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VILAS BRIDGE (NHDOT BRIDGE NO. 062/052)
Condition Assessment
Bridge Street
Walpole, New Hampshire

INTRODUCTION
At the request of Mr. Matthew Low of Hoyle, Tanner & Associates, and on behalf of the New Hampshire
Department of Transportation (NHDOT), personnel from Wiss, Janney, Elstner Associates, Inc. (WJE)
performed a condition assessment of the Vilas Bridge (Structure No. 062/052) at Bridge Street in
Walpole, New Hampshire. This project included field investigation of the bridge superstructure and
laboratory testing of concrete samples, as well as the development of repair concepts. This report presents
the findings of this investigation.

STRUCTURE DESCRIPTION
Completed in 1930, the Vilas Bridge is a two-span open spandrel deck arch bridge that crosses the
Connecticut River (Figure 1) in an east-west direction. The bridge carries two lanes of traffic and joins
Walpole, New Hampshire to the east and Bellows Falls, Vermont to the west. The concrete arch bridge
has a total length of approximately 216 feet. Each span is approximately 108 feet from the abutment to
the center pier and the bridge deck is 32 feet 6 inches wide. The bridge supports a two-lane roadway with
a pedestrian walkway on the south side of the bridge. The bridge structure consists of two parallel
reinforced concrete arches supporting spandrel columns at approximately 12 feet on center. Floor beams,
perpendicular to the roadway, span between the spandrel columns supporting the bridge deck.
The bridge deck is a reinforced concrete slab with a bituminous wearing surface that is supported by
transverse beams spanning between the spandrel columns. Deck joints are located approximately at the
third points of each arch span. There is an unidentified conduit offset from the centerline of the bridge. A
catwalk comprised of welded steel framing and loose wooden boards is located along the north side of
this conduit. At our August 25, 2008 meeting with NHDOT, it was indicated that a condition assessment
of the deck and railings was performed by others and that these elements were determined to be in need of
replacement if repairs at the bridge are to proceed. As such, the deck and railings are not part of the scope
of this assessment.
It is our understanding that the last significant repairs to the structure were performed in 1974. These
repairs included shotcrete added to the underside of the deck as well as some of the floor beams. The
bridge was posted with a weight limit of 10 tons prior to closure of the bridge in Spring of 2009.

DOCUMENT REVIEW
WJE obtained original drawings and the last three bridge inspection reports from NHDOT dated, April
21, 2008; February 6, 2009; and April 13, 2009. These reports noted the following distress:
1. The AASHTO CoRe Element Condition State of the concrete deck increased from State 3 to State 5
between April 21, 2008 and April 13, 2009, indicating that the combined area of required deck repairs
increased from less than 10 percent to greater than 25 percent.
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2. There was no change to the rating of the concrete arch. Most of the arch was reported to have no
deterioration or minor cracking and spalling, State 1 and State 2, respectively. Approximately 10
percent of the arch is indicated to have spalling with exposed reinforcement. An additional 10 percent
of the arch is indicated to have sufficient corrosion of the exposed reinforcement to warrant analysis
of the bridge.
3. Approximately 50 percent of the floor beams are indicated to have no deterioration or minor
deterioration. Floor beams with exposed reinforcement amount to 30 percent of the total, with an
additional 20 percent that have sufficient cross section loss to warrant analysis.
4. The loss of bearing area at the abutments is typically minor. One quarter of the abutment length is
reported to have spalls with exposed reinforcement.
5. All of the deck soffit has severe rust staining and corrosion indicating active corrosion is present.

FIELD INVESTIGATION
WJE performed the field investigation for this study between April 5 and April 9, 2010. The field
investigation consisted of up-close inspection using a bridge access platform and rope access techniques.
A Moog MBI 90 trailer-mounted bridge access vehicle was used to perform the inspection together with
rope access techniques to allow close-up inspection of locations that could not be otherwise accessed. A
delamination survey, limited corrosion potential survey, steel cover survey, and carbonation depth
determination were performed as part of the investigation. Concrete cores were also extracted for
laboratory study (Figure 2). In determining the sizes and locations for material sampling and field testing,
an attempt was made to develop information that would be useful for the particular elements that make up
the bridge. Additionally, the evaluation included testing from locations with varying levels of distress to
develop an understanding of the full range of conditions that should be anticipated in any repair work

OBSERVATIONS AND RESULTS OF FIELD INVESTIGATION
Visual Condition Survey
The exposed and accessible surfaces of superstructure elements were examined visually and sounded to
note the presence of delaminations. These surveys identified areas of spalled or deteriorated concrete,
mineral and corrosion staining indicative of moisture infiltration, cracking, and other distress. Field sheets
were produced that documented the location, extent and nature of the deteriorated conditions observed on
elevation and plan views of the structure. The field observation sheets are attached as Appendix A. A site
plan is included in Appendix A, together with overall elevations and elevations of specific elements. The
attached CD includes photos referenced by the field observation sheets. An alphanumeric labeling system
was developed for the purpose of referencing particular elements of the bridge. The system consists of a
letter and a number, with numbers increasing sequentially for each spandrel column from west to east
along the bridge. The letter “A” represents the west abutment, “B” represents the center pier, and “C”
represents the east abutment. Thereby, “A.2” represents the second spandrel column line to the east of the
west abutment. Key observations of the superstructure elements are summarized below.
Abutments and Center Pier
The abutments on the east and west banks of the river are cast directly onto the exposed stone that forms
part of the river valley. Generally, the deterioration is greater towards the top of the abutments; There is
less deterioration at the wingwalls than at the portion of the abutment under the deck. The most
significant deterioration of the abutments occurs on the faces directly exposed to deicing salts from the
open deck joints above. This deterioration consists of spalling, cracking, surface scaling, and
efflorescence. There is also significant deterioration of the spandrel arches supporting the deck where
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they meet the east abutment (Figure 3 and Figure 4). Similar, though slightly less advanced, deterioration
was noted on the west elevation abutment. Concrete on the wing walls and lower down on the face of the
abutment is generally free from large areas of significant deterioration though there are localized areas of
delamination and efflorescence visible below cracks (Figure 5). Surface scaling, spalling, and
delaminations were typically observed at the corners of the abutments and from elements that project
from the planar surfaces of the abutments (Figure 6).
The base of the pier generally has less significant distress; isolated corrosion stains, and minor
efflorescence were observed (Figure 7). There is an accumulation of concrete debris on the top surface of
the pier from overhead deck and floor beam spalls. Water also collects on this surface from openings
through the deck. On the vertical surfaces, there is one location with spalling and exposed reinforcement
on the west side of the pier, but more typically, distress consists of locations of relatively small
delaminations (Figure 8).
Arches
Each span is supported by two arch ribs. The outside faces of the arch have a horizontal projection that
acts as a drip edge. There are multiple locations on the exterior faces of the arch ribs below this projection
where the tie reinforcing is exposed due to shallow spalling (Figure 9). There are fewer of these shallow
spalls on the interior sides of the arches and on the arch soffits. The depth of cover at the tie reinforcing is
as shallow as 3/8 to 1/2 inch. Some repair mortar remains on the existing spalls, though the repair mortar
is frequently delaminated, and there appears to be new spalls that have formed since the previous repairs
were completed (Figure 10). There is no indication of any surface preparation to the parent concrete
before the previous repairs were installed and the edges of the patches appear to be feathered. The most
significant distress to the face of the arches occurs where there are open deck joints above (Figure 11).
Debris is present at the arch groins, where the arches meet the face of the abutments. This debris appears
to consist of material that has spalled from the deck and floor beams together with road sand and
vegetative growth (Figure 12). Below the debris, and frequently on the face of the arch, spalled concrete
has exposed the steel reinforcement. The most significant distress was noted at the east abutment, where
there is spalling on the top surface and north face of the north arch (Figure 13). At this location, there is
some minor corrosion of the tie reinforcement and the longitudinal reinforcement is exposed. The groin
between the arch and the center pier have much less extensive deterioration.
There are several locations where there is longitudinal cracking of the concrete along the lower mat of
longitudinal reinforcement in the arch (Figure 14). Incipient spalling was observed at several of these
cracks. One of these longitudinal cracks is located where the south arch meets the west abutment.
On the top surfaces of the arches, there are locations with exposed reinforcement and surface scaling
(Figure 15). Some of these locations have been previously patched. These top-surface patches appear to
be feather-edged. Similar to the sides of the arches, these patches are frequently delaminated (Figure 16).
Struts connect the arches at each of the spandrel columns. The struts are generally free from visual
deterioration where they are protected by the deck, though some near-surface spalling was observed.
Spalling and exposed reinforcement is more prevalent where the struts are directly below deck joints,
although longitudinal cracking was observed away from the deck joint locations (Figure 17).
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Spandrel Columns
Each pair of spandrel columns are supported on a pedestal that is cast integrally with the concrete arch. At
the top of the spandrel columns, there is a capital that supports the haunched floor beams. The height of
the spandrel columns varies along the length of the bridge to accommodate the variable distance between
the top of the arch and the base of the floor beams. Near the top of the arches, the haunched floor beams
bear directly on the top of the arch. Horizontal indentations from the forms are present on the spandrel
columns.
The spandrel columns above the center pier have longitudinal cracks from above the bearing area of the
arch that continue vertically to near the bottom of the floor beams (Figure 18 and Figure 19). Spalling and
exposed reinforcement are prevalent on the exposed interior side of the south spandrel column
(Figure 20). The observed distress is typically at the corners of the cross section, with the long face of the
column generally free from visible distress.
Spandrel columns supported on the arch ribs generally have less deterioration than the columns supported
by the pier. Small areas of local delamination were noted generally at the corners and near the base of the
columns (Figure 21 and Figure 22). There are locations where there are shallow incipient spalls and
delaminations at the reinforcing ties (Figure 23), though the number of locations where this condition
exists is much less frequent than along the faces of the arch ribs.
Floor Beams
The floor beams span between the spandrel columns and are oriented perpendicular to the direction of
traffic. The spandrel beams are haunched at the spandrel columns and have a short cantilever beyond the
spandrel column to accommodate the width of the deck and sidewalk. Floor beams at the deck joint
locations (column lines A.3, A.6, B.3, and B.6) have much more significant deterioration than the floor
beams at the other column lines. At column line B.6, the cover concrete at the bottom of the member is
completely spalled nearly the entire length of the beam (Figure 24). Cross-section measurements at the
reinforcement indicate little to no section loss (Figure 25). Measurement of the stirrup located at mid-span
indicated that a diameter of approximately 15/32 inch remained compared to a 1/2 inch nominal diameter
provided in the drawings.
Previous shotcrete repairs to the floor beam located at column line B.3 are largely delaminated
(Figure 26). Corrosion stains and efflorescence indicative of the long-term presence of moisture were
observed. Similarly, previous shotcrete repairs to the floor beam at column line A.3 are delaminated or
spalled (Figure 27). The adjacent floor beam, which is not located under a deck joint, has little visual
deterioration and only a portion of the beam is delaminated (Figure 28). Similar distress was noted at the
cantilevered portion of the floor beams below the deck joints (Figure 29).
A conduit and adjacent catwalk runs longitudinally along the length of the bridge. The conduit is
suspended from hangers that are through-bolted at each of the floor beams (Figure 30). No visual distress
was noted of the connection or hanger. The catwalk consists of welded angle sections supporting looselaid wood planks. Typically, three embedded anchors are used to support the catwalk vertical angle
members.
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Half Cell Potential Measurements
Half-cell potential (HCP) testing was performed in accordance with ASTM C876 Standard Test Method
for Half-Cell Potentials of Uncoated Reinforcing Steel in Concrete to investigate the corrosion tendency
of the reinforcing bars. Corrosion potentials do not indicate how fast corrosion is taking place, but rather
measure the amount of iron dissolved in the concrete pore solution and so give an indication of the
corrosion risk. A high internal impedance digital multi-meter was used for the testing by connecting
positive and negative terminals to a reinforcing bar and to a copper-copper sulfate reference electrode
(CSE), respectively.
When performing the half-cell measurements, a grid was first established to record the data. Six locations
were selected to perform half-cell testing. A HCP contour map was generated for each test area

based on the data collected. HCP data is interpreted using the numeric magnitude technique
specified in Appendix X1 of the ASTM C876 standard. According to this technique, potential
measurements more positive than -200 mV versus the copper-copper sulfate reference electrode
have a greater than 90 percent probability that no corrosion is occurring. Conversely, potential
measurements more negative than -350 mV versus the reference electrode have a greater than 90
percent probability of active corrosion. Measurements between these two values indicate that the
corrosion activity is uncertain.
Two HCP surveys were completed on the north arch rib. Locations on the lower portion of the arch rib
and those closest to the base of the spandrel columns all indicated a greater than 90 percent probability of
corrosion. An additional two HCP surveys were completed on the east abutment and two on the north
arch rib. On the east abutment, one survey was performed on the north elevation of the abutment and the
other on the west elevation. All readings measured on the north elevation of the abutment were more
negative than -600 mV, indicating a high probability of corrosion at all locations surveyed. No HCP
contour map was produced for this location due to the similarity of the measurements. Similarly, nearly
all locations surveyed on the west elevation also indicated a high probability of corrosion. Photos of the
locations surveyed and the corresponding HCP maps are shown as Figure 31 to Figure 36.

Field Carbonation Testing
Carbonation is a process in which carbon dioxide in the air diffuses into the concrete and reacts with
certain minerals in the cement paste. Carbonation results in a reduction of the pH of the concrete. Since
carbonation occurs through a diffusion process, concrete near the surface will become carbonated before
concrete at greater depth. Reinforcing steel is normally protected from corrosion by the highly alkaline
environment provided by the cement paste. If carbonation progresses to the depth of the reinforcement,
resulting in a pH below 9, the steel is no longer protected, allowing corrosion to occur.
Carbonation testing was performed by drilling into the concrete at various depths and spraying a
phenolphthalein solution onto the concrete surface. Phenolphthalein is a chemical indicator that changes
from a clear liquid to a bright pink color where the pH is above 9. The depth of carbonation is determined
to be located at the depth of the recently exposed concrete surface that first shows this color change.
The depth of carbonation was measured on the top surface of the arch, the east abutment, several spandrel
columns, and a floor beam. The depth of carbonation varied from a minimum of 1/8 inch at the arch to 3/4
inch at the spandrel column. Figure 37 shows the carbonation depth of 3/8 inches at the west elevation of
the east abutment.
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LABORATORY ANALYSES
Samples
A coring rig was used to obtain 17 core samples at selected locations representing various conditions of
the structure. The cores were drilled by a local coring firm, Vermont Concrete Cutting. Core locations are
shown on the field observation sheets attached in Appendix A and core information is summarized in
Table 1.
Table 1. Vilas Bridge Samples and Test Program
Core
ID
1
2
3
4

Diameter
(inches)
5
5
3
6

Length
(inches)
13.5
12
11.5
15

5

6

15

6

6

10

7

6

10

8

6

9.5

9

6

9

10

6

10

11

6

11

12
13
14
15
16
17

6
3
3
6
6
6

14
12.5
10.5
12
12.5
14.5

Location / Structural Element
E. abutment, W. elev.
E. abutment, W. elev.
E. abutment, W. elev.
Spandrel B.8 N., Outer Col., E.
elev.
Spandrel B.8 N., Outer Col., E.
elev.
Spandrel B.6 N., Floor Beam,
E. elev.
Spandrel B.6 N., Floor Beam,
E. elev.
Spandrel B.1 N., Floor Beam,
E. elev.
Spandrel B.1 N., Floor Beam,
E. elev.
Spandrel B.1 N., Outer Col., E.
elev.
Spandrel B.1.N, Inner Col., E.
elev.
W. abutment, N. elev.
Spandrel A.1 N. Arch face
Arch N. elev.
Arch N. elev.
Spandrel Col., Pier B, N. elev.
Spandrel Col., Pier B, N. elev.

Test(s) Performed
Reserved for future analysis
Compressive strength
Petrography, chloride profile
Compressive strength
Compressive strength, petrography,
chloride profile
Petrography, chloride profile
Compressive strength
Compressive strength
Compressive strength
Compressive strength
Reserved for future analysis
Compressive strength
Petrography, chloride profile
Compressive strength
Compressive strength, chloride profile
Compressive strength
Compressive strength, chloride profile

Photographs of the as-received cores are presented in Appendix B.

Petrographic Studies
Petrographic studies were conducted to determine the general composition and condition of the concrete,
with specific focus on evidence of distress. Concrete represented by the sampled cores was visually
similar. Detailed petrographic studies were conducted on cores 3, 5, 6 and 13. Lapped longitudinal cross
sections of the examined cores are shown as Figure 38 through Figure 41.
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Methods
In brief, a petrographic examination consists of a systematic sequence of observations carried out at
increasingly higher levels of magnification and tests that are designed to elicit specific information about
the composition and condition of a material. The observations are interpreted to derive conclusions about
concrete quality, performance, and probable cause of various types of distress.
Petrographic studies were conducted in accordance with the appropriate methods and procedures outlined
in ASTM C 856, Standard Practice for Petrographic Examination of Hardened Concrete. The cores were
visually examined and photographed. Cores and portions of cores designated for petrographic studies
were cut in half perpendicular to the outside surface. One of the resulting halves of each core was lapped
using successively finer grits to achieve a fine, matte finish suitable for examination at stereomicroscope
magnifications (up to approximately 50X). The lapped surface accentuates the appearance of the
constituents and structural characteristics such as cracks. Fresh fracture surfaces were also prepared to
study the physical characteristics of the concretes. Thin sections representing areas of interest were
prepared from each core. The thin sections were examined at magnifications up to 500X using a
petrographic (polarized-light) microscope to study the composition and microstructure of the concrete and
its constituents, including possible deleterious reactions.
General Concrete Characteristics. The concrete is composed of siliceous natural gravel coarse
aggregates and siliceous natural sand fine aggregate dispersed in a non-air-entrained Portland cement
paste. Nominal top size coarse aggregate appears to be 1 1/2 to 2 inches. The aggregate is somewhat
poorly graded with a deficiency of intermediate-size aggregate particles. The aggregates have generally
performed well in service although a few micaceous particles located near exposed surfaces exhibited
multiple sub-parallel microcracks suggesting susceptibility to cyclic freeze-thaw distress (Figure 42).
Within the body of the concrete, a few gneiss and schist coarse aggregate particles exhibited internal
cracking parallel to rock cleavage planes. No evidence of deleterious reactions, including alkali-silica
reaction (ASR), were observed. Paste-aggregate bond was weak to moderately weak, largely due to the
smoothness of the coarse aggregate particles and the presence of consolidation voids along pasteaggregate surfaces (Figure 43).
Paste properties are generally good. The paste is mottled beige-gray, moderately hard, and exhibits
patches of coarse porosity (Figure 44) typical of older concrete made with very coarsely ground Portland
cement. The concrete appears to have been placed with a moderately low water-cement ratio (0.46 +/0.02). The water-cement ratio is somewhat speculative based on the age of the concrete and the large size
of the unhydrated cement particles, some up to 0.03 inch in diameter (Figure 45), which have essentially
behaved as fine aggregate particles.
Paste carbonation is 0.4 inch in core 3. Carbonation is significantly deeper, 1 to 2.5 inches, in cores 5, 6,
and 13. The concrete is well consolidated. Total air content is estimated at 1 to 2 percent. No secondary
deposits were observed in the air voids, paste, cracks, or microcracks. Secondary deposits may be formed
on these surfaces through weathering processes subsequent to the initial cracking, Secondary deposits, if
present, may be relatively benign or may be indicative of a deleterious reaction within the concrete.
Cracking. All cracks and microcracks observed in the cores passed around aggregate particles. Some
coarse aggregate particles exhibited internal cracks, but none of these extended into the adjacent paste. No
deposits were observed in cracks or microcracks.
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Core 3 contained transverse cracks, microcracks and separations that resembled distress caused by cyclic
freezing and thawing. The maximum depth of cracking is 5.8 inches.
Core 6 contained two longitudinal cracks that were 0.01 inch wide at the outside surface and tightened at
a depth of 0.8 inch to become microcracks. The outer portion of the longer crack is shown in Figure 46.
This crack extended to the inside end of the core at a depth of 6.3 inches. At the outside end of the core,
deeper paste carbonation at this crack indicates that the crack has been open for a significant time. The
shorter of the two cracks intersected several transverse and random microcracks (Figure 47) and
terminated at a transverse crack at a depth of 4.5 inches.
No major cracks were observed in cores 5 and 13.
Sample Descriptions
Core 3
Dimensions: Core diameter is 2.8 inches. Core length is 11 inches.
Surfaces: The outer end of the core has a smooth, flat, non-eroded surface. Surface paste is beige-gray
and hard. The inside end of the core has a rough surface that fractured around aggregate particles.
Aggregates: Coarse aggregate consists of rounded to sub-rounded particles of siliceous gravel. The major
constituents are mica schist, quartzite, slate-phyllite, and gneiss. Aggregate surfaces are predominantly
hard and smooth. The fine aggregate is a siliceous natural sand that contains rocks and minerals observed
in the coarse aggregate. In addition to schist, quartzite, slate, and gneiss, major constituents of the sand
include quartz, mica, feldspars, garnet, and opaque minerals.
The aggregate is uniformly distributed in the concrete. Aggregate volume appears typical. The aggregate
appears to be fairly well-graded and has been durable in service. No distress is associated with the
aggregate. Nominal top size is 1.5 inches.
Paste-Aggregate Bond: Weak. Fresh fractures induced in the laboratory pass around the aggregate
particles.
Paste: The paste in the body of the concrete is mottled beige-gray, moderately hard, and exhibits patches
of coarse porosity typical of older concrete made with very coarsely ground Portland cement. Corrosion
staining was observed at a depth of 0.05 to 0.1 inch below the outer surface, and extends to a depth of 0.2
to 0.7 inch. Fresh fracture surfaces are uneven and exhibit dull luster. The paste contains abundant large
unhydrated and partially hydrated Portland cement particles. The largest cement particles are 0.5 mm in
diameter, similar to sand particles.
Water-Cement Ratio (w/c): Estimated w/c is 0.46 +/- 0.02. Water-cement ratio is somewhat speculative
based on the age of the concrete and the large size of the unhydrated cement particles, which have
behaved similar to aggregate particles.
Carbonation: The paste is carbonated to a depth of 0.4 inch.
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Air-Void System: Non-air entrained. The concrete is well consolidated, but narrow gaps under coarse
aggregate particles are common. As noted above, the paste exhibits patches of coarse porosity. A few
small oval entrapped air voids were observed. Total air content is estimated at 1 to 2 percent.
Secondary Deposits: No secondary deposits were observed in the paste, air voids, or microcracks.
Cracks, Microcracks: The concrete was separated transversely at depths of 1.3 and 4.5 inches from the
outside surface. Numerous microcracks oriented sub-parallel to the outside surface was observed from the
outer surface to a depth of 5.8 inches.
Core 5
Dimensions: Core diameter is 5.8 inches. Core length is 3.3 inches.
Surfaces: The outer end of the core has a smooth, flat, non-eroded surface, with a slightly elevated region
up to 0.7-inch wide along a portion of the outside edge. Surface paste is beige-gray and hard. Three subparallel cracks up to 0.01-inch wide extend across the surface. The inside end of the examined sample is a
flat saw-cut surface.
Aggregates: The aggregates are essentially identical to the aggregates in Core 3 except for the presence of
diabase and granite in the coarse aggregate. The aggregate is poorly graded with a deficiency of particles
larger than 0.5 inch. Nominal top size coarse aggregate is 2 inches. The aggregate particles are nonuniformly distributed in the concrete. The aggregate has been durable in service. No distress is associated
with the aggregate. Overall, aggregate volume appears slightly lower than typical.
Paste-Aggregate Bond: Weak. Fresh fractures induced in the laboratory pass around the aggregate
particles.
Paste: Paste characteristics are similar to those described for Core 3.
Water-Cement Ratio (w/c): Estimated w/c is 0.46 +/- 0.02. As previously noted, w/c is somewhat
speculative based on the age of the concrete and the large size of the unhydrated cement particles.
Carbonation: The paste is carbonated to a depth of 1 inch.
Air-Void System: Non-air entrained. The concrete is well consolidated. Patches of coarse porosity in the
paste, gaps under coarse aggregate particles, and occasional oval and irregularly shaped air voids were
observed. Total air content is estimated at 1 to 2 percent.
Secondary Deposits: No secondary deposits were observed in the paste, air voids, or microcracks.
Cracks, Microcracks: No major cracks were observed. The paste contains a few random microcracks up
to 2 inches long that pass around aggregate particles. Several schist and gneiss coarse aggregate particles
in the body of the concrete contain cracks parallel to rock cleavage planes. These cracks do not appear to
be related to deleterious reactions. No ASR gel was detected.
Core 6
Dimensions: Core diameter is 5.8 inches. Core length is 5 to 8 inches.
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Surfaces: The outer (surface) end of the core has a fairly smooth, flat, slightly eroded surface. Surface
paste is beige-gray and hard. Three sub-parallel cracks up to 0.01-inch wide extend across the surface.
The inside end of the core is diagonally fractured around aggregate particles.
Aggregates: The aggregates are essentially identical to the aggregates in core 3 except for the presence of
diabase and porphyritic basalt in the coarse aggregate. The aggregate is poorly graded with a deficiency
of particles larger than 0.5 inch. Nominal top size coarse aggregate is 2 inches. The aggregate particles are
somewhat non-uniformly distributed in the concrete. The aggregate has been durable in service. No
distress is associated with the aggregate. Overall, aggregate volume appears slightly lower than typical.
Paste-Aggregate Bond: Weak. Fresh fractures induced in the laboratory pass around the aggregate
particles.
Paste: Paste characteristics are similar to those described for core 3.
Water-Cement Ratio (w/c): Estimated w/c is 0.46 +/- 0.02. As previously noted, w/c is somewhat
speculative based on the age of the concrete and the large size of the unhydrated cement particles, which
have behaved as aggregate particles.
Carbonation: The paste is carbonated to a depth of 1.8 to 2.5 inches. The deepest carbonation occurs at a
longitudinal crack.
Air-Void System: Non-air entrained. The concrete is well consolidated. A few small oval entrapped air
voids were observed. Total air content is estimated at 1 percent.
Secondary Deposits: No secondary deposits were observed in the paste, air voids, or microcracks.
Cracks, Microcracks: The lapped cross section of the core intersected two narrow longitudinal cracks.
One crack extends from the outside surface to a depth of 4.5 inches where the crack intersects a transverse
microcrack. The other crack extends from the outside surface to a depth of 6.3 inches where the crack
intersects the diagonal fracture at the core end. Both cracks are 0.01 inch wide at the outside surface and
become narrower at a depth of 0.8 inch. The outer 4 inches of the core contains several widely spaced
transverse and random microcracks that do not appear to be related to cyclic freezing and thawing. All
cracks and microcracks pass around aggregate particles.
Core 13
Dimensions: Core diameter is 2.8 inches. Core length is 12.2 inches.
Surfaces: The outside end of the core has a fairly flat, slightly eroded or abraded surface with several
shallow depressions in which aggregate particles are exposed. Surface paste is beige-gray and hard. The
inside end of the core has flat non-eroded surface. Surface paste is light beige. Scattered patches of gray
mortar-like material are attached to the outside surface.
Aggregates: The aggregates are essentially identical to the aggregates in core 3. The aggregate is
somewhat poorly graded with a deficiency of particles between 0.5 and 1.5 inch in diameter. Nominal top
size coarse aggregate is 1.5 inches. The aggregate particles are uniformly distributed in the concrete. The
aggregate has been durable in service. No distress is associated with the aggregate. Aggregate volume
appears typical.
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Paste-Aggregate Bond: Weak to moderately weak. Fresh fractures induced in the laboratory mostly pass
around the aggregate particles.
Paste: The paste in the body of the concrete is mottled beige-gray, moderately hard, and exhibits patches
of coarse porosity typical of older concrete made with very coarsely ground Portland cement. Carbonated
paste at both ends of the core is pinkish beige. Fresh fracture surfaces are uneven and exhibit dull luster.
The paste contains abundant large unhydrated and partially hydrated Portland cement particles. The
largest cement particles are 0.5 mm in diameter, similar to sand particles.
Water-Cement Ratio (w/c): Estimated w/c is 0.46 +/- 0.02. W/c is somewhat speculative based on the age
of the concrete and the large size of the unhydrated cement particles, which have behaved as aggregate
particles.
Carbonation: The paste is carbonated to a depth of 1.5 inches from the top end and 1 to 1.2 inches from
the bottom end.
Air-Void System: Non-air entrained. The concrete is well consolidated, but narrow gaps under coarse
aggregate particles are common. As noted above, the paste exhibits patches of coarse porosity. A few
small oval entrapped air voids were observed. Total air content is estimated at 1 to 2 percent.
Secondary Deposits: White deposits that appear to be salt crystals were observed in the shallow
depressions over aggregate particles on the top surface. No secondary deposits were observed in the paste,
air voids, or microcracks in the body of the concrete.
Cracks, Microcracks: No major cracks were observed. The paste contains a few random microcracks that
pass between aggregate particles.

Chloride Analysis
Acid-soluble chloride analyses were performed on slices of concrete from six cores in accordance with
ASTM C 1152, Standard Test Method for Acid-Soluble Chloride in Mortar and Concrete. The specified
depths of chloride analyses were 0 to 0.5 inches, 1 to 1.5 inches, and 2 to 2.5 inches. Results of the acidsoluble chloride analyses are presented in Table 2. A density of 3815 lb/yd3 was assumed in these
calculations. A visual comparison among locations is shown in Figure 48.
Studies have shown that chloride contents above 0.02 to 0.03 percent by mass of concrete, depending on
the cement content, can promote corrosion of embedded steel in non-carbonated concrete. Significant
variability in acid-soluble chloride contents was found. In core 3 (East abutment), chloride levels were
very high at all depths tested, suggesting heavy exposure to deicing salts over many years. Chloride
contents are low in the outer 0.5 inch of cores 5 (spandrel outer column) and 6 (spandrel floor beam), but
are above the corrosion threshold at a depth of 1 to 1.5 inch. Chloride levels are highest at 2 to 2.5 inches
in cores 6 (spandrel floor beam), 13 (spandrel arch face), and 15 (arch), suggesting that chloride salts have
been washed deeper into the concrete and away from the exposed outer surfaces.
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Table 2 —Chloride Contents
Sample
3

5

6

13

15

17

Location
0 to 0.5 inch
1 to 1.5 inch
2 to 2.5 inches
0 to 0.5 inch
1 to 1.5 inch
2 to 2.5 inches
0 to 0.5 inch
1 to 1.5 inch
2 to 2.5 inches
0 to 0.5 inch
1 to 1.5 inch
2 to 2.5 inches
0 to 0.5 inch
1 to 1.5 inch
2 to 2.5 inches
0 to 0.5 inch
1 to 1.5 inch
2 to 2.5 inches

Acid-Soluble Chloride
(percent by mass of sample)
0.251
0.371
0.357
0.011
0.074
0.047
0.007
0.037
0.300
0.104
0.056
0.120
0.061
0.080
0.133
0.030
0.047
0.047

Acid-Soluble Chloride
(lb/yd3)
9.6
14.2
13.6
0.4
2.8
1.8
0.3
1.4
11.4
4.0
2.1
4.6
2.3
3.1
5.1
1.1
1.8
1.8

Compression Testing
A total of twelve cores were tested for compressive strength in general accordance with the procedures
outlined in ASTM C 42, Standard Test Method for Obtaining and Testing Drilled Cores and Sawed
Beams of Concrete. The compressive strength test data are summarized below. Some of the compressive
strengths have been corrected due to the length of the core. No correction was applied for high strength
concrete, since nearly all of the strengths were below 6,000 psi. Compressive strength ranges from 2,640
psi to 6,050 psi. The complete data are attached in Appendix C.
Table 3. Compressive Strength Test Results
Core
2
4
5
7
8
9
10
12
14
15
16
17

Diameter
5 inches
6 inches
6 inches
4 inches
6 inches
6 inches
6 inches
6 inches
3 inches
6 inches
6 inches
6 inches

Corrected Compressive Strength (psi)
5,500
3,820
4,190
2,640
3,920
3,120
5,790
6,050
3,140
3,370
4,280
4,010

Vilas Bridge
Condition Assessment
November 10, 2010
Page 13

DISCUSSION
No evidence of structural distress due to foundation settlement or slope failure, nor excessive deflection
or unusual displacement of structural elements due to live loads was observed. However, deterioration at
deck joints, particularly at the east abutment, has resulted in vertical displacement of the deck and
resulting distress at the abutment. Primarily, freeze-thaw distress and steel reinforcement corrosion, due to
elevated chloride levels, are the mechanisms responsible for most of the observed concrete deterioration.
The moisture driving these mechanisms originates from the top roadway surface, where open deck joints
allow water to drain onto the superstructure below. It is our understanding that the roadway surface has
been in poor condition for an extended period of time.
Stormwater and melting snow on the bridge flows to the curb lines. There are no drains directly on the
bridge deck, so the water must pass across the deck, along the span, and into drains located on the
abutments. With dirt and debris along the curb absorbing and holding moisture, coupled with the
relatively porous asphalt beneath the dirt, water is free to penetrate down to the top of the concrete deck,
where it is below the elevation of the drains. Water appears to drain freely down the side of some of the
deck beams and spandrel columns. Moisture also accumulates at the arch groin, and to a lesser extent,
where the arch intersects the spandrel columns. Debris also accumulates in the groins, maintaining
elevated moisture levels and reducing drying from the surface.
Water collecting in the arch groins has caused significant damage to the non-air-entrained concrete at
these areas. Continued moisture penetration through the cracks at the groins causes additional freeze-thaw
damage, resulting in spalling or erosion of the concrete surface.

Concrete Quality
Freeze-thaw deterioration occurs when moisture in concrete is subjected to repeated cycles of freezing
and thawing. During the freezing process, water experiences an increase in volume as it turns to ice. The
volume increase causes residual water in the concrete pores to compress, thereby producing an internal
hydraulic pressure. If water cannot escape by diffusing through unfrozen pores to internal voids or the
free surface of the concrete, ice forms and the associated hydraulic pressures will cause the pore water to
dilate or expand. Pore dilation creates internal stresses within the cement paste that can exceed the tensile
strength of the paste and cause cracking. Upon cracking, additional moisture is permitted to enter the
concrete interior. Repeated cycles of freezing and thawing will lead to crack propagation and degradation
of the concrete.
The ability of the concrete to resist freeze-thaw deterioration, in part, depends on the amount of water
available for freezing, the degree of saturation, and the ability of the water to migrate to a free space or
the surface. Modern concrete mixes incorporate tiny air bubbles, or air-entrainment, into the concrete
matrix using air-entraining admixtures in order to provide better freeze-thaw performance. Airentrainment technology did not become commercially available until the early 1940s, and could not have
been incorporated into the concrete used in this bridge.
In a saturated, non-air-entrained concrete, internal hydraulic pressures produced by cold temperatures
must be relieved by water migration to the surface or to entrapped air voids. A saturated, non-airentrained concrete will deteriorate quickly under repeated freezing and thawing cycles. A partially dry,
non-air-entrained concrete with an entrapped air void system will experience much less freeze-thaw
deterioration because the empty air voids can act to relieve internal hydraulic pressures.
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The generally good performance of the superstructure concrete is primarily related to the protection of the
superstructure concrete from the rain by the concrete deck. While the petrographic studies indicated some
non-intentional air entrapment of the concrete, the freeze-thaw resistance of the concrete is limited when
the concrete is saturated.

Corrosion Considerations
The process of corrosion deterioration is typically considered to occur in three phases: initiation,
propagation, and finally the deterioration itself. The duration of the first phase, in which no significant
deterioration occurs, is determined by the amount of time required for the steel to become depassivated by
chloride ingress or by carbonation. Steel corrosion can occur where the pH of the concrete is below 11
due to carbonation or when the chloride concentration exceeds 0.035 percent by weight of concrete
together with moisture and oxygen. In the propagation phase, active corrosion has begun, but not enough
corrosion products have been generated to cause concrete deterioration. Concrete deterioration becomes
apparent in the third and final phase.
Field and laboratory tests of carbonation using phenolphthalein solution detected a carbonation depth
from 1/4 inch to 2-1/2 inches. Based on the approximately 80-year age of the structure, this carbonation
depth is expected. These carbonation depths are significant considering the shallow concrete cover over
the steel reinforcement. Embedded reinforcement is normally protected from corrosion because of the
high alkalinity (pH) of the cement paste. Carbonation neutralizes the cement paste whereby the pH is
lowered. Where the reinforcing steel has shallow cover and is within the carbonated depth, the steel
becomes much more susceptible to corrosion. Based on our observations, much of the transverse steel
reinforcement, including ties at the arch ribs, are within the zone of carbonated concrete. In some
locations, the carbonation front is approaching the longitudinal reinforcement.
Corrosion can also be initiated by chlorides in deicing salts. Water containing these chlorides and leaking
through deck joints has caused much of the floor beam and spandrel column corrosion below. Floor
beams and spandrel columns protected by the deck have much less corrosion. The arch has some
corrosion where water from the deck has leaked onto the surface. Otherwise, corrosion in the arch is
largely absent.
Chloride levels in the east abutment were extremely elevated in the surface region, 0.251 percent by mass
of concrete, and at depths of 1 to 1.5 inches and 2 to 2.5 inches, 0.371 and 0.351 percent by mass of
concrete, respectively. High levels of chloride suggest exposure to deicing salts and/or the addition of a
chloride-containing admixture such as calcium chloride to the concrete. Calcium chloride has been in use
as an accelerating admixture for concrete since, at least, the 1920s. When added as a solution to concrete,
calcium chloride will accelerate cement hydration r and allow construction to progress in colder weather
when strength gain would otherwise be slow.
In general, chloride levels in the surface region of the concrete showed significant variability from 0.007
to 0.251 percent by mass of concrete. Low chloride content in the surface region may be related to the
recent lack of salt exposure since the bridge has been closed together with exposure to rain. Rain tends to
wash salts from the surface and drives some of the salt into the body of the concrete. This scenario is
suggested in locations where chloride levels are higher below the surface region (as for cores 3, 5, 6, 15,
and 17). Chloride gradients are frequently indicative of greater potential for corrosion since the gradient
facilitates the establishment of macro-cell corrosion.
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Of note is the generally good condition of the steel exposed by spalling of the concrete cover. Exposed
bars had uniform rust on the surface, but actual section loss was generally minimal. The square bars
appear to be more corrosion resistant than more modern, deformed reinforcing steels. This may be due to
the chemical composition (that may have included small amounts of copper). This steel was also likely to
have been first-run steel and not recycled steel.
Given that the steel section loss of the longitudinal reinforcement was found to be negligible, in locations
with severe concrete deterioration, it is likely that corrosion-related deterioration can be controlled if
proper repairs and maintenance are performed. The most important means for limiting the onset of
additional corrosion is to minimize the moisture in the concrete surrounding the reinforcing steel.

Compressive Strength Tests
Compressive strength test data are presented in Table 3 and in Appendix C. Compressive strength ranges
from 2,640 psi to 6,050 psi. The coarse aggregate is siliceous gravel that appears to have a nominal top
size of 2 inches. The smooth, dense surfaces on the aggregate particles resulted in fairly weak pasteaggregate bond. Post-testing observation of broken surfaces of the cores suggests that the location and
orientation of large coarse aggregates may have adversely influenced the compressive strength tests,
resulting in more variability than is desirable. For all tests, the concrete compressive strength exceeded
the minimum specified value of 2,000 psi indicated on the original drawings.

Quality of Previous Repairs
It is believed that the failure of the previous repair patches is due to poor bond to the existing concrete
substrate and improper repair techniques. Current knowledge of suitable concrete repair techniques has
evolved since the previous repairs were completed. Greater success of modern repairs is largely the result
of improved bond through proper surface preparation techniques.
Current repair techniques usually require all unsound concrete to be removed from a deteriorated area
with additional sound concrete removed from behind exposed or corroding reinforcing bars. Edges of the
sound concrete are usually saw cut square. To enhance bond, the concrete and reinforcing bar surfaces are
heavily sandblasted to provide a sound, clean surface. Exposed reinforcing bars are protected with a fieldapplied corrosion inhibitive coating. Sacrificial anodes may be used to minimize the tendency for
reinforcement surrounding repair patches to have an increased rate of corrosion. This method relies on
anodes of aluminum or zinc that are mechanically attached to the existing reinforcement so that they are
electrically connected to the existing reinforcing steel. The reinforcement is galvanically protected since it
is cathodic relative to the sacrificial anode. The corrosion products of the sacrificial anode are similar in
volume to the original material and therefore to not generate stresses that would cause spalling of the
concrete. The sacrificial anodes must be appropriately sized so that there remains sufficient anode
material for the design life of the repair.
There are multiple requirements for the selection of a patch material that is compatible with the parent
concrete. Bond strength is the primary requirement for a durable repair, although control of drying
shrinkage and compatibility of the coefficient of thermal expansion and modulus of elasticity between the
patch material and the parent concrete are also important. Generally, the bond strength is primarily
controlled by the surface preparation technique. Adequacy of the surface preparation can be evaluated by
specifying bond tests, such as direct tensile tests, during the repair process. Minimizing drying shrinkage
of the patch material will reduce the amount of cracking in the patch as well as reducing the shear stress at
the bond line of the patch. Most cementitious patch materials have similar coefficients of thermal
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expansion as concrete, although polymeric concrete patch materials may have a coefficient of expansion
that is much greater than the parent concrete. Often, modern repair materials are much stronger, and
correspondingly have a higher modulus of elasticity than the parent concrete. To achieve a uniform load
transfer across the repair, the modulus of elasticity should be similar to the concrete substrate, though a
lower modulus of elasticity can be beneficial in minimizing cracking and delamination of the patch.

ESTIMATED REPAIR QUANTITIES
Estimated repair quantities were developed based on the conditions observed during our survey. It should
be expected that these quantities will increase due based on continuing deterioration between the time the
survey was performed and repairs are completed. Most of the repairs to address concrete distress
including, delaminations, spalls, exposed rebar, and surface scaling will consist of near-surface concrete
repairs. These will include vertical repairs at the abutments, spandrel columns, along the sides of the arch,
and sides of the deck beams. Approximately 3200 sq.ft. of vertical repairs are anticipated at these
locations. Remaining near-surface concrete repairs will be overhead or on near-horizontal surfaces, such
as at the top surface of the arch. A total of 600 sq.ft. of overhead repairs should be anticipated. Based on
the amount of distress observed, it will likely be more cost effective to replace approximately four of the
deck beams, the quantities above do not include repairs to these elements. Repairs to the arch groins,
particularly at the east abutment, will likely require the most extensive concrete repairs, possibly
including the addition of supplemental steel to restore their capacity.

CONCLUSIONS
Based on the observations of our condition assessment, it is our opinion that the superstructure elements
have deterioration that is a result of chloride-laden water running down the face of the abutments, center
pier, deck beams, and arches. This chloride-laden water has resulted in slight corrosion of the steel
reinforcement and freeze-thaw damage to the exposed concrete. None of the concrete samples obtained
showed signs of ASR. Exposed longitudinal reinforcing at the arch and floor beams does not have
significant cross-section loss. Most of the concrete deterioration is likely near the surface, though distress
at the arch groins is more significant. It is recommended that further investigation be completed to
determine the extent of this distress, primarily of the groins at the east abutment.
The observed concrete distress can be repaired through cost-effective methods using conventional
concrete repair techniques. Rehabilitation and restoration of existing bridge elements should be completed
in accordance with current preservation practices. While repair materials should have a high durability,
they must also be compatible with the original parent concrete material. For example, many repair
mortars are much stiffer than historic concrete resulting in premature failure of patches. For historical
purposes, it may also be desirable for the new repairs to match the existing concrete in color, texture, and
form marks.

REPAIR CONCEPTS
In general, it is recommended that the rehabilitation of the bridge consider the following strategies:
1. The replacement deck should incorporate drainage details that prevent water from coming into
contact with the superstructure concrete, such as with scuppers and downspouts. The cross-slope of
the deck can be modified to provide positive drainage. Since maintenance may be delayed by several
years after deck joints or the deck membrane has failed, redundant means of water management
should be provided. The number of deck joints may be reduced or eliminated.
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2. During the deck replacement, a secondary means of accessing the superstructure for future
inspections and maintenance may be considered. This would likely include removal of the existing
catwalk and installing a designed system that allows access from one end of the bridge to the other
with tie-offs to allow descent and climbing onto the lower portion of the arch.
3. As part of the rehabilitation program, the future development of corrosion should be monitored and
additional measures to combat corrosion distress, such as coating/sealers and cathodic protection
should be considered.
Estimation of the life span of concrete repairs is difficult because the longevity of the repair relies not
only on the designer and the material selection, but also on the contractor installing the repair, and how
well the structure is maintained. The longevity of the repair relies on each of these aspects and failure of
any aspect will greatly reduce the life span of the repair.
Appropriately designed repairs and the high quality installation of concrete repairs should extend the
useful service life by approximately 15 to 20 years. However, a successful bridge deck and floor beam
repair/replacement program is integral to the long term performance of concrete repairs at the remaining
superstructure and upper substructure elements.
Specific recommendations for each of the bridge elements are as follows:

Arch
The arch is in generally good condition. Deterioration observed on the arch surface was usually associated
with water leakage from above, near surface steel reinforcing bars, or from past repairs. Where water
leaking through bridge deck expansion joints collected and saturated the arch rib concrete, concrete
surface erosion and deterioration from corroding reinforcing steel was observed. This is clearly evident at
areas of insufficient cover over the hoop reinforcement.
At the arch groins, leakage and moisture accumulation has caused cyclic freezing damage. Development
of the repair approaches should include additional investigation at discrete locations, such as the north
arch groin at the east abutment. Most deteriorated and unsound concrete in the arch can be readily
repaired. Concrete removal should be done using small (15 lbs.) chipping hammers until sound concrete
is encountered. The repair areas should be sawcut 4 to 6 inches deep and the entire area chipped further
into the sound concrete. This includes the areas of freezing and thawing damage, corrosion-related
spalling, and poorly consolidated concrete at the construction joints. Some future spalling must be
anticipated, but if deicer leakage and moisture access can be eliminated, future distress will be reduced.
Using alternate types of deicer, such as Calcium Magnesium Acetate (CMA), would further reduce future
distress.
Application of a water repellent to the arches followed by a protective coat of a high-build acrylic sealer
in those areas where moisture exposure is most severe, such as the crowns of the arches and the archabutment connections, is recommended to increase the watertightness of the concrete and reduce the risk
of additional freeze-thaw damage. A siloxane or silane/siloxane blend will work best on existing concrete
surfaces since siloxanes do not require alkalinity in order to react and the existing surface is heavily
carbonated. While silanes will penetrate deeper into the concrete, they require alkalinity to react. A
silane/siloxane sealer should be applied to the entire bridge surface, including new concrete to promote
water shedding. Verify that repair concrete is fully cured before application of the silane. Generally, the
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best performance will be achieved with a high solids content sealer (silane/siloxane blends are typically
available with 7 to 53 percent solids content).
The added benefit of using an acrylic sealer on the top side of surfaces prone to collect water is that the
acrylic coating is able to resist greater amounts of water. Whereas the water repellant penetrates into the
concrete, the acrylic is a surface coating. Several drawbacks to the use of an acrylic sealer should be
considered. Their application can result in the concrete looking wet or shiny and darkening the color of
the surface. Compatibility issues between the two types of coatings should be evaluated and tested prior
to the selection of a coating system. A mock-up evaluation program on an easily accessible portion of the
structure should be considered for this purpose.

Abutments and Columns
The columns and abutments are not as likely to be as durable as the arch due to the higher chloride
content. Deterioration is usually limited to areas that have been exposed to large amounts of chlorides,
i.e., below leaking expansion joints. Rehabilitation decisions need to be made on an individual basis.
Generally the fixed columns are in relatively good condition and need only patching of local areas and
possibly replacement of the top several feet in contact with the deteriorated and chloride-laden deck.
Expansion joint columns are in much worse condition and repairs may include partial or complete
replacement.

Floor Beams
Replacement of all original floor beams and column caps supporting expansion joints is recommended.
Corrosion and cyclic freeze-thaw damage have made some areas beyond reasonable repair. Repaired floor
beams and columns should be able to be reused if they are not damaged during deck removal. Some
patching may be required to repair isolated spalls and delaminations during deck reconstruction. The floor
beams that are to be saved and the new floor beams and columns to be installed should be protected with
a silane sealer.

Expansion Joints
An analysis should be conducted to assess the feasibility of eliminating some of the deck joints. Limiting
joints will reduce the number of locations where joint leakage can occur. Placing the joints away from the
spandrel columns will help keep deicer leakage away from the column concrete. The structural
implications of this modification must be analyzed. A back-up secondary joint seal or neoprene gutter
system should also be installed at each deck joint.
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FIGURES

Figure 1. North elevation of Vilas Bridge over the Connecticut River

Figure 2. Coring at east abutment

Vilas Bridge
Condition Assessment
November 10, 2010
Page 20

Figure 3. Spalling of east abutment face and north spandrel arch
under deck joint

Figure 4. Spalling of south spandrel arch under deck joint at east
abutment
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Figure 5. Localized areas of delamination and efflorescence from
cracks on east elevation of west abutment

Figure 6. Delamination and surface scaling at corner
of west abutment
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Figure 7. Corrosion staining at vertical face of center pier and
debris on horizontal surface

Figure 8. Typical delamination at center pier below
arch springline
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Figure 9. Spalling and exposed reinforcement on exterior face of
arch below drip edge

Figure 10. Incipient spall (top arrow) and previous patch (lower
arrow) with exposed tie reinforcement at exterior face of arch
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Figure 11. Spalling at top of arch rib and efflorescence below deck
joint

Figure 12. Debris at groin of south arch at east
abutment
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Arch

Abutment

Figure 13. Spalling of north arch at east abutment
bearing

Figure 14. Longitudinal crack along bottom reinforcing mat of arch.
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Figure 15. Exposed reinforcement at top surface of arch

Figure 16. Delaminated, feather-edged patch at base of spandrel
column
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Figure 17. Longitudinal cracking of horizontal strut between arches

Figure 18. Cracking of spandrel column at east side of
center pier
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Figure 19. Vertically oriented cracks at inside face of
center pier

Figure 20. Spalling and exposed reinforcement on
inside face of center pier
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Figure 21. Local areas of delamination at corners of short spandrel
column at column line A.2

Figure 22. Local areas of minor delamination and
exposed reinforcement on spandrel column at column
line B.1
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Figure 23. Regularly-spaced delaminations on spandrel
column at column line B.8

Figure 24. Spall and exposed reinforcement at bottom of floor beam
at column line B.6
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Figure 25. Longitudinal reinforcement measurement at column line
B.6 floor beam

Figure 26. Previous shotcrete repair of column line B.3 floor beam
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Figure 27. Spalling of shotcrete repair at column line A.3floor beam

Figure 28. Floor beam at column line A.2 with minor delamination
at south end
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Figure 29. Cantilevered portion of floor beam at column line B.3
with concrete spalling and exposed reinforcing steel

Figure 30. Typical anchorages for catwalk and conduit
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Figure 31. Top surface of north arch rib between column lines B.2
and B.3 selected for HCP study

Figure 32. HCP of top of north arch rib between
column lines B.2 and B.3 (in mV)
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Figure 33. Interior face of north arch rib between column lines B.1
and B.2, selected for HCP study

Figure 34. HCP of interior north arch rib between column lines B.1
and B.2 (in mV)
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Figure 35. West elevation of east abutment selected for
HCP study

Figure 36. HCP of east abutment, west elevation (in
mV)
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Figure 37. Carbonation depth measurements using
phenolphthalein at east abutment

Figure 38. Lapped longitudinal cross section of core 3. Dashed line
marks the boundary between carbonated and non-carbonated paste
(outside surface of core on left side).
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Figure 39. Lapped cross section of the outer 3.3 inches of core 5.
Dashed line marks the boundary between carbonated and noncarbonated paste (outside surface on top side).
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Figure 40. Lapped longitudinal cross section of core 6. Cracks are
shown in red. Dashed line marks the boundary between carbonated
and non-carbonated paste (outside surfaces on top side).

Figure 41. Lapped longitudinal cross section of core 13. Arrows
show depth of carbonation at core ends. Dashed lines mark the
boundary between carbonated and non-carbonated paste (throughthickness sample outside surfaces left and right sides).
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Figure 42. Arrows show sub-parallel cracks in mica schist aggregate
particle located near outside surface. Field width is approximately
0.2 inch from left to right.

Figure 43. Arrows show consolidation voids along the pasteaggregate boundary of two coarse aggregate particles. Field width
is approximately 0.5 inch from left to right.
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Figure 44. Low-angle illumination reveals patches of soft, porous
paste (typical area is circled). Field width is approximately 0.2 inch
from left to right.

Portland cement particle

Figure 45. Portion of a 0.8 mm long Portland cement particle. Red
arrows show smaller cement particles. Plane-polarized light. Field
width is approximately 1.2 mm from left to right.
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Figure 46. Core 6 - Longitudinal crack at outside surface. Crack is
0.01-inch wide. Crack walls are carbonated. Field width is
approximately 0.5 inch from left to right.

Figure 47. Core 6 - Intersection of longitudinal crack (red dashed
lines) with a transverse crack (yellow dashed line) at a depth of 2.5
inches.
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Figure 48. Chloride profiles for sampled cores

APPENDIX A - FIELD OBSERVATION SHEETS

APPENDIX B - PHOTOGRAPHS OF CORES
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Figure B1. Core 2 from East Abutment, West Elevation

Figure B2. Core 3 from East Abutment, West Elevation
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Figure 49. Core 4 from Spandrel B.8 North, Outer Col., East
Elevation

Figure B4. Core 5 from Spandrel B.8 North, Outer Col., East
Elevation
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Figure B5. Core 6 from Spandrel B.6 North, Floor Beam, East
Elevation

Figure B6. Core 7 from Spandrel B.6 North, Floor Beam, East
Elevation
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Figure B7. Core 8 from Spandrel B.1 North, Floor Beam, East
Elevation

Figure B8. Core 9 from Spandrel B.1 North, Floor Beam, East
Elevation
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Figure B9. Core 10 from Spandrel B.1 North, Outer Col., East
Elevation

Figure B10. Core 12 from West Abutment, North Elevation
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Figure B11. Core 13 from Spandrel A.1 North, Arch Face between
A.1|A

Figure B12. Core 14 from Arch North Elevation, between A.2|A.1
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Figure B13. Core 15 from Arch North Elevation, between A.2|A.1

Figure B14. Core 16 from Pier B North Elevation
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Figure B15. Core 17 from Pier B North Elevation

APPENDIX C - CONCRETE COMPRESSIVE STRENGTH DATA
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