oa [66], [106]
Diffusion [107] 15x10 m/s 4 2 2
Coefficient
50 mm (2 in.) for
. ] 75 years, i.e.
Carbonation | cpe g gy | S8MWA ) Gl over 6 6 6
Coefficient (0.26 in./yr"?) .
expected service
life [12]
Note:
* Non-destructive test

4.4.1. Visual

Evaluation

4.4.1.1. Cracking Measurements

The average crack width and cracking index of both the exposed faces of the cores were
calculated. The two-dimensional severity of cracks is generally assessed using width and
density/index. The average crack width and cracking density/index were calculated according
to the method prescribed by the FHWA-HIF-09-004 Report [19]. Equation 3.1, Equation 3.2,
and Figure 4.1 show the calculation of crack width and cracking index for in-service structures
and the modified method used to measure cracking index of cores.
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In addition to the surface cracking parameters, strength, stiffness, and durability tests were also
conducted on the cores. Table 4.2 shows the tests conducted, the test method used, 28-day
serviceability values and source, and the number of samples tested from each field visit.

. Numberof | Total Crack Width | Average Crack Width | Cracking Index
Unit Length
cracks (pm) (um) (um/m)
B=AC+OB (#) (TW) ACW = (SW)/# I=(ZW)/B

(a) Calculation of Crack Width and Cracking Index

"--.\ c
(o]
(b) Schematic of Crack (c) Typical Crack Grid (d) Surface Magnified 50X
Grid on Lab Samples on Lab Samples

Source: Images by Authors
Figure 4.1: Calculation of average crack width and cracking index of cores

4.4.1.2. Microscopy

An optical crack microscope (50X Elcometer 900 ™) and a scanning electron microscope
(JEOL 6490 Low-vacuum Scanning Electron Microscope) were used to observe the cracks in
cores from the first round of field visits. The surfaces of the cores were observed under an
optical microscope. The cores were sliced using a lapidary saw, and the vertical sections were
observed under the optical microscope to determine the crack depths. The microcracks on the
surface on the cores were also observed under 100X, 500X, and 1500X under a scanning
electron microscope (SEM). The crack widths from the SEM were compared to the
microcracking observed under the crack microscope.

4.4.2. Strength Tests

The compressive strength of cores from each field visit was determined in accordance with
ASTM C39— Standard Test Method for Compressive Strength of Cylindrical Concrete
Specimens [109]. The tensile strength of the girders was estimated using the splitting tensile
strength test (ASTM C496—Standard Test Method for Splitting Tensile Strength of Cylindrical
Concrete Specimens [103]).

4.4.3. Stiffness Tests

The static modulus of elasticity of the cores was determined in accordance with ASTM C469—
Standard Test Method for Static Modulus of Elasticity and Poisson’s Ratio of Concrete in
Compression [105]. This test involves loading a cylindrical specimen to 40% of its current
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compressive strength and measuring the deformation of the central portion of the specimen. As
the number of samples was limited, stress-strain curves were plotted for each sample, and the
slope of the linear portion was determined to calculate the elastic modulus. In addition the
ultrasonic pulse velocity of all the cores was determined in accordance with ASTM C597-
Standard Test Method for Pulse Velocity Through Concrete [20].

4.4.4. Durability Tests

4.4.4.1. Surface and Bulk Resistivity

Surface and bulk resistivity were measured for all the cores. Surface resistivity was measured
according to AASHTO TP358—Standard Method of Test for Surface Resistivity Indication of
Concrete’s Ability to Resist Chloride Ion Penetration [21]. Bulk resistivity was measured
according to ASTM C1202-Standard Test Method for Electrical Indication of Concrete’s
Ability to Resist Chloride lon Penetration [110].

4.4.4.2. Corrosion

Chloride diffusion coefficient and carbonation coefficient were used to assess the corrosion
potential of the girders.

To determine the chloride diffusion coefficient, two cores from each girder were sectioned into
three 2-in. (50.8 mm) discs using a saw. Figure 4.2a shows the specimens after cutting. Two of
the three specimens had cracks on one face (exterior surface of the girder, exposed to
environment), while the other face was part of the interior of the girder (unexposed to
environment) and did not have any cracks. Both faces of the third specimen were parts of the
interior of the girder. The specimens were referred to as “Cracked” (C) and “Uncracked” (U).
Figure 4.2b shows a typical cracked and interior faces of the specimens. The specimens were
used to determine the chloride migration coefficient by non-steady state migration as per NT
Build 492 [107]. This test is also known as the rapid migration test (RMT). In this test, an
external electrical potential is applied axially across the specimen and forces the chloride ions
outside to migrate into the specimen (see Figure 4.3a). After a certain test duration, the
specimen is axially split, and a silver nitrate solution is sprayed on to one of the freshly split
sections. The chloride penetration depth can then be measured from the visible white silver
chloride precipitation, after which the chloride migration coefficient can be calculated from
this penetration depth (see Figure 4.3b). The rapid chloride penetration test (RCPT) [110] was
initially used to measure the corrosion potential as this is a popular test used in the US (as noted
by its inclusion in two standards: ASTM C1202 and AASHTO T277 [110]). However, due to
the extremely low w/cm of the samples, no significant values were measured. Thus, the RCPT
test was replaced by with the RMT, a test that is commonly used in Europe. The RMT was
found to be more suitable than the RCPT to characterize the resistance to chloride ingress for
the low w/cm concrete mixtures used in this work.
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(b) Sectioning of Cores (¢) Typical Test Specimens
Source: Images by Authors
Figure 4.2: (a) Preparation of specimens for rapid migration test and (b) typical test specimens

+ .
Potential
(DC)

a. Rubber sleeve e. Catholyte
b. Anolyte f. Cathode
c. Anode g. Plastic support
d. Specimen h. Plastic box o || w | 0 | 10 |10mm Ruler
(a) Rapid Migration Test Set-up (b) Measurement of Depth of Penetration

Source: NT Build 492 [107]
Figure 4.3: (a) Rapid migration test set-up and (b) measurement of depth of penetration

Carbonation coefficient was determined in accordance with CPCI8-RILEM Concrete
Permanent Committee—Measurement of hardened concrete carbonation depth [108]. Two
cores from each field visit were used. Each core had two exposed faces. Thus, four values of
carbonation depth were measured from each girder from each field visit. Cores extracted from
the first, second, and third round of field visits were exposed for 3 years, 2 years, and 1 year,
respectively. In addition, the carbonation depth at time of extraction was also calculated by
using the samples previously used for splitting tensile strength. The split surfaces of the
samples were sprayed with a phenolphthalein indicator. The areas that were basic turned pink
due to the basic nature of concrete while the areas that had carbon dioxide diffusion remained
colorless due to the formation of carbonic acid. Thus, the depth of the colorless zone was
measured to estimate the depth of carbon dioxide diffusion (see Figure 4.4).
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(b) Measurement of Carbonation Depth

Source: Images by Authors
Figure 4.4: (a) Carbonation test and (b) measurement of carbonation depth

4.4.5. Accelerated Weathering Test

As stated in Section 3.6, exposure to the environment and pre-existing cracks exacerbate the
rate of cracking. To further explore this behavior an accelerated weathering test was conducted.

4.4.5.1. Accelerated Weathering Test Procedure

For the accelerated weather test, two cores from each girder were sectioned into three 2-in.
(50.8 mm) discs using a saw. Figure 4.2a shows the sections after cutting. Two of the three
sections had cracks on one face (exterior surface of the girder, exposed to environment), while
the other face was part of the interior of the girder (unexposed to environment) and did not
have any cracks. Both faces of the third section were parts of the interior of the girder. The
sections were referred to as “Cracked” (C) and “Uncracked” (U). Figure 4.2b shows typical
cracked and interior faces of the sections.
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Two cores from each girder from each of the three field visits were saw cut into 2-inch-thick
specimens, and accelerated weathering was conducted by cycling the samples through 21 days
of drying and 7 days of wetting. Specifically, the specimens were soaked in tap water for 1
week, air-dried for 3 weeks. This cycle was repeated throughout the project duration, with a
total of 13 cycles of wetting/drying conducted in a year. This equates to 91 days a year that the
concrete will be exposed to moisture if they are subjected to this cycling for an entire year; this
is in line with the average annual number of days with precipitation (rain or snow) in Texas
[14].

Since cores were obtained at different times, the samples extracted from cores obtained during
the earlier field visits had a longer exposure period. Samples extracted from the first round of
field visits had twenty-two cycles of wetting and drying, whereas the specimens from the
second and third round of field visits had twelve and ten cycles of wetting and drying visits,
respectively.

The following tests were conducted at the end of each cycle:
e Drycycle
o Mass measurements- The specimen was weighed.
o Strain measurements- The diameter and height of the specimen were measured.

o Cracking measurements- The cracking index and average crack width were
measured according to FHWA-HIF-09-004 Report [19]. The method was modified
for use in cylinders by using two diameters as the base length in the place of a crack
grid. Figure 4.1 shows a schematic of the modified calculations and all the possible
combinations of the temporal behavior of cracking index and average crack width.

e Wetcycle:

o Mass measurements- The surface of the specimen was dried with a paper towel and
weighed.

o Ultrasonic pulse velocity- The ultrasonic pulse velocity of the specimen was
measured according to ASTM C597-Standard Test Method for Pulse Velocity
through Concrete [20]. The height of the specimen used was measured from the
strain measurements from the dry cycle.

o Bulk resistivity- The bulk resistivity of the sample was measured according to ASTM
C1202-Standard Test Method for Electrical Indication of Concrete’s Ability to Resist
Chloride Ion Penetration [110]. The height of the specimen used was measured from
the strain measurements from the dry cycle.

At the end of the testing period, the weathered specimens were used to determine the chloride
migration coefficient by non-steady state migration as per N7 Build 492 [107] (aka rapid
chloride migration test). The diffusion coefficient of the concrete samples after undergoing
accelerated weathering was compared to the diffusion coefficient before undergoing
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accelerated weathering. Table 4.3 summarizes the tests conducted at the end of each dry and

wet cycles.
Table 4.3: Accelerated Weathering Test
Number of Samples Tested from
Test each Girder
Visit 1 Visit 2 Visit 3
Non-destructive test at the nsckin pilea TS
Mass Measurements
end of each dry cycle - -
Dimensions
Mass Measurements 6 6 6
Non-destructive test at the —
end of each wet cycle BlICResistivity
y Ultrasonic Pulse Velocity
f,‘etrtil(‘)fle“d SRR T ool i chon Costision 36 36 36

4.4.5.2. Analytical Investigation for Accelerated Weathering Test

At the end of each cycle of wetting and drying of the specimens collected from the first, second,
and third field visits, the following values were calculated:

Change in cracking index: Cracking index is a measure of the density of cracks as it
is a function of the crack width spread across a fixed length of a concrete surface [19].
An increase in the cracking index shows that the concrete condition is deteriorating.
The change in cracking index is calculated according to Equation 4.1.

Change in Cracking Index = Cracking Index at cycle ‘n’ - Cracking Index at cycle 0

Equation 4.1

Change in average crack width: Average crack width is calculated according to
Equation 4.2. Average crack width can increase (when there is a widening of existing
cracks) or decrease (when there is formation of new cracks). Any change, i.e., positive
or negative, shows that the concrete condition is deteriorating.

Change in Average Cracking Index = Average Crack Width at cycle ‘n' - Average Crack Width cycle 0
Equation 4.2

Cumulative loss in mass: According to the IS536 by PCA, alternate wetting and drying
can cause the loss in mass due to weathering and erosion [111]. Roziere et al. also
showed that cracking could impact the rate of loss in mass and vice versa [112]. The
cumulative loss in mass was calculated as per Equation 4.3.

Cumulative loss of cycle ‘n’ = Mass at cycle ‘n’ - Mass at cycle 0 ,
Equation 4.3
Percentage absorption: Researchers have shown that moisture absorption is directly
related to the extent of cracking in concrete. It is seen that concretes with cracks have
higher absorption than uncracked concrete specimens [113], [114]. Percentage
absorption was calculated as per Equation 4.4.
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(Mass of Wet Samples at cycle ‘n'- Mass of Dry Sample at cycle ‘n’)
100

Percentage absorption at cycle ‘n’ =

Equation 4.4

e Percentage reduction in ultrasonic pulse velocity: Ultrasonic pulse velocity can be
used as an indicator of concrete condition, density, and strength [115], [116]. The UPV
test method can also be used to indicate the presence of voids and cracks. Higher pulse
velocity in concrete indicates better homogeneity, i.e., higher quality concrete will have
shorter wave travel time and subsequently higher velocity [20]. The percentage change
in UPV was calculated as per Equation 4.5.

o ., (UPV atcycle ‘n’- UPV at cycle 0)
Percentage reduction in UPV cycle ‘n’ = 100

Equation 4.5

e Percentage reduction in bulk resistivity: Bulk resistivity can be used as an indicator
of corrosion potential. A concrete member with higher resistivity would have a higher
resistance to corrosion. Hence, a lowering in resistivity is an indicator of increased
corrosion potential [56]. The percentage change in resistivity was calculated as per
Equation 4.6.

(Bulk Resistivity at cycle ‘n’ -Bulk Resistivity at cycle 0)
100

Percentage reduction in Bulk Resistivity cycle 'n’ =
Equation 4.6

4.4.5.3. Modelling Relationship between Weathering Cycles and Loss in
Durability

The relationship between each test parameter and the initial cracking index and number of
wetting and drying cycles was determined using multiple linear regression. This method is
commonly used to model the relationship between two or more explanatory variables and a
response variable by fitting a linear equation to the observed data. The equation of the best fit
line is calculated by minimizing the sum of squares of the deviations from each data point to
the fitted line [117].

The explanatory variables in this model are initial cracking index and number of wetting and
drying cycles, and the response variable is the test parameter of interest (cracking index,
average crack width, ultrasonic pulse velocity, and bulk resistivity). A model was generated
with data obtained from samples from Girders 1R, 2R, 3R, 4R, and SRC for each parameter of
interest. Equation 4.7 shows an example of a model determined for a test parameter.

y=c+x, *n)+(x; *I;) Equation 4.7

Where,
y = Test parameter of interest

¢ = y-intercept
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xn = Coefficient for number of cycles
n = Number of exposure cycles
xi = Coefficient for cracking index

I; = Initial cracking index

Regression coefficient values (R?) for each model was also calculated. The regression
coefficient provides a statistical measure of how close the experimental data is to the fitted
regression line. Regression coefficient values range between 0 (no relationship) and 1 (very
good relationship) [118].

The samples obtained from Girders 1R, 2R, 3R, 4R, and 5SRC were used to model the
relationship between the weathering and loss in durability, and the samples from Girder 14V
were used to validate the model. The experimental data collected from Girder 14V was
compared to the data predicted by the model. The validity of the model was assessed using the
following measures of reliability:

The reliability of the model was calculated using the inter-method reliability index
method (Equation 4.8). The reliability index (see Equation 4.8) assesses the degree to
which values are consistent when two methods of testing are used, i.e., by comparing
the data obtained using experimental test values and predicted test values. Reliability
index values range between 0 (no relationship) and 1 (very good relationship) [119].
Guidelines to interpret reliability indices are provided by statisticians. Reliability
indices between 0.5 and 0.75 are considered to be “Moderate,” between 0.75 and 0.90
are considered to be “Good,” and between 0.90 and1.00 are considered to be
“Excellent” [120].

2
— 9p

- 2 2
o,° + O,

Equation 4.8
Where,

r = reliability index
op = standard deviation of predicted values
o. = standard deviation of experimental values

The standard error of estimate was calculated using the sum of squares method (see
Equation 4.9). This value provides an estimate of the dispersion of the prediction errors,
i.e., a measure of how far apart the experimental values are from the predicted test
values. A lower error indicates that the predictive model has higher reliability. This
value can also be compared to the standard deviations of the experimental tests. If the
error values are in the same range as the standard deviation, then the model can be
considered to have higher reliability [118].
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Z(Yp -Y,)?
O-E'St = T
Equation 4.9

Where,
Oest = standard error of estimate
Yp = predicted test parameter values
Ye = experimental test parameter values

N= number of test values

4.5. Results and Discussions

The results of tests conducted on the extracted cores is presented in this section. The change in
strength, stiffness, and durability tests over the monitoring period is presented. In addition, the
relationship between the growth of microcracking and exposure to the environment and pre-
existing cracks is presented.

4.5.1. Visual Evaluation

4.5.1.1. Microscopy

Figure 4.5a and Figure 4.5b show optical microscope images of the surface and vertical
sections of cores from a typical girder, Figure 4.5¢ show these same sections with the
microcracks highlighted to aid viewability. Figure 4.6 shows a typical micrograph image from
the scanning electron microscope of the microcracks. These images were used to observe the
features of the microcracks in greater detail. Typical crack widths observed in the field at
different magnifications are shown in Figure 4.7 through Figure 4.10. The image at 50X
magnification was obtained using the crack microscope, whereas the images at 100X, 500X,
and 1500X were obtained using the SEM. Appendix A contains additional images and
information from the visual examination.
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Figure 4.5: Optical microscope images of (a) surface and (b)vertical section of cores from a typical
girder, and (c) highlighted microcracks
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Figure 4.6: Typical scanning electron microscope images of surface of cores at (a) 100X and (b) 500X
magnification
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Figure 4.7: 6 um crack (a) viewed using optical microscope and (b) 50X magnification, (c) 100X, (d)
500X magnification viewed using SEM
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Figure 4.8: 25 um crack (a) viewed using optical microscope and (b) 50X magnification, (c) 100X, (d)
500X magnification viewed using SEM
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Figure 4.9: 50 um crack (a) viewed using optical microscope and (b) 50X magnification, (c) 100X, (d)
500X magnification viewed using SEM
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Figure 4.10: 100 um crack (a) viewed using optical microscope and (b) 50X magnification, (c) 100X,
(d) 500X magnification viewed using SEM

4.5.1.2. Cracking Measurements

The cracking index and average crack width of all cores were calculated using Equation 3.1and
Equation 3.2. It was seen that the cores exhibited an increase in cracking index (see Figure
4.11a). Girders 1R-4R displayed a higher increase in cracking index than the control Girder
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SRC. However, it can also be seen that increasing crack index is not always associated with an
increase in crack width, rather the average crack width may increase or decrease with time (see
Figure 4.11b). As shown in Figure 4.11b, whether the average crack width increases or
decreases depends on whether new cracks have formed. In Figure 4.12, the leftmost figure
represents the initial state of cracks on the surface of a concrete specimen. However, the three
figures to the right show difference scenarios that can occur with time. Crack widening is
observed in girders that show an increase in average crack width and cracking index. Girders
IR, 2R, 3R and 4R in the first year, and Girders 3R and 4R in the second year show an increase
in both average crack width (see Figure 4.11b) and cracking index (see Figure 4.11a). This
indicates the formation of cracks (#) and widening of existing cracks (3W) as shown in
Scenarios B and C. However, Girder SRC in the first year and Girders 1R, 2R and 5RC in the
second year show an increase in the cracking index (see Figure 4.11a), but a decrease in the
average crack width (see Figure 4.11b). As shown in Scenario A in Figure 4.12, this indicates
the formation of new cracks is occurring at a greater extent than the widening of existing cracks.
The average crack width (ACW) is function of the number of cracks (denoted as #) in Figure
4.12)) and the sum of measured crack widths (3>W). Thus, when # increases without a
proportional increase in )W, ACW decreases over time.
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Figure 4.11: Change in cracking of cores over the monitoring period
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Figure 4.12: Temporal behavior of cracks

4.5.2. Strength Test Results

Figure 4.13 shows that the girders exhibited negligible changes in strength over the testing
period. Both compressive strength and tensile strength of the cores did not change in any
significant manner and remained over the serviceability limits for compressive strength (35
MPa or 5000 psi) and tensile strength (3 MPa or 425 psi) as prescribed by the Texas Department
of Transportation’s Bridge Design Manual [18].
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Figure 4.13: Change in strength properties of cores over the monitoring period

4.5.3. Stiffness Test Results

Figure 4.14 shows that the girders exhibited negligible changes in stiffness properties over the
testing period. Both ultrasonic pulse velocity and modulus of elasticity of the cores did not
change in any significant manner. Ultrasonic pulse velocity values of the samples were over
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the serviceability limit of 3660 m/s [65], [104]. Modulus of elasticity values were also above
the prescribed serviceability value of 35 GPa or 5x10° psi by the Texas Department of
Transportation’s Bridge Design Manual [18].
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Figure 4.14: Change in stiffness properties of cores over the monitoring period

4.5.4. Durability Test Results

4.5.4.1. Resistivity

Figure 4.15 shows that the girders exhibited negligible changes in resistivity properties over
the testing period. Both surface and bulk resistivity of the cores did not change in any
significant manner and remained over the serviceability limits for surface resistivity (7.5
kQcm) and bulk resistivity (12 kQcm) [66], [106].

4.5.4.2. Chloride Diffusion and Carbonation Coefficient

Figure 4.16 shows that the girders exhibited an increase in the diffusion properties over the
testing period. Specimens from Girders 1R-4R showed a higher increase in the chloride
diffusion coefficient when compared to the control Girder SRC. Concrete with a diffusion
coefficient higher than 15x10'? m?s at 28 days is considered to have “low corrosion
resistance” [66], [106]. All samples have diffusion coefficients lower than this value (see
Figure 4.16a). The serviceability carbonation coefficient was calculated for these girders as 5.8
mm/yr®®, i.e., 50 mm (2 in.) for 75 years (concrete cover over expected service life) [12]. All
samples have carbonation coefficient values well under this limit (see Figure 4.16b).
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Figure 4.16: Change in diffusion of cores over the monitoring period

4.5.5. Accelerated Weathering Test

This section shows the results obtained after conducting the accelerated weathering test on the
samples extracted from pre-stressed concrete girders. The results are divided into the following
sub-sections:

e Effect of weathering on the non-destructive test values.
e Effect of initial cracking on the final test values.
o Effect of weathering and initial cracking on Diffusion Coefficient

¢ (Quantification of Effect of Weathering and Initial Cracking on Loss in Durability
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4.5.5.1. Effect of Weathering on Cracking, Mass, Ultrasonic Pulse Velocity, and
Bulk Resistivity

The samples from the six pre-stressed girders were subjected to accelerated weathering tests.
This section shows the results obtained for samples from Girder 1R from the first round of field
visits, since the remaining Girders 2R, 3R, 4R, 5R, and 14V also showed similar results.

The change in cracking, mass due to water absorption, ultrasonic pulse velocity, and bulk
resistivity at the end of each wetting and drying cycle for six samples from Girder 1R are shown
in Figure 4.17, Figure 4.18 and Figure 4.19, respectively. Two interior (uncracked) samples
(denoted as U1 and U2) and four exterior (cracked) samples (denoted as C1, C2, C3, and C4)
are shown in Figure 4.17, Figure 4.18, and Figure 4.19. The number in front of the interior and
exterior sample indicates the initial cracking index value of the sample. For example, the
samples extracted from the interior region of the cores had an initial cracking index value of
0.0 mm/m. Thus, in Figures 4.15 through 4.17 they are denoted as 0.00 Ul and 0.00 U2.
Whereas 0.81 C2 indicates that it is an exterior cracked sample that had an initial cracking
index of 0.81 mm/m, respectively.

Figure 4.17a shows that increase cracking index increased as the number of wetting and drying
cycles increased. It was seen that at the end of 22 cycles, the cracking index of the interior
uncracked samples, Ul and U2, had lower final cracking values than the exterior cracked
samples, C1, C2, C3, and C4. The exterior samples with higher initial cracking indices had
higher rates of change, i.e., C4 had the highest rate of change followed by C3 and C2 and CI.
This showed that initial cracking value was an important factor affecting the rate of increase in
cracking. This was also similar to the behavior observed on the full-scale specimens, where
sections with pre-existing cracks showed a higher rate of loss in durability when compared to
sections with lesser or no previous cracking (see Section 3.5.3). It was also seen that the
previously uncracked interior samples, Ul and U2, started to exhibit cracking after 12 and 11
wetting and drying cycles, respectively. Similar behavior was observed in the uncracked
interior samples from the remaining girders. Figure 4.17b shows the change in average crack
width with increase in number of wetting and drying cycles. It was seen that while there was
an overall increase in the average crack width in all specimens, the change was not always
positive (For example see line labeled 0.58 C3 in Figure 4.17b) due to the formation of a larger
number of new smaller cracks rather than widening of existing cracks in the specimen.
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Figure 4.17: Change in cracking with exposure

Figure 4.18a and Figure 4.18b show the cumulative loss in mass and change in absorption
values with weathering. Like the cracking index values, it was seen that the interior uncracked
samples, Ul and U2, had a lower loss in mass and absorption when compared to the exterior
cracked samples, C1-C4. Exterior cracked samples with higher initial cracking had a higher
loss in mass and higher absorption than the cracked samples with lower initial cracking. This
showed that microcracking had a pronounced effect on the rate at which loss in mass and an
increase in absorption occurred.
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Figure 4.18: Loss in mass and change in absorption with exposure

Figure 4.19a and Figure 4.19b show the percentage change in ultrasonic pulse velocity and
bulk resistivity with weathering. Reduction in ultrasonic pulse velocity is indicative of reduced
overall concrete quality, i.e., increased deterioration (cracking) and reducing density [20].
Similarly, a decrease in bulk resistivity is an indicator of reduced resistance to corrosion [110].
Changes in ultrasonic pulse velocity occurred with increased weathering, with the cracked
exterior samples showing greater reductions than the interior uncracked samples (~1%
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reduction in the interior uncracked samples compared to 2.5 to 4% in the exterior cracked
samples). This behavior is also reflected in the reduction in bulk resistivity, with the interior

uncracked specimens having a loss of 0.5% and the exterior cracked specimens having a loss
of 2 to 4%.
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Figure 4.19: Change in ultrasonic pulse velocity and bulk resistivity with exposure

4.5.5.2. Role of Weathering and Initial Cracking on Final Cracking, Loss in
Mass, Absorption, Ultrasonic Pulse Velocity, and Bulk Resistivity

Figure 4.20a and Figure 4.20b show the effect of initial cracking on the final cracking values
for all samples subjected to the accelerated weathering test. It is seen that both cracking index
and average crack width increase at the end of the 10, 12, and 22 cycles of alternate wetting
and drying. Figure 4.21a and Figure 4.21b show the effect of initial cracking on the cumulative
loss in mass and the absorption values at the end of the exposure test. Figure 4.22a and Figure
4.22b show the effect of initial cracking on the percentage change in ultrasonic pulse velocity
and bulk resistivity at the end of the exposure test. Changes in cracking index, average crack
width, cumulative loss in mass and absorption were higher for samples with higher initial
cracking index. Change in ultrasonic pulse velocity and bulk resistivity were lower for samples
with higher initial cracking index. These values were consistent with the results seen in Section
4.5.5.1.

Table 4.4 summarizes the correlation coefficients between initial cracking index and change in
cracking, loss in mass, absorption, UPV and bulk resistivity of samples subjected to 22, 12 and
10 cycles of weathering. A comparison of correlation coefficients of the different tests shows
that the values at the end of 22 cycles had the highest coefficient values followed by 12 and 10
cycles. This shows that the values obtained at the end of 22 cycles have higher reliability than
the values obtained at the end of 12 and 10 cycles. All parameters except for average crack
width and ultrasonic pulse velocity had high correlation coefficients (>0.88). The high
correlation coefficient values are highlighted in Table 4.4. However, average cracking width
and UPV had higher correlation coefficients at the end of 22 cycles (0.92 and 0.91
respectively).
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Table 4.4: Correlation Coefficients between Initial Cracking Index and Change in Cracking,
Loss in Mass, Absorption, UPV, and Bulk Resistivity of Samples Subjected to Accelerated
Weathering Test

Correlation Coefficients
Test Parameter
10 cycles 12 cycles 22 cycles
Cracking Index 0.88 0.96 0.96
Average Cracking Index 0.74 0.78 0.92
Cumulative Loss in Mass 0.90 0.96 0.96
Absorption 0.94 0.96 0.97
Ultrasonic Pulse Velocity 0.58 0.63 0.91
Bulk Resistivity 0.94 0.95 0.97
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Figure 4.21: Effect of initial cracking on cumulative loss in mass and final absorption values
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4.5.5.3. Effect of Weathering and Initial Cracking on Diffusion Coefficient

Figure 4.23a and Figure 4.23b show the effect of the initial cracking index and weathering on
the diffusion coefficient. The figures also provide the correlation coefficients for the 0, 10, 12
and 22 cycles of weathering on the right. The specimens subjected to 22 cycles of alternate
wetting and drying had the highest diffusion coefficient values when compared to the samples
subjected to 12 and 10 cycles. The specimens not subjected to weathering had the lowest
diffusion coefficient values. The correlation coefficient values for the specimens after 22 cycles
were the highest followed by 12, 0, and 10 cycles. Specimens with higher cracking values
generally showed higher diffusion coefficient values. Comparing the correlation coefficient
values in Figure 4.23a and Figure 4.23b shows that considering the initial cracking index values
rather than the cracking index values at the time of the test showed a marginal improvement in
the correlation coefficients of specimens after 10 and 12 cycles of wetting and drying.
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Figure 4.23: Effect of cracking index and exposure on diffusion coefficient and corrleation coefficients
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4.5.6. Quantification of Effect of Weathering and Initial Cracking on
Loss in Durability

Table 4.5 provides the relationships obtained between initial cracking, number of weathering
cycles, and the final results from the non-destructive tests. The models for change in cracking
index, ultrasonic pulse velocity, and bulk resistivity had multiple regression coefficients
exceeding 0.70, while the regression model for average crack had a lower coefficient value of
0.63. The reliability indices of the predicted and experimental values showed similar values.
The standard errors of estimate were also comparable to the standard deviations of test values.
The procedure for quantification of relationships between initial cracking and weathering, and
change in cracking index, average crack width, ultrasonic pulse velocity and bulk resistivity is
provided in Section 4.4.5.3. For example, the first row in Table 4.5 provides the relationship
between change in cracking index and the number of cycles and initial cracking index
(Equation 4.10).

Change in Cracking Index = —0.062 + 0.009 n + 0.049 I; Equation 4.10
uation 4.

Where,
n = number of weathering cycles
Ii = Initial Cracking Index

Table 4.5: Quantification of Relationships between Initial Cracking and Weathering, and
Change in Cracking Index, Average Crack Width, Ultrasonic Pulse Velocity, and Bulk
Resistivity

Coefficients for Equation 4.7
=ctxn*n+xi*[

Paramet y— €T Xn C—— R® SDay

arameter (y) Number of | Initial Cracking ! Ot ¢

¢ Cycles (xn) Index (x))

Change in Cracking 0.06 0.02
il (o) -0.062 0.009 0.049 0.71 | 0.79 mm/m mm/m
Change in Average
Crack Width (uum) -0.005 0.001 0.004 0.62 | 0.68 | 0.03 um | 0.05 pm
Change in
Ultrasonic Pulse 0.530 -0.090 -0.406 0.70 | 0.88 | 0.49 % 0.22 %
Velocity (%)
Change in Bulk o o
Resistivity (%) 0.535 -0.079 -0.441 0.73 | 0.90 | 0.39 % 0.23 %
Notes:

e Input Variables: n = number of cycles
I; = Initial Cracking Index
e ¢, Xy, and x; are coefficients
e Reliability Indicators: R? = Multiple Regression Coefficient
r = Reliability Index
Gest = Standard Error of Estimate
SD = Average Standard Deviation of Experimental Test Values

Similarly, Table 4.6 shows the models generated for the chloride diffusion coefficient. The first
model used the initial cracking index (before the accelerated weathering test was started) as an
input variable, which the second model used the final cracking index (at the end of accelerated
weathering test) as an input variable. Equation 4.9 was modified to suit the chloride diffusion
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coefficient as it was found that the w/cm was an additional factor influencing chloride diffusion
coefficient (Equation 4.11).

=c+(x, *n)+ (x,. *WC)+ (x; = I;
Y ( )+ ( )+( ) Equation 4.11

Where,
y = Test parameter
¢ = y-intercept
xn = Coefficient for number of cycles
n = Number of exposure cycles
xwe = Coefficient for w/cm
WC = w/cm ratio
xi = Coefficient for cracking index
I = Cracking index

The models for the diffusion coefficient had a multiple regression coefficient of 0.73 when
initial cracking index was used and 0.63 when final cracking index was used. The reliability
indices of the predicted and experimental values showed similar values. The standard errors of
estimate for the model using cracking index at time of test were much higher when compared
to the standard deviations of test values. However, the error lowers when initial cracking index
is used.
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Table 4.6: Quantification of Relationships between Cracking and Diffusion Coefficient

Coefficients for Equation 4.11
Parameter Vel OR Y Uty SIS s RG] R? SD
y) Number of WESE Cracking ! Ot e
¢ Cycles (Xn) C@ment Index (xi)
Ratio (Xwc)
Diffusion
Coefficient
(x 1012 m?/s) 3.88x 10" | 2.35x 10
(i -5.40 50.84 0.31 4.51 0.73 | 0.78 212/ 212/
Cracking
Index)
Diffusion
Coefficient
(x 102 m?/s) 11.6x 10 | 2.35x 10°
(Final -4.78 50.02 0.25 4.08 0.63 | 0.67 12 /g 122/
Cracking
Index)
Notes:
e Input Variables: n = Number of Cycles
WC = Water-cement Ratio
I; = Initial Cracking Index
®  C, Xn, Xwe,and x; are coefficients
e  Reliability Indicators: R? = Multiple Regression Coefficient
r = Reliability Index
oest = Standard Error of Estimate
SD = Average Standard Deviation of Experimental Test Values

4.6. Conclusions

Cores were extracted from four girders exhibiting extensive surface microcracking and one
girder exhibiting negligible microcracking over a three-year monitoring period. The cracking,
strength, stiffness, and durability properties of the cores were determined. It was seen that there
was not a significant loss in strength, stiffness, and resistivity in the cores, however the cores
exhibited an increase in the chloride diffusion and carbonation coefficients. Samples subjected
to accelerated weathering showed increasing deterioration with exposure to the environment,
and the samples with higher initial cracking exhibited a higher rate of deterioration.

Based on the results obtained the following conclusions can be drawn:

e The cores exhibited an increase in cracking and chloride diffusion coefficient over the
monitoring period.

e The cores exhibited negligible changes in strength, stiffness, and resistivity properties
over this period.

e The strength, stiffness, and durability parameters were above serviceability values
during the monitoring period.

e The girders have not exhibited a major loss in strength or durability as a result of the
microcracking over the monitoring period. While the coefficients for chloride diffusion
and carbonation have shown increases, the values have not exceeded permissible limits.
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Based on the results of the accelerated weathering test conducted on extracted
specimens from full-scale pre-cast and pre-stressed concrete girders, the following
conclusions were drawn:

o

At the end of the testing period, the specimens had higher cracking index, average
crack width, loss in mass, and absorption. The specimens also exhibited lower
ultrasonic pulse velocity and bulk resistivity values. This indicated reduction in
overall durability.

The samples undergoing more alternate wetting and drying cycles exhibited a higher
loss in durability.

The samples with a higher initial cracking index exhibited higher loss in durability.

The relationships between the results from the non-destructive tests and the initial
cracking index and number of weathering cycles were determined using data from
specimens from five girders. The models had high multiple regression coefficients
ranging from 0.85 to 0.97 (see Table 4.5).

Each model was validated by comparing experimental test values to the predicted
test values using data from specimens from one girder. The reliability index of the
models ranged from moderate to excellent, with values from 0.63 to 0.90 (see Table
4.5).

The standard error of estimate for each test parameter was also calculated and
determined to be under permissible limits (see Table 4.5).

The relationship between diffusion coefficient, initial cracking index, and the
number of wetting and drying cycles was determined (see Table 4.6). The model had
a multiple regression coefficient of 0.73. The reliability index of the model was 0.78,
and a standard error of estimate comparable to the standard deviation of the test
values.
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Chapter 5. Prediction of Remaining Service Life of
Girders

5.1. Overview of Chapter

This chapter discusses the results undertaken to accomplish Task 4: Prediction of Remaining
Service Life of the Girders. To support this task, additional laboratory specimens with varying
degrees of cracking were cast in order to determine the critical crack width, depth and
density/index for these low w/cm concretes. Using these specimens and the data collected in
Task 1 (Chapter 2), Task 2 (Chapter 3), and Task 3 (Chapter 4) an empirical model to estimate
the remaining service life of concrete girders with surface microcracking was developed. The
model was validated using a time-delay study, and the results of the model were compared to
the service lives calculated using Life-365® and two other models for cracked concretes.

5.2. Objective

The objective of the research conducted during this phase of the project was to analyze and
synthesize the data collected in Tasks 1-3 to determine whether any long-term issue is likely
to develop from the extensive surface microcracking.

5.3. Background

Concrete is a functional and cost-efficient construction material with high durability. However,
it can deteriorate when exposed to the severe environment, excessive loads, and chemical attack
or when it undergoes corrosion of embedded steel, aggregate reactions, and volumetric
changes. This can lead to a reduction in the remaining service life of structures built with
concrete. This reduction in service life leads to an increase in the cost of repair, rehabilitation,
and rebuilding of infrastructure. The service life of a concrete structure can be defined as the
time period for which a structure can be used for its intended purpose with maintenance, but
without major repair is necessary. Service life can relate to strength or a durability
serviceability limit state condition. Limit state is the condition (strength or durability) beyond
which the structure no longer fulfills its design criteria. With infrastructure having longer
service lives, accurate prediction of service life becomes harder due to the natural complexity
involved with trying to predict the future. This challenge is further complicated by the varying
environmental conditions, new materials (e.g. low w/cm concretes used in bridge girders), lack
of historical data, and inadequate knowledge of deterioration mechanisms (e.g. unexplained
microcracking appearing in in-service bridge girders) involved in concrete structures that
makes it difficult to estimate and verify long-term reliability of the generated models [88].
However, studies have shown that there are several factors that can affect the service life of
concrete structures, or in this case, bridges specifically [121]-[123]:

e Age — hydration and fatigue loading
e Exposure conditions - precipitation and temperature

e Loading — dead, live, and traffic
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e Dimensions — length, span, and type of girder

e Material composition - w/cm ratio, cement type, mineral, and chemical admixtures,
type, and size of aggregates, air-entrainment, diffusion coefficient, and curing

e Pre-stressing — strand size and number

e Reinforcement bars — size, spacing, depth of concrete cover, and resistivity

5.4. Literature Review on Service Life Prediction Models

Most state transportation agencies have adopted performance-based design methods to meet
their infrastructure needs. Performance-based constructions are required to meet certain
measurable or predictable performance requirements, without a specifically prescribed method
by which to attain those requirements in contrast to traditional prescriptive building code
designs [124]. Thus, service life prediction and planning are essential elements of performance-
based construction. Models to estimate the discrete number of years of service of infrastructure
and infrastructure components are vital in designing repair, rehabilitation, and repair programs.
Researchers have used empirical, mechanistic, and simulation models for estimating the life
expectancy of a concrete bridge [125].

5.4.1. Mechanistic Models

Mechanistic models measure the rate of individual deterioration mechanisms to estimate the
service life. These models are commonly used when the deterioration mechanism is known.
Commonly observed deterioration mechanisms are corrosion (chloride and carbonation
diffusion), alkali-aggregate reaction, sulfate attack, freeze-thaw damage, and loading
(compressive, tensile, shear, flexural, and fatigue) among others [126].

5.4.2. Simulation Models

Simulation models create and analyze theoretical digital prototypes to predict real-world
behavior. These models are commonly used when the theory behind the deterioration
mechanism and the factors affecting it are well defined. Artificial intelligence or machine
learning models use systems such as artificial neural networks and case-based reasoning [127].

5.4.3. Empirical Models

Empirical models use observable data to generate and validate regression equations. These
models are commonly used when historical temporal data is available. Empirical models have
been successfully used to estimate the service life of bridges using a visual damage/condition
rating index. The following types of empirical models have been used.

5.4.3.1. Regression Models

Regression models are commonly used for modeling the performance of infrastructure as they
are easy to use and apply. They are also ideal when external validation of the data is not
possible, as the data can be validated using a time-delay to check the forecasting power [128].
Regression models can be linear (straight-line extrapolation) or non-linear (polynomial,
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logistic, or exponential or a combination thereof). A typical linear regression model is
described in Equation 5.1 [117].

Y = Qg+ Xg1 * A+ Xgp * Ay Equation 5.1

Where,
y = condition of the bridge
ao = constant
Xa = x-coefficient for variable a

a = variables affecting the condition of bridge (Ex: age, material, traffic, environment,
etc.)

Stukhart et al. (1991) used a combination of regression equations to estimate the condition
rating and thus service life of bridges in Texas. They used a non-linear exponential model using
age and average daily traffic as variables [129]. Bolukbasi et al. (2004) used data from 2,601
[llinois bridges over 20 years to calculate service life based on condition ratings of the deck,
superstructure, and substructures of the bridges. A third-degree polynomial equation was
developed [130]. Agrawal and Kawaguchi (2009) developed regression equations using bridge
type, material type, climate type, snow and other precipitation, exposure to deicing salts, and
location as variables to predict damage and thus service life of bridges in New York [131]. Lu
et al. (2019) used a multilevel logistic regression model to estimate condition ratings of the
deck, superstructure, and substructures of the bridges like the model developed by Bolukbasi
et al. (2004) [132].

5.4.3.2. Time-series Models

These models are used to predict the future condition of the structure based on the previously
observed conditions. These models are validated using a time-delay to check its forecasting
power [128]. A typical time-series model is described in Equation 5.2 .

Ye=DoTVe 1 *D1TYe_2*h; Equation 5.2

Where,
yt = condition of the bridge at time t
bo = constant
yi-1 = condition of bridge at time (t-1) and so on
b1 = coefficient at time (t-1) and so on

Enright and Frangopol (1998) used a time-series model to find the probability of system failure
of an in-service concrete bridge. The effects of dead and live loads, live load occurrence rate,
rate of loss of strength, degradation, and resistance on the bridge damage rating were
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investigated [ 133]. Omenzetter and Brownjohn (2006) used time histories of static strain from
in-service girders retrofitted with structural health monitoring systems to predict structural
changes and damage sustained [134]. Dinh et al. (2013) used time-series data from ground-
penetrating radar for inspection of in-service concrete bridge decks to map the deterioration
progression [135].

5.4.3.3. Markov Models

Markov models are the most commonly used regression models in bridge deterioration
modeling. They are used to model the transition between discrete states for fixed time, i.e. they
estimate the probability of degradation over a given period. In these models, the condition of
the bridge depends on the current condition of the structure and not on the historical condition.
The deterioration progress is divided into discrete states which are derived from periodical
inspection information. This method is ideal when the historical data is not available, and the
data is collected from periodical inspection rather than continuous observation [136]. Thus, the
condition of the bridge is represented in terms of probability (see Equation 5.3).

Xt = Xlt’th p onun ""X'Ht
Equation 5.3

Where,
Xt = Probability of bridge condition at time t
Xnt = Probability of bridge condition at time ny

Jiang and Sinha (1989) used geographic location, traffic volume, and bridge age and type to
generate a polynomial model to estimate the damage rating at the end of service life [137]. Ng
and Moses (1998) used Markov models to estimate bridge deterioration from existing historical
data [138]. Yang (2004) and Thomas and Sobanjo (2012) calculated damage rating in terms of
cracking in asphalt pavements to model pavement distress parameters such as ride quality and
rutting [139], [140].

5.4.4. Commonly Used Service Life Prediction Models

Several service life prediction models for concrete are available. These models are generally
based on the kind of degradation mechanism that the structure is expected to undergo. This
degradation mechanism can be freeze-thaw damage, thermal stresses, sulfate attack, alkali-
silica reaction, carbonation, or, more commonly, chloride diffusion. The damage rating index
method uses petrographic examination-based data to determine the remaining service life of
dam structures affected by the alkali-silica reaction. DuraCrete, ClinConc, and the Durability
Index Approach use a probabilistic diffusion model for carbon dioxide and chloride ingress
[141]-[143]. LIFEPRED and DuraCon are based on Fick’s law for chloride diffusion, with
DuraCon also utilizing data from rapid chloride migration test [144], [145]. Stadium® is a
proprietary software utilizes a multi-ionic probabilistic model based on the Nernst-Planck
equation to calculate chloride, carbon dioxide, and sulfate ingress rate and corrosion initiation
time [146]. The fib Bulletin 34 probabilistic model is based on Fick’s 2™ law to calculate
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chloride ingress and carbonation [147]. Probabilistic service life prediction models use
probability of failure due to the degradation mechanism to estimate service life.

5.4.4.1. Life-365®

Life-365® is a free software that uses semi-probabilistic chloride diffusion coefficient model
based on Fick’s law to predict remaining service life of concrete structures. Life-365® utilizes
specimen dimensions, exposure conditions, w/cm, concrete cover, and location as input
parameters to calculate service life. It uses historical experimental data to generate service life
models. Concrete Works is a variant of Life-365® and predicts strength and thermal cracking
along with chloride ingress [148].

5.4.5. Prediction of Remaining Service Life of Cracked Concrete

Service life prediction models for concrete with cracks also exist. These models account for
the exacerbating effect that cracks have on the loss in service life, as cracks can exacerbate the
rate at which deterioration occurs as they allow easier access to deleterious materials. Ann et
al. (2010) developed a probabilistic service life model for a cracked bridge structure exposed
to carbonation. The crack widths ranged between 0.1 to 0.2 mm. They used carbonation depth,
cover depth, carbonation rate, and concrete condition (sound, cracked, and joint-section) as
input variables [ 149]. However, it is seen that more studies focus on chloride ingress as a limit
state rather than carbonation. Otieno et al. (2016) presented a resistivity and chloride diffusion-
based empirical model for cracked reinforced concrete beam specimens. Surface resistivity was
measured using a non-destructive method with a Wenner probe. The cracks had widths of 0.4
and 0.7 mm. They used the water-binder ratio, mineral admixtures, concrete cover depth, and
crack width as input variables [150]. Kwon et al. (2009) and Pacheco (2019) provided
equations to calculate chloride diffusion coefficients and hence service life models for cracked
concretes [27], [151].

5.4.5.1. Kwon et al. (2009)

Kwon et al. (2009) developed a probabilistic model to estimate the service life of a concrete
wharf with chloride diffusion as the limit state. A single crack was used to model the increase
in diffusion coefficient. The crack width ranged from 0.1 to 0.3 mm. They used concrete cover,
chloride ion concentration, chloride diffusion coefficient, and crack width as input variables
[27].

2 .
D, = y.Dy+ (%) (%) D, Equation 5.4
Where,

D.: = Diffusion Coefficient with crack

Yc = Material constant

Dy = Diffusion coefficient of sound concrete
Do = Crack parameter affecting diffusion

w = Predicted crack width
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wa = Allowable crack width
w/l = Crack density
5.4.5.2. Pacheco (2019)

Pacheco (2019) developed a probabilistic model based on crack width to estimate the service
life of cracked concrete structures. They used migration coefficient, age, hydration,
temperature, initial chloride concentration, cover, and crack width as input parameters [151].

Do
Der = T Wi

W limit Equation 5.5

D.: = Diffusion Coefficient with crack
Do = Diffusion Coefficient of sound concrete
wk = Measured crack width

wiimit = Allowable crack width

5.5. Materials and Methods

Full-scale pre-stressed concrete girders that were constructed at commercial precast plants were
used in this study. The girders selected were monitored for a period of 588 to 959 days, and the
girders were between 2000 and 4500 days (5.5 to 12.2 years) old at the beginning of the test
period. Non-destructive tests were conducted on six in-service girders and five overcast girders
(see Chapter 3). In addition to the non-destructive tests, cores were also extracted from overcast
girders (see Chapter 4). Three rounds of field visits were conducted to each girder. A fourth
field visit was conducted to two overcast girders as part of a validation study. In addition, three
field visits were conducted to a sixth overcast girder, and non-destructive tests were conducted,
and cores were collected. The data from this girder was also used to validate the model
generated. The experimental and analytical methods used to generate the model are described
in this section.

5.5.1. Girder Notations

The girders are described below. (Additional information on the girders is provided in Table
2.2, Table 2.3, and Appendix A.)

e Four overcast girders (1R, 2R, 3R, and 4R) with visible surface cracking.
e Six in-service girders (61, 71, 81, 91, 101, and 11I) with visible surface cracking.

e One overcast girder (SRC) and two in-service girders (12IC and 13IC) exhibiting
negligible cracking were also selected to serve as control specimens.
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¢ One overcast validation girder (14V) with extensive surface cracking, that was used to
validate the generated model.

5.5.2. Experimental Methods

The following data was required to generate the empirical service life model:
e The present condition of the girders

e The rate of increase in cracking and decrease in strength, stiffness, and durability over
time

e The relationship between the increase in cracking and decrease in strength, stiffness,
and durability

e Serviceability conditions for cracking, strength, stiffness, and durability.

5.5.2.1. Present Condition of Girders

An initial field visit was conducted to all overcast and in-service girders. In-situ cracking,
strain, ultrasonic pulse velocity, and surface resistivity data were collected from all girders. In
addition, cores were collected from all overcast girders, and the strength, stiffness, resistivity,
and chloride diffusion and carbonation coefficients were determined (see Section 2.4).

5.5.2.2. Rate of Growth of Cracking

In-situ observation and collection of cracking, strain, ultrasonic pulse velocity, and surface
resistivity data from in-service and overcast full-scale girders over two years showed that the
girders with surface microcracking exhibited an increase in cracking and shrinkage, and a
marginal reduction in the pulse velocity and surface resistivity. The data showed that exposure
to environment and presence of pre-existing cracks were major factors affecting the rate of
increase in cracking, while external loading has not yet manifested any impact (see Section
3.6).

Laboratory testing of extracted cores from overcast girders showed that the strength, stiffness,
and resistivity of the girders did not reduce in a significant manner, while there was a marginal
increase in the diffusion coefficients. The increase in diffusion coefficient values was still
under serviceability limits (see Section 4.6).

The effect of exposure and presence of pre-existing cracks was investigated by conducting
accelerated weathering tests on the extracted cores and measuring the change in cracking,
absorption, ultrasonic pulse velocity, bulk resistivity, and chloride diffusion coefficient. The
relationship between the number of weathering cycles and initial cracking and the increase in
cracking and decrease durability were quantified (see Section 4.6).
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5.5.2.3. Relationship Between Cracking and Loss in Strength, Stiffness, and
Durability

It was initially proposed that cores extracted from overcast girders would be used to determine
the relationship between the increase in cracking and the resulting decrease in strength,
stiffness, and durability. However, the following limitations were found, and it was not possible
to accurately quantify the effect of cracking:

e Cracking parameters (width, depth, and density) of the microcracks could not be
controlled or replicated with any accuracy, i.e., repeatability of the tests on the
specimens with the same cracking values was not possible.

e Determination of the depth of the microcracks could not be done with non-destructive
tests, i.e., measurement of depth and strength/stiffness/durability tests could not be
performed on the same specimen.

e The range and width of cracks do not reach high levels of severity, i.e., the effect of
cracks that could potentially reach serviceability could not be tested.

e The number of cores that could be extracted was limited; i.e. sample size was limited.

Thus, samples with embedded cracks were cast using stainless steel and plastic shims (see
Figure 5.1). This allowed for precise control of width, depth, and density of the generated
cracks.
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(b) Crack Widths (c) Plan View

Source: Images by Authors
Figure 5.1: Typical shims used and crack (a) depths and (b) widths, and (c) plan view

Embedded cracks have been used with success by researchers studying the effect of cracks on
the diffusion properties of concrete. A study conducted by the Virginia Department of
Transportation concluded that removable shims could be used to study the effects of chloride
intrusion into a single microcrack with crack width 0.1-0.2 mm (0.004—0.008 in.) [152]. Savija
et al. used copper plates to embed a single microcrack with crack width 0.3 mm (0.012 in.) and
depth 20 mm (0.8 in.) and conducted rapid migration tests on the samples to successfully study
chloride diffusion [153], [154]. Du et al. showed that the chloride diffusion models exhibited
similar behavior for both natural (tortuous) and artificial (embedded) cracks [155]. Marsavina
et al. studied the influence of a single embedded microcrack of crack width 0.2 to 0.5 mm (in.)
and 5 to 20 mm deep (in.) on the chloride diffusion coefficient as measured by rapid migration
test [156]. Salehi et al. studied the effect of embedded cracks with widths 0.3 mm (0.01 in.), 1
mm (0.04 in.), and 2 mm (0.08 in.) to successfully study concrete surface resistivity values
[157].

5.5.2.3.1. Lab Cast Specimens

The severity of cracks is generally assessed using width, depth, and density/index [19]. For this
study, the range of these cracking parameters was determined after collecting data from field
specimens. The data was acquired from fourteen full scale pre-stressed pre-cast girders that
were exhibiting microcracking. The ranges of cracking parameters observed in this study are
shown below:
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e Crack Width

o Average Crack Width — 12.5 pm (0.0005 in.)

o Largest Microcrack — 50 pm (0.002 in.)

o ACI 224.1R Corrosion Serviceability Condition — 250 pm (0.01 in.) [40]

o ACI 318 Serviceability Condition for Structural Cracks — 3175 um (0.125 in.) [39]
e Crack Depth

o Average Crack Depth — 4.2 mm (0.168 in.)

o Largest Crack Depth — 8.2 mm (0.331 in.)

o Assumed Serviceability Crack Depth for Corrosion — 12.9 mm (0.508 in.)

o Assumed Serviceability Crack Depth (Depth of Cover) — 50.8 mm (2 in.)
e Cracking Index

o Average Cracking Index — 0.05 mm/m (0.0019 in./yd)

o)

Largest Cracking Index — 3.5 mm/m (0.1250 in./yd)

)

Assumed Serviceability Cracking Index for microcracks — 8 mm/m (0.2878 in./yd)

o)

Assumed Serviceability Cracking Index for macrocracks— 156.25 mm/m (5.625
in./yd)

As there are no existing serviceability limits for cracking index, the serviceability
cracking indices assumed in the study are the expected worst-case scenarios based on
laboratory trial and error.

5.5.2.3.2. Mix Proportions

The mix design selected for this study was adopted from the standard mix proportions
suggested by the Texas Department of Transportation for pre-stressed pre-cast girders [18].
Table 5.1 shows the concrete mix proportions selected for the study.
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Table 5.1: Concrete Mix Proportions and Properties

Material Description Quantity

Cement Type 11T 418 kg/m® 705 lbs/cu.yd.
Fine Aggregate (FA) (S:B EIIV CIZEZ)nd 835 kg/m® 1407 lbs/cu.yd.
Coarse Aggregate (CA) (S:CD Ellv grl Sor)avel 1043 kg/m? 1758 lbs/cu.yd.
Water - 117 kg/m? 252 Ibs/cu.yd.

. . Superplasticizer 2298 ml/m? 8.46 fl.oz./cwt
Chemical Admixture Retarder 766 ml/m’* 2.82 floz./cwt
All materials as per ASTM C150, ASTM C33 and ASTM C494 [15], [16], [158]

Water/Cement Mass Ratio 0.28
Paste/Aggregate Mass Ratio 0.285
CA/FA Mass Ratio 1.25

Initially, the embedding the shims into the concrete mixture and then removing the shims prior
to setting was tried. However, it was found that embedding cracks in concrete led to the
following issues:

e The shims for the smaller crack widths 12.5 pm (0.0005 in.) and 25 pm (0.001 in.)
would bend due to large-sized coarse aggregate during placement.

e The shims for larger crack widths 50 to 3175 pm (0.002 to 0.125 in.) would prevent the
coarse aggregate from filling in between the embedded cracks leading to a paste rich
top layer.

Thus, a concrete equivalent mix (CEM) was designed according to the method prescribed by
Schwartzentruber and Catherine [159]. This method was chosen to allow the w/cm to remain
unchanged, by keeping the total aggregate surface area the same and thus not changing the
aggregate water-demand. CEM mixtures possess the same concrete composition regarding the
cement nature and dosage, effective water content, mineral additives, chemical admixture types
and concentrations, and sand [159]. Table 5.2 shows the modified mix design.
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Table 5.2: Concrete Equivalent Mortar Mix Proportions and Properties

Material Description Quantity

Cement Type 11T 432 kg/m® 728 lbs/cu.yd.

Fine Aggregate (FA) SSD River Sand 1887 kg/m® 3180 Ibs/cu.yd.
(AC=1.14%)

Coarse Aggregate (CA) - - -

Water - 121 kg/m® 204 Ibs/cu.yd.

Chemical Admixture Superplasticizer 2298 ml/m’ 8.46 fl.oz./cwt
Retarder 766 ml/m’ 2.82 fl.oz./cwt

All materials as per ASTM C150, ASTM C33 and ASTM C494 [15], [16], [158]

Water/Cement Mass Ratio 0.28

Paste/Aggregate Mass Ratio 0.293

CA/FA Mass Ratio 0

Standard 100x200 mm (4x8 in.) cylinders were cast using the CEM proportions. Micro and
macro cracks were embedded in the wet mixture using lubricated stainless steel (12.5 um
[0.0005 in.], 25 pm [0.001 in.], 50 pm [0.002 in.], 250 um [0.01 in.]) and plastic (3175 um
[0.125 in.]) shims (see Figure 5.1). The cylindrical molds were half filled with mortar and
shims were placed. Mortar was carefully filled through the gaps between the shims (see Figure
5.2a). The molds were placed on a vibrating table to allow the mortar to fill the gaps between
shims (see Figure 5.2b). Trials were conducted to determine the best time to remove the shims.
It was found that removing the shims just before the final set occurred (8 hours) allowed for
easy extraction of the shims without disturbing the cracks (see Figure 5.2¢). Figure 5.2d and
Figure 5.2e show the cross-sectional and plan views of the embedded cracks in the hardened
samples respectively.

Table 5.3 shows the experimental matrix and notations. Additional samples were cast with
crack width 25 um (0.001 in.) to validate the study
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rCrack Widths
, 12.5 pm

25 pm

_ 50 um
- 250 pum: :

(d) Sectional View of cracks (e) Plan View of cracks

Source: Images by Authors

Figure 5.2: Casting of cracked mortar test specimens (a) before and (b) after vibration, (c) after
removal of shims, and (d) sectional and (e) plan view of the hardened cracks
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Table 5.3: Experimental Matrix and Notations

Notation Crack Width | Crack Cracking
W) Depth (D) Index (I)
(Width-
Depth- pm (in.) mm (in.) mm/m (in\yd)
Index)
Wy Ds la 0.75 (0.027)
Average (a)
Wy D i 4.5 2.25(0.081)
(0.18) Largest (1)
Wy Da Is Average (a) | 3.5(0.126)
Serviceability
®
Wy Dila 25 8.4 0.75 (0.027)
Wy Di 1y (0.001) (0.33) 2.25(0.081)
W, D Is Validation Largest (1) 3.5(0.126)
Wy Dsc Ia V) 12 (0.51) 0.75 (0.027)
Wy Dy It Service- 2.25 (0.081)
Wy Dsc Is ability
Corrosion
(s¢) 3.5(0.126)
Wy Dss Ia 50 (2) 0.75 (0.027)
Wy Dss Ii Service- 2.25(0.081)
Wy Dss Is ablllty
Strength
(ss) 3.5(0.126)

Notation Crack Width | Crack Cracking
(W) Depth (D) Index (I)
(Width-
Depth- pum (in.) mm (in.) mm/m (in\yd)
Index)
Wee Da L 2.5 (0.090)
Average (a)
Wi Da Ii 4.5 125 (0.450)
(0.18) Largest (1)
Wse Da Is Average (a) | 2.78 (0.100)
Serviceability
(O]
Wi Di L 8.4 2.5 (0.090)
We DI LI ?(f(()n) (0.33) 12.5 (0.450)
x“ g‘ ISI Serviceability ngr(%e?l()') 528( 500-;8?)
sc 7se ;a | Corrosion : : :
gsc gsc il (SC) i}ffl\lfi;e- 12.5 (0450)
A Corrosion 2.78 (0.100)
(s¢)
Wse Dss Ia 50 (2) 2.5(0.090)
Wse Dss Tt Service- 12.5 (0450)
Wse Dss Is ablllty
Strength 2.78 (0.100)
(ss)
Wes Da I 45 31.25 (1.125)
Wss Da Iy ((') 18) 93.75 (3.375)
Wss Da Is ) 156.2 (5.625)
Wy Dila 31.25 (1.125)
WaDili | 5175 8.4 93.75 (3.375)
WoDiL, | (0129 (0.33) 156.2 (5.625)
We Do I, | SCTVice- 31.25 (1.125)
W Dol | 201 12 93.75 (3375
Wss Dsc Il Strength (SS) (0.51) 15-6 > 25.6253
Wss Ds In 5 31.25 (1.125)
Wss Dss Is 156.2 (5.625)

Notation Crack Width | Crack Cracking
W) Depth (D) Index (I)
(Width-
Depth- pm (in.) mm (in.) mm/m (in\yd)
Index)
Control 0 0 0
WaDala 0.36 (0.013)
Average (a)
WaDali 4.5 1.11  (0.040)
(0.18) Largest (1)
Wa Da Is Average (a) | 1.75 (0.063)
Serviceability
(O]
WaDila 8.4 0.36 (0.013)
WaDi i 125 (0.33) 1.11 (0.040)
Wa Di Is (0.0005) Largest (1) 1.75 (0.063)
Wa Dsc Ia Average-(a) 12 (Q.Sl) 0.36 (0.013)
Wa Dsc Ii Service- 1.11 (0.040)
Wa Dsc Is ablllty
Corrosion 1.75 (0.063)
(s©)
Wa Dss Ia 50 (2) 0.36 (0.013)
Wa Dss It Service- 1.11 (0.040)
W Dss Is ablllty
Strength 1.75 (0.063)
(ss)
WiDala 45 0.5(0.018)
WiDali ((') 18) 2.5(0.090)
WiDa s ) 5.5(0.198)
WiDila 3.4 0.5(0.018)
WiDi 1 50 (0.33) 2.5 (0.090)
Wi D115 (0.002) 5.5(0.198)
Wi Dsc Ia Largest (1) 12 0.5(0.018)
Wi Ds i 0.51) 2.5(0.090)
Wi Dse Is ) 5.5(0.198)
Wi Dss Ia 50 0.5(0.018)
Wi Dss i ?) 2.5(0.090)
Wi Dss Is 5.5(0.198)
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5.5.2.3.3. Items of Investigation

The average of three specimens was used to determine the test results. Table 5.4
shows the tests conducted, and the test method followed. The serviceability values
from standards and relevant studies undertaken by researchers are also included.
The serviceability conditions were selected from studies using concretes with
similar mix proportions.

Table 5.4: Test Methods and Serviceability Values

Concrete
Standard/Test | Serviceability | Source for Test . .
Test Method Values (28 | Methodology | Miterial Properties
days)
STRENGTH TESTS
Compressive ASTM C42 35 MPg (5000 TXDOT Bridge
Strength [102] psi) Design Manual, | Pre-stressed I girders
Tensile ASTM C496 3 MPa (425 (2§18) 8] &
Strength [103] psi)
STIFFNESS TESTS
Ultrasonic | s1\f c597 Malhotra (1976) | = ) 105 0.29-0.95
Pulse [20] 3660-3050 m/s Turgut (2006) 300011500 m/s
Velocity* [65], [104]
6 | TxDOT Bridge
gOdtl.lh.lts of AS]EI;/(I) 5?469 35GPa _(SXIO Design Manual | Pre-stressed I girders
astieity psi) (2018) [18]
DURABILITY TESTS
Bulk AASHTO
Resistivity* TP119 [54] 12-21 kQem
AASHTO T358 Sengul (2014) . 040
surface ~Modified for | 5-7.5kQem | FDOT Standard | /¢ 108 0-28-049:
Resistivity* . 48-75 MPa (7000-
Cylinders [21] (2004) X
=D [66], [106] 11000 psi)
Chloride NT Build 492 5-10x 10
. . 2
Diffusion [107] m /s
50 mm (2 1n..) OVerl Concrete I-Girders
Carbonation 85.7 mm/yr®3 75 years, i.¢, TxDOT Bridge
. CPC-18 [108] oy 0.5 concrete cover .
Coefficient (0.26 in./yr"?) Design Manual
over expected (2018) [18]
service life [12]
Note: * Non-destructive test

5.5.2.3.4. Serviceability Values for Concrete and Mortar

The serviceability values in Table 5.4 are for concrete at 28 days. However, in this
study, a concrete equivalent mortar was used. Thus, the serviceability values for
mortars were determined by comparing values of uncracked concrete and concrete
equivalent mortar specimens. In addition, a literature review was conducted to
determine the effect of coarse aggregate on the strength, stiffness and durability
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properties of concrete and mortar. Table 5.5 summarizes the serviceability values
for strength, stiffness, and durability values obtained from the concrete and mortar
specimen, along with a summary of the literature review conducted to determine
the relationship between mortar and concrete.

Table 5.5: Serviceability Values for Concrete and Mortar

Concrete Concrete Mortar Mortar
Test Test Serviceability | Test Serviceability | Relationship
es Values Values Values Values Source
(28 days) | (28 days) (28 days) | (28 days)
STRENGTH TESTS
Compressive 6(4912\/191;21 96 MPa 3(8515\/élga 57 MPa Inverse Linear Correlation
Strength : (13924 psi) . (8267 psi) | Assad et. al (2009) [160]
psi) psi)
Inverse Linear Correlation
Tensile 6.4 MPa 3 MPa 4.5 MPa 2 MPa i"hss ::1315&198)987)
Strength (925 psi) (425 psi) (648 psi) (298 psi) Mellinger and Birkimer
(1966) [1611-[163]
STIFFNESS TESTS
Inverse Logarithmic
Ultrasonic Correlation
Pulse I?If/io 3050 m/s 1rlnl/§9 4907 m/s Swamy and Rigby (1971)
Velocity Popovics et al. (1990)
[164], [165]
Inverse Logarithmic
35.9 GPa 38.6 GPa 37.6 GPa | Correlation ]
Modulus of 6 35 (;xPa 6 6 Swamy and Rigby (1971),
Elasticity G2xX10 1 510" psiy | C-6x10 (54x10 | yang (1998),
psi) psi) psi) Chen et al. (2013)
[164], [166], [167]
DURABILITY TESTS
Bulk 26.2 14 kQcm 34.0 18.2 kQcm | Inverse Linear Correlation
Resistivity kQcm kQcm ’ Hou et al. (2017),
Surface 35.6 Sengul (2014)
Resistivity KQem 5 kQcm 14 kQcm | 6.23 kQcm [66], [168]
i 12 ) 15 | Direct Linear Correlation
Chloride 32x10 10x 10 5.7x10 17.8x 10 Shi et al. (2011),
Diffusion 2 2 2 12 2 2 Caré (2003)
m /s m /s m /s m /s (1691, [170]
4 7 mm/yr%> > 8.3 mm/yr®® | Direct Linear Correlation
Carbonation | mm/yr®3 mm/yr® |
. (0.27 (0.33 Khunthongkeaw et al.
Coefficient (0.16 in./yr03) (0.20 in./y195) (2006) [171]
in./yr®%) ' in./yr®S) 4

Researchers have shown that compressive strength has an inverse linear correlation
with the percentage of the coarse aggregate present. A study conducted by Assad
et al. (2009) on the comparative strength and stiffness behavior of concrete and
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concrete equivalent mortars showed a strong inverse linear correlation (R?>=0.92)
between the compressive strength of concrete and concrete equivalent mortars
[160]. Tensile strength has a direct linear correlation with the percentage of coarse
aggregate present. Ross et al. (1990) showed that split tensile strength of concrete
was 1.5 times that of mortar [161]. Similar results were obtained by John and Shah
(1987) and Mellinger and Birkimer (1966) [162], [163].

Researchers have shown that stiffness of concrete has an inverse logarithmic
correlation with the percentage of coarse aggregate present in the concrete mix. A
seminal study conducted by Swamy and Rigby (1970) on the dynamic properties
of concrete and mortar showed that concretes have a higher modulus of elasticity
when compared to mortars [164]. A study was conducted on the effect of the
transition zone on the modulus of elasticity of mortars by Yang (1998) and showed
that modulus of elasticity increased with increasing aggregate fraction [166]. In a
study conducted to compare the dynamic properties of paste, mortar, and concrete,
Chen et al. (2013) Showed that the modulus of elasticity of concrete was higher by
about 1.33 when compared to mortars [167]. The presence of coarse aggregate also
reduces the ultrasonic pulse velocity through concrete when compared to mortar.
Coarse aggregate reduces homogeneity, thereby increasing the time required by the
ultrasonic wave to pass through concrete. Thus, mortars have higher ultrasonic
pulse velocity [165]. This relationship is inverse logarithmic, like the modulus of
elasticity [164].

Studies have shown that an inverse linear relationship exists between the volume
of coarse aggregate and electrical resistivity. A study by Sengul (2014) showed that
a higher fraction of coarse aggregate results in higher resistivity, i.e., concrete
samples had lower resistivity when compared to mortar samples [66]. A study
conducted by Hou et al. (2017) further showed that a well correlated (R?>=0.98)
linear relationship exists between the volume of coarse aggregates and the
resistivity of concrete and mortar samples [168].

Studies have shown that a direct linear relationship exists between the volume of
coarse aggregate and diffusion coefficients. Shi et al. (2011) obtained a correlation
coefficient of 0.99 between the chloride diffusion coefficient of concrete versus
mortar. Concretes had a chloride diffusion coefficient about 1.5 times that of mortar
[170]. Caré (2003) obtained a correlation coefficient value of 0.94 when comparing
the coarse aggregate volume and chloride diffusion coefficient. The study
accounted for the effect of interfacial transition zone and tortuosity due to the
inclusion of coarse aggregates [169]. The carbonation coefficient also has a direct
linear correlation with coarse aggregate. Khunthongkeaw et al. (2006) showed that
concrete has slightly lower carbonation coefficient value when compared to mortars
[171].
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5.5.2.3.5. Quantification of Relationships between Increase in Cracking
and Decrease in Strength, Stiffness, and Durability

The relationship between each test parameter and the three cracking parameters
(width, depth, and index) was determined using multiple linear regression. This
method is commonly used to model the relationship between two or more
explanatory variables and a response variable by fitting a linear equation to the
observed data. The equation of the best fit line is calculated by minimizing the sum
of squares of the deviations from each data point to the fitted line [117]. The
explanatory variables in this model are crack width, depth, and index, and the
response variable is the test parameter (compressive strength, tensile strength,
ultrasonic pulse velocity, modulus of elasticity, bulk resistivity, surface resistivity,
chloride diffusion coefficient, and carbonation coefficient). The model was
generated with data obtained by testing the samples cast with all crack depths and
indices and 12.5 pm, 50 um, 250 um, and 3175 pm crack widths (see Table 5.3).
The multiple regression coefficients (R?) for each model were also calculated. The
regression coefficient is a statistical measure of how close the experimental data is
to the fitted regression line. The coefficient values range between 0 (no
relationship) and 1 (very good relationship) [118]. Equation 5.6 is a sample of the
model generated for each test parameter.

y=c+xw*W+xqa*D+xi*I ,
Equation 5.6

Where,
y = Test parameter
¢ = y-intercept
xw = Coefficient for crack width
W = Crack width
x4 = Coefficient for crack depth
D = Crack depth
x; = Coefficient for cracking index

I = Cracking Index

5.5.2.3.6. Validation of Model

Samples were cast with 25 pm crack width (see Table 5.3) and tested. This
experimental data was compared to the data predicted by the model. The validity
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of the model was assessed using the reliability index and standard error of estimates
(see Section 4.4.5.3).

5.5.2.4. Serviceability and Critical Cracking Parameters

The effect of increasing degree of cracking (width, depth, and density/index) on the
strength, stiffness, and durability properties of concrete was quantified.
Compressive and tensile strength, ultrasonic pulse velocity, modulus of elasticity,
bulk, and surface resistivity decreased with increased cracking. Carbonation and
chloride diffusion coefficient increased with increased cracking. Table 5.5 contains
the serviceability values for strength, stiffness, and durability parameters for
mortars at 28 days. The serviceability cracking values for each test parameter are
calculated by optimizing the crack width, depth, and index values in Equation 5.6
by substituting the serviceability values for “y” (test parameter).

The test parameter with the lowest serviceability crack values was the critical test
parameter. The critical width, depth, and index were determined by selecting the
cracking values corresponding to the critical test parameter.

5.5.2.5. Summary of Tests Conducted

Conclusions drawn from the non-destructive tests on girders (see Section 3.6) and
laboratory tests on extracted cores and accelerated weathering tests (see Section
4.6) conducted on extracted cores were used to generate the model. Lab specimens
with varying degrees of cracking were cast, and critical cracking values were
estimated (see Section 5.5.2.4). The tests conducted on the samples are summarized
in Table 5.6.
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Table 5.6: Summary of Tests Conducted in the Study

Number of Samples Tested

Test Source for Test Method Visit 1 [Visit2 | Visit 3
NON-DESTRUCTIVE TESTS ON FULL-SCALE GIRDERS

Wby FHW A-HIF-09-004 Report [19]

Evaluation 6 t oird 6 orid h
Strain FHWA-HIF-09-004 Report [19] gi;)(;/:rrcas girders = & grds on eac
Ultraspmc Pulse ASTM C597 [20] 8 in-service girders — 4 grids on
Velocity

AASHTO T358 — Modified for | <1 €irder

Cylinders [21]
TESTS ON CORES AND EMBEDDED CRACK CYLINDER SPECIMENS

Surface Resistivity

VISUAL EVALUATION
Microcracking FHW A-HIF-09-004 Report [19] | 15 8 8
Evaluation
Optical Microscopy ASTM C1723 [101] 1 - -
Seanning Electron | s gr\r ¢1723 1011 1 - -
Microscopy
STRENGTH TESTS
Compressive
St ASTM C42 [102] 4 2 2
Tensile Strength ASTM C496 [103] 2 2 2
STIFFNESS TESTS
Ultrasonic Pulse

) ASTM C597 [20] 15 8 8
Velocity
Elastic Modulus ASTM C469 [105] 4 2 2
DURABILITY TESTS
Bulk Resistivity AASHTO TP119 [54] 15 8 8

o AASHTO T358 — Modified for

Surface Resistivity Cylinders [21] 15 8 8
Chloride Diffusion .
Coefficient NT Build 492 [107] 4 2 2
Carbonation
Coefficient CPC-18 [108] 6 6 6

ACCELERATED WEATHERING TESTS ON EXTRACTED CORES

Mlcrocr.ackmg FHW A-HIF-09-004 Report [19] 36 specimens undergoing 22
Evaluation weathering cycles each.
Bulk Resistivity AASHTO TP119 [54] 36 specimens undergoing 12 cycles
Ultrasonic Pulse weathering each.
Velocity ASTM €397 [20] 36 specimens undergoing 10
Mass Measurements | - weathering cycles each.

108 specimens before undergoing
Chloride Diffusion . accelerated weathering
Coefficient NT Build 492 [107] 108 specimens at the end of the

accelerated weathering test

5.5.3. Analytical Methods

As described in Section 5.4, estimating the remaining service life of the cracked
concrete girders can be done using various methods. This study utilizes a
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combination of regression and time-series models to predict the remaining service
life of the low w/cm concrete pre-cast girders with microcracking.

As the mechanism causing these microcracks is not fully understood, developing a
theoretical model was not possible. However, as the microcracks did exhibit an
increase over the monitoring period, this change could be recorded and quantified.
It was found that exposure to the environment and extent of pre-existing cracks had
an effect on the rate of growth of microcracks (see Section 3.5.2 and Section 3.5.3).
As discussed earlier, time-series models are ideal when historical data can be
collected at time intervals (see Section 5.4.3.2). In addition, regression models can
be successfully used in predicting service life of concrete infrastructure elements
(see Section 5.4.3.1). Cracking, strength, stiffness, and durability data was collected
from the girders by conducting three field trips, approximately one year apart.
These field trips served two purposes, establishing the present condition of the
girders and quantifying the rate at which these changes occur. An additional fourth
field trip was conducted to two girders to serve as a time-delay study to validate the
reliability of the model generated. The empirical service life model was generated
using the following method:

¢ Determine the present condition of the girders: Cracking, strength,
stiffness, and durability data were collected from 5 overcast and 8§ in-service
full-scale girders.

e Determine the rate of increase in cracking and decrease in strength,
stiffness, and durability: Change in cracking, strength, stiffness, and
durability over time was determined by collecting data from the girders two
more times one-year apart. Cracking was estimated by calculating the
average crack width and cracking index. Strength was estimated by
measuring the compressive and tensile strength. Stiffness was estimated by
measuring the ultrasonic pulse velocity and modulus of elasticity.
Durability was estimated by measuring surface and bulk resistivity, chloride
diffusion coefficient and carbonation coefficient.

e Quantify the relationship between the increase in cracking and
decrease in strength and durability: Specimens with different degrees of
cracking were cast, and their strength, stiffness, and durability were
determined, and the relationships quantified.

e Determining the serviceability conditions for cracking: Chloride
diffusion coefficient was determined to be the limit state value for
durability. A critical crack width of 100 pm and a critical cracking index of
18 mm/m was calculated.
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Determine factors affecting the rate of cracking: The effect of external
loading, exposure to the environment, the presence of pre-existing cracks,
and the direction of pre-stressing were determined. It was found that
exposure to environment, presence of pre-existing cracks, and direction of
pre-stressing had the biggest impact on the rate of change of cracking when
compared to external loading.

Modeling the rate of growth of cracking: While direction of pre-stressing
was a factor affecting the rate of growth of cracking, the direction of pre-
stressing is the same for all girders and hence has not been considered as a
factor in the model. Data from the non-destructive tests conducted on the
girders and accelerated weathering test on extracted cores were used to
model the remaining service life (see Equation 5.7). Multiple regression
coefficient using sum-of-least-squares was also calculated for the model.

YV=Ct+Xg ¥A1+Xgp ¥AQy+ X3 A3+ Xgy Ay + Xg5 A5 Equation 5.7

Where,
y = Age of specimens in days
¢ = empirical constant

a1 = Effect of exposure expressed using a binary code. 0 for samples
that were not exposed to the environment and 1 for samples exposed
to the environment.

a> = Effect of pre-existing cracks expressed using the cracking index
of girders during the first field visit and the cracking index of
accelerated weathering tests before the start of the test.

a3 = w/cm used to account for variation in material composition.

a4 = Ultrasonic pulse velocity used to account for variation in
material composition.

as = The cracking index observed during subsequent field visits, and
at the end of each accelerated weathering test cycle was used.

Xal — Xas5 = coefficients for a; - as

Validation of model: The model was validated using the data collected
from the fourth round of field visits from two overcast girders (3R and 4R),
i.e., time-delay validation. The model was also validated using data from
one overcast girder (14V). The validity of the model was assessed using the
reliability index and standard error of estimates (see Section 4.4.5.3).
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5.6. Results and Discussions

The results of the laboratory tests performed on embedded crack cylinders to
determine the critical cracking values are presented in this section. The model
generated is presented along with the results of the validation study performed. The
remaining service life of the girders was estimated using the generated empirical
model and compared to the service life predicted using Life-365® and the modified
chloride diffusion coefficient for cracked concretes.

5.6.1. Serviceability and Critical Cracking Parameters

5.6.1.1. Relationship between Cracking and Concrete Parameters

The relationship between cracking, strength, stiffness, and durability parameters,
as well as the critical cracking values, are presented in this section. The
methodology for generating regression equation coefficients is presented in Section
5.5.2.3.5. The methodology for validation of models is presented in Section
5.5.2.3.6.

Table 5.7 summarizes the mathematical relationships between strength, stiffness,
and durability tests, and cracking parameters. For example, the first row in Table
4.5 provides the relationship between compressive strength and crack width, depth
and index (Equation 5.8) and chloride diffusion coefficient and crack width, depth
and index (Equation 5.9). The compressive strength reduces with an increase in
crack width, depth and index as indicated by the negative coefficient values, while
chloride diffusion coefficient increases as indicated by the positive coefficient
values. The coefficients are empirically based on crack width (0-3175 um), depth
(0-50 mm), and index (0—156 mm/m), which have differing magnitudes; thus the
magnitude of the coefficients does not indicate their relative importance in the
model.

Compressive Strength = 93.64 — 0.0035+ W — 0.54 + D — 0.163 * I Equation 5.8

Chloride Dif fusion Coef ficient = 5.29 + 0.0002 * W +1.89* D +0.393 * [ Equation 5.9
Where,
W = Crack Width
D = Crack Depth

I = Cracking Index
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Table 5.7: Quantification of Relationships between Cracking and Strength,
Stiffness, and Durability Parameters

Coefficients for Equation 5.6
Parameter (y) y=c+txw*W+xa*D+xi*[ | R T Gest SDave

C Xw Xd Xi

Compressive

93.64 -0.0035 -0.54 -0.163 0.86 0.71 3.70 MPa 0.41 MPa
Strength (CS)

Tensile

4.38 -0.0002 -0.03 -0.006 0.88 0.70 0.23 MPa 0.10 MPa
Strength (TS)

Ultrasonic
Pulse Velocity 11236 -0.3813 -62.43 -23.23 0.85 0.68 833 m/s 169 m/s
(UPV)*

Modulus of
Elasticity 41.59 -0.0006 | -0.04 -0.012 0.88 | 0.67 0.36 GPa 0.05 GPa
(MOE)

Bulk
Resistivity 32.06 -0.0028 | -0.04 -0.017 093 | 0.73 1.05 kQcm 0.52 kQem
(BR)*

Surface
Resistivity 12.63 -0.0009 | -0.04 -0.013 093 | 0.76 0.87 kQcm 0.39 kQem
(SR)*

Chloride
Diffusion 1.82x 102

. 5.29 0.0002 1.89 0.0393 0.96 0.94
Coefficient m/s’

(Dnssm)

0.93 x 102 m/s?

Carbonation
Coefficient 345 -0.0008 0.34 0.042 0.86 0.60 | 3.69 mm/yr®* 0.54 mm/yr®>

(K)

Notes:
e Input Variables: W = Crack Width
D = Crack Depth
I = Cracking Index
® C, Xw, X4, and x; are coefficients
e Reliability Indicators: R?> = Multiple Regression Coefficient
r = Reliability Index
oest = Standard Error of Estimate
SD = Average Standard Deviation of experimental test values

5.6.1.2. Critical Cracking Values

Table 5.8 summarizes the serviceability cracking values. The table also shows the
critical test parameter and the critical cracking values for the test parameter. Section
5.5.2.4 presents the methodology for calculating the serviceability cracking values.
It also presents the methodology for determining the critical cracking parameter
and the critical cracking values.
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The chloride diffusion coefficient was determined to be the critical test parameter
for cracking, as it had the lowest serviceability cracking values. The critical
cracking values were determined as 100 um for crack width, 7 mm for crack depth,
and 0.018 mm/m for cracking index. The ACI 224R report on Control of Cracking
in Concrete Structures provides an upper crack width limit of 250 pm (0.01 in.) for
corrosion resistance and 0.41 mm (0.016 in.) for strength in dry conditions under
service loads [21]. Other researchers have also calculated critical crack widths for
corrosion resistance. Corina-Maria Aldea et al. (1999), Wang et al. (2016),
Poursaee and Hansson (2008), and Sahmaran (2007) calculated critical crack
widths of 200 um, 100 um, 100 um, and 135 um for chloride permeability in high
strength concretes respectively [34]—[36], [172].

A cracking index of 18 mm/m translates to 180 cracks with 100 um width per meter
length of concrete or four cracks with 0.004 in. width per inch of concrete.

Table 5.8: Calculated Serviceability Cracking Values

Serviceability Cracking Values

Test Serviceability Crack Crack Cracking
Test Values Width Depth Index
(um) (mm) (mm/m)
STRENGTH TESTS
Compressive Strength (CS) | 57 MPa (8267 psi) | 300 23 142
Tensile Strength (TS) 2 MPa (298 psi) 500 45 150
STIFFNESS TESTS
Ultrasonic Pulse Velocity
(UPV)* 4907 m/s 320 25 200
.. 6
Modulus of Elasticity 37.6 GPa (5.4x10 | 340 34 200
(MOE) psi)
DURABILITY TESTS
Bulk Resistivity (BR)* 18.2 kQcm 3000 50 202
Surface Resistivity (SR)* 6.23 kQcm 2650 40 202
Chloride Diffusion ‘22 N " N
Coefficient (Dassm)™ 17.8x10 m/s | 100 7 18
Carbonation Coefficient 8.3 mm/yr®?
(K) (0.33 in./yr%) 350 10 42
Notes:

* Non-destructive test
++ Critical Test Parameter
+ Critical Cracking Values

87



5.6.2. Empirical Model

An empirical model that can be used to predict the remaining service life of the low
w/cm concrete girders with microcracking is presented in this section. The
reliability of the model has also been presented using a time-delay study as well as
data from an additional girder. The service life predicted by Life-365® has been
reported. In addition, the service life predicted by chloride diffusion coefficient
based model for cracked concrete developed by Kwon et al. (2009) and Pacheco
(2019) was also calculated and reported [27], [151].

5.6.2.1. Generation of Empirical Model

The empirical model was generated with temporal data collected from 5 overcast
girders and 8 in-service girders. This was supplemented with data from the
accelerated weathering test conducted on specimens extracted from the overcast
girders. The regression model generated is shown in Equation 5.10. The model had
a regression coefficient of 0.77, which lies in the “Good” range.

y=—28403 —912 *a; — 1441 *a, + 29848 *a; + 0.20* a, +1330 * a5
Equation 5.10
Where,
y = Age of specimens in days

a1 = Effect of exposure expressed using a binary code. 0 for samples that
were not exposed to the environment and 1 for samples exposed to
environment.

ar = Effect of pre-existing cracks expressed using the cracking index of
girders during the first field visit and the cracking index of accelerated
weathering tests before the start of the test.

a3 = w/cm used to account for variation in material composition.

a4 = Ultrasonic pulse velocity used to account for variation in material
composition.

as = The cracking index observed during subsequent field visits, and at the
end of each accelerated weathering test cycle was used.

5.6.2.2. Validation of Empirical Model

The generated model was validated using two sets of data, a time-delay study on
two girders and observed data from an additional girder.
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5.6.2.2.1. Time-Delay Study

The model was validated using a time-delay study by collecting data from two
overcast girders. The model was used to calculate the predicted cracking index
using Equation 5.11. Figure 5.3 shows the predicted vs. observed cracking indices
from the fourth round of field visits conducted on girder 3R and 4R. The predicted
and observed values had a high correlation coefficient of 0.92. The reliability index
of the model was calculated to be 0.69 which lies in the “Moderate” range. The
standard error of estimates was calculated to be 0.72 mm/m. The standard deviation
of observed cracking index values was 0.82 mm/m. Thus, the model was found to
have moderate to good reliability.

y + 8403 + 912 * a, + 1441 + a, — 29848 *a; — 0.20* a,
as predicted — 1330

Equation 5.11
Where,

as predicted = The predicted cracking index.
y = Age of specimens during the fourth field visit in days.

a1 = Effect of exposure expressed using a binary code. 0 for samples that
were not exposed to the environment and 1 for samples exposed to
environment.

ar = Effect of pre-existing cracks expressed using the cracking index of
girders during the first field visit.

a3 = w/cm used to account for variation in material composition.

a4 = Ultrasonic pulse velocity used to account for variation in material
composition.
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Figure 5.3: Predicted vs. observed cracking indices for Girders 3R and 4R from the fourth
round of field visits

5.6.2.2.2. Validation Study on Additional Girder

A sixth overcast girder was selected to validate the study, and three field visits were
conducted one year apart. The age of the girder during each field visit is known,
and these values were compared to the values predicted using Equation 5.10. The
observed values of exposure conditions, w/cm, ultrasonic pulse velocity, cracking
index during the first field visit, and cracking index during the subsequent field
visits were used to predict the age of the girder during each field visit. The reliability
index of the model was calculated to be 0.76 which lies in the “Moderate” range.
The standard error of estimates was calculated to be 359 days, a little less than one
year. Thus, the model was found to have moderate to good reliability.

5.6.3. Calculation of Remaining Service Life of Girders

The service lives of the low w/cm concrete girders were calculated using the
generated model. The service life was also calculated using Life-365® and two
models for cracked concretes based on the chloride diffusion coefficient proposed
by Kwon et al. (2009) and Pacheco (2019) [27], [151].

5.6.3.1. Empirical Model

The remaining service life of the girders monitored was calculated using the model
generated. Equation 5.10 was used to calculate the expected service life of the
girders, i.e., the amount of time taken to reach a critical cracking index value of 18
mm/m. Two exposure conditions were evaluated for each girder, exposed to
environment and unexposed to environment. The average cracking index and
ultrasonic pulse velocity of the girders measured during the first field visit were
used as input variables, along with the w/cm. The results are presented in Table 5.9.
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It is seen that the girders have between 50 and 62 years of service life remaining. It
is also observed that a girder, when not exposed to the environment, will have
around two and a half additional years of service life when compared to the same
girder when exposed to the environment. As these girders are designed for a service
life of 75 years, the present rate of growth in As these girders are designed for a
service life of 75 years, the present rate of growth in microcracking can reduce the
service life of the in-service girders from 2 to 13 years depending on the girder and
nature of cracking. On average, the service life reduction was 5 years considering
all the girders examined in this study [12].

5.6.3.2. Life-365®

Table 5.10 presents the remaining service life as calculated using Life-365®. The
input parameters were w/cm, girder dimensions, cover depth, and location. The
remaining service life of girders ranged between 79 and 98 years. The remaining
service life reduced to 54.1-64.3 years when the calculated diffusion coefficient
was used as the input parameter instead of the default location.
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Table 5.9: Remaining Service Life of Girders Calculated Using Model

iti . . Remaining Service
Pre-Existing Crmc{ll Service Life* Lifex* & Avera‘g(?
. Age 4 UPV Cracking 11e Remaining
Girder Exposure” | Cracks w/c . .
(Days) (mm/m) (m/s) Index Davs Years Davs Years Service Life
(mm/m) * y y (Years)
1 22015 60.3 19402 532
1R 2613 1.35 0.28 4736 18 54.45
0 22927 62.8 20314 55.7
1 21705 59.5 19151 52.5
2R 2554 1.62 0.28 5120 18 53.75
0 22617 62 20063 55
1 19852 54.4 17840 48.9
3R 2012 3.04 0.3 3147 18 50.15
0 20764 56.9 18752 51.4
1 21993 60.3 19495 534
4R 2498 1.93 0.3 5793 18 54.65
0 22905 62.8 20407 55.9
1 22852 62.6 19340 53
5RC 3512 0.74 0.28 4527 18 54.25
0 23764 65.1 20252 55.5
1 25874 70.9 22366 61.3
61 3508 0.35 0.36 4883 18 62.55
0 26786 73.4 23278 63.8
1 26040 71.3 21683 59.4
71 4357 0.18 0.36 4496 18 60.65
0 26952 73.8 22595 61.9
1 24958 68.4 21450 58.8
81 3508 1.1 0.36 5686 18 60.05
0 25870 70.9 22362 61.3
1 25954 71.1 22446 61.5
91 3508 0.33 0.36 5131 18 62.75
0 26866 73.6 23358 64
1 24646 67.5 20289 55.6
101 4357 1.11 0.36 4234 18 56.85
0 25558 70 21201 58.1
111 4357 1 0.86 0.36 4068 18 24973 68.4 20616 56.5 57.75
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iti . . Remaining Service
Pre-Existing Crltm.‘l Service Life* Life®* & Avera‘g(?
. Age 4 UPV Cracking 11e Remaining
Girder Exposure” | Cracks w/c . .
(Days) (mm/m) (m/s) Index Davs Years Davs Years Service Life
(mm/m) * y y (Years)
0 25885 70.9 21528 59
1 22970 62.9 19462 533
121C 3508 2.37 0.36 4913 18 54.55
0 23882 65.4 20374 55.8
1 25106 68.8 20749 56.8
131C 4357 0.75 0.36 3944 18 58.05
0 26018 71.3 21661 59.3
1 22259 61 20968 57.4
14V 1291 1.62 0.31 3454 18 58.65
0 23172 63.5 21881 59.9
Note:

#1 = Exposed, 0=Unexposed
+ Critical Cracking Index based on chloride diffusion coefficient (See Section 5.5.2.3.5)
* Service life predicted using Equation 5.10
** Remaining Service Life = Service Life — Age of Girders
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Kwon et al. (2009) and Pacheco (2019) proposed models for calculating service life
using a modified diffusion coefficient for cracked concrete. The diffusion
coefficients obtained were used to calculate the service life using Life-365®. Table
5.11 presents the remaining service life predicted using the modified diffusion
coefficient. Equation 5.4 shows the model proposed by Kwon et al. (2009). The
model uses observed crack width and serviceability crack width to account for the
effect of cracking [27]. The observed average crack width and diffusion coefficient
during the first field visit was used. The serviceability crack width was calculated
as 100 um (0.1mm). The remaining service life ranged between 54.1 and 64.3 years.
Equation 5.5 shows the model proposed by Pacheco (2019). The model uses
observed crack width and serviceability crack width to account for the effect of
cracking [151]. The observed average crack width and diffusion coefficient during
the first field visit were used. The serviceability crack width was calculated as 100
pm (0.1mm). The remaining service life ranged between 54.0 and 64.2 years.

The remaining service life of the girders as predicted by Life-365® was similar to
that predicted by the Kwon et al. (2009) and the Pacheco (2019) models, with
Kwon’s model predicting the same service life and Pacheco’s model showing only
a slight reduction. This showed that both modified diffusion coefficient models
proposed by Kwon et al. (2009) and Pacheco (2019) were not sensitive enough to
reflect the behavior of microcracks.

The empirical model under-predicted service life for all the girders by about 4 to
10 years, when compared to the Life-365®. This behavior is shown in Figure 5.4
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Figure 5.4: Comparison of predicted age of girders using Life-365® and empirical models
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Table 5.10: Remaining Service Life Calculated using Life-365®

Dimensi . Life-365® - Location | Diffusion Life-365® - Diffusion
Cover Location - . _
; w/cm ons Age Actual Service | Remaining | Coefficient Service | Remaining
Girder . mm . (Rural X ; ‘ ¢
ratio mm (in.) (years) | Location Bridge) Life Service Life | x10-12 m2/s | Life Service Life
(in.) ' (Years) | (years)* (x10-9in2/s) | (Years) | (years)*
IR 0.28 200(8) | 50(2) | 7.2 Eagle Lake | Houston 102 94.8 10.47 (16.2) | 65.8 58.6
2R 0.28 200(8) | 50(2) |7 Waco Dallas 105.7 98.7 10.45(16.2) | 67.9 60.9
3R 0.3 175(7) | 50(2) | 5.5 San Antonio | San Antonio | 97.6 92.1 10.43 (16.2) | 65.4 59.9
4R 0.3 200(8) | 50(2) | 6.8 Eagle lake Houston 98.5 91.7 9.14 (14.2) 68.6 61.8
5RC 0.28 175(7) | 50(2) | 9.6 Victoria Houston 102 92.4 7.18 (11.1) 73.9 64.3
61, 8L, 91, 12IC | 0.36 2008) | 50(2) | 119 Dallas Dallas 91.8 79.9 - - -
71, 101, 111, )
131C 0.36 200(8) | 50(2) | 9.6 Texarkana Dallas 918 82.2 - -
14V 0.31 200 (8) | 50(2) | 3.5 San Marcos | Austin 95.8 92.3 10.89 (16.8) | 67.6 64.1
Note:
* Remaining Service Life = Service Life — Age of Girders
Table 5.11: Remaining Service Life Calculated using Modified Diffusion Coefficient for Cracked Concrete
D Kwon et al. (2009) Pacheco (2019)
Girder Age xlo 0-12 m2/s | w Craclf De Se;rvice Rem.aininfg De Se;rvice Rem.ainin.g
(years) (x10-9in2/s) | (mm) Density | x10-12 m2/s | Life Service Life | wy (mm) | x10-12 m2/s | Life Service Life
(w/) (x10-9 in2/s) + | (Years) (years)* (x10-9 in2/s) ++ | (Years) | (years)*
IR 7.2 10.47 (16.2) | 0.0006 | 10.3E-5 | 10.47 (16.2) 65.8 58.6 0.0006 10.54 (16.34) 65.7 58.5
2R 7 10.45 (16.2) | 0.0006 | 8.0E-5 10.45 (16.2) 67.9 60.9 0.0006 10.51 (16.29) 67.8 60.8
3R 5.5 10.43 (16.2) | 0.0007 | 15E-5 10.43 (16.2) 65.4 59.9 0.0007 10.51 (16.29) 65.3 59.8
4R 6.8 9.14 (14.2) 0.0005 | 4.5E-05 | 9.14(14.2) 68.6 61.8 0.0005 9.19 (14.24) 68.5 61.7
SRC 9.6 7.18 (11.1) 0.0006 | 7.5E-05 | 7.18 (11.1) 73.9 64.3 0.0006 7.22 (11.19) 73.8 64.2
14V 3.5 10.89 (16.8) | 0.0006 | 6.7E-05 | 10.89 (16.8) 67.6 64.1 0.0006 10.99 (16.83) 67.5 63.9
Note:

* Remaining Service Life = Service Life — Age of Girders

+ Diffusion Coefficient as calculated by Equation 5.4, w, = 0.1 mm, Do = Diffusion coefficient of sound concrete

++ Diffusion Coefficient as calculated by Equation 5.5, Wiimit = 0.1 mm, Dy = Diffusion coefficient of sound concrete
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5.7. Conclusions

The conclusions of Task 4 are presented in the following sections. The first section
summarizes the conclusions of the study conducted on the embedded crack
specimens to estimate the serviceability and critical cracking parameters. The
second section summarizes the conclusions drawn from the model generated and
the results of the validation study.

5.7.1. Serviceability and Critical Cracking Parameters

This research work was conducted to empirically quantify the relationship between
cracking parameters (width, depth, and index/density) on the strength, stiffness, and
durability properties of low w/cm concrete mixes and determine the critical
cracking values. The following conclusions were drawn:

Strength, as calculated by compressive and tensile strength, reduced with
increasing crack width, depth, and index.

Stiffness, as calculated by ultrasonic pulse velocity and modulus of
elasticity, reduced with increasing crack width, depth, and index.

Durability reduced with increasing crack width, depth, and index as
indicated by.

o Decreased bulk and surface resistivity
o Increased chloride diffusion coefficient and carbonation coefficient

The relationship between each test parameter and the cracking parameters
was modeled using multiple linear regression. The models had high
multiple regression coefficients ranging from 0.85 to 0.96.

Each model was validated by comparing experimental test values to the
predicted test values. The reliability index of the models ranged from
moderate to excellent, with values from 0.60 to 0.94.

The standard error of estimate for each test parameter was also calculated
and determined to be under permissible limits (see Table 5.7).

The serviceability cracking parameters for each strength, stiffness, and
durability test parameter were calculated (see Table 5.8).

The critical test parameter was determined to be the chloride diffusion
coefficient, and the critical cracking values were calculated as:

o Critical Crack Width = 100 um
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o Critical Crack Depth = 5 mm
o Critical Cracking Index = 18 mm/m

A cracking index of 0.018 mm/m translates to 180 cracks with 100 um
width per meter length of concrete or four cracks with 0.004 in. width per
inch of concrete

5.7.2. Prediction of Remaining Service Life of Girders

This research work was conducted to generate an empirical model that can be used
to predict the remaining service life of the low w/cm concrete girders with
microcracking. The following conclusions were drawn:

An empirical model was generated with temporal data collected from 5
overcast girders and 8 in-service girders. This was supplemented with data
from the accelerated weathering test conducted on specimens extracted
from the overcast girders. The model had a regression coefficient of 0.77,
which lies in the “Good” range.

The model was validated and found to have moderate to good reliability:

o A time-delay study by collecting data from two overcast girders. The
predicted and observed values had a high correlation coefficient of 0.92.
The reliability index of the model was calculated to be 0.76, which lies
in the “Moderate” range. The standard error of estimates was calculated
to be 0.72 mm/m. The standard deviation of observed cracking index
values was 0.82 mm/m.

o A sixth overcast girder was selected to validate the study, and three field
visits were conducted one year apart. The reliability index of the model
was calculated to be 0.74, which lies in the “Moderate” range. The
standard error of estimates was calculated to be 359 days, a little less than
one year.

The service lives of the low w/cm concrete girders were calculated using
the generated model. The service life was also calculated using Life-365®
and two models for cracked concretes based on the chloride diffusion
coefficient proposed by Kwon et al. (2009) and Pacheco (2019) [27], [151].

o The remaining service life of the girders, i.e., the amount of time taken
to reach a critical cracking index value of 18 mm/m, was calculated using
the model generated. It was seen that the girders have between 50 and 62
years of service life remaining. It was also observed that, on average, a
girder, when not exposed to the environment, would have around two
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additional years of service life when compared to the same girder when
exposed to the environment.

o The remaining service life of the girders as calculated using Life-365®
ranged between 54.1 and 64.3 years.

o Kwon et al. (2009) and Pacheco (2019) proposed models for calculating
service life using a modified diffusion coefficient for cracked concrete.
The diffusion coefficients obtained were used to calculate the service life
using Life-365®.

=  Kwon et al. (2009): 54.1 and 64.3 years.
= Pacheco (2019): 54.0 and 64.2 years.

o The remaining service life of the girders as predicted by the Life-365®
was similar to that predicted by the Kwon et al. (2009) and Pacheco
(2019) models. This showed that the two modified models were not
sensitive enough to account for the behavior of microcracking. The
empirical model under-predicted service life for all girders by 4 to 10
years when compared to Life-365®.

As these girders are designed for a service life of 75 years, the present rate of growth
in microcracking can reduce the service life of the in-service girders from 2 to 13
years depending on the girder and nature of cracking. On average, the service life
reduction was 5 years considering all the girders examined in this study. Further
reduction in service life is also possible under fatigue loading as the girders age.
Thus, continuous monitoring of the girders, especially in the last two decades of
the girder’s lives is recommended.
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Chapter 6. Marine Simulation Testing

6.1. Overview of Chapter

This chapter discusses the activities undertaken under Task 5: Marine Simulation
Testing. To accomplish this task, a marine simulation tank was set-up to simulate
in-service marine exposure conditions. Three concrete blocks with embedded pre-
stressing strands were cast with a mixture that exhibited cracking at a relatively
early age. Each block had three distinct exposure zones- submerged, splash and
unexposed zones. One block (A) was placed in the simulation tank after 28 days of
curing, the second block (B) was exposed to the environment until it exhibited
adequate cracking and was then placed in the marine simulation tank, and the last
block (C) will perform as a control specimen and was placed indoor and not
exposed to the environment. Weekly half-cell potential and monthly surface
resistivity measurements were taken. Block A underwent 2000 cycles of wetting
and drying, and Block B underwent 348 cycles.

Block A exhibited corrosion-induced cracking in the splash zone (cracking index
of 0.047 in./yd) after 7 months of exposure. At the end of 14 months, the block
began to exhibit corrosion-induced microcracking in the region between the splash
zone and unexposed zone (cracking index of 0.015 in./yd). Block B exhibited a
cracking index of 0.01 in./yd (visual rating of 1.5) at the end of 24 months of
environmental exposure. Block C did not exhibit any cracking over the testing
period.

Block A exhibited corrosion-induced cracking in the splash zone within 7 months
of marine simulation and in the region between splash and unexposed zones within
24 months of marine simulation. Block B was showed adequate surface
microcracking after 24 months of exposure to the environment and was placed in
the marine simulation tank. Both blocks showed a greater change in resistivity and
half-cell potential in the splash zone, followed by the unexposed zone. The
submerged zone did not show any significant changes. Block C did not show any
significant change in resistivity or half-cell potential. None of the blocks have
reached serviceability conditions for surface resistivity yet. Block A showed
increasing levels of corrosion potential after 8.2 months of marine simulation and
higher than 90% corrosion potential after 24 months of marine exposure. Block B
showed increasing levels of corrosion potential after 1.7 months of marine
simulation. Block C has shown corrosion potential of under 10%.

6.2. Objective

The goal of this task was to study the effects of marine exposure on low w/cm
concretes with surface microcracks.
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6.3. Background

Corrosion of embedded steel in concrete is prevented by a passive layer that is
formed around the steel when in the presence of an alkaline environment. This
passive layer can break down in the presence of chlorides or acidic environments.
Thus, exposure to the marine environment can increase the rate of corrosion and
thereby reduce the service life. To prevent the chloride ions or acidic environment
from reaching the steel adequate concrete cover is provided. This, loss in service
life can be further exacerbated when the concrete cover is cracked as cracks allow
easier access to chlorides and other deleterious materials [40].

The effect of aggressive environments on corrosion of cracked concrete has been
studied by researchers extensively. Ramezanianpour et al. (2018) reported critical
crack widths between 0.03 mm to 0.3 mm for concrete exposed to a marine
environment for a single crack. They also showed that increasing the crack width
to cover ratio increased the probability of rebar corrosion. It was observed that the
increase of crack width to cover ratio led to a reduction in electrical resistivity and
half-cell potential [173]. Shao and Li (2014) showed that the growth rate of chloride
concentration increased with an increase in the width of a single crack, indicating
that increasing crack width from 0 pm to 300 pm reduced the service life of
reinforced concrete pipes in a marine environment reduced from 70.6 years to 52.5
years [174]. Jaffer and Hansson (2008) showed that in over 18 months of exposure
to salt solution, corrosion occurred only at the cracks in reinforced concrete
specimens. Further loss in re-bar cross-section was expected at the cracks before
corrosion initiated in the uncracked regions. The corrosion was twice as high in the
cracked unexposed areas of the test beam when compared to the uncracked
submerged regions. A significantly greater loss of the cross-section of rebars
occurred at the cracks than that predicted by calculation from the current densities
based on either the polarized area or the areas covered by corrosion products [175].

The effect of finer microcracks on the behavior of concretes under marine exposure
has also been studied by researchers. Yoon and Schlangen (2013) also showed that
critical crack widths for chloride exposure were lower than previously estimated
values of 0.04 mm, with specimens with a single crack exhibiting higher chloride
diffusion coefficients when compared to uncracked specimens [37]. Kobayashi and
Kojima (2017) also showed that concrete specimens with multiple fine cracks with
widths ranging from 0.01 to 0.6 mm and higher crack densities had higher chloride
ingress and rebar corrosion when compared to sound concrete specimens [176].
Lopez-Calvo et al. (2018) showed that cracking was found to be an influencing
factor in promoting corrosion of the steel in concrete. In samples with 25 mm
concrete cover, even a single crack with width as small as 90 um, showed corrosion
activity after only one year of exposure. Specimens with a wider crack showed
higher levels of corrosion activity. In concrete specimens with a cover of 45 mm
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cracks with width of 200 um and wider showed certain corrosion activity along the
testing period [177].

6.4. Materials and Methods

A specimen was designed to determine the effect of microcracking on the corrosion
behavior of the low water cement ratio concrete girders under marine conditions.
The specimen was subjected to marine simulation, and weekly measurements were
taken to determine the change in cracking and corrosion potential.

6.4.1. Block Design

A marine block was designed with the goal of mimicking a girder specimen
undergoing marine exposure. This was done by creating clearly defined zones on
the concrete block to accurately simulate in-service marine exposure conditions.
Figure 6.1 shows the schematics of the reinforced concrete block. The block was
divided into three distinct exposure zones:

e Submerged zone
e Splash zone (alternate wetting and drying)
e Unexposed zones.

The block was reinforced with five pre-stressing strands, two vertical bars running
across the entire height of the blocks, and three horizontal bars with a 2-inch cover,
one in each exposure zone. The selection of mix proportions is discussed in Section
5.5.2.3.2. The mixture proportions are provided in Table 5.1.

b Vertical 2"
strands

Unexposed
Zone
16"

i ]
i Horizontal
Splash Zone| strands

‘ /

16"

Submerged
Zone

(a) Three-dimensional view (b) Elevation view (c) Plan view

Source: Images by Authors

Figure 6.1: Schematics of marine exposure blocks (a) 3-d, (b) elevation and (c) plan
views showing the placement of pre-stressing strands
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6.4.2. Marine Simulation Tank

Figure 6.2 shows the marine simulation tank set-up. A 100-gallon plastic tub was
filled with 50 gallons of saltwater at 35.2 ppm concentration (simulating salt-water
concentration at UT marine exposure site at Port Aransas [178]). A PVC piping
system was designed and set-up to spray the salt-water over the surface of the
concrete block. The spray system was placed on a timer to spray saltwater on the
surface of the block intermittently. Experimental tests were conducted to determine
the time for surface drying, as this would allow for increased salt saturation. Surface
drying was found to occur at 11 hours. Thus, the timer was set to spray the surface
of the block for thirty minutes every twelve hours. Three identical blocks were cast
and subjected to the following exposure conditions (see Figure 6.2):

e Block A - Placed in the marine simulation tank after 28 days of curing.

e Block B - Exposed to the atmosphere after 28 days of curing until the block
exhibited surface microcracking. The block did not show signs of adequate
surface microcracking with just exposure to the environment. Thus, to
accelerate the cracking, the block was exposed to accelerated weathering by
subjecting the block to four cycles of surface wetting and drying each day.
The surface of the block was saturated with water for five minutes and
allowed to dry for six hours.

e Block C — Placed indoors at 73°F to perform as a control specimen.
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(a) Marine Exposure Tank

Vertical Strands

Horizontal Strand

Sprayer System

35.2 ppm Salt water
@ 73°F

100 gallon tub

Pump timed to turn
on every 11 hours

(b) Schematics of Marine Exposure Tank

Source: Images by Authors
Figure 6.2: (a) Marine exposure tank and (b) schematics of setup
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6.4.3. Experimental Methods

Cracking and corrosion potential of all three blocks was measured. Cracking
measurements were observed each week visually, and the cracking index was
measured each month. The corrosion potential was measured each week.

6.4.3.1. Measurement of Cracking

Cracking was monitored by placing a 100 x 100 mm (4x4 in.) crack grid and
measuring the growth in cracking. The cracking index and average crack width
were calculated according to the method detailed in the FHWA HIF-09004 report
[19]. In addition, visual observation was used. A visual scale developed by the
performing agency in a previous study was also used to observe the change in
cracking (see Figure 6.3).

This visual scale was converted to an equivalent cracking index value (see Figure
6.4). This scale was used to determine the time at which Block B exhibited adequate
surface microcracking, so it could be placed in marine simulation and to monitor
the growth in the splash zone cracking in Block A.

6.4.3.2. Measurement of Corrosion Potential

Change in corrosion potential was measured by half-cell potential and resistivity
measurements. A copper-copper sulfate standard electrode was used to measure the
half-cell potential in accordance with the ASTM C876 - Standard test method for
half-cell potentials of uncoated reinforcing steel in concrete [179].

Surface resistivity was measured according to AASHTO TP358— Standard Method
of Test for Surface Resistivity Indication of Concrete’s Ability to Resist Chloride
Ion Penetration [21] with a Reispod Proceq ™ Wenner probe.
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Visual Rating— 0 Cracking Index - 0

Visual Rating—1 Cracking Index —0.003 in/yd

Visual Rating - 2

Visual Rating — 2.5 Cracking Index — 0.056 in/yd

Source: Images by Authors
Figure 6.3 Visual rating index vs. cracking index
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Figure 6.4: Relationship between visual rating index and cracking index

6.5. Results and Discussions

The change in cracking and corrosion potential of the three blocks is reported in
this section. Block A underwent 2000 cycles of wetting and drying, Block B
underwent 348 cycles, and Block C underwent 0 cycles.

6.5.1. Growth of Cracking

Block A exhibited corrosion-induced microcracking in the splash zone after 7
months of exposure. At the end of 14 months, the block began to exhibit corrosion-
induced microcracking in the region between the splash zone (cracking index of
0.047 in./yd) and unexposed zone (cracking index of 0.015 in./yd) as well (see
Figure 6.5a and Figure 6.5b). Figure 6.5¢ shows the same figures with the
microcracks highlighted to aid viewability. An additional set of readings were taken
in this intermediate zone as well for the remainder of the testing period.

Block B exhibited initial signs of surface microcracking after exposure to the
environment for 10 months. To accelerate the rate of cracking, the block was
subjected to accelerated weathering for 14 months. At the end of 24 months, Block
B had a cracking index of 0.01 in./yd (visual rating of 1.5) (see Figure 6.6). This
was deemed as adequate surface microcracking, and the block was placed in the
marine simulation tank.

Block C, the block that was not placed in the marine environment, did not display
any significant cracking over the testing period.
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nexposed Zone

Splash Zone
CI-0.047 in/yd, VRI-2 CI-0.015 in/yd, VRI- 1.5)
(a) Splash Zone (b) Cracking in area between Unexposed

and Splash Zones

Splas‘hi'Zone

(c) Highlighted Microcracks

Source: Images by Authors

Figure 6.5: Corrosion-induced microcracking in Block A in the (a) splash and (b)
unexposed zones with (c) highlighted cracks, where Cl is the cracking index and VRI is
the Visual Rating Index
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(b) Highlighted Microcracks

Source: Images by Authors
Figure 6.6: (a) Microcracking in block B with (b) highlighted microcracks
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6.5.2. Corrosion Potential

The change in corrosion potential was determined from monthly surface resistivity
readings and weekly half-cell potential measurements for each pre-stressing strand
in each zone.

6.5.2.1. Change in Surface Resistivity

The surface resistivity of the blocks was measured every month in the exposed and
splash zones. As the submerged zone was underwater, the measurement of surface
resistivity was not possible as the salt-water interfere with the resistivity values.

Blocks A and B showed an almost immediate loss in resistivity as soon as marine
simulation started, as shown in Figure 6.7a and Figure 6.7b. Block A showed a
steady loss in resistivity after exposure began in both the unexposed and splash
zones. The splash zone showed a greater loss in resistivity when compared to the
unexposed zone. This can be attributed to the higher degree of saturation. It was
seen that the onset of the surface microcracking in the splash and the unexposed
zones of the block did not show any significant effect on the loss in resistivity (see
Figure 6.7a).

Block B showed a gradual loss in resistivity with exposure to the external
environment. The rate of loss increased under accelerated weathering. The
appearance of surface microcracks did not show a noticeable effect on the loss in
resistivity. When placed in the marine tank, the block exhibited an immediate drop
in the surface resistivity, followed by a gradual loss with further exposure (see
Figure 6.7b).

Block C did not show any significant changes in the surface resistivity over the
monitoring period (see Figure 6.7c¢).

None of the blocks have reached serviceability of the surface resistivity value of 5
to 7.5 kQcm [66], [106] yet. The unexposed zone and splash zone of Block A has
surface resistivity values of 43 kQQcm and 21 kQcm at the end of the test. Figure
6.7c shows the serviceability value for surface resistivity.
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Figure 6.7: Surface resistivity of blocks

6.5.2.2. Change in Half-Cell Potential

Half-cell potential measurements were taken each week for all five pre-stressing
strands, 2 vertical strands, and 3 horizontal strands in each zone in each girder. The
surface of the blocks was sprayed with water before the measurements were taken.
The three zones on the vertical strands displayed similar behavior when compared
to the three horizontal strands in each block. Thus, the results of the horizontal
strands are provided to avoid redundancies.

Block A showed an immediate change in the half-cell potential values after being
exposed to marine simulation. The splash zone showed the greatest change,
followed by the unexposed zone. The submerged zone did not show a significant
change during the monitoring period. The splash zone showed an increase in the
rate of change of half-cell potential values after the appearance of surface
microcracks and an even greater rate of loss after the appearance of microcracks in
the intermediate region between splash and unexposed zones. The effect of the
microcracks in the intermediate zone are also observed in the rate of change of half-
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cell potential values of the unexposed zone (see Figure 6.8a). This showed that the
corrosion-induced microcracks were increasing the corrosion potential of the
blocks.

Block B exhibited a change in half-cell potential when exposed to the environment.
The rate of change increased when the block was subjected to accelerated
weathering. The block was placed in the marine tank, and the rate of change
increased and was comparable to the values seen in Block A at the same amount of
exposure (see Figure 6.8a and Figure 6.8b). This showed that the presence of initial
microcracking in the block did not significantly impact the initial rate of change of
the corrosion potential. This can, however, change as the corrosion-induced
cracking can be exacerbated by the presence of the initial microcracking.
Comparing the final levels of cracking and the change in half-cell potential of the
two blocks will provide a greater understanding of the effect of microcracking on
the loss in corrosion potential.

Block C did not exhibit a significant change in the half-cell potential over the
monitoring period (see Figure 6.8c).

The unexposed and splash zones of Block A have half-cell potential values less
than -350mV, which corresponds to 90% likelihood of corrosion. The unexposed
and splash zones on Block B have half-cell potential values between -200 and -350
mV which indicates that corrosion is increasing. Block C has half-cell potential
values over -200 mV, which indicates that the chances of corrosion are under 10%
[179]. Figure 6.8c shows the serviceability values for half-cell potential.
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Figure 6.8: Half-cell potential of blocks

6.6. Conclusions

The conclusions of Task 5 are presented in this section. The change in cracking and
corrosion potential of low w/cm concretes with surface microcracking under marine
exposure was observed. Three blocks were cast with embedded pre-stressing
strands to mimic the real-world conditions of a typical girder. Block A was exposed
to the marine environment 28 days after casting, Block B was exposed to marine
environment after it exhibited adequate surface microcracking, and Block C
performed as a control specimen and was not exposed to the environment. Marine
simulation consisted of one unexposed zone, one splash zone that underwent two
cycles of exposure to salt-water each day followed by drying, and a submerged
zone that was permanently under the waterline. As of December 31% 2019, Block
A underwent 2000 cycles of wetting and drying, and Block B underwent 348 cycles.
The following conclusions were drawn from the study:

e Growth in cracking:
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o

Block A exhibited corrosion-induced cracking in the splash zone
(cracking index of 0.047 in./yd) after 7 months of exposure. At the end
of 14 months, the block began to exhibit corrosion-induced
microcracking in the region between the splash zone and unexposed zone
(cracking index of 0.015 in./yd).

Block B exhibited a cracking index of 0.01 in./yd (visual rating of 1.5) at
the end of 24 months of environmental exposure, 14 of which were under
accelerated weathering conditions.

Block C did not exhibit any cracking over the testing period.

Change in surface resistivity:

o

Block A showed a steady loss in resistivity after exposure began in both
the unexposed and splash zones. The splash zone showed a greater loss
in resistivity when compared to the unexposed zone.

Block B showed a gradual loss in resistivity with exposure to the external
environment. The rate of loss increased under accelerated weathering.
When placed in the marine tank, the block exhibited an immediate drop
in the surface resistivity, followed by a gradual loss with further
exposure.

Block C did not show any significant changes in the surface resistivity
over the monitoring period.

It was seen that the onset of the corrosion-induced microcracking in the
splash and the unexposed zones of Block A and the presence of
microcracks in Block B did not show any significant effect on the loss in
resistivity.

None of the blocks have reached serviceability for surface resistivity, i.e.,
a value of 5 to 7.5 kQcm [66], [106] yet.

Change in half cell potential

o

Block A showed an immediate change in the half-cell potential values
after being exposed to marine simulation. The splash zone showed the
greatest change, followed by the unexposed zone. The submerged zone
did not show a significant change during the monitoring period.

Block B exhibited a change in half-cell potential when exposed to the
environment. The rate of change increased when the block was subjected
to accelerated weathering. The block was placed in the marine tank, and
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the rate of change increased and was comparable to the values seen in
Block A at the same amount of exposure

Block C did not exhibit a significant change in the half-cell potential over
the monitoring period.

The corrosion-induced microcracks were increasing the corrosion
potential of Block A. However, the presence of initial microcracking in
Block B did not significantly impact the initial rate of change of the
corrosion potential. This can, however, change as the corrosion-induced
cracking can be exacerbated by the presence of the initial microcracking.
Comparing the final levels of cracking and the change in half-cell
potential of the two blocks will provide a greater understanding of the
effect of microcracking on the loss in corrosion potential.
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Chapter 7. Monitoring Corrosion of
Prestressing Strands

7.1. Overview of Chapter

This chapter presents the activities conducted under Task 6: Monitoring Corrosion
of Prestressing Strands. In this task, the research team examined the suitability of a
monitoring system based on guided ultrasonic waves (GUWs) for detecting the
initiation and growth of corrosion damage in prestressed concrete beams. The
proposed monitoring system was based on low profile piezoelectric transducers,
which have the capability of transmitting and receiving GUWSs to interrogate
corrosion progression. The research team designed and constructed experimental
setups to investigate the relationship between GUW signals and corrosion damage
characteristics, such as loss of prestress and fractured wires. The monitoring system
can operate in two modes: (1) In its first (passive) mode, the system continuously
monitors the strand and the progress of corrosion; (2) In the second (active) mode,
the system is activated for periodically scheduled inspections. After developing the
setup, the research team carried out a set of experiments that focused on testing the
corrosion damage in strands embedded in concrete, as well as un-embedded strands.

7.2. Objectives

The main objective of Task 6 was to develop a diagnostic technique to capture
initiation and growth of corrosion damage in prestressed concrete beams.

7.3. Overview of Monitoring System and Testing
Approach

The overall procedure that the research team followed is summarized in Figure 7.1.
Piezoelectric transducers were embedded on prestressed strand and concrete
specimens to generate and receive GUWSs. The research team developed analytical
models and data processing techniques to process the GUW measurements and
eventually diagnose the corrosion damage.

After developing the GUW based monitoring system setup, the research team
carried out three sets of experiments:

1. The first set of experiments consisted of active GUW measurements
performed on a pristine strand at different prestress levels.

2. For the second set, accelerated corrosion tests were carried out on a free
prestressed strand (i.e., unbonded strand) while collecting active GUW
measurements.
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3. Finally, for the third set, the research team carried out accelerated corrosion
tests on a prestressed strand embedded in a concrete block (i.e., bonded
strand) while collecting passive ultrasonic measurements. The first block
was tested before the appearance of microcracks and the second block was
tested after being subjected to accelerated weathering to induce
microcracks.

The research team applied the accelerated corrosion tests in Experiments #2 and 3
through an electrochemical process based on ASTM F2832—Standard Guide for
Accelerated Corrosion Testing for Mechanical Fasteners [180].

Corrosion
_— . 4 2 Damage
[ ot ] o Diagnostic

Sieei ;tmr{d Mavégu ide)

LPiezoeIectric transducers

Source: Images by Authors

Figure 7.1: Research proposed here: (a) steel strands; (b) strands are instrumented with
low profile piezoelectric transducers to generate and receive GUWSs. (c) The GUW
measurements are recorded and processed, providing (d) an automatic corrosion

diagnosis of the strand

7.4. Guided Wave Propagation in Stressed Strands

7.4.1. Background and Overview

Seven-wire prestressing strands serve as load bearing elements in civil
infrastructure, prestressed/post-tensioned concrete structures. The level of stress in
a strand (and within individual wires) is therefore critical to the performance of the
structure. As such, the ability to monitor this stress using guided waves may yield
valuable structural information. Aside from stress measurement [181]-[184],
guided ultrasonic waves have received attention for damage detection as well
[185]-[189]. A recent study [190] has also addressed the issue of attenuation in
strands and identified the potential for large inspection distances (> 100 m). In
damage detection applications, however, the effect of stress may need to be
compensated for. This is because false indicators of damage (e.g., changes in wave
velocity) may be caused by stress as opposed to damage.

The effect of stress on wave propagation is referred to as acoustoelasticity [191].
To date, the effect of stress on guided waves has been studied in a wide range of
structures, including plates [184], [192], pipes [193]-[195], and rails [196], [197].
For rods in particular, theoretical studies have been carried out on longitudinal
[198], flexural [199], and torsional [200] modes, dating back to the early years of
acoustoelasticity in the 1960-70s. Due to the complex interaction of wires in a
seven-wire strand, the first studies on the effect of stress in this waveguide were
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experimental, and did not come until roughly 30 years later. Kwun et al. [201]
experimentally studied guided waves generated by magnetostrictive sensors, which
excite all of the wires at once within a strand. In their study, missing frequency
content (termed the notch frequency) was linearly correlated with the logarithm of
the stress level. Chen and Wissawapaisal [202], [203] also performed experimental
studies on the fundamental longitudinal mode L(0,1) in stressed strands. In their
work, they proposed an approximate acoustoelastic rod theory to predict the stress
dependence of waves propagating within individual wires. Washer et al. [204]
performed experiments with magnetostrictive sensors, demonstrating a linear
dependence of velocity with respect to large levels of stress (> 50% ultimate tensile
strength, or UTS). Rizzo [205] experimentally studied the effect of stress on the
transmission energy of the L(0,1) mode in both the core wire and entire strand. One
of the main conclusions of this study was that the core wire has better potential for
stress measurement than the entire strand. Chaki and Bourse [182] studied the
L(0,1) mode excited in the core wire of a strand for the purpose of stress
measurement. The approximate acoustoelastic theory developed in [181], [202]
was applied to predict the stress dependence in an individual wire, although there
was some disagreement with the experimental results. In particular, a nonlinear
stress dependence was found at lower stress levels (< 35% UTS), which diverged
from the theory and has not yet been definitively explained. Nonlinear and
divergent results were also found earlier by Lanza di Scalea et al. [181] using
magnetostrictive sensors. More recently, the semi-analytical finite element (SAFE)
method has been used to study guided waves propagating within seven-wire strands
as a whole. In particular, Treyssede and Laguerre [206] presented the first SAFE
study applied to seven-wire strands, which explained the notch frequency
discovered by Kwun et al. Nucera and Lanza di Scalea [207] studied the effect of
stress on higher harmonics, where the generation of a second harmonic from a
primary excitation was correlated with stress. Lastly, Schaal et al. [208] and
Treyssede [209] studied the energy leakage between adjacent wires in a stressed
strand. The work by Treyssede provided numerical validation for the stress
dependence of the notch frequency.

Although studies have been made on the fundamental mode L(0,1) for stress
measurement, higher-order modes L(0, n), n > 1 have seen little attention for this
purpose. In addition to the unexplained nonlinear dependence of the fundamental
mode at lower stress, there has also been reasonable disagreement (> 50%) between
theory and experiment at higher stress [182]. Aside from the fundamental mode,
higher-order modes have also been studied for potential damage detection in strands
[210]-[212]. However, the effect of stress on these modes has seen little attention.
Furthermore, although the exact guided wave theory for an axially stressed rod was
presented in the 1960s, it has seen little applications to strands. Instead, only
approximate rod theories have been used [181], [182]. One of the attractive
characteristics of higher-order modes (particularly n > 5) is that their mode shapes
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are concentrated near the core of a rod in certain frequency ranges [213], [214].
This translates into minimal energy leakage and attenuation when there is another
medium bordering the rod. In this report, the term higher-order modes is used to
refer to those with n > 5, where their behavior becomes increasingly similar [213].

This section studies the effect of stress on higher-order modes propagating in
individual wires of seven-wire strands. The main idea is to use acoustoelastic rod
theory to predict the effect of stress on these modes, while idealizing each wire as
a rod with free boundaries. To this end, the exact acoustoelastic rod theory
developed by Suhubi is adapted for small deformations. Expressions for the mode
shapes are then derived, from which the concentration of higher-order modes near
the core of a stressed rod may be verified. In this section, an approximate theory
for higher-order modes is also proposed. This is presented in the form of an explicit
function of stress, as opposed to an implicit dispersion equation. In order to validate
the application of acoustoelastic rod theories to strands, a custom-built prestressing
bed was designed for recording higher-order mode measurements on a stressed
strand. The stress-induced phase velocity change is used to characterize the
influence of stress on these modes. In combination with the approximate theory,
another approximation is also proposed for higher-order modes. This
approximation allows for the phase velocity change to be computed from time
change measurements in a simpler manner. Together, the two approximations may
be used to compare theoretical and measured velocity changes of higher-order
modes without solving for dispersion curves.

This section is organized as follows: First, in Sec. 7.4.2, the adaptation of the exact
acoustoelastic theory and the proposed approximate theory are presented. In
addition, theoretical results are presented based on these formulations. In Sec. 7.4.3,
the higher-order mode experiments on a stressed strand are described, as well as
the approximate phase velocity change derived from experiment. Experimental
results for higher-order modes are then presented in Sec. 7.4.4.

7.4.2. Theoretical Formulation for an Axially Stressed Rod

This subsection presents the exact acoustoelastic theory for an axially stressed steel
rod, and derives expressions for the mode shapes of the guided wave solutions. The
proposed approximate theory for higher-order modes is then presented. In addition,
theoretical results for the effect of stress on guided waves in a steel rod are
demonstrated. Since a tensioned strand generates predominantly axial stresses
within individual wires, the waveguide of each wire is idealized as an axially
stressed rod [181], [182].
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7.4.2.1. Exact Acoustoelastic Theory for Longitudinal Modes

Suhubi [198] has solved for the exact dispersion equation of longitudinal modes in
an axially stressed elastic rod of arbitrary strain energy function (and therefore
arbitrary stress-strain relation). This theory is adapted here for a strain energy
function that is applicable to steels and other stiff materials under small
deformations [215].

Let us consider a rod subjected to an axial stress t, which is illustrated in Figure
7.2. The variable 7 is used to indicate that the stress is referenced to the deformed
configuration (Cauchy stress). It produces the principal extensions 4,,4, in the
radial and axial directions, respectively. The deformed diameter of the rod is
therefore expressed in terms of the undeformed diameter d as

D=2d

( p k ) o
—|—H—> d
Undeformed <
( v | | | K ) T
Deformed D (

Source: Images by Authors

Figure 7.2: Undeformed and deformed configurations of stressed rod, showing density
(p,v), stress (o,t), and wavenumber (k, K) of longitudinal guided wave

Small amplitude guided wave motion, with wavenumber K and angular frequency
w, is then superimposed on the deformed configuration. The radial and axial
displacement components of guided waves are described in terms of the deformed
configuration of the rod as [198]

u, = U,.(R)exp[i(KZ — wt)]
u, = U,(R)exp[i(KZ — wt)]

where R and Z are the radial and axial position in the deformed configuration. From
the equation of motion in [198], the displacement mode shapes U,, U, can be
written as

U, = C1J1(x3R) + C2J1(xaR)

2 2 2 2
X1 — X X1 — X
@=qﬁafh%m+gingmm

Equation 7.1
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where C;, C, are constants, J,(+),/;(*) are the zero and first order Bessel functions
of the first kind, respectively, and f; and y; terms are contained in the Appendix.
From [198], the boundary conditions for vanishing stress along the surface of the
rod R = D /2 reduce to

['KU +6UZ]
1 —
" ORlg_p,;

T

au
OR

4 UT .
+(0l1+2/1rq)2)—+1Ka2UZ = 0
R R=D/2

(a; —2d3)

Equation 7.2

where a; and ®; terms are contained in the Appendix. Satisfying the above
conditions for nontrivial values of C;, C, yields the dispersion equation relating w
and K [198],

2 __ .2 D D
KBy + 22 = D) [(a1 ~203)s +iKa T Xf“]h (B2)n (%)

2 — 2 D D
KBy + 43 — ) [(al - 20,)y; + iKa Xlﬁlxﬂfo (E5)n (%)

) x3D XaD
+4D™H( @5 + A7 P2) (x3 — X3 (T)h <T> =0
Equation 7.3

The work in [198] does not develop expressions for the modeshapes of longitudinal
modes. To this end, the constants C;, C, may be determined using the first boundary
condition. Assuming C; = 1, the second constant may be found as

_ _iK,31 _)(12 +X§]1(X3D/2)
2 KBy — 12 + x2]1(xaD/2)

Equation 7.4

7.4.2.1.1. Adaptation to Small Deformations

Entering into the above equations (as seen from the Appendix) are the deformed
density of the medium y, and derivatives of the strain energy function U with
respect to strain invariants /;. These invariants are defined [198]

I, = A% + 22222
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I3 = /1;*/1%

Here, the required partial derivatives dU/dI;,0%U/ (01;01I;) and extensions 4,4,
are found for a particular form of strain energy function. Specifically, the strain
energy function proposed by Murnaghan [216] is used, which is expanded up to the
third order in strain. This is an appropriate assumption in the acoustoelasticity of
relatively stiff materials, such as metals [215]. The strain energy function is defined
in terms of the strain invariants Iy, I, [11; [216],

1 1
U= E(A + 2W)IE — 2ullg + §(l + 2m)I3 — 2mligllg + nlllg

where [, m, n are the Murnaghan third order elastic constants. The above invariants
may be expressed in terms of the invariants [; [217],

1
Ig =§(I1 —3)
1
IIE =Z(12 _211 +3)

1
IIIE 25(13 _12 +11 - 1)

From here onward it is assumed that the stress induced deformation is small, which
is appropriate for the stiff material under consideration [215]. This reduces the
partial derivatives of U, as mentioned in [218], to

U i tn il ausam
o1, “Tg" "2 ko amle
v _ 111
oL, 2K T gt ™ME
U 1
9, 8"
82U—1/1+2 + +1(l+2 )
oz —gtaEmty e
92U 1
oLl 4™

where all other aZU/(aIiaIJ.) =0, Il =1l =0, since they are entirely
composed of higher-order strain terms, and

I = 2e,+ e,
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The extensions may then be expressed in terms of the radial and axial small strains
er, €, as

A= 1+e,
A, =1+e,

In addition, the Cauchy stress 7 reduces to the second Piola-Kirchhoff stress o,
which is referenced to the undeformed configuration (see Figure 7.2). The small
strains are related to this stress according to linear elasticity,

2
= TG+ 2’

A+t
TG+’

Equation 7.5

The deformed density of the medium may also be related to the undeformed density
pas[216]

y = (1—1Igp

Solution pairs (w, K) of the dispersion equation describe the longitudinal modes
referenced to the deformed configuration of a stressed rod. Pairs (w, k), referenced
to the undeformed configuration, may then be found through the wavenumber
transformation [194], [219]

k = A,K

The phase and group velocity, referenced to the undeformed configuration, may
then be computed from the solutions as ¢, = w/k and ¢; = dw/dk, respectively.
In addition, from here onward in this chapter, a superscript 0 notation is used to
denote velocities in the absence of stress, as in ¢j and cj. The mode shapes in

Equation 7.1 may also be expressed in terms of the undeformed radial position r =
R/A, as

Ur = CiJi(x3A,1) + CoJ1 (Xahr )

_ C1(X12 _)(2 Cz()(f _Xz%)

U, - A Ay
Bl Jo(xsArr) + Bt Jo(XaArT)

Equation 7.6
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The phase velocity change Ac, = ¢, — c{,’ is used to quantify the effect of stress on
wave propagation. The velocity change may be related to a time change in a
narrowband waveform [220],

0 2
Ac, = —%At

p =

Equation 7.7
where cg is the unstressed phase velocity at the center frequency of the waveform,
£ is the propagation length subjected to stress, and At is the time change of a zero-
crossing point in the waveform.

7.4.2.2. Theoretical Results for a Steel Rod

As a point of reference, the phase and group velocity dispersion curves for an
unstressed steel rod may be seen in Figure 7.3. The curves were computed using
Equation 7.3, with ¢ = 0 MPa, and the material properties for Hecla 17 steel listed
in Table 7.1 [221]. This particular steel is selected to represent the high Carbon
steel strand due to the unavailability of its third order elastic constants [, m, n. Hecla
17 is chosen due to its high Carbon content of 0.6%, which has been shown to play
a significant role in the third order constants of steel [222]. In addition to the guided
modes, the velocity of a bulk longitudinal wave is also overlain in Figure 7.3.
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Figure 7.3: Unstressed dispersion curves for (a) phase velocity, and (b) group velocity in
a steel rod. Bulk longitudinal velocity c{ overlain as dashed line. Peak group velocity
points of L(0,7), L(0,9), and L(0,12) are identified by dots in (a) and (b).
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Table 7.1: Undeformed Density [kg/m?®] and Elastic Constants [GPa] for Hecla 17
Steel, along with Uncertainties

Parameter Value

p 7825
1105+ 1
n 82.0+0.5
l —328+ 30
m —595 + 32
n —668 + 24

The change in phase velocity based on Equation 7.3 is shown in Figure 7.4, due to
an axial stress of 0 = 400 MPa. Plateaus in the phase velocity change may be seen
for the higher-order modes near Ac, = —40 m/s (bold lines), where the change is
relatively stable across both mode and frequency. The bolded plateau region,
denoted Acy |, is defined as the region where the change of the guided wave phase
velocity Ac, is within 1% from its value at the peak group velocity point. For
reference, the bulk longitudinal wave velocity change Ac; (which is constant across
frequency) has also been overlain in the figure. It may be seen that the plateaus of
higher-order modes in this figure asymptote to Ac;. For this type of steel, there is
roughly a 2% difference between the exact value of Ac, |, (bold region) and its

approximation (dashed line).
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Figure 7.4: Exact theoretical change in phase velocity due to 400 MPa axial stress in
steel rod. Exact Acy|, regions bolded for the higher-order modes L(0,n), n > 5. Bulk
velocity change Ac, overlain as dashed line.

For interest, Figure 7.5 shows the changes in phase velocity Ac,, and group velocity
Acy of the L(0,9) mode in particular. The plateau region in Ac, is indicated by a
bold line in each of the plots. The unstressed group velocity of the mode is also
shown, where it may be seen that the plateau coincides with the peak group velocity
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region. In addition to the mode having the fastest group velocity (i.e., first arrival
time) at these frequencies, it also has relatively little dispersion. It may be noted
that this is the same region that has been identified for damage detection
applications [210], [213]. Compensation for stress in this region may therefore be
necessary, due to the high levels of stress experienced by strands. Comparing the
two velocities, it may be seen that Ac,, is more stable than Ac, across frequency.
The phase velocity may therefore be more reliable for stress measurement
applications.
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Figure 7.5: (a) Unstressed group velocity dispersion curve of L(0,9) mode, with (b) phase
velocity change under 400 MPa axial stress, and (c) group velocity change under same
stress. Curves bolded in peak group velocity region. Phase velocity change stabilizes to

Ac,|, at peak group velocity, with group velocity change less stable.

Mode shapes in a steel rod for the L.(0,7), L(0,9), and L(0,12) modes, identified in
the dispersion curves from Figure 7.3, are shown in Figure 7.6. These are calculated
from Equation 7.6, using the constants from Equation 7.4. It should be noted that
these modes are chosen somewhat arbitrarily for visualization. However, only
modes above L(0,6) are shown, since modes of lower order than this do not have
the same degree of convergence to the plateau region shown in Figure 7.4. Under
zero axial stress, it may be seen that the mode shapes are concentrated near the core
of a rod, which has been noted in previous studies [213]. Furthermore, even under
a 400 MPa stress, the mode shapes are shown to remain concentrated near the core.
The characteristic of minimal energy leakage into bordering media, which higher-
order modes have under zero stress, is related to the displacement concentration
near the core [213], [214]. Based on the results in Figure 7.6, this characteristic is
taken to apply for stresses as large as 400 MPa as well. The characteristic forms the
basis of modeling an individual wire of a strand as a rod with free boundaries.
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7.4.2.3. Approximate Theory for Higher-Order Modes

As shown in Figure 7.3, there exist regions in the dispersion curves of higher-order
modes in which they asymptote toward the bulk longitudinal velocity, ¢ =
[(A+ 2u)/p]*?. In particular, cJ peaks near ¢, and cp plateaus across frequency
as it crosses ¢ [213], [223]. For illustration, the peak group velocity points for
L(0,7),L(0,9), and L(0,12) are identified in Figure 7.3. As the mode number n tends
to infinity, the peak Cg values asymptote at ¢/, along with the plateaus in c{,’
becoming more pronounced. In this report, the frequency region in which the
plateau behavior occurs for a given mode is termed the plateau region.

Cross-Section

Normalized U,., U, Normalized U,., U, Normalized U,, U,

Figure 7.6: Radial U, and axial U, modeshapes over a rod cross-section for (a) L(0,7) at
22.6 MHz-mm, (b) L(0,9) at 30.2 MHz-mm, and (c) L(0,12) at 41.7 MHz-mm. Mode
shapes at two stress levels overlain, showing concentration of displacements near the
core.

Since the unstressed phase velocity ¢y tends to the bulk longitudinal velocity c?,

the effect of stress on the bulk velocity is presented. The phase velocity ¢; of a bulk
longitudinal wave propagating along a principal stress is related to the strain and
material properties according to [224]

pct = A+ 2u+ (A+2DIg + (21 + 6u + 4m)e,

where e, is the strain along the propagation direction. The strain may be expressed
in terms of a uniaxial stress o applied along the propagation direction. By
neglecting higher-order terms, the bulk phase velocity change Ac; = ¢; — ¢ may
then be written as a linear function of stress,

Ac; = ko
Equation 7.8

where Kk is an acoustoelastic constant, which is a function of the material properties:
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B A+2Du+ A+ 6u+4m)(A+ )
2B+ 2wl + 2u)p] /2

The bulk velocity change under a stress of ¢ = 400 MPa is overlain in Figure 7.4.
As discussed in the previous section and shown in Figure 7.4, the guided mode
velocity change asymptotes to Ac; in the plateau region, denoted Acy,|,,. Therefore,
using Equation 7.8, an approximation for the phase velocity change of higher-order
modes in this region is proposed as

Acyl, = Ko
Equation 7.9

In this way, Ac,, |, may be approximated in an explicit manner, without the need to
solve for dispersion curves.

7.4.3. Experiment

7.4.3.1. Test Setup and Procedure

A prestressing bed was designed to apply tensile load to a seven-wire strand, as
shown in Figure 7.7 (a). The strand was fixed with anchorages between the base of
the bed and a moveable arm, and load was applied by tightening two bolts running
through the arm. The tested strand had core and peripheral wire diameters of d. =
5.22 and d,, = 5.08 mm, respectively, and a lay angle of f = 7.9°. The nominal
diameter of the strand was 15.2 mm (0.6 in.). The length of the strand under stress
(i.e., within the anchorage zone) was 1.08 m (3.54 ft), which was defined as the
distance between the base of each anchorage. The total load was recorded with two
load cells (Interface LW25100-20K) placed around the bolts. The axial strain
within individual wires was recorded by placing a strain gauge (Micro
Measurements C2A-06-250LW-350) on the surface of each of the six peripheral
wires, oriented along the axis. The load cells and strain gauges may be seen in
Figure 7.7 (a) and (b). Before strain gauges were placed, the installation area was
prepared by degreasing, sanding, and applying surface conditioner. A protective
polyurethane coating was also applied after the gauges were bonded. Load cell and
strain gauge readings were recorded with a National Instruments cDAQ compact
data acquisition system, and monitored using LabView.
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Prestressing Bed

Source: Images by Authors

Figure 7.7: (a) Prestressing bed experimental setup and data acquisition systems for
collecting guided waves measurements on stressed strand. (b) Strain gauges installed on
peripheral wires. (c) Higher-order modes excited with 10 MHz transducers. (d) Schematic

of strand cross-section, with core (C) and peripheral (P) wires indicated.

Higher-order longitudinal guided wave modes were excited in a pitch-catch
configuration using two piezoelectric transducers (Olympus V129-RM) with a
center frequency of 10 MHz. The transducers were bonded to each end of an
individual wire’s cross-section, as shown in Figure 7.7(c). Furthermore, the
transducers were moved from the core to the peripheral wire to excite each wire
individually. An Olympus 5077PR squarewave pulser/receiver was used to control
higher-order mode excitation, while waveforms were recorded on a LeCroy
HDO6104 oscilloscope. The squarewave excitation was wideband with a center
frequency between 5 and 6 MHz. Since the device was limited to a squarewave
excitation, the excitation was limited to wideband as opposed to narrowband. The
waveforms were sampled at 250 MHz and averaged 500 times. The higher-order
mode signals excited by the squarewave pulser/receiver had a wide range of
frequency content. Therefore, in order to study certain higher-order modes at a time,
the signals were filtered with a zero-phase-shift butterworth bandpass filter.

Reference waveforms were first recorded at zero load. Load was then applied at
nominal steps 0of4.5 kN (= 1 kip), and held constant at each step while guided wave
measurements were taken. The maximum load applied was 98 kN (= 22 kips),
equal to roughly 50% of yield and 25% of the ultimate tensile strength (UTS). Due
to some variability in the strain readings between different peripheral wires, the
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values of the six gauges were averaged to obtain the peripheral wire axial strain e),.
In order to quantify the variability, the standard deviation between the readings was
also computed, which was normalized by N — 1, with N the number of gauges.
Since the strain in the core wire was not measured directly, the peripheral wire
reading was converted to a core wire reading using the following relation: [225]

ec = ey/cos*(B)

The stresses in the core and peripheral wires, g, and g, were then obtained by
converting the axial strain to axial stress through Equation 7.5 (denoted e, and o).

7.4.3.2. Approximate Phase Velocity Change

The phase velocity change at a given stress was computed from the time change for
a point of constant phase within a waveform, using Equation 7.7. This may be seen
in Figure 7.8, which shows the time change of the L(0,9) mode in the peripheral
wire at fd = 30.2 MHz-mm for stresses of 0 and 18.7 MPa. This mode and fd are
identified in Figure 7.3.
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Time, ¢ [ms]

Amplitude [-]

Figure 7.8: Filtered L(0,9) mode waveform at two levels of stress, illustrating time change
At used for phase velocity change measurement

In addition to the approximate theory from Equation 7.9 for Ac, in the plateau
region, an approximation may also be used to experimentally measure Ac,. The
unstressed phase velocity cg asymptotes to the unstressed bulk velocity c; in the
plateau region. Therefore, the measurement may be approximated by

(c)?
Acy|, =~ —lIT At

Equation 7.10
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In conjunction with Equation 7.9, the phase velocity change of higher-order modes
may be (for practical purposes) both theoretically computed and experimentally
measured without solving for dispersion curves.

7.4.4. Experimental Results

First, the continuous wavelet transform (CWT) was used to verify that the higher-
order modes from the rod theory were recorded by the transducers, which may be
seen in Figure 7.9. The power spectrum of the CWT is plotted in this figure, which
was computed with a Gabor mother wavelet [226],

wo\/2 1w}
Y =qg1/4 (7()) exp <_§y_§ t? + iw0t>

where the parameters w,, y were set to wy = 2w and y = 80. The plot corresponds
to the signal under the maximum level of applied stress (roughly 400 MPa). Arrival
times based on the group velocity of longitudinal modes in a stressed rod are
overlain, showing good agreement with the experimental spectrum. The peak group
velocity regions (i.e., first arrival waveforms) are clearly defined, although there is
some minor mismatch at relatively lower (= 15 MHz-mm) and higher (= 45 MHz-
mm) frequencies. Indeed, this is expected for modes at lower frequencies, since
they have more surface motion, thus weakening the assumption of a rod with free
boundaries. Additionally, the material properties of the steel strands are not known
precisely. This may yield some minor mismatch with respect to the theoretical
curves.
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Figure 7.9: Power spectrum [dB] of continuous wavelet transform of unfiltered higher-

order mode signal in core (C) wire under 400 MPa axial stress; theoretical group velocity
dispersion curves converted to arrival times for steel rod overlain
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7.4.4.1. Cross-wire Stability

To validate the application of the acoustoelastic rod theory, the consistency of the
phase velocity change between the core (C) and peripheral (P) wires of the strand
is first demonstrated in Figure 7.10. This figure plots the experimentally measured
phase velocity change for the L(0,9) mode as a function of stress in the C and P
wires at fd = 30.2 MHz-mm (peak group velocity point). The range shown from
0 to —50 m/s is equivalent to a relative velocity change from 0 to —0.83%,
measured with respect to the unstressed velocity. Horizontal error bars in the
experimental points are also plotted, based on the standard deviation of the strain
gauge readings. It may be seen that the velocity changes in the two wires are very
similar at the chosen fd. The similarity between the two wires demonstrates that
contact with the anchorages, as well as the grip marks they develop, have a
negligible influence on the phase velocity change. Since higher-order modes have
minor interaction with a rod surface (see Figure 7.6), the negligibility to grip marks
would be expected if the rod idealization was achieved.

Exact Theory

Phase Velocity Change, Ac, [m/s]
o o Ll
(¢

Bounds

50 100 150 200 250 300 350 400 450
Stress, o [MPa]

Figure 7.10: Experimental phase velocity change for the L(0,9) mode in the core (C) and
peripheral (P) wire at fd = 30.2 MHz-mm, with error bars for the variability in strain gauge
readings. Theoretical change overlain for a steel rod, including bounds for uncertainty in
material constants.

In addition to the experimental points, the theoretical phase velocity change based
on dispersion curves from Equation 7.3 is overlain in Figure 7.10. To account for
the uncertainty in the elastic constants of Table 7.1, uncertainty bounds for the
theoretical velocity change are also shown. The bounds were calculated by
determining which combination of the elastic constants, within their respective
uncertainties, yielded the greatest and least amount of velocity change. The elastic
constants defining the bounds were estimated through a Monte Carlo simulation
and are listed in Table 7.2. The simulation was based on one thousand values of
(4, u,l,m,n), sampled uniformly within their respective uncertainty bounds (see
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Table 7.1). Upper and lower bounds in Ac, were then determined by computing
dispersion curves for each sampled (4,u,[,m,n) set, and then recording the
extrema of Ac,, across all sets.

Table 7.2: Combinations of Hecla 17 Steel Elastic Constants [GPa] Yielding Upper
and Lower Theoretical Bounds in Phase Velocity Change, Determined using Monte
Carlo Simulation

Parameter Lower bound Upper bound
y) 109.5 111.5
u 81.5 82.5
l —358 —298
m —627 -563
n —692 —644

The linearity of the velocity change in Figure 7.10 is generally predicted by
acoustoelasticity in metals [215]. Additionally, from past studies on the
fundamental mode, the linearity is expected to remain for higher stress levels as
well, up to at least 1400 MPa (75% UTS) [181], [182], [204]. The slope of the
theoretical Ac,, termed the theoretical acoustoelastic constant, was found to be
Ky = —0.099 (m/s)/MPa. Measured in terms of the relative velocity change with
respect to stress, the slope was k, = —0.0017 %/MPa. Performing linear regression
on the C wire velocity change, an experimental acoustoelastic constant was
computed as k.= —0.083 (m/s)/MPa (—0.0014 9%/MPa). Similarly, an
acoustoelastic constant for the P wire was computed as k, = —0.084 (m/s)/MPa
(—0.0014 %/MPa). The slight mismatch between the theoretical and experimental
slopes (= 15%) can be attributed to the use of Hecla 17 to represent the steel strand.
Indeed, in testing the theory for various lower Carbon content steels (0.2 to 0.4%,
using material properties obtained from [221], [227], it was found that the
theoretical slope varied around 10%. For instance, for Hecla 138A [221], Hecla 37
[221], and low Carbon steel [227], respectively, theoretical slopes of —0.107,
—0.111, and —0.104 (m/s)/MPa were found. Compared to Hecla 17, each of these
slopes are farther from the experimental slope of —0.083 (m/s)/MPa, suggesting
better agreement with increasing Carbon.

7.4.4.2. Mode and Frequency Stability

In the theoretical results of Sec. 7.4.2, the phase velocity change was shown to
plateau across a wide range of modes at different frequencies (see Figure 7.4). The
plateau results in a stable velocity change across frequency. This stable behavior is
therefore investigated within an individual wire of the strand, and shown in Figure
7.11. Here, the experimental velocity change in the P wire is plotted at fd = 22.6
MHz-mm for the L(0,7) mode, and at 41.7 and 40.0 MHz-mm for the L.(0,12) mode.
The first two fd values correspond to the peak group velocity points shown in
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Figure 7.3(b) and Figure 7.9. The third fd corresponds to the low frequency limit
of the plateau region for L(0,12). As with Figure 7.10, horizontal error bars are
shown based on the standard deviation observed in the strain gauge readings. The
theoretical velocity change at the three fd values is also overlain, along with
corresponding uncertainty bounds.
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Figure 7.11: Experimental phase velocity change in peripheral (P) wire for (a) L(0,7)
mode at fd = 22.6 MHz-mm, (b) L(0,12) at 41.7 MHz-mm, and (c) L(0,12) at 40.0 MHz-
mm, with error bars for the variability in strain gauge readings. Theoretical change for a

steel rod overlain with material uncertainty bounds.
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It may be seen that the velocity change (both experimental and theoretical) is nearly
identical between the three plots. This is a consequence of the plateaus in phase
velocity change near the peak group velocities, shown in Figure 7.4 and Figure
7.5(b), where the change becomes stable across both modes and frequencies. The
stability has the potential for reliable stress measurement using the velocity change.
Figure 7.11 also demonstrates that different higher-order modes exhibit nearly the
same change in velocity. For the two modes studied here (i.e., L(0,7) and L(0,12)),
they each appear to be comparable in their advantages for stress measurement.

7.4.4.3. Practical Approximations

In order to demonstrate the approximate phase velocity changes derived from
theory and experiment discussed in Secs. 7.4.2.3 and 7.4.3.2, respectively, data for
the P wire from Figure 7.10 is used as an example. The experimental points for this
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wire are plotted in Figure 7.12 for the exact and approximate phase velocity change
(derived from experiment). The exact phase velocity change (derived from
experiment) is calculated from Equation 7.7 using the measured time change At
and the exact dispersion curves CS from Equation 7.3. Instead, the approximate
phase velocity change (derived from experiment) is calculated from Equation 7.10
by using the bulk velocity ¢} to approximate the exact dispersion curves in the
plateau region. The exact dispersion curves must be obtained by numerically
solving an implicit equation, while the bulk velocity may be computed from the
explicit equation ¢ = [(A+ 2u)/p]*/?. It may be seen that using c for the
approximation yields nearly the same results as using CS, since ¢; approximates c{,’
with roughly 1% difference in the plateau region (see Figure 7.3(a)).
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Figure 7.12: Experimental phase velocity change in the peripheral (P) wire for L(0,9)
mode at fd = 30.2 MHz-mm. Experimental points shown for exact and approximate Ac,

(derived from experiment), using c{,’ and ¢}, respectively. Theoretical changes overlain,
showing exact theory (solid line) and the approximate theory (dashed line).

Theoretical phase velocity changes using exact and approximate methods are also
overlain in Figure 7.12. In this case, uncertainty bounds are not plotted, in order to
emphasize the mean values. The solid line corresponds to the velocity change found
through computing the exact dispersion curves for a stressed rod from Equation 7.3.
In contrast, the dashed line corresponds to the approximate theory based on the bulk
velocity change, which may be calculated through Equation 7.9. It may be seen that
the bulk wave-based approximate theory only differs from the exact theory by
roughly 2%. For reference, at 1400 MPa (75% UTS) a 2% error corresponds to an
error of less than 28 MPa. Although a minor difference in accuracy is introduced
through the approximate methods, this may be acceptable in some situations, given
the significantly simpler computations.
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7.5. Monitoring Corrosion-Induced Stress
Redistribution in Strands using Guided Waves

7.5.1. Background and Overview

Prestressed and post-tensioned steel structures have been widely used in bridge
construction over the last 40 years. However, from a maintenance and inspection
perspective, the evaluation of these structures is technically challenging. Corrosion
is one of the most detrimental mechanisms in the load-bearing strands, where
resulting stress concentrations can lead to fracture. The value of nondestructive
stress monitoring in strands has inspired a variety of structural health monitoring
strategies, including vibration [228], electromagnetic [229], and guided ultrasonic
wave techniques [201].

Guided ultrasonic wave (GUW)-based approaches are particularly attractive
because of their ability to interrogate large areas. A variety of approaches have been
taken in the literature for GUW-based stress measurement in strands. They are
based on the longitudinal family of GUWs, with the majority using the fundamental
mode. Although a number of approaches have proposed using the stress
dependence of GUW velocity (i.e., the acoustoelastic effect) to perform stress
measurement [181], [182], [203], [204], [230], some have proposed other stress-
dependent features as well [205], [207], [231]-[234].

To date, GUW-based stress monitoring approaches have only been validated in
undamaged strands. Therefore, it is necessary to study the potential coupling
between damage and stress change in order to validate the use of stress
measurement approaches. Furthermore, aside from causing stress redistribution due
to cross-section loss, corrosion increases surface roughness, which raises the
attenuation of GUWs. However, monitoring stress redistribution in an area which
is not directly corroding may be able to counteract this effect. Interestingly, it has
been found that corrosion in strands takes place primarily in the peripheral wires,
while the core remains relatively pristine [188], [235], [236]. Therefore, it may be
possible to indirectly monitor corrosion by measuring stress redistribution using
GUWs that specifically target the core wire.

Unlike the fundamental mode, higher-order modes have the potential to meet the
above-mentioned requirements. This is due to a number of desirable properties,
including [210], [213], [237]: (1) small surface displacement, resulting in low
influence from surface conditions and low energy leakage (i.e., attenuation)
between strand wires; (2) highest group velocity, making them the first arrival at a
sensor; (3) low dispersion, allowing stable wave propagation; and (4) linear and
stable stress dependence of velocity. A further benefit of higher-order modes (not
noted in the literature) is that they may be well suited to data fusion approaches,
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which have recently gained attention in GUW-based structural health monitoring
[238], [239]. The suitability of higher-order modes in this context is due to the
multiplicity of modes, yielding redundant information which may be processed
through data fusion.

Motivated by the above considerations, this section exploits the velocity sensitivity
of higher-order modes for core-wire stress monitoring in a corroding strand.
Particular frequencies of these modes are targeted, which have the ideal properties
outlined above. An accelerated corrosion experiment is carried out to demonstrate
their stress measurement ability in a corroding strand up to the point of peripheral
wire fracture. A modulation technique is proposed for reliably measuring velocity
changes by eliminating the influence of artificial phase shifts. By generating several
higher-order modes, the technique is used to make redundant estimates of stress
change over the course of corrosion. The data fusion approach then combines the
redundant information into a single stress change estimate. This estimate is
modeled as a stochastic process, whose uncertainty is quantified using Gaussian
process regression. The overall flowchart for stress measurement during corrosion
is outlined in Figure 7.13.
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Figure 7.13: Flow chart for stress measurement during corrosion using higher-order
modes

This section is organized as follows: First, the estimation of stress change using
time change measurements of higher-order modes is reviewed in Sec. 7.5.2. Sec.
7.5.3 details the accelerated corrosion experiment and measurement equipment.
Sec. 7.5.4 then describes the resulting corrosion process and the post-processing of
measured data. Sec. 7.5.5 presents the results of stress measurement using higher-
order modes, as well as the benefits of the modal modulation technique and data
fusion approach.
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7.5.2. Stress Measurement Using Higher-Order Modes

Higher-order modes are part of the longitudinal family of guided ultrasonic waves
(GUWs), and are denoted L.(0,2), L(0,3), L(0,4), etc. These modes can remain
localized within the core wire of a strand, leading to advantageous properties for
structural health monitoring (as mentioned in Sec. 7.3). These properties occur at
specific frequencies, referred to here as plateau frequencies. However, it should be
noted that they only take effect for sufficiently high order modes (roughly L(0,8)
and above [237]). Since higher-order modes have little influence from surface
conditions, they can be modeled by considering the simplified problem of wave
propagation in a rod [237].

The phase and group velocity dispersion curves for longitudinal modes in a 5.22
mm diameter steel rod (representative of a core wire) are shown in Figure 7.14. In
terms of the angular frequency w® and wavenumber k°, the phase velocity ¢) =
w®/k° describes the velocity of a wavefront, while the group velocity cg =

dw®/dk® describes the velocity of energy transport (superscript 0 denotes an
unstressed value). The solution of dispersion curves requires numerical
computation, which is implemented here with an in-house code based on [240]. The
material properties for steel used in the computation are derived from those in Sec.
7.3. The plateau frequencies for a series of higher-order modes are highlighted in
Figure 7.14(a) and (b) in terms of the phase and group velocity. The asymptote
toward the bulk longitudinal velocity at these frequencies may be seen in both plots.
The true velocity differs from the bulk velocity by less than 1% at these frequencies;
this error decreasing with increasing mode number. Additionally, the peaks in
group velocity at the plateau frequencies may be seen in Figure 7.14(b), which also
asymptote to the bulk velocity.
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Figure 7.14: (a) Phase velocity and (b) group velocity dispersion curves for longitudinal
modes in a (unstressed) 5.22 mm diameter steel rod. Higher-order modes L(0,m)
indicated by mode number m = 8,9, ...,14. Plateau frequencies of higher-order modes
highlighted, with bulk longitudinal velocity c{ overlain as dashed line.

In addition to the asymptotic velocity of higher-order modes, an analogous
asymptote was demonstrated for the stress dependence of velocity in Sec. 7.3. In
particular, a change in axial stress Ag changes the phase velocity to cg + Acy,. The
stress change is linearly related to the phase velocity change Ac, through an

acoustoelastic constant Kk,
Ac, = KpAo
Equation 7.11

Although a similar expression may be formed for the group velocity, this section
only focuses on the stress dependence of phase velocity, since it was shown to be
more stable with respect to frequency in Sec. 7.4.2. At the plateau frequencies, K,
asymptotes to the acoustoelastic constant k for a bulk longitudinal wave,

Ky = K
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The acoustoelastic constant was calibrated in Sec. 7.3 at k = —0.083 (m/s)/MPa,
which is the value used in this section.

7.5.2.1. Phase Velocity

Inverting Equation 7.11, a stress change Ao may be estimated by measuring the
phase velocity change Ac,. The phase velocity change may be computed by
measuring the time change At in the phase of a waveform, as in Equation 7.7.
Combining Equation 7.7 and Equation 7.11, the stress change may be estimated by
measuring the time change,

02
Ao = —(CL)At
Kl

At this point, the asymptotic behavior shown in Figure 7.14(a) may be leveraged
by inserting the bulk velocity ¢ for cg. This avoids the numerical computation of
dispersion curves, which is well suited to field applications where computational
resources may be limited. Since the material properties 4, 4, p may be obtained with
sufficient accuracy (as opposed to [,m), it is not necessary to calibrate c;.
Accordingly, the material properties A, i, p were obtained from [221] for Hecla 17
steel. Combined with the calibrated acoustoelastic constant k, the stress change
may be estimated as follows:
(c)?

Ao = — At
d Kl

7.5.2.2. Modal Modulation

A practical difficulty of implementing higher-order modes for stress measurement
is that measurements of phase time changes may be sensitive to artificial phase
shifts (e.g., due to sensor reattachment or replacement). In order to eliminate such
sensitivity, a technique called modal modulation is introduced here. The main idea
is to form a modulated wave through the superposition of two higher-order modes,
thus canceling out any phase shift.

Let the displacements u and u' of two higher-order modes propagating along a rod
axis z be

u = expli(kz — wt + ¢)]
u' =explilk'z— w't + ¢)]

Equation 7.12
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where w, k and w’, k' are the angular frequency and wavenumber of the two modes
at their respective plateau frequencies, and ¢ is an artificial phase shift. If the phase
shift varies while stress is also changing, error will be introduced into the time
change measurement. However, this error may be eliminated by superposing the
two modes as follows: Without loss of generality, take w' > w and k' > k.
Denoting the angular frequency and wavenumber differences as Q = w’ — w and
K = k' — k, the superposition of the two modes in Equation 7.12 yields the
displacement

Kz — Qt (k+ kK w+ o
u+u’=2cos(—)exp1 zZ— t+¢

2 2 2

which is composed of a modulation (cosine) and a phase (exponential) term. As
opposed to the phase term, it may be seen that the modulation is not influenced by
the phase shift ¢. The modulation term may be extracted by obtaining the envelope
of the above as

<KZ — Qt>| _Eu+u'}
cos 3 = 3

Equation 7.13

where |:| denotes absolute value, and E{-} computes the envelope of a wave
according to

El} = |- HH{Y

with H{-} denoting the Hilbert transform. Figure 7.15 illustrates the extraction of
the modulation term from the superposition of two harmonic waves, where the
insensitivity to phase shift is demonstrated.

Superpose

Figure 7.15: Superposition of two harmonic waves to form a modulated wave, where ) =
o' —w and K = k' — k. Phase velocities c, ¢’ overlain, along with modulation velocity C.
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Cases overlain for no phase shift (solid) and phase shift (dashed), showing no influence
from phase shift on modulation.

Since higher-order modes asymptote to the bulk velocity at the plateau frequencies,
the modulated wave propagates at a (unstressed) velocity C° of

QO

0 ~ 0
C —F~Cl

Equation 7.14

The change in modulation velocity AC due to stress then approximates the bulk
velocity change,

AC = Ac; = kAo
Equation 7.15

Figure 7.16 shows the approximation of (a) the bulk velocity and (b) its stress
dependence in terms of the modulation velocity from a series of higher-order mode
pairs. It may be seen that the approximations in Equation 7.14 and Equation 7.15
are accurate to within 1% error. Therefore, the stress change may be estimated by
measuring AC, while using the same acoustoelastic constant k as is used for the
phase velocity. This means that the time change At is measured from the
modulation wave of a higher-order mode pair.

8-9 9-10 10-11 1112 12-13 13-14
Mode Pair

Figure 7.16: (a) Unstressed value and (b) stress dependence of modulation velocity for
six higher-order mode pairs L(0,m)-L(0,m + 1) for m = 8,9, ...,13. Modulation velocity
values normalized against bulk velocity values, showing approximation to within 1% error.

7.5.2.3. Data Fusion and Outlier Analysis

The fact that multiple estimations of stress change may be obtained from multiple
mode pairs presents the opportunity for combining their information to obtain more
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robust estimations. To accomplish this, a data fusion approach is used here to
combine the redundant information into a single stress change estimate. Since the
data is commensurate, the fused data may be formed as a weighted combination of
the original data. This is an intermediate level of data fusion, known as feature-
level fusion [241].

Denote the estimate of stress change from the n-th mode pair by Ag ™. Considering
the fusion of N mode pairs, the fused data Ac is expressed as a weighted
combination of Ag™,

N
Ao = Z wm®Ag ™

n=1

where w(™ € [0,1] is the weight of the n-th pair. Here, a two-step process is carried
out to assign weights: (1) assign an initial weight based on the amplitude of the
pair; (2) detect outlier pairs and set their weight to zero. Step 1 is based on the
assumption that mode pairs with higher amplitude have greater reliability for
feature extraction (i.e., stress change estimation). Step 2 involves outlier analysis,
where the weight is set to zero for pairs that are classified as outliers.

Outlier classification is performed on the deviation statistic z™ for a given mode
pair n, defined [242]

where M and S are the mean and standard deviation of the dataset. These statistics
are computed using an exclusive formulation [242], where data for the n-th pair is
excluded (i.e., M, S are found from the data Ac® fori # n). This ensures that the
statistics are not influenced by including data for the pair under consideration. A
pair is then classified as an outlier if it exceeds two standard deviations,

z™ <2 (non-outlier)
z™ >2  (outlier)

Combining Steps (1) and (2) yields the weight assignment for a given mode pair in
terms of the amplitude A™ for that pair,

A
w = Z?’=1A(l‘)
0 (outlier)

(non-outlier)
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where A™ is defined as the sum of the two constituent mode amplitudes within the
pair.

7.5.2.3.1. Gaussian Process Regression

One of the primary purposes of data fusion is to decrease uncertainty in the
estimated values [241]. This section considers estimating stress change over the
course of corrosion, with estimates made at a series of corrosion levels. Therefore,
the stress change estimate over the course of corrosion is treated as a normally
distributed stochastic process (i.e., a Gaussian process). As such, its uncertainty
may be quantified by Gaussian process regression (GPR) [243]. GPR is a non-
parametric regression method which captures the trend and uncertainty in the data
by providing a regression (mean) function along with a standard deviation function.
The mean function R(c) denotes the stress change at an arbitrary corrosion level c,
which has a corresponding uncertainty defined by the standard deviation function

X(c).

Denoting the stress change data at a series of corrosion levels ¢ = (cy,cy, ...) by
Ao = (Agy, Aoy, ...), the GPR may be computed as follows [243]:

R(c) =Kk"(c)Q 'Ac
2(c) = q(c) — K" (c)Q 'k(c)

where Q is a covariance matrix, q(c) is the covariance at corrosion level ¢, and k(c)
is a kernel vector measured between the corrosion levels ¢ and c. To accommodate
noisy measurements, the covariance matrix is defined in terms of a kernel matrix K
and a noise hyperparameter s,, as

Q=K+ s2I

The elements K;; of the kernel matrix are defined from a kernel function k, which
is based on two hyperparameters sy and s;,

Ki; =k(ci¢j) = s]?exp[—%slz(ci - cj)z]
The covariance at corrosion level c is then
q(c) = k(c,c) + s
and the elements of the kernel vector k(c) = (k,(c), k,(c), ...) are

ki(c) = k(ci, c)
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GPR relies on numerically tuning the hyper-parameters sf,s;, s, in order to
maximize the probability of observing the data ¢, Ac [243]. The numerical solution
is performed here using in-house code.

7.5.3. Experiment

A loading frame was constructed to apply tensile stress to a prestressing strand, as
shown in Figure 7.17. This is the same frame that was used in Sec. 7.3. The frame
was composed of a bed, an arm, and two threaded rods. The bed and arm were built
from square sections (AISC HSS4 X 4 X 1/4 ), composed of A500 Grade B steel.
The square sections had a cross-sectional area of 4, = 21.7 cm? (3.37 in?), and a
moment of inertia of I, = 325 cm* (7.80 in*). The arm was reinforced with steel
plates, so that its moment of inertia was I, = 1170 cm* (28.1 in*). The threaded
rods were composed of corrosion-resistant 316 stainless steel with a 2.22 cm (7/8
in.) diameter.

[Svar Gagee :
.J(\_;-' Strain Acquisition E |

\ T

= w > =
| 4Ly
) ' Fracture

N

Corroding

Uncorroded

Uncorroded

Source: Images by Authors

Figure 7.17: (a) Experimental setup and data acquisition system for guided wave and
strain monitoring of stressed strand under accelerated corrosion. Corrosion applied by
impressing current in saltwater tank using power supply. (b) Schematic of loading frame,
indicating relevant dimensions. Eventual peripheral wire fracture point near the tank edge
shown.

The prestressing strand was composed of Grade 270 steel (UTS of 1860 MPa), with
a nominal diameter of 15.2 mm (0.6 in.), and a lay angle of 7.9°. The strand had a
yield strength of (at minimum) 90% UTS, or 1670 MPa. The core and peripheral
wire diameters were measured at 5.22 and 5.08 mm, respectively. Within the
anchors, the strand was composed of uncorroded and corroding segments. The
strand length within these segments was L, = 0.719 m (28.3 in.) and L, = 0.381
m (15.0 in.), respectively. The length within the anchors (i.e., under stress) was then
L, + L. =110 m (43.3 in.). The cross-sectional area of the strand (i.e., of the
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uncorroded segment) was 4,, = 143 mm? (0.222 in?). The dimensions of the frame
and strand are depicted in Figure 7.17(b) and collected in Table 7.3.

Table 7.3: Loading Frame and Strand Dimensions

Dimension Value [m] Value [in.]
L, 0.406 16.0
Ly 1.32 52.0
L, 0.381 15.0
L, 0.488 19.2
L, 0.719 28.3
a 0.127 5.0

To record the strand deformation, six strain gages (Micro Measurements) were
installed on the peripheral wires in the uncorroded segment, as shown in Figure
7.17(a). These were used to obtain the average axial strain e, in the peripheral
wires. For a strand with a 7.9° lay angle, the peripheral and core wire strains only
differ by roughly 2% [182]. Therefore, the strain e,, was taken to describe the axial
strain in the strand cross-section as a whole. The strand was initially loaded up to
480 MPa (69.7 ksi), or roughly 25% UTS, with an initial strain value of 2.28 X
1073,

7.5.3.1. Accelerated Corrosion Testing

Accelerated corrosion was carried out with the impressed current technique [188],
as shown in Figure 7.17(a). In particular, a galvanic cell was constructed in a
saltwater tank, through which DC current was applied. The cell was formed by
submerging a segment (i.e., corroding segment) of the strand along with a copper
mesh in a 5% NacCl saltwater solution within the tank. The strand, copper mesh,
and saltwater served as the anode, cathode, and electrolyte, respectively. Current
was applied and recorded with a power supply (Keysight), ranging from 1.5 to 3.0
A.

The current was applied in cycles, ranging from 2 to 5 hours in length. A total of
29 corrosion cycles were carried out, resulting in 94 total hours of accelerated
corrosion. After each cycle, the tank was drained and the strand was allowed to dry
for 24 hours with no applied current. Corrosion products were allowed to build up
on the surface of the strand, in order to closely simulate naturally accumulating
corrosion. Due to the strong sensitivity of corrosion rate to temperature [244], the
temperature of the specimen was controlled at 22 to 24 °C (72 to 75 °F). The
accelerated corrosion was terminated when a fracture occurred simultaneously in
three adjacent peripheral wires. The fracture point is indicated in Figure 7.17(b),
roughly 2 cm from one end of the tank.
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7.5.3.2. Higher-Order Mode Sensing

Higher-order modes were generated and received by piezoelectric transducers
(Olympus) installed on either end of the strand, as shown in Figure 7.17(a). The
transducers were 5 mm in diameter, nearly identical to the core wire diameter (5.22
mm). The modes were selectively generated in the core wire by installing the
transducers (using hot glue) over its cross-section. The transducers were excited by
a wideband squarewave pulse using a squarewave pulser-receiver (Olympus). The
excitation was tuned to 7.5 MHz, which was used to target modes L(0,8)-L(0,14)
from 5 to 10 MHz, as show in Figure 7.20. High and low pass analog filters at 1
MHz and 10 MHz, respectively, were used to further suppress frequencies outside
the target range. The modes were recorded on an oscilloscope (LeCroy), while
sampling at 250 MHz and averaging 500 times.

An initial collection of higher-order mode signals was performed before corrosion
(i.e., at cycle 0). Subsequently, signals were recorded after each corrosion cycle,
following the 24-hour drying period. To investigate the performance of the
proposed modal modulation technique, the transducers were reattached before each
corrosion cycle, which introduced artificial phase shifts into the waveforms.

7.5.4. Corrosion Progression

The corrosion process in the strand was observed visually after each corrosion
cycle. It was found that corrosion products gradually built up on the surface of the
strand as the test progressed, and continued until the simultaneous three-wire
fracture occurred in cycle 29. The strand was then unloaded and removed from the
loading frame for further visual inspection, as shown in Figure 7.18. Due to
unloading, the fractured wires further unwound within the corroding segment, as
shown in Figure 7.18(a). However, it should be noted that the peripheral wires did
not unwind in the uncorroded segment, as seen in Figure 7.18(c). Furthermore, near
the edges of the corroding segment, corrosion products built up between the
fractured wires and the core wire, which increased interwire friction. It was found
that the core wire had a minor amount of corrosion products on its surface. This
appears to have been predominantly suffered when the fractured wires unwound
and directly exposed the core wire to saltwater. The core wire diameter was
measured at 30 locations within the corroding segment, yielding an average value
of 5.20 mm and a standard deviation of 0.09 mm. This is nearly the same as its
uncorroded value (5.22 mm). In contrast, the peripheral wires suffered diameter
losses of roughly 2 to 3 mm. This demonstrates that the large majority of mass loss
took place in the peripheral wires [188], [235], [236].
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Figure 7.18: Post-corrosion inspection of unloaded strand: (a) unwinding of peripheral

wires, (b) fractured wires, and (c) interwire buildup of corrosion products near fracture

point. Core wire diameter (5.20 mm) found to be nearly the same as before corrosion
(5.22 mm).

Faraday’s law was used to convert the applied current / to cumulative steel mass
loss m. Specifically, the mass loss up to cycle c is found as [188],

A C
m(c) = ﬁz 1OTG)

where A = 56 g is the atomic mass of iron, Z = 2 is the ionic charge of iron, F =
65,000 A-s is Faraday's constant, and T (i) is the amount of time current I (i) was
applied in cycle i. The percentage mass loss in the corroding segment may be
calculated as m/M, with M the original mass of the corroding segment. The mass
loss reached 45% by the completion of the test.

7.5.4.1. Stress Change Measurement

Structural analysis was carried out to convert the strain in the uncorroded segment
to stress in the corroding segment. This was required, since strain gages could not
be installed in the corroding segment. To this end, the structural system formed by
the strand (i.e., uncorroded and corroding segments) and the loading frame was
studied. As corrosion progressed, the strain in the uncorroded segment changed to
e, = e, +Ae,. Considering linear elastic beam theory (including axial
deformations), the uncorroded and corroding segment stress changes, Ag,, and Aa.,
were found as

Ao, = Ele,
ku> Ly,
Ao, =— |1+ —|—EAe
c ( kf LC u
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where the stiffnesses of the uncorroded segment and the frame are k, = 41.9
kN/mm and kf = 66.5 kN/mm, respectively.

Figure 7.19 shows the measured stress in the strand over the corrosion process.
Here, the yield stress and ultimate tensile strength are overlain as dashed lines. The
stress in the corroding segment closely approached the yield point in cycle 29, but
did not exceed it. The fact that there was a peripheral-wire fracture in the corroding
segment at subyield stress may be due to hydrogen embrittlement [245].
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Figure 7.19: Measured axial stress in uncorroded and corroded segments of strand,
computed from strain measured in uncorroded segment. Stress increase in corroding
segment due to local cross-section loss, with final spike due to fracture.

7.5.5. Higher-Order Mode Stress Measurement

7.5.5.1. Reception and Filtering of Higher-Order Modes

The generation and reception of higher-order modes was confirmed by applying the
wavelet transform. The wavelet transform W (t, ) was computed using the Gabor
mother wavelet, with parameters wg,y set to 2 and 80 (as determined from Sec.
7.4.4). To compare the results to the theoretical dispersion curves in Figure 7.14(b),
it is also useful to express the wavelet transform in terms of the group velocity as
W (cg, w). This may be done by inverting the time axis and scaling by the
propagation distance.

Figure 7.20 shows the scalogram |W|? of the wavelet transform at four corrosion
cycles, as plotted against frequency and group velocity. Seven higher-order modes
were generated within the targeted frequency range (5-10 MHz), which are
highlighted in the figure. These modes were L(0,8)-L(0,14), whose plateau
frequencies are 5.05, 5.80, 6.50, 7.25, 8.00, 8.80, and 9.50 MHz, respectively. For
comparison with Figure 7.14(b), the dispersion curves for longitudinal modes are
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overlain in Figure 7.20. As corrosion increased, the only regions of the dispersion
spectra that were not significantly attenuated were near the plateau frequencies, as
seen from Figure 7.20(a) to (b).

Wavelet Transform Scalogram [dB]
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Cycle 0 Targeted Range Cycle 29
A
8 il g 10 11 12 13 14 6| Plateau Frequencies
8 - - S L. Lo

Group Velocity, ¢, [mm/ s
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Figure 7.20: Wavelet transform scalogram (—40 to 0 dB) in group velocity-frequency
space at two corrosion cycles. Group velocity dispersion curves overlain. Higher-order
modes L(0,m),m = 8,9, ...,14 generated in frequency range 5—10 MHz are indicated. Due
to increasing attenuation, only the plateau frequencies remain by cycle 29.

Aside from visualizing the arrival of each mode, the wavelet transform may also be
used as a narrowband filter. This was used to extract signals of higher-order modes
at their plateau frequencies. Denoting the plateau frequency of the m-th mode as

w™) the filtered signal x(™ for that mode was extracted from the wavelet
transform as

x™(t) = RW (t, w™)

where R denotes the real part.

7.5.5.2. Modal Modulation-Based Stress Measurement

The proposed modal modulation technique was carried out as follows (see Figure
7.21): First, consecutive higher-order modes L(0,m), L(0,m + 1) were grouped
into pairs. Their filtered signals x ™ (t) and x™*1 (t) were then computed, which
were normalized to give each a unit amplitude and then superposed. The envelope

of the superposition was then obtained using Equation 7.13, which corresponds to
the modulation wave of the two modes.
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Figure 7.21: Extraction of modulation waves used for stress measurement. Consecutive
higher-order modes L(0,m) and L(0, m + 1) extracted in pairs and superposed to form
modulations.

Once the modulation waves were obtained, their time change over the corrosion
process was measured. This was performed by tracking a peak in the modulations
as follows: First, the peak in the cycle 0 modulation wave was obtained, which
served as a reference. The change in this peak was then tracked in the modulation
waves for subsequent cycles, from which the time change was measured. The time
change At was then converted to the stress change Ac as
(c)?
Ao = _—K(Lu T L) At

Equation 7.16

Since the propagation path contained both the uncorroded and corroding segments,
the estimated stress change from Equation 7.16 represents the average stress change
along the strand. In order to compare this to the measured values, the average stress
change Ao was obtained from the changes in the uncorroded and corroding
segments,
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Ao _—( )AOH-I-( < )AO
Lu + LC Lu + LC ¢
Equation 7.17

Figure 7.22 shows the stress change estimates using Equation 7.16 for six higher-
order mode pairs, with the measured change from Equation 7.17 overlain. It may
be seen that the estimation of stress change using higher-order modes shows good
agreement with the measured values. The initial slow rate in stress change up to
cycle 20 may be seen in the estimates, as well as the subsequent increasing rate
beyond this cycle. Importantly, the spike in stress change caused by peripheral wire
fracture in cycle 29 is revealed from each mode pair. In particular, the largest cycle-
to-cycle change in the estimated data is from cycle 28-29, where the fracture
occurred. To quantify the uncertainty in the estimates, Gaussian process regression
(GPR) was computed and overlain in Figure 7.22. Some variation in the uncertainty
may be seen between different mode pairs, with the standard deviation of the GPR
ranging from 27 to 41 MPa.
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Figure 7.22: Stress change estimated using velocity change for six higher-order mode
pairs, shown in (a)-(f), respectively. Velocity change measured at plateau frequency for
each mode. Shaded area overlain as 95% confidence interval from Gaussian process
regression. Stress change measured based on strain gages overlain.

7.5.5.3. Data Fusion

The previous subsection demonstrated that multiple higher-order mode pairs yield
redundant estimations of stress change. Therefore, a data fusion approach is taken
in order to combine the data shown in Figure 7.22 into a single stress change
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estimate. In particular, data fusion was performed by at each corrosion cycle. The
amplitudes input to the weight assignment were obtained from the wavelet
transform at each cycle, as shown in decibels in Figure 7.20.

Figure 7.23 shows the estimated stress change using data fusion, with the measured
stress change overlain. It may be seen that the initial period up to 17% mass loss
(cycle 1-15), which had a slow rate of stress change, was accurately captured by
the data fusion estimate. Although there was considerable mass loss, the estimates
were able to capture that the strand had not yet significantly lost load-carrying
capacity. These estimates were achieved even with significant surface roughness
and corrosion products building up on the surface of the strand. It demonstrates the
advantage of using higher-order modes in the core wire, which diminishes the
influence of surface effects. This may be contrasted to the fundamental mode,
which is more sensitive to geometrical effects like surface roughness [201].
Although there was a slight divergence from the measured stress change after cycle
20, the major spike caused by peripheral wire fracture at cycle 29 was well
identified. GPR was also performed to quantify the uncertainty of the fused data,
which is overlain in Figure 7.23. It may be seen that the uncertainty of the estimated
stress change was lower for the data fusion results than for any of the original mode
pairs. Specifically, the standard deviation of the fused data was 25 MPa (defined as
the average standard deviation of the GPR). In contrast, the standard deviation for
the original data ranged from 27 to 41 MPa. Greater confidence was therefore found
when using data fusion to estimate the stress change, as opposed to using a single
mode pair.
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Figure 7.23: Stress change estimated using data fusion of six higher-order mode pairs,
ranging from L(0,8)-L(0,14). Shaded area overlain as 95% confidence interval from
Gaussian process regression. Stress change measured based on strain gages is
overlain.
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7.6. Corrosion Monitoring in Prestressed Concrete
using Acoustic Emission

7.6.1. Background and Overview

Prestressed concrete members have been widely used in bridge construction over
the last fifty years. In these types of structures, corrosion of the steel strands has
become of increasing concern for designers, owners, and regulators. Currently,
corrosion damage assessment of prestressed concrete members is performed using
some form of periodic visual inspection (VI) procedure involving, among other
items, the examination of cracking or spalling of concrete. While VI procedures are
well-established and can be used to provide a great deal of information pertaining
to the performance of a structure, these inspections are time consuming and their
findings often depend on the experience and judgment of the inspectors. Moreover,
the general inaccessibility of the strands makes the evaluation difficult, costly, and
often inconclusive. There is a pressing need to transition from periodic VI
established on the basis of limited-to-no-knowledge of likely damage to an
automated real-time condition-based inspection method that could be performed on
a daily basis. This paradigm shift can be achieved by equipping structures with
sensing and analysis systems to enable real-time awareness. An effective
monitoring strategy shall not only prevent catastrophic failures but also flag
warnings of early deterioration to reduce the costs associated with mitigation
strategies. Structural health monitoring strategies based on networks of
piezoelectric sensors, which have the capability of receiving acoustic emission
(AE) signals, are among the most promising candidates. Acoustic emission is based
on continuously “listening” to the sudden releases of energy within a medium due
to damage progression, with successful applications demonstrated in a variety of
civil structures (e.g., masonry [246], strands [247], steel-concrete shear walls [248],
and pipelines [249]). The continuous aspect of AE allows for large amounts of data
to be collected, from which a wealth of information may be strategically extracted.

A wide range of AE studies have been investigated for evaluating corrosion in
prestressed and reinforced concrete [250]-[264]. These have largely used feature-
based AE, with most considering features related to AE activity and frequency
content. Acoustic emission activity may refer to the cumulative amount of AE
energy recorded, for instance, while frequency content may refer to peak frequency.
In particular, numerous researchers have found that the onset of corrosion produces
a definitive spike in AE activity [252], [254], [257], [260]—-[262]. This feature was
also found to indicate concrete cracking due to corrosion buildup, which results in
additional AE activity spikes [250], [251], [262]-[264]. Other researchers have
found the overall trends in AE activity to be correlated with the extent of corrosion
[255], [256], [258], [259], [262]. On the other hand, studies have shown that
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considering frequency content may allow for different corrosion mechanisms to be
distinguished [253], [265].

With prevalent AE sensors continuously collecting and recording massive amounts
of information, there is no doubt this is an era of data deluge. Making sense of and
learning from the massive-scale data will constitute a crucial step to facilitate
rational decision-making regarding the safety and reliability of a structure.
Fortunately, such a large collection of data points (i.e., a datacloud) brings about
the possibility of gathering new types of information about corrosion. This includes
the shape (i.e., topology) of an AE datacloud itself. Topological data analysis
(TDA) has emerged as a quantitative computational method for studying the
topology of dataclouds [266]. It is a form of data science based on algebraic
topology, with noteworthy applications in time series analysis [267], classification
of breast cancer subtypes [268], and natural image statistics [269]. Through TDA,
it has been demonstrated that meaningful information can be embedded in a
datacloud’s topology [267]—[269]. However, to the best of the author’s knowledge,
no prior studies have been carried out on applying TDA within AE, let alone within
a nondestructive testing or structural health monitoring framework.

This section proposes that meaningful information (particularly related to
corrosion) may be embedded within the topology of an AE datacloud. To evaluate
this proposition, an experimental corrosion study is carried out on a prestressed
concrete specimen. Since real corrosion may span years to decades, accelerated
corrosion testing of the specimen is conducted in a laboratory setting, using chloride
penetration in particular. To gain a benchmark understanding of the induced
corrosion, the test incorporates visual inspection, mass loss measurements, and
traditional feature-based AE monitoring. Informed by these methods of the physical
significance behind the AE data, TDA is then investigated for the extraction of
additional corrosion indicators. In particular, the evolution of the AE datacloud’s
topology over the corrosion process is studied.

This section is organized as follows: First, the process of chloride-induced
corrosion in prestressed concrete and the associated AE is briefly overviewed in
Sec. 7.6.2. Afterward, the theoretical application of TDA to an arbitrary datacloud
is presented in Sec. 7.6.3. Section 7.6.4 describes the accelerated corrosion
experiment conducted on two prestressed concrete specimens, with a benchmark
corrosion assessment formed in Sec. 7.6.5. The results of TDA are then presented
and discussed in Sec. 7.6.6.

7.6.2. Corrosion Process and Acoustic Emission

In order to aid in the benchmark assessment of corrosion and interpretation of
results, this section briefly outlines the process of corrosion in prestressed concrete.
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In addition, corrosion-induced acoustic emission (AE) is described in terms of the
primary AE features considered in this report.

A widely accepted model of chloride-induced corrosion in concrete is that of Tuutti
[270], [271]. The model divides the service life of corroding concrete into two
stages: (1) initiation; and (2) propagation. The initiation stage is the time required
for chlorides to penetrate to the strand, at which time corrosion onsets and the
propagation stage begins. The end of the propagation stage is based on the
definition of service life, which is usually taken as the point when visible surface
cracks emerge in the concrete [272], [273].

Schematics of four major points in the corrosion process are shown in Figure 7.24.
First, an arbitrary point during the initiation stage is shown in Figure 7.24(a), where
chlorides are penetrating through the concrete cover but have not yet reached the
strand.
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Figure 7.24: lllustration of chloride-induced corrosion in prestressed concrete cross-
section. (a) No corrosion before chlorides reach strand. (b) Depassivation when chlorides
penetrate to strand. (c) Corrosion products have expanded into porous interface,
reaching critical pressure for crack initiation. (d) End of service life when crack reaches
Surface.

Therefore, no corrosion is taking place during this stage. The end of the initiation
stage is shown in Figure 7.24(b), where chlorides reach the strand. At this point,
the chlorides begin to break down the passive layer surrounding the strand [260],
thus depassivating it and increasing the corrosion sensitivity. It has been
demonstrated that AE activity can be used to detect depassivation (i.e., corrosion
onset) [257], [260], [261], as indicated by the first spike in AE activity. Between
depassivation and concrete crack initiation, corrosion products accumulate in the
thin (roughly 10-20 um thick) porous interface between the strand and the concrete
[274], [275]. Once the porous interface is saturated, however, pressure due to
corrosion buildup can increase beyond the capacity of the concrete cover. The point
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at which a critical pressure is reached may be seen in Figure 7.24(c), resulting in
crack initiation through the cover. Such crack initiation has been demonstrated to
produce additional AE activity spikes [251]. With further corrosion buildup, the
crack may propagate until it reaches the surface, marking the end of service life, as
shown in Figure 7.24(d). Again, the propagation of cracks may also cause
additional AE activity spikes [251]. For a 45 mm (1.8 in.) cover, such surface
cracking can be caused by as little as 4 to 6% mass loss in the strand [276]. In
addition, the surface cracking can raise the corrosion rate due to the freer
penetration of chlorides [272]. From work on prestressing strands [265] and
reinforced concrete [253], it has been demonstrated that different corrosion
mechanisms produce AE with different frequency content. Therefore, studying
frequency content in addition to AE activity can provide a greater depth of
corrosion information. In this report, the considered AE features are cumulative
energy, cumulative number of hits, and peak frequency, as illustrated in Figure 7.25
for a typical AE hit.
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Figure 7.25: Features derived from typical acoustic emission hit, including energy and
peak frequency. Hit shown in (a) time domain and (b) frequency domain.

7.6.3. Topological Data Analysis

The main idea motivating topological data analysis (TDA) is that a collection of
data points (i.e., a datacloud) has shape, and its shape has meaning [269]. The
concept of data having shape (i.e., topology) is illustrated in Figure 7.26(a) for a
2D datacloud with the topology of an annulus. Indeed, in this example the datacloud
consists of 25 points randomly sampled from the annulus outlined in Figure 7.26(a).
It should be noted that a datacloud itself does not directly disclose its topology,
since topology is associated with continuous objects (e.g., the outlined annulus).
What is therefore required is a sophisticated method of analyzing the datacloud in
order to extract its underlying topology.
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Figure 7.26: Example of topological data analysis for (a) randomly sampled datacloud
from a 2D annulus (one component, one hole) with landmarks indicated by squares. (b)-
(d) Witness complexes constructed from landmarks, corresponding to three values of e
(0.02, 0.20, 0.40). Barcodes for number of (e) components and (f) holes, revealing one
component and one hole (the true topology of the annulus).

TDA is designed to meet this purpose by using the relative positions of data points
to transform the datacloud into a topological object, from which topological
characteristics may be measured. The topological object is a collection of simplices
(termed a simplicial complex), which is constructed by “viewing” the datacloud at
a given scale € and measuring the connectivity between data points. Here, an n-D
simplex is defined as the convex hull of n + 1 data points [277]. For instance, a O-
simplex is a point, a 1-simplex is a line, and a 2-simplex is a triangle, with the data
points forming the vertices of the simplex in each case. Different forms of
simplicial complexes may be adopted, such as the Cech and Rips complexes [266].
However, these complexes may become computationally expensive for large
dataclouds. In such cases, the witness complex serves as a computationally efficient
alternative [278].

The witness complex achieves computational efficiency by being constructed on
only a small subset of data points, known as landmarks. Given a selection of
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landmarks from a datacloud, a p-simplex of the witness complex is defined as
follows: let a subset of the landmarks be denoted 1y, ..., 1,, and an arbitrary point in
the datacloud be z (the witness). Further, denote the distance from the (p + 1)-th
nearest landmark to z as d,,(z). For a given €, the p-simplex {1, ---1,} belongs to
the witness complex W if there exists a witness point z satisfying

I —zll, <dy,(z) +e fori=0,..p

as well as if each of the (p — 1)-simplices {10 Y PR lp}, i=0,..,p belong to W
[279], with a hat * indicating that the data point is absent from the simplex. For the
special case of p = 0, the 0-simplices are the landmarks themselves. It has been
suggested that the landmarks be selected using the maxmin algorithm [278].
However, it should be noted that the number of landmarks is a user-specified
parameter, and there is no definitive optimal value for a given datacloud. Examples
of the witness complex applied to the datacloud in Figure 7.26(a) may be seen in
Figure 7.26(b)-(d), corresponding to three values of €. For illustration, ten
landmarks are selected from the datacloud and are indicated by squares.

The witness complexes shown in Figure 7.26(b)-(d) each provide a topological
description of the datacloud at a particular scale e. However, since there is no single
best value of €, a holistic representation of the datacloud’s topology may be
obtained by studying the witness complex’s topology from small to large € [280].
Thus, “true” topological characteristics are identified as those that exist over a wide
range of €. Conversely, those which only appear over a brief range of € may be
treated as noise [269]. In the n-D case, the relevant topological characteristics are
the Betti numbers, denoted By, ..., f,—1, Where [; represents the number of i-D
holes. As special cases, f, and f; are also termed, respectively, the number of
connected components (termed components here) and the number of loops (termed
holes here) [269]. For instance, the 2D annulus considered in Figure 7.26(a) has
one component and one hole, as indicated.

Determining the Betti numbers of a simplicial complex (e.g., witness complex)
involves breaking it up into a series of simpler complexes [277], as visualized in
Figure 7.27.
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These are termed chain complexes, and are denoted C,, ..., C,, where C; contains
only the i-simplices in the original simplicial complex. The chain complexes then
have boundary operators dy, ..., d,, which map elements in one complex to those in
the next lowest dimension. This mapping operates as follows: for a given i-simplex
{z, - z;} in C;, the boundary operator d; yields a linear combination of (i — 1)-
simplices in C;_; [277],

0:{zy - z;} = Z(_l)j{zo 2 "‘Zi}

J=0

Examples are shown in Figure 7.27 of the boundary operator mapping between
chain complexes. It may be seen that the simplicial complex in this figure has one
hole, which may be determined by studying the boundary operator. For example,
as shown in Figure 7.27, the 2-simplex {zyz,Z,} is mapped using 0, to the element
{z12,} — {zoZ,} + {ZoZ,}. In other words, this element is in the image of d,
(denoted img{d,}), and is termed a boundary [277]. It may be seen that this element
appears to have a hole, along with the element {z,z;} — {z,z5} + {z,2,}, both of
which are mapped to 0 using d;. These elements are thus in the kernel of 0
(denoted ker{d,}), and are termed cycles [277]. The holes in C; are then those
cycles which are not also boundaries (i.e., those cycles which are not “filled in” in
C, [281]). Therefore, only the cycle {z,z5} — {125} + {Z,Z,} has a hole, and there
is then one hole in the simplicial complex. This procedure generalizes to an
arbitrary dimension: the i-D holes in C; are those cycles which are not also
boundaries from C; . The Betti number £;, counting the number of independent i-
D holes, is then [280]
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Bi = rank{ker{d;}} — rank{img{0d;,1}}

The evolution of the Betti numbers over a range of € provides a holistic topological
representation of a datacloud; it is commonly visualized in the form of a barcode
[266], [269], as shown in Figure 7.26(e) and (f) for components and holes,
respectively. Here, the barcode represents each component (or hole) as a line
extending over the range of € for which it exists. Those that are truly characteristic
of the datacloud therefore have longer lines (i.e., exist longer) than those which
may be noise. For this example, the Betti number computation is performed using
the javaPlex software [279]. Here, one component and two holes are identified in
the barcodes. However, the barcode for one of the holes is significantly shorter than
the other (roughly one-quarter of the length), suggesting that it may be noise. The
observation of one dominant component and one dominant hole captures the true
topology of the annulus from which the datacloud was sampled. Analyzing the
barcodes therefore allows the topology of a datacloud to be measured.

7.6.4. Experiment

7.6.4.1. Test Specimens

A prestressed specimen was designed with the goal of mimicking a girder
specimen. The specimen was reinforced with a pre-stressing strand with a 2-inch
cover. The selection of mix proportions is discussed in Section 5.5.2.3.2. The
mixture proportions are provided in Table 5.1. Two prestressed concrete test
specimens were considered for corrosion testing in this task:

e Specimen A (control): Placed indoors at 73°F to perform as a control
specimen. The block was 8 months old when the test began.

e Specimen B (with microcracking): Exposed to the atmosphere after 28 days
of curing until the specimen exhibited surface microcracking. The block did
not show signs of adequate surface microcracking with just exposure to the
environment. Thus, to accelerate the cracking, the block was exposed to
accelerated weathering by subjecting the block to four cycles of surface
wetting and drying each day. The progression of microcracking is shown in
Figure 7.28. Testing on specimen began at 31 months when the specimen
had a surface microcracking of 0.064 in./yd or a visual rating of 3.
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Figure 7.28: (a) Progression of microcracking in Specimen 2 and (b) microcracking
highlighted (CI-Cracking Index and VRI-Visual Rating Index)

7.6.4.2. Accelerated Corrosion and Acoustic Emission Sensing

Accelerated corrosion was carried out on each of the two specimens using the
impressed current technique [252], [260]. An example of this may be seen in Figure
7.29(a) for Specimen A. In this technique, chlorides were penetrated into the
concrete by ponding 5% NacCl saltwater in a tank on the upper concrete surface.
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This tank position on the upper surface was chosen in order to simulate the natural
downward seepage of water and chlorides in a real-world specimen. The tank was
constructed from acrylic panels and adhered to the concrete using e6000 ceramic
epoxy. A galvanic cell was then formed between the strand and a copper mesh
inserted in the saltwater tank. In this way, the strand, copper mesh, and saltwater
served as the anode, cathode, and electrolyte, respectively. A constant potential of
20 V was applied to the galvanic cell using a DC power supply (Keysight). The
resulting current ranged from 20 to 70 mA (at an average of 35 mA) and was
recorded with a Labview code, a shunt resistor, and a NI-DAQ system.
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Figure 7.29: (a) Experimental setup and data acquisition system for accelerated corrosion
testing. Acoustic emission sensors are highlighted, with those hidden from view also
indicated. (b) Schematic of instrumented specimen, as viewed from above, with rightward
and leftward ends indicated

The current was applied in cycles (i.e., corrosion cycles), ranging from 4 to 8 hours
at a time, with a gap of 1 to 4 days between consecutive cycles. For Specimen A,
this pattern was repeated for 118 cycles (spanning 206 days), until the surface
cracking limit state in the concrete was reached, as discussed in 7.6.2. For Specimen
B, the repetition was carried out for 104 cycles until the same level of surface
cracking was observed. To control for the effect of temperature on corrosion [244],
the laboratory environment was held relatively constant throughout the test at 22 to
25 °C (72 to 77 °F).

Acoustic emission was continuously recorded during each corrosion cycle using a
Mistras Micro-Express DAQ system, as shown in Figure 7.29. To record AE, six
Physical Acoustics Corp. (PAC) R6a sensors were bonded to the concrete surface
using hot glue. The sensors were 19.1 mm (0.75 in.) diameter, with a peak response
near 60 kHz. The sensors were bonded to three sides of the concrete surface, with
two sensors per side.
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Recorded waveforms were preamplified by 40 dB using 2/4/6 preamplifiers (PAC).
A fixed threshold of 50 dB was used for triggering the DAQ, which was determined
prior to the test by measuring the ambient noise level and adding roughly 10 dB.
Highpass and lowpass analog filters at 1 kHz and 1 MHz were applied to the
sensors. In addition, the hit lockout time (HLT) was set to 2.5 ms. Lastly, the
recorded signals were sampled at 5 MHz.

7.6.5. Benchmark Corrosion Assessment

This section uses a combination of established and traditional methods to form a
benchmark assessment of corrosion over the course of the experiment. The methods
include visual inspection, mass loss measurement, and feature-based AE.

7.6.5.1. Visual Inspection

The major signs of corrosion observed in Specimen A during the test are listed in
Table 7.4. The first concrete cover crack (= 0.05 mm width) was found toward the
right end of the specimen at cycle 108, as seen in Figure 7.30(a). This surface crack
ran parallel to the strand, and extended from the rightward end of the saltwater tank
to the nearby exiting point of the strand. It is possible that this crack opened earlier
than cycle 108, along the surface underneath the saltwater tank, but was not noticed
due to lack of visibility through the tank. At cycle 115, an analogous crack (= 0.1
mm width) was found mirrored on the opposite side of the specimen. All crack
widths were in the barely visible range of roughly 0.05 to 0.1 mm, as defined in
[272], [273]. The test was terminated a few cycles later at cycle 118, since the
observed crack widths corresponded to the surface cracking limit state [270], [272].
After the test was completed, the two cracks on either end of the specimen were
found to be connected through the area under the tank, as shown in Figure 7.30(a).
There was thus a continuous cover crack extending along the length of the specimen

Table 7.4: Visual Signs of Corrosion in Specimen A and the Cycle at which They
Were Observed During Experiment

Cycle Signs of Corrosion
108 First surface crack observed, extending through rightward end of
cover.
115 Surface crack extends through leftward end of cover.
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Source: Images by Authors

Figure 7.30: Post-corrosion visual inspection of Specimen A. (a) Image of surface crack
extending along the length of specimen, as viewed from above. (b) Right side of cross-
section after being cut open, highlighting three cracks propagating radially from strand.

To better understand the interior crack pattern after the completion of the test, a
destructive inspection was carried out. The specimen was cut in half perpendicular
to the strand, and the right-end cross-section may be seen in Figure 7.30(b). Here,
it may be seen that corrosion products primarily built up on the upper surface of the
strand, which was in direct contact with downward-seeping saltwater. The
accumulation of corrosion on the upper surface caused a buildup of pressure,
resulting in the three radial cracks seen in Figure 7.30(b). The crack propagating
upward through the concrete cover (i.e., crack 1) was the only one visible from the
outer surface. The other two cracks propagated radially at about +75° angles with
respect to crack 1, but did not reach the surface.

The major signs of corrosion observed in Specimen B during the test are listed in
Table 7.5. These concerned the pre-existing microcracks that were designed to be
present in this specimen in particular. At cycle 65, saltwater began to seep through
the microcracks near the tank edge. This is believed to be due to tensile stresses
building up in the concrete from accumulating corrosion products around the
strand. This process continued through cycles 65 through 97, until the surface
cracking extended through the entire concrete cover. During this period, the path of
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the saltwater seepage increased in length along the direction of the strand (i.e.,
normal to the perceived tensile stresses).

Table 7.5: Visual Signs of Corrosion in Specimen B and the Cycle at which They
Were Observed during Experiment

Cycle Signs of Corrosion
65 Saltwater seeping from surface microcracks.

65-97 | Path of saltwater seeping extends in length parallel to strand.
97 Surface Crack extends through entire cover

7.6.5.2. Mass Loss Measurement

Mass loss measurement was used to provide a metric of corrosion severity, in
addition to the notion of corrosion cycles. In particular, Faraday’s law was used to

convert the impressed current / to mass loss m in the strand, as shown in Figure
7.31.
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Figure 7.31: Mass loss of strand in (a) Specimen A and (b) Specimen B, normalized
against original mass embedded in concrete. Results overlain with impressed current
readings.

A modification of the law was applied to account for the fact that no mass loss takes
place before the strand is depassivated [260]. The modified Faraday’s law converts
the impressed current up to cycle ¢ to the cumulative mass loss m(c) according to

m(c) = ZA;F Z 1(O)T()

i=Cd

with m(c) =0 for ¢ <c4. Here, c¢; is the cycle at which the strand was
depassivated (determined in Sec. 7.6.5.3), and I(i) is the current applied in cycle i
over the cycle’s duration T (7). The percentage mass loss may be calculated in terms

of the original mass M as m/M, where M is the mass of strand embedded in
concrete.
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7.6.5.3. Traditional Acoustic Emission Monitoring

The AE activity generated during the corrosion process may be seen in Figure
7.32(a) for Specimen A. This is represented in terms of cumulative energy and
number of hits. Depassivation is indicated by the distinct first spike in AE activity
[260], beginning at cycle 15. The corresponding onset of corrosion is indicated at
this point in Figure 7.32. Minor AE activity spikes appeared around cycles 70 and
90, which may be seen in terms of both energy and hits. The minor spikes near
cycles 70 and 90 may respectively be related to initiation and propagation of crack
1 [251]. The next major spike in AE activity occurred at cycle 103. From the time
at which it occurred, this spike may be related to near-surface propagation of crack
1, which was found at the surface 5 cycles later. The subsequent increase in the AE
activity rate may then be related to gradual propagation of the crack, with it
eventually reaching the surface by cycle 108. The final and largest AE activity spike
began at cycle 116 and continued in cycle 117. Since this spike occurred after crack
1 extended through the entire length of concrete cover, it may be related to
propagation of one (or both) of the angled subsurface cracks (i.e., crack 2 or 3).
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Figure 7.32: Acoustic emission activity recorded over the corrosion process for (a)
Specimen A and (b) Specimen B, in terms of cumulative energy and number of hits.
Corrosion onset (depassivation) may be seen at cycle 15 where the first activity spike
occurred.

Similar conclusions may be drawn for Specimen B from Figure 7.32(b). The first
spike in AE activity began at cycle 8, which is marked as the start of corrosion. The
fact that corrosion initiated earlier than in Specimen A may be due to this specimen
being exposed to aggressive agents prior to accelerated corrosion testing (i.e., being
weathered outdoors for 2.5 years). Secondly, the later major spike occurring near
cycle 60 strongly correlates with the observed saltwater seepage due to possible
microcrack opening.

To further distinguish the various AE activity spikes, the peak frequency for each
hit recorded over the entire corrosion process is shown in Figure 7.33. A number
of distinct frequency bands may be seen in the datacloud for Specimen A, indicating
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that different mechanisms occurred during corrosion [253], [265]. Four main
frequency bands may be seen (indicated by arrows in Figure 7.33), appearing at
roughly 20, 30-110, 150-170, and 220-260 kHz. It may be seen that these bands
did not all emerge at the same point in the corrosion process. The 20 kHz band
showed some activity near the start, but did not emerge strongly until around cycle
70, when the first minor spike was observed. The 30-110 kHz band appeared
immediately, and remained during the entire process. The 150-170 kHz band
appeared slightly later around cycle 20, soon after depassivation. The 220-260 kHz
band did not emerge strongly until around cycle 70, again near the first minor spike.
Interestingly, there was some degree of fusion within the 30—110 kHz band, causing
the opening and closing of holes within the band as corrosion progressed. As
indicated in Figure 7.33(a), two dominant holes may be seen in cycles 1-20 and
40-60 (roughly), which are investigated in the next section. The appearance of
frequency content between 40 and 90 kHz appeared to be linked to mechanisms
during depassivation [253]. The appearance of 150—170 kHz bands near cycle 20
(i.e., shortly after depassivation) suggests that these were associated with corrosion
mechanisms occurring prior to crack initiation (such as pitting corrosion in the
strand). In combination with the minor spike near cycle 70, the strong emergence
of the 20, 220-260 kHz bands near the same cycle points to these being associated
with concrete cracking. Along with the observed spike patterns in AE activity, the
fact that these bands remained from cycle 70 onward suggests that the crack
propagation took place rapidly near cycles 70, 90, 103, and 116—117, and gradually
during the intermediate cycles. From these considerations, the deduced start of
cracking is indicated in Figure 7.32(a) and Figure 7.33(b) (along with the
previously determined start of corrosion).
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Figure 7.33: Peak frequency datacloud for AE hits over the corrosion process in (a)
Specimen A and (b) Specimen B. Several frequency bands observed (indicated by
arrows), suggesting the presence of various source mechanisms.

Similar frequency bands may be observed in Specimen B from Figure 7.33(b). Like
Specimen A, the closure of a hole in the 30—110 kHz band was correlated with
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corrosion onset. This was in addition to the emergence of the 150—170 kHz band
around the same point in time. Interestingly, there was no second hole appearance
preceding the emergence of the 220-260 kHz band. In fact, the only hole that
appeared in the Specimen B datacloud was that marking depassivation. However,
the 220-260 kHz band was strongly correlated with an AE activity spike and the
appearance of saltwater seepage from microcracks, further suggesting that this band
is associated with concrete crack initiation and propagation.

7.6.6. Topological Data Analysis of Acoustic Emission

The AE activity and the various bands in the peak frequency datacloud were used
to determine depassivation and cracking in the previous section. However, missing
frequency content which formed holes in the 30—110 kHz band may also be related
to corrosion. Topological data analysis was therefore used to quantitatively extract
the holes from this band, allowing further conclusions to be drawn about their
significance.

The extraction of holes using TDA is shown in Figure 7.34 for Specimen A. For
reference, the data points in the considered frequency band are shown in black in
Figure 7.34(a), with those from other frequency regions shown in light gray. To
ensure that the coordinates of the data points had compatible units for TDA, the
corrosion cycle and peak frequency axes were normalized from their original ranges
of [0,118] and [0,300], respectively, to [0,1]. It was found that 200 landmarks for
the witness complex provided a good description of the datacloud, as seen in Figure
7.34(a). Further investigation of the optimal number of landmarks for this datacloud
may be found below.
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Figure 7.34: Topological data analysis for datacloud of 30-110 kHz frequency band in
Specimen A. (a) Datacloud with dominant holes highlighted, with data points from
remaining bands overlain in light gray. (b),(c) Barcodes, indicating one component and
two dominant holes.

From the given number of landmarks, the barcodes for components and holes may
be seen in Figure 7.34(b) and (c). One component was obtained in Figure 7.34(b),
representing the observable topology of the single band under consideration. The
presence of two dominant holes may be seen in Figure 7.34(c), corresponding to
the two holes indicated in Figure 7.34(a). It may be seen in Figure 7.34(c) that
various lesser dominant holes were also detected, revealing the relatively small
scattered holes seen in the datacloud. However, these may be treated as noise since
their barcodes were significantly shorter than those for the two dominant holes.

In order to verify that 200 landmarks accurately captured the topology of the
datacloud, the sensitivity of the barcodes with respect to the number of landmarks
was investigated. Accordingly, Figure 7.35(b) shows the barcodes for holes
obtained from three different numbers of landmarks, including 50, 100, and 200.
For visualization, Figure 7.35(a) shows the landmarks for each case overlain on the
datacloud. Using only 50 landmarks provided a poor encapsulation of the
datacloud, and the resulting barcode shows that only one of the two holes was
identified. Using 100 landmarks yielded improved results, where the existence of
two dominant holes began to be reasonably identified. By 200 landmarks, the
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barcode converged to indicate the two dominant holes. The process confirms that
200 landmarks provided an accurate result for Figure 7.34, and demonstrates that
the appropriate number of landmarks may be found by studying the convergence of
barcodes.
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Figure 7.35: Comparison of barcodes obtained from various numbers of landmarks in
Specimen A. (a) Landmark selection overlain on the datacloud for 50 (top), 100 (middle),
and 200 (bottom) landmarks. (b) Corresponding barcodes for 50, 100, and 200
landmarks. Converging topology of two dominant holes observed by 200 landmarks.

These results demonstrate the ability of TDA to quantify the holes in the datacloud
for the 30-110 kHz frequency band. However, this framework is only able to
determine the presence of holes, and not their locations within the datacloud (e.g.,
the corrosion cycles in which they are present). Moreover, the results are only
useful for analysis after the entire corrosion process is completed, and is therefore
not ideal for real-time monitoring. To overcome these limitations, an on-line cycle-
by-cycle framework is proposed below.

7.6.6.1. Cycle-by-Cycle Framework

The cycle-by-cycle TDA framework is visualized in Figure 7.36 for two corrosion
cycles, with and without a hole, respectively. The framework involves taking a slice
of the datacloud at each cycle and determining hole presence based on the number
of components in the slice. First, for simplicity, the peak frequency datacloud for a
given cycle is normalized, such that the range [30,110] kHz is mapped to [-1,1].
The presence of a hole at a given cycle is then governed by whether or not there are
at least two significantly distanced components (i.e., if the components exist over a
sufficient scale). In this report, a hole is said to be present if they exist up to a scale
of €’ = 0.5 in. normalized frequency (i.e., 20 kHz in original frequency). The
dependence of the results for various values of €' is studied afterward.
Determination of hole presence using this approach may be seen in Figure 7.36(d)
and (e). Since the witness complex is only applied to a 1D datacloud (as opposed

to 2D), the number of landmarks is set to 15 (i.e., = v200), as opposed to 200. The
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selection of landmarks from slices of the datacloud may be seen in Figure 7.36(b)
and (c).
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Figure 7.36: lllustration of cycle-by-cycle framework for hole measurement at two cycles
based on the number of components. (a) Datacloud for 30—110 kHz frequency band
highlighted. (b),(c) Selection of landmarks for cycles 30 and 50. (d),(e) Barcodes for

number of components at cycles 30 and 50. Cycle 30 does not have a hole since it has

only one significant component. Cycle 50 has a hole since it has at least two components
which exist until e = 0.5.

The results of cycle-by-cycle hole measurement using TDA may be seen in Figure
7.37. Here, the datacloud is color-coded based on the presence of holes at given
cycles. As in Figure 7.34(a), those data points which are outside the 30—110 kHz
band are colored in light gray. In Specimen A, the two main holes from cycles 1—
20 and 40-60 are identified, as well as lesser dominant holes around cycle 70—80.
However, since the minor hole around cycle 70-80 is less definitive, it is unclear if
it is meaningful or simply noise. It may be seen that the closure of the first hole was
correlated with depassivation. The presence of a hole before depassivation may
point to a lack of variety in source mechanisms. Once depassivation occurs,
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however, new mechanisms may take place involving the strand, producing
frequency content between 40-90 kHz and closing the hole. From roughly cycle
2040, immediately after depassivation, the hole remained strongly closed. This
correlates with corrosion products building up around the strand from the model in
Figure 7.24, involving a greater variety of source mechanisms. Along with the AE
activity results, the second hole near cycle 40-60 may be an indication of the
corrosion rate slowing due to the buildup of corrosion products (as discussed in
[282]), again resulting in less variety of source mechanisms. However, the closing
of this hole near cycle 60 appears to serve as an early indication of crack initiation.
This may be compared to traditional AE monitoring in Sec. 7.6.5.3, where the
emergence of the high-frequency bands was only able to indicate cracking at the
point when it occurred near cycle 70. In Specimen B, the main hole from cycle 1—-
8 was identified, serving as a marker for corrosion onset. Due to their brevity,
however, the two later holes near cycles 60 and 70, may only be noise artifacts.
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Figure 7.37: Topological data analysis results for hole measurement at each cycle in (a)-
(b) Specimen A and (c)-(d) Specimen B.

To study the influence of €’ on the cycle-by-cycle framework, analogous results for
a variety of €' values were computed for Specimen A, as shown in Figure 7.38.
Here, results for four values are shown, within the wide range [0,1]. For a small
value of €' = 0.25, it may be seen that the definition of a hole is not sufficiently
strict. On the contrary, as the value approaches unity, the definition of a hole
becomes overly strict. By studying a wide range of values, it may be seen that the
two dominant holes are the only ones present throughout the entire range. The
consistency of these holes allows them to be identified as the dominant ones, while
showing that a range of €’ may be considered in order to identify true holes within
this framework.
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Figure 7.38: Results of cycle-by-cycle framework in Specimen A for various values of €'.
Only the dominant holes near cycles 1-20 and 40-60 consistently appear for each €'.

Lastly, to demonstrate the computation time of the cycle-by-cycle framework, the
cycle with the largest AE activity rate (i.e., highest hits/time) was selected. This
was cycle 116 in Specimen A, which contained 134,078 hits over a time period of
7 hours. In this case, the required computation time was 0.4 sec on a PC,
demonstrating that there would be no issue performing TDA in real-time on this
data.

7.7. Conclusions

The research team first demonstrated the ability of higher-order GUW modes to
estimate corrosion-induced stress change in a strand up to the point of fracture. The
estimated stress change closely followed the measured values during the first half
of the corrosion process (up to roughly 17% mass loss). The major stress increase
caused by fracture was also captured well. Even though the approach was validated
on corrosion-induced stress change, it is conceivable that stress change due to non-
damage sources may also be monitored (e.g., traffic loading). Moreover, the value
of the modal modulation technique for real-world settings was demonstrated, with
the transducers being reattached after each corrosion cycle. Secondly, this task
considered how topological data analysis (TDA) can aid acoustic emission (AE) in
detecting corrosion by quantifying meaningful topology in an AE datacloud. For
real-time analysis, a cycle-by-cycle TDA framework was proposed. Across the two
specimens, a common dominant hole was quantified using this framework; the
closing of which correlated with the point of depassivation. In addition, high-
frequency content (> 200 kHz) was found to be related to concrete crack initiation
and propagation. Such traditional and topological information may therefore be
combined to provide more reliable indications of corrosion onset and concrete crack
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growth. Together, there is the potential for gathering early and reliable indications
of subsurface cracking, before the serviceability limit state is reached and any visual
signs appear from outside. Additionally, detecting the onset of corrosion may
provide a reference point for models of time-to-cracking in the concrete and pit
depth distribution in the steel.

Lastly, the pre-existing weathering and microcracking in specimen B was found to
result in earlier corrosion onset and cracking (by roughly 10 cycles). However,
cracking initiated at the surface, as opposed to only at the embedded strand.
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Chapter 8. Conclusions

The overarching goals of this research work were to examine the temporal behavior
of these microcracks, determine the likelihood of long-term strength and durability
issues that might occur due to their presence, and provide recommendations to the
maintenance program of these girders, if necessary.

An additional goal was to generate a reasonably reliable service life model that
could be used by transportation department engineers in the field to predict the
remaining service life of these girders exhibiting microcracking with easily
available input variables such as age, material composition, observed cracking
index/density, and ultrasonic pulse velocity.

The behavior of these girders with surface microcracks under marine exposure was
also observed to determine the effect of the microcracks on chloride-induced
corrosion.

The suitability of a monitoring system based on guided ultrasonic waves (GUWs)
for detecting the initiation and growth of corrosion damage in prestressed concrete
girders was also examined.

The research work was divided into six Tasks. The major conclusions drawn from
each study are presented in the following sections, along with the recommendations
for modifications in maintenance programs of the girders.

8.1. Task 1: Field Surveys and Selection of Specimens

The team finalized the locations for the field visits. Three types of full-scale girders
were selected for the study, discarded cracked girders in TxDOT approved pre-cast
yards, in-service projects with cracked girders, and discarded uncracked girders in
TXDOT approved pre-cast yards. Five rejected/overcast and six in-service girders
with visible microcracking, one rejected/overcast, and two in-service girders with
negligible cracking were selected for the study. In addition, one rejected/overcast
girder with visible surface microcracking was selected to serve as a validation
specimen. The girders tested were selected based on location, accessibility, and
extent of cracking. The girders were selected from the information provided by
TxDOT engineers on the initial assessment of the extent of visible microcracking.
Three rounds of field visits were conducted to each girder, and non-destructive data
was collected from all girders, and cores were collected from the rejected/overcast
girders. An additional round of field visits was conducted to two rejected/overcast
girders to serve as a validation field visit.
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8.2. Task 2: In-Situ Examination via Non-Destructive
Test Methods

In-situ observation and collection of cracking, strain, ultrasonic pulse velocity, and
surface resistivity data from in-service and overcast full-scale girders over two
years showed that the girders with surface microcracking exhibited an increase in
cracking and shrinkage, and a marginal reduction in the pulse velocity and surface
resistivity. The data showed that exposure to environment and presence of pre-
existing cracks were major factors affecting the rate of increase in cracking, while
external loading has not yet manifested any impact. The study also showed the
temporal behavior of average crack width values is heavily dependent on the
mechanism of increase in cracking, i.e. whether the change is due to an increase in
width of existing cracks or due to the formation of new cracks. When new cracks
are formed, this can lead to a decrease in average crack width over time, erroneously
indicating that the cracks are growing smaller, whereas this is not the case. Hence,
to accurately account for the temporal behavior of cracking, both the growth in
cracking index and average crack width should be taken into consideration.

8.3. Task 3: Evaluation of Cores

Laboratory testing showed that the strength, stiffness, and resistivity of the girders
did not reduce in a significant manner, while there was a marginal increase in the
diffusion coefficients. The increase in diffusion coefficient values was still under
serviceability limits.

The effect of exposure and presence of pre-existing cracks was investigated by
conducting accelerated weathering tests (alternate wetting and drying) on the
extracted cores and measuring the change in cracking, absorption, ultrasonic pulse
velocity, bulk resistivity, and chloride diffusion coefficient. The relationships
between the number of weathering cycles and initial cracking and the increase in
cracking and decrease durability were quantified

At the end of the testing period, the specimens had higher cracking index, average
crack width, loss in mass, and absorption. The specimens also exhibited lower
ultrasonic pulse velocity and bulk resistivity values. This indicated reduction in
overall durability. In addition, the samples undergoing more alternate wetting and
drying cycles and samples with higher initial cracking index values exhibited higher
loss in durability.

The relationships between the results from the non-destructive tests and the initial
cracking index and number of weathering cycles had high multiple regression
coefficients, moderate to excellent reliability indices, and standard error under
permissible limits. Similarly, the relationship between diffusion coefficient, initial
cracking index, and number of wetting and drying cycles moderate multiple
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regression coefficients, moderate to excellent reliability indices, and standard error
under permissible limits.

8.4. Task 4: Prediction of Remaining Service Life

The effect of increasing degree of cracking (width, depth, and density/index) on the
strength, stiffness, and durability properties of concrete was quantified.
Compressive and tensile strength, ultrasonic pulse velocity, modulus of elasticity,
bulk, and surface resistivity decreased with increased cracking. Carbonation and
chloride diffusion coefficient increased with increased cracking. The models
generated to quantify the relationship between increasing cracking and decrease in
strength, stiffness, and durability had high multiple regression coefficients,
moderate to excellent reliability indices, and standard error under permissible
limits. The critical cracking values for each test were determined, i.e., the values of
crack width, depth, and index at which the test values reach serviceability. The
chloride diffusion coefficient was determined to be the critical test parameter, i.e.,
of all the tests conducted chloride diffusion coefficient had the lowest critical
cracking values. A critical crack width of 100 um (0.004 in.), depth of 7 mm (0.03
in.) and index of 18 mm/m (0.5755 in./yd) was calculated. This translates to 4
cracks with widths of 0.004 inch across one inch of concrete or 18 cracks with
widths of 100um across 10 cm of concrete.

An empirical model was generated with temporal data collected from 5 overcast
girders and 8 in-service girders (see Equation 8.1). This was supplemented with
data from the accelerated weathering test conducted on specimens extracted from
the overcast girders. The model had a regression coefficient of 0.77, which lies in
the “Good” range and moderate to good reliability. A standard error of estimates
was calculated to be 359 days, a little less than one year.

Age of Specimen = —8403 — 912 a; — 1441 a,+ 29848a; + 0.2 a, + 1330 a5
Equation 8.1

Where,

a1 = Effect of exposure expressed using a binary code. 0 for samples that
were not exposed to the environment and 1 for samples exposed to
environment.

a = Effect of pre-existing cracks expressed using the cracking index of
girders during the first field visit and the cracking index of accelerated
weathering tests before the start of the test.

a3 = w/cm used to account for variation in material composition.
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as = Ultrasonic pulse velocity used to account for variation in material
composition.

as = The cracking index observed during subsequent field visits, and at the
end of each accelerated weathering test cycle was used.

The service lives of the low w/cm concrete girders were calculated using the
generated model. The service life was also calculated using Life-365® and two
models for cracked concretes based on modified chloride diffusion coefficients
[27], [151]. The remaining service life of the girders, i.e., the amount of time taken
to reach a critical cracking index value of 18 mm/m, was calculated using the model
generated.

It was seen that the girders have between 50 and 62 years of service life remaining.
It was also observed that a girder, when not exposed to the environment, had around
two and a half additional years of service life when compared to the same girder
when exposed to the environment.

The remaining service life of the girders as predicted by the Life-365® was similar
to that predicted by the Kwon et al. (2009) and Pacheco (2019) models [27], [151].
This showed that the two modified models were not sensitive enough to account
for the behavior of microcracking. The empirical model under-predicted service
life by 4 to 10 years all girders when compared to Life-365®.

8.5. Task 5: Marine Simulation Testing

The change in cracking and corrosion potential of low w/cm concretes with surface
microcracking under marine exposure was observed. Three blocks were cast with
embedded pre-stressing strands to mimic the real-world conditions of a typical
girder. Block A was exposed to the marine environment 28 days after casting, Block
B was exposed to marine environment after it exhibited adequate surface
microcracking, and Block C performed as a control specimen and was not exposed
to the environment. Marine simulation consisted of one unexposed zone, one splash
zone that underwent two cycles of exposure to salt-water each day followed by
drying, and a submerged zone that was permanently under the waterline. Block A
underwent 2000 cycles of wetting and drying, and Block B underwent 348 cycles.

Block A exhibited corrosion-induced cracking in the splash zone within 7 months
of marine simulation and in the region between splash and unexposed zones within
24 months of marine simulation. Block B was showed adequate surface
microcracking after 26 months of exposure to the environment and was placed in
the marine simulation tank. Both blocks showed a greater change in resistivity and
half-cell potential in the splash zone, followed by the unexposed zone. The
submerged zone did not show any significant changes. Block C did not show any
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significant change in resistivity or half-cell potential. None of the blocks have
reached serviceability conditions for surface resistivity yet. Block A showed
increasing levels of corrosion potential after 8.2 months of marine simulation and
higher than 90% corrosion potential after 24 months of marine exposure. Block B
showed increasing levels of corrosion potential after 1.7 months of marine
simulation. Block C has shown corrosion potential of under 10%.

8.6. Task 6: Monitoring Corrosion of Pre-stressing
Strands

The ability of guided ultrasonic waves to estimate corrosion-induced stress change
in a strand up to the point of fracture was demonstrated. Trends in stress change
were accurately captured under heavy corrosion and cross-section loss. The major
stress increase caused by fracture was also captured well. Although validation was
focused on corrosion-induced stress change, stress change due to non-damage
sources (such as evolving live loads) may also be targeted. The approach was also
validated under conditions that may be seen in long-term monitoring using
advanced signal processing techniques. This task also considered the topological
significance of acoustic emission (AE) in detecting corrosion. Topological data
analysis was adapted to quantify meaningful corrosion-related topology in AE data-
clouds in real-time. Across control and weathered specimens, a common hole was
found to correlate with the point of corrosion onset. Certain high-frequency content
was also found to correlate with concrete crack initiation and propagation. These
traditional and topological AE features may be combined to provide reliable
indications of corrosion onset and concrete crack growth. Together, there is
potential for gathering early and reliable indications of corrosion long before any
visual signs appear from outside. Additionally, such information of corrosion onset
may provide a reference point for models of time-to-cracking in the concrete and
pit depth distribution in the steel. Lastly, the pre-existing weathering and
microcracking in specimen B was found to result in consistently earlier corrosion
onset and cracking. However, in this specimen the cracking initiated at the exterior
surface, as opposed to only at the embedded strand.

8.7. Recommendations

Based on the observations of the study, the following recommendations are
provided:

e Accuracy of the temporal behavior of cracking can be improved by taking
both the growth in cracking index and average crack width into
consideration, instead of just the crack width. It is recommended that
cracking index of the girders be monitored along with the cracking index.
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The exterior paint coating provided for in-service girders has not prevented
the formation of cracks, shrinkage, or loss in resistivity. It, however,
prevents the visibility of microcracks. Thus, it is recommended that the
surface resistivity and shrinkage of the painted exterior girders be
monitored.

The critical cracking index for the low w/cm concretes used in these pre-
cast prestressed girders is 18 mm/m or 0.5755 in./yd. It is recommended
that microcracking not exceed this value during their service life to prevent
corrosion-related durability concerns.

As these girders are designed for a service life of 75 years, the present rate
of growth in microcracking can reduce the service life of the in-service
girders from 2 to 13 years depending on the girder and nature of cracking.
On average, the service life reduction was 5 years considering all the girders
examined in this study. Further reduction in service life is also possible
under fatigue loading as the girders age. Thus, continuous monitoring of the
girders, especially in the last two decades of the girder’s lives is
recommended.

Exposure to the simulated marine environment led to the formation of
microcracks in the low water-cement ratio concrete specimens. However,
the presence of microcracks did not significantly impact corrosion potential
in the timeframe of the study. It is recommended that this test be continued
to observe the behavior of these microcracks under extended marine
exposure.

Guided ultrasonic waves and acoustic emission have been demonstrated to
yield quantitative metrics of the corrosion process which may be useful for
incorporation into the maintenance program of prestressed concrete bridges.
Although the surface microcracking increased corrosion susceptibility,
under such conditions there is potential to continuously monitor the onset
of corrosion and the resulting opening of such cracks before obvious
external signs of corrosion appear. Modeling corrosion as a stochastic
process may be an effective way to combine traditional and topological AE
analyses for automated diagnostics.

8.8. Future Work

This study involves the observation and collection of data from full-scale girders
with temporally evolving surface microcracks and determines the possibility of
long-term loss in strength and durability and in turn service life. The study
presented a comprehensive report on the behavior of these cracks and their effect
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on strength and durability. However, some limitations do exist and can be examined
in future studies. These are presented below:

The bridge girders are relatively young (3 to 12 years at the time of first
field visits) while being designed for 75 years of service life. The long-term
fatigue and impact loading effects have not yet manifested and might be
topics of concern later in the life of these girders. The effect of these factors
must also be accounted for.

The empirical models generated are for concrete mixes with w/cms ranging
from 0.28 to 0.36. Widening the range of w/cms and mixture compositions
would also allow for broader use of the model.

The temporal effect of microcracks, with widths ranging from 6um to
100pum, observed on the girders are quantified in this study. Larger,
macrocracks have not been included. Increasing the range of crack widths
and accounting for the three-dimensional effect of cracks, i.e., length and
depth, in addition to width and index/density, can also improve the accuracy
of the model.

The effect of harsher exposure conditions, such as marine environments or
exposure to deicing chemicals among others, is also a factor that can
improve an understanding of the loss in service life due to the presence of
cracks.

Since the presented guided wave approach relied on access to the strand
cross-section, it may benefit from future investigations into alternative
sensing techniques. Due to attenuation, such research may be necessary in
order to transition from laboratory-scale to full-scale specimens.

The research on acoustic emission only considered small-scale prestressed
specimens. It will be beneficial to study large-scale specimens as well, while
considering the effect of multiple strands/rebar, etc. Additionally, the work
has been conducted within accelerated corrosion settings, where time was
measured in corrosion cycles and corrosion severity was measured in strand
mass loss. In order to transition to real-world applications, adjustments to
“true” time will be necessary.
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Appendix A. Additional Girder Information

Overcast Girder Information

Table A.1: Girder 1R Additional Information

Girder Notation | IR Overcast Girder 1

Girder Name: Bexar NH2002(683), 0521-04- | Location:

223, K-4-02-792 Valley Pre-stress Products, Eagle Lake, Texas
Cast Date: 03/06/2007 In-Service Date: -

Orientation: East-West Exposure: South Face Exposed

“acted Grid5 [ Grid6

X
Grid 4 Coxes ¥

Grid on Exposed Face N\

Grid on Sheltered Face

Soure: Images by Authors
Figure A.1: Girder 1R
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Age

9.6 years

Years in Service

Reason for Rejection

N/A

Climate as per
NCEI
Guidelines [14]

Climate at Storage Yard

Humid

Climate at In-Service Location

Rainfall from

Average Annual Rainfall at Storage Yard

1115 mm (43.89 in.)

NCEI climate Average Annual Rainfall at In-Service -
data [14] Location
Total Rainfall from Casting to Visit 1 10541 mm (415 in.)
Number of Rain Days from Casting to Visit 1 686
Temperature Temperature on Construction Day 28-11 C (69-52 F)
from NCEI Temperature during Construction Week 32-25 C (83-77F)

climate data
[14]

Temperature during Field Visit 1

35-25 C (90-72 F)

Temperature during Field Visit 2

34-25 C (95-77 F)

Temperature during Field Visit 3

31-21 C (94-70 F)

Temperature during Field Visit 4

30-22 C (36-71 F)

Mix w/cm 0.28
Proportions River Gravel Fine Aggregate
River Sand Coarse Aggregate
Cementitious Materials as per ASTM C150- Type IIT Cement + Class F
2017 and ASTM C618-2017 [16], [17] Fly Ash
Polycarboxylate based High Range Water 391 ml/100 kg of cement
Reducer as per ASTM C494-2017 [15] (6 fl. 0z./100 cwt)
Water Reducer and Retarder as per ASTM 196 ml/100 kg of cement
C494-2017 [15] (3 fl. 0z./100 cwt)
Dimensions Girder Type according to TxDOT Bridge Type IV
Design Manual (2018) [18]
Length 30 m (100°)
Strength 7-day Strength 69.7 MPa (10110 psi)
At time of first Field Visit 93.7 MPa (13600 psi)
Unit Weight 2390 kg/m?
(149.21 Ibs/ctt)
Curing Method Wet Mat
Temperature 23.1-59.4 C (79-139 F)

Pre-stressing

Number of Straight Strands according to
TxDOT Bridge Design Manual (2018) [18]

44

Number of Deflected Strands according to 12
TxDOT Bridge Design Manual (2018) [18]
Age at Pre-Stress Release 16 hours
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. Visit 1: . s o
Grid 10/06/2016 Visit 2: 06/15/2017 | Visit 3: 05/17/2018 | Visit 4: 05/22/2019

| .
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Table A.2: Girder 2R Additional Information

Girder Notation | 2R Overcast Girder 2

Girder Name: 0047-14-063, STP 2008(363) | Location:

MM, D-A (AA-35), (AA3-10) Texas Concrete Company, Waco, Texas
Cast Date: 07/24/2009 In-Service Date: -

Orientation: East-West Exposure: South Face Exposed

Grid on Exposed Face

Grid on Sheltered Face

Source: Images by Authors
Figure A.2: Girder 2R
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Age 7 years
Years in Service -

Reason for Rejection End Spalling
Climate as per Climate at Storage Yard Semi-Arid

NCEI
Guidelines [14]

Climate at In-Service Location

Rainfall from

Average Annual Rainfall at Storage Yard

924 mm (36.38 in.)

NCEI climate Average Annual Rainfall at In-Service -
data [14] Location
Total Rainfall from Casting to Visit 1 6722 mm (264.66 in.)
Number of Rain Days from Casting to Visit 1 312
Temperature Temperature on Construction Day 38-31 C (101-88 F)
from NCEI Temperature during Construction Week 37-32 C (103-90 F)

climate data
[14]

Temperature during Field Visit 1

32-31 C (100-88 F)

Temperature during Field Visit 2

32-27 C (89-90 F)

Temperature during Field Visit 3

37-32 C (99-89 F)

Mix w/cm 0.28
Proportions Fine Aggregate River Gravel
Coarse Aggregate River Sand
Cementitious Materials as per ASTM C150- Type IIT Cement + Class F
2017 and ASTM C618-2017 [16], [17] Fly Ash
Polycarboxylate based High Range Water 391 ml/100 kg of cement
Reducer as per ASTM C494-2017 [15] (6 fl. 0z./100 cwt)
Water Reducer and Retarder as per ASTM 163 ml/100 kg of cement
C494-2017 [15] (2.5 fl. 0z./100 cwt)
Dimensions Girder Type according to TxDOT Bridge Type IV
Design Manual (2018) [18]
Length 30 m (100°)
Strength 7-day Strength 72.8 MPa (10560 psi)
At time of first Field Visit 80.8 MPa (11726 psi)
Unit Weight 2416 kg/m®
(150.80 Ibs/cft)
Curing Method Wet Mat
Temperature 31.1-56.7 C (88-134 F)

Pre-stressing

Number of Straight Strands according to
TxDOT Bridge Design Manual (2018) [18]

30

Number of Deflected Strands according to 12
TxDOT Bridge Design Manual (2018) [18]
Age at Pre-Stress Release 14 hours
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Table A.3: Girder 3R Additional Information

Girder Notation | 3R Overcast Girder 3

Girder Name: Q1 TX70-26, Tarrant/Dallas, | Location:

#3718 Bexar Concrete Works, San Antonio, Texas
Cast Date: 02/14/2011 In-Service Date: -

Orientation: North-South Exposure: West Face Exposed

Grid 4 wid 5
Grid 6
K o o

pxird

Grid on Exposed Face N

Grid on Sheltered Face

Source: Images by Authors
Figure A.3: Girder 3R
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Age

5.51 years

Years in Service

Reason for Rejection

Honeycombing in bottom
flange

Climate as per
NCEI
Guidelines [14]

Climate at Storage Yard

Humid

Climate at In-Service Location

Rainfall from

Average Annual Rainfall at Storage Yard

836 mm (32.91 in.)

NCEI climate Average Annual Rainfall at In-Service -
data [14] Location
Total Rainfall from Casting to Visit | 4615 mm (181.69 in.)
Number of Rain Days from Casting to Visit 1 338
Temperature Temperature on Construction Day 25-5 C (7742 F)
from NCEI Temperature during Construction Week 32-5 C (80-42 F)

climate data
[14]

Temperature during Field Visit 1

32-23 C (91-74 F)

Temperature during Field Visit 2

32-27 C (39-80 F)

Temperature during Field Visit 3

37-32 C (99-89 F)

Mix w/cm 0.30
Proportions Fine Aggregate Limestone
Coarse Aggregate River Sand
Cementitious Materials as per ASTM C150- Type IIT Cement + Class F
2017 and ASTM C618-2017 [16], [17] Fly Ash
Polycarboxylate based High Range Water 342 ml/100 kg of cement
Reducer as per ASTM C494-2017 [15] (5.3 fl. 0z./100 cwt)
Water Reducer and Retarder as per ASTM 82 ml/100 kg of cement
C494-2017 [15] (1.3 fl. 0z./100 cwt)
Dimensions Girder Type according to TxDOT Bridge Tx70
Design Manual (2018) [18]
Length 53m(175)
Strength 7-day Strength 67.3 MPa (9765 psi)
At time of first Field Visit 84.2 MPa (12216 psi)
Unit Weight 2388 kg/m?
(149.10 Ibs/cft)
Curing Method Q-Box
Temperature N/A)
Pre-stressing Number of Straight Strands according to 40
TxDOT Bridge Design Manual (2018) [18]
Number of Deflected Strands according to 10
TxDOT Bridge Design Manual (2018) [18]
Age at Pre-Stress Release N/A
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Table A.4: Girder 4R Additional Information

Girder Notation | 4R Overcast Girder 4

Girder Name: Collin Co, 08559 SH21, 05 | Location:

CNPM, J-4-11-33, DL 1164B Valley Pre-stress Products, Eagle Lake, Texas
Cast Date: 12/14/2009 In-Service Date: -

Orientation: East-West Exposure: Nrth Face Exposed

F

Grid 6 Grid 5

Grid 4

Grid on Sheltered Face

[ i
Source: Images by Authors
Figure A.4: Girder 4R
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Age

7 years

Years in Service

Reason for Rejection

End Spalling

Climate as per
NCEI
Guidelines [14]

Climate at Storage Yard

Humid

Climate at In-Service Location

Rainfall from

Average Annual Rainfall at Storage Yard

1115 mm (43.89in)

NCEI climate Average Annual Rainfall at In-Service -
data [14] Location
Total Rainfall from Casting to Visit 1 6006 mm (236.45in)
Number of Rain Days from Casting to Visit 1 413
Temperature Temperature on Construction Day 20-11 C (69-52 F)
from NCEI Temperature during Construction Week 32-22 C (83-71 F)

climate data
[14]

Temperature during Field Visit 1

3222 C (83-71 F)

Temperature during Field Visit 2

35-25 C (95-77 F)

Temperature during Field Visit 3

3421 C (94-70 F)

Temperature during Field Visit 4

30-22 C (36-71 F)

Mix w/cm 0.30
Proportions Fine Aggregate River Gravel
Coarse Aggregate River Sand
Cementitious Materials as per ASTM C150- Type IIT Cement + Class F
2017 and ASTM C618-2017 [16], [17] Fly Ash
Polycarboxylate based High Range Water 342 ml/100 kg of cement
Reducer as per ASTM C494-2017 [15] (5.3 fl. 0z./100 cwt)
Water Reducer and Retarder as per ASTM 98 ml/100 kg of cement
C494-2017 [15] (1.5 fl. 0z./100 cwt)
Dimensions Girder Type according to TxDOT Bridge Type IV
Design Manual (2018) [18]
Length 33m(116°)
Strength 7-day Strength 67.3 MPa (9760 psi)
At time of first Field Visit 70 MPa (10172 psi)
Unit Weight 2369 kg/m®
(147.90 Ibs/ctt)
Curing Method Wet Mat
Temperature 23.5-59.4 C (74-139 F)

Pre-stressing

Number of Straight Strands according to
TxDOT Bridge Design Manual (2018) [18]

40

Number of Deflected Strands according to 10
TxDOT Bridge Design Manual (2018) [18]
Age at Pre-Stress Release 13 hours
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Table A.5: Girder 5SRC Additional Information

Girder Notation | 5RC Overcast Control Girder 5
Girder Name: Harris Co, C 1.5 Location:
Texas Concrete Company, Victoria, Texas
Cast Date: 05/04/2009 In-Service Date: -
Orientation: East-West Exposure: Soth Face Exposed

Grid 4

Grid on Exposed Face

Grid on Sheltered Fac ; 5 gt pm g
T1d on She elfj ace ' < - ’ M’ : \;Xf; 3

Source: Images by Authors
Figure A.5: Girder 5SRC
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Age

12.2 years

Years in Service

Reason for Rejection

Honeycombing in bottom
flange

Climate as per
NCEI
Guidelines [14]

Climate at Storage Yard

Humid

Climate at In-Service Location

Rainfall from

Average Annual Rainfall at Storage Yard

1047 mm (41.22 in.)

NCEI climate Average Annual Rainfall at In-Service -
data [14] Location
Total Rainfall from Casting to Visit | 13296 mm (523.46 in.)
Number of Rain Days from Casting to Visit 1 423
Temperature Temperature on Construction Day 25-13 C (78-57 F)
from NCEI Temperature during Construction Week 37-32 C (81-73 F)

climate data
[14]

Temperature during Field Visit 1

37-22 C (99-81 F)

Temperature during Field Visit 2

34-33 C (9391 F)

Temperature during Field Visit 3

32-31 C (90-88 F)

Mix w/cm 0.28
Proportions Fine Aggregate River Gravel
Coarse Aggregate River Sand
Cementitious Materials as per ASTM C150- Type IIT Cement + Class F
2017 and ASTM C618-2017 [16], [17] Fly Ash
Polycarboxylate based High Range Water 651 ml/100 kg of cement
Reducer as per ASTM C494-2017 [15] (10 fl. 0z./100 cwt)
Water Reducer and Retarder as per ASTM 196 ml/100 kg of cement
C494-2017 [15] (3 fl. 0z./100 cwt)
Dimensions Girder Type according to TxDOT Bridge Tx54
Design Manual (2018) [18]
Length 33m(115)
Strength 7-day Strength 55.84 MPa (8100 psi)
At time of first Field Visit 77 MPa (11115 psi)
Unit Weight 2373 kg/m?
(148.14 Ibs/cft)
Curing Method Wet Mat
Temperature 33.9-66.1 C (92-151 F)

Pre-stressing

Number of Straight Strands according to
TxDOT Bridge Design Manual (2018) [18]

52

Number of Deflected Strands according to 12
TxDOT Bridge Design Manual (2018) [18]
Age at Pre-Stress Release 14 hours
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In-Service Girder Information

Table A.6: Girder 61, 8l, 91 and 12IC Additional Information

Girder Notation 6l In-Service Exterior Girder 6
8I and 91 In-Service Interior Girders 8 and 9
12IC In-Service Control Girder 12
Girder Name: Location:

Inwood and Hampton, Dallas, Texas

In-Service Date: 2010

Grid on Exposed Face

Grid on Sheltered Face

Source: Images by Authors
Figure A.6: Girders 61, 81, 91, and 12IC
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Age 11.5 years
Years in Service 8 years
Reason for Rejection -

Climate as per Climate at Storage Yard Arid

NCEI
Guidelines [14]

Climate at In-Service Location

Humid Sub-Tropical

Rainfall from

Average Annual Rainfall at Storage Yard

924 mm (36.38 in.)

NCEI climate Average Annual Rainfall at In-Service 1041 mm (40.97 in.)
data [14] Location
Total Rainfall from Casting to Visit 1 8313 mm (327.30 in.)
Number of Rain Days from Casting to Visit 1 438
Temperature Temperature on Construction Day 25-17 C (77-62 F)
from NCEI Temperature during Construction Week 25-12 C (77-53 F)

climate data
[14]

Temperature during Field Visit 1

30-13 C (86-55 F)

Temperature during Field Visit 2

28-21 C (82-69 F)

Temperature during Field Visit 3

18-9 C (64-48 F)

Mix w/cm 0.36
Proportions Fine Aggregate River Gravel
Coarse Aggregate River Sand
Cementitious Materials as per ASTM C150- Type III Cement
2017 and ASTM C618-2017 [16], [17]
Polycarboxylate based High Range Water 587 ml/100 kg of cement
Reducer as per ASTM C494-2017 [15] (9 fl. 0z./100 cwt)
Water Reducer and Retarder as per ASTM 163 ml/100 kg of cement
C494-2017 [15] (2.5 fl. 0z./100 cwt)
Dimensions Girder Type according to TxDOT Bridge Type IV
Design Manual (2018) [18]
Length -
Strength 7-day Strength 58.6 MPa (8500 psi)
At time of first Field Visit -
Unit Weight -
Curing Method Steam
Temperature 18.8-35.5 C (66-96 F)

Pre-stressing

Number of Straight Strands according to
TxDOT Bridge Design Manual (2018) [18]

38

Number of Deflected Strands according to 8
TxDOT Bridge Design Manual (2018) [18]
Age at Pre-Stress Release 14 hours
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Table A.7: Girders 71, 101, 111, and 13IC Additional Information

Girder Notation 71 In-Service Exterior Girder 7
10I and 111 In-Service Interior Girders 10 and 11
13IC In-Service Control Girder 13
Girder Name: - Location:
130 and US93, Texarkana, Texas

Cast Date: January — February 2005 In-Service Date: 2008

Grid 4

Grid on Exposed Face

Grid on Sheltered Face

Source: Images by Authors
Figure A.7: Girders 71, 101, 111 and 13IC
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Age 10.8 years
Years in Service7. 7.8 years
Reason for Rejection -

Climate as per Climate at Storage Yard Arid
NCEI Climate at In-Service Location Semi-Arid

Guidelines [14]

Rainfall from

Average Annual Rainfall at Storage Yard

924 mm (36.38 in.)

NCEI climate Average Annual Rainfall at In-Service 1320 mm (51.98 in.)
data [14] Location
Total Rainfall from Casting to Visit 1 9732 mm (383.13 in.)
Number of Rain Days from Casting to Visit 1 391
Temperature Temperature on Construction Day 19-8 C (66-46 F)
from NCEI Temperature during Construction Week 23-9C (7349 F)

climate data

Temperature during Field Visit 1

12-7 C (54-44 F)

[14]

Temperature during Field Visit 21

17-13 C (63-55 F)

Temperature during Field Visit 3

16-(-2) C (60-29 F)

Mix w/cm 0.36
Proportions Fine Aggregate River Gravel
Coarse Aggregate River Sand
Cementitious Materials as per ASTM C150- Type III Cement
2017 and ASTM C618-2017 [16], [17]
Polycarboxylate based High Range Water 652 ml/100 kg of cement
Reducer as per ASTM C494-2017 [15] (10 fl. 0z./100 cwt)
Water Reducer and Retarder as per ASTM 163 ml/100 kg of cement
C494-2017 [15] (2.5 fl. 0z./100 cwt)
Dimensions Girder Type according to TxDOT Bridge Type IV
Design Manual (2018) [18]
Length -
Strength 7-day Strength 64.12 MPa (9300 psi)
At time of first Field Visit -
Unit Weight -
Curing Method Wet-Mat
Temperature -
Pre-stressing Number of Straight Strands according to 42
TxDOT Bridge Design Manual (2018) [18]
Number of Deflected Strands according to 14
TxDOT Bridge Design Manual (2018) [18]
Age at Pre-Stress Release 15.5 hours
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Validation Girder Information

Table A.8: Girder 14V Additional Information

Girder Notation | 14V Validation Girder 14

Girder Name: HEI #123374, Collin, B-4-C-27 | Location:
Heldenfels Enterprise Inc, San Marcos, Texas

Cast Date: 12/16/2013 In-Service Date: -

Orientation: East-West Exposure: South Face Exposed

ALY TYYI V]I

A Co:e”:\;

X tr
(}ridaScted

N
,

Grid on Exposed Face Grid on Sheltered Face

Source: Images by Authors
Figure A.8: Girder 14V
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Age

3.5 years

Years in Service

Reason for Rejection

Climate as per
NCEI
Guidelines [14]

Climate at Storage Yard

Arid

Climate at In-Service Location

Rainfall from

Average Annual Rainfall at Storage Yard

908 mm (35.75 in.)

NCEI climate Average Annual Rainfall at In-Service -
data [14] Location
Total Rainfall from Casting to Visit 1 4243 mm (167.06 in.)
Number of Rain Days from Casting to Visit 1 304
Temperature Temperature on Construction Day 19-(-4) C (67-25 F)
from NCEI Temperature during Construction Week 25-16 C (77-61 F)

climate data
[14]

Temperature during Field Visit 1

33-27 C (92-81 F)

Temperature during Field Visit 2

3522 C (96-72 F)

Temperature during Field Visit 3

30-21 C (36-71 F)

Mix w/cm 0.31
Proportions Fine Aggregate River Gravel
Coarse Aggregate Dolomitic Limestone
Cementitious Materials as per ASTM C150- Type IIT Cement + Class F
2017 and ASTM C618-2017 [16], [17] Fly Ash
Polycarboxylate based High Range Water 325 ml/100 kg of cement
Reducer as per ASTM C494-2017 [15] (5 fl. 0z./100 cwt)
Water Reducer and Retarder as per ASTM 65 ml/100 kg of cement
C494-2017 [15] (1 fl. 0z./100 cwt)
Dimensions Girder Type according to TxDOT Bridge Tx54
Design Manual (2018) [18]
Length 23 m (75°)
Strength 7-day Strength 67.6 MPa (9800 psi)
At time of first Field Visit 76.8 MPa (11142 psi)
Unit Weight 2448 kg/m®
(152.80 Ibs/cft)
Curing Method Wet Mat
Temperature 32-14 C (90.2-57.5 F)

Pre-stressing

Number of Straight Strands according to
TxDOT Bridge Design Manual (2018) [18]

28

Number of Deflected Strands according to 8
TxDOT Bridge Design Manual (2018) [18]
Age at Pre-Stress Release 16 hours
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Crack Width Distributions
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Figure A.9: Crack Width Distribution of Overcast Girders
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Figure A.10: Crack Width Distributions of In-Service Girders
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Appendix B. Optical and Scanning Electron
Microscopy Images

(a) Optical Microscope Images - (b) Vertical
Core Surface Sliced Section

>

20kV X100 100pm 10 60 25Pa i 20kV X500 50pum 10 60 25Pa

(d) SEM Image of Core Surface (100X) (e) SEM Image of Core Surface (500X)

Source: Images by Authors
Figure B.1: Microscope Images of Overcast Girder 1R
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(a) Optical Microscope Images - (b) Vertical
Core Surface Sliced Section

TG
: 2 A
20kV X500 50um 10 60 25Pa

3

20kV X100 100pm 10 60 25Pa

(d) SEM Image of Core Surface (100X) (e) SEM Image of Core Surface (500X)

Source: Images by Authors
Figure B.2: Microscope Images of Overcast Girder 2R
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(a) Optical Microscope Images - (b) Vertical
Core Surface Sliced Section

.

X500 50pm 10 60 25Pa

20kV X100 100pm 10 60 25Pa

20kV
(d) SEM Image of Core Surface (100X) (e) SEM Image of Core Surface (500X)

Source: Images by Authors
Figure B.3: Microscope Images of Overcast Girder 3R
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(a) Optical Microscope Images - (b) Vertical
Core Surface Sliced Section
L RATI . TRT Dy
C -_h\_ » 4 4 n‘
Ly W i , {é:

20kV X100 100pm 10 60 25Pa 20kV X500 50pm 10 60 25Pa

(d) SEM Image of Core Surface (100X) (e) SEM Image of Core Surface (500X)

Source: Images by Authors
Figure B.4: Microscope Images of Overcast Girder 4R
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(b) Vertical
Sliced Section

20kV X100 100pm 10 60 25Pa L 20kv X500 50pm 10 60 25Pa
(d) SEM Image of Core Surface (100X) (e) SEM Image of Core Surface (500X)

Source: Images by Authors
Figure B.5: Microscope Images of Overcast Girder 5RC
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(a) Optical Microscope Images - (b)’Vé.rti‘EaI
Core Surface Sliced Section

20kV X100 100pm 10 60 25Pa

(d) SEM Image of Core Surface (100X) (e) SEM Image of Core Surface (500X)

20kV X500 50pm 10 60 25Pa

Source: Images by Authors
Figure B.6: Microscope Images of Overcast Girder 14V
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Appendix C. Auxiliary Guided Wave Terms

Certain terms appearing in the exact theory for guided wave modes are summarized below from
[198]. It should be noted that the factor of 2 appearing in the term 2(A% + 12)®,, of the expression
for a; does not appear in [198]. However, it may be found in [283], pp. 278.

o 2 aU
LTz, 00

0. 2 U
27 222,01,

,, 0U
CD3 = Zﬂ.rﬂ.Za—Ig
2 0%U

Pij ==
A#A, 01;01;

ay = 245[@qq + (F + A7)? Dy + AFA; P33 + 2725 (A7 + A7) Pa3 + 2474505
+2(47 + 22) D 5] — 247 (@ + (A7 + A7) D, ]

ay = 2A25[ P11 + 247 (A7 + 25) Dy + A2A2D33 4+ AF(AF + 3A7) Doz + A7 (A2 4 A2) D43
+ (B2 + 22)Py,p] — 223(Py + A5 Dy)

as = a; — (A — A) (@1 + A7 D))
ay = 245(Pqq + 44Dy + D33 + 4A2 D3 + 245 P53 + 47Dy5) — (A — A7) (P + A2D))
as = (P + 17Dy)

_ i(a; + as)
7 — 20,

(ag+as+71
s tastn),

as
2 _ yw? — ZK*(P; + 17 D,)
1 @, — 20,
2= yw? — K?(ay, + 27)
2=

asg

1 —
Xn = 3|18+ = BB F O — 2302 + 283 — 268,06 + 2D
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