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LIMITED LIABILITY STATEMENT

THIS REPORT IS FOR THE EXCLUSIVE USE OF M.S.L.’S CLIENT AND IS PROVIDED ON AN
“AS IS” BASIS WITH NO WARRANTIES, IMPLIED OR EXPRESSED, INCLUDING, BUT NOT
LIMITED TO, WARRANTIES OF MERCHANTABILITY AND FITNESS FOR A PARTICULAR
PURPOSE, WITH RESPECT TO THE SERVICES PROVIDED. M.S.L. ASSUMES NO LIABILITY TO
ANY PARTY FOR ANY LOSS, EXPENSE, OR DAMAGE OCCASIONED BY THE USE OF THE
REPORT. ONLY THE CLIENT IS AUTHORIZED TO COPY OR DISTRIBUTE THIS REPORT AND
THEN ONLY IN ITS ENTIRETY. THE REPORT'S ANALYSIS, RESULTS, AND
RECOMMENDATIONS REFLECT THE CONDITION OF THE SITES TESTED EXCLUSIVELY,
AND MAY NOT BE REPRESENTATIVE OF ALL LOCATIONS THROUGHOUT A TESTED
STRUCTURE. THE REPORT'S OBSERVATIONS AND TEST RESULTS ARE RELEVANT ONLY
TO THE SAMPLES TESTED AND ARE BASED ON IDENTICAL TESTING CONDITIONS.
FURTHERMORE, THIS REPORT IS INTENDED FOR THE USE OF INDIVIDUALS WHO ARE
COMPETENT TO EVALUATE THE SIGNIFICANCE AND LIMITATIONS OF ITS CONTENT
AND RECOMMENDATIONS AND WHO ACCEPT RESPONSIBILITY FOR THE APPLICATION
OF THE MATERIAL IT CONTAINS.

THE STADIUM® MODEL IS A HELPFUL TOOL TO PREDICT THE FUTURE CONDITIONS OF
CONCRETE MATERIALS. HOWEVER, ALL DURABILITY-MODELING PARAMETERS HAVE A
STATISTICAL RANGE OF ACCEPTABLE RESULTS. THE MODELING USED IN THIS REPORT
USES VALUES AS INPUT PARAMETERS BASED ON TECHNICAL INFORMATION OBTAINED
FROM TECHNICAL DATASHEETS. THIS PROVIDES A SINGLE RESULT, WHICH PROVIDES A
SIMPLE ANALYSIS EVALUATING CORROSION PROTECTION OPTIONS. PREVIOUS
CONDITIONS ARE ASSUMED TO CARRY FORWARD IN THE PREDICTION MODEL; THERE
ARE NO ASSURANCES THAT THE STRUCTURE WILL BE EXPOSED TO A SIMILAR
ENVIRONMENT AS IN THE PAST.

ALL ANALYSES IN THIS REPORT ARE BASED STRICTLY ON THE CORROSION
PROTECTION AND CONDITION OF THE REINFORCED CONCRETE MATERIALS. THE
CONDITION APPRAISAL AND ANALYSIS BY NO MEANS CONSTITUTES A STRUCTURAL
ENGINEERING CONDITION  APPRAISAL OR ANALYSIS. ANY AND ALL
RECOMMENDATIONS PRESENTED IN THIS REPORT SHOULD BE VERIFIED AND
VALIDATED BY A COMPETENT STRUCTURAL ENGINEER.

© Copyright - Material Service Life, LLC
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1 Mandate

1.1 Introduction

Materials Service Life, LLC (MSL) was mandated by Appledore Marine Engineering, Inc.
(AME) to characterize the concrete and to assess the service life of the underwater
concrete piers from two bridges located at Portsmouth, New Hampshire. The mandate
also covered the assessment of different repair options and recommendations for
maintaining the pier in good condition. The service life assessment was done with
simulations performed with STADIUMS, a predictive modeling software. The two bridges
are:

- Memorial Bridge
- Sarah Mildred Long Bridge

This report presents the concrete characterization and condition assessment for the
Memorial Bridge only. A separate report was done for the Sarah Mildred Long Bridge.

The Memorial Bridge is a through truss lift bridge that carries U.S. 1 across the Piscataqua
River between Portsmouth, New Hampshire and Badger's Island in Kittery, Maine USA.
The bridge was constructed between 1920 and 1923, has a total length of 366.1 m (1,201 ft)
and 8.5 m (27.9 ft) width. The main unit is composed by 3 spans, including the lift span
between the towers (Figure 1). There are ten approach spans.1,2

Figure 1 - Typical view of the Memorial bridge over the Piscataqua River at
Portsmouth, NH!

1 wikipedia
2 http:/ /nationalbridged.com

© Copyright - Material Service Life, LLC
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1.2 Objectives and Work Scope

This investigation was undertaken to identify the cause of the concrete degradation of the
underwater concrete piers, to generate information on the residual service-life of the
structure and to analyze the influence of different remediation strategies. The work scope
included a laboratory investigation and a service life modeling.

The field work, including the cores selection, and the core extraction were performed by
Appledore Marine Engineering (AME) personnel. Six 2 %-in. diameter cores were
extracted in the underwater portion of the piers.

A final report was prepared to summarize the laboratory results, the service life
simulations, the conclusions, and the recommendations.

1.21 Laboratory Investigation

Laboratory testing was conducted on concrete cores received. Results of the laboratory
and field investigations were used to predict future performance of the concrete. The
laboratory investigation included the following tests:

1. Determination of compressive strength according to ASTM C39 - Standard Test
Method for Compressive Strength of Cylindrical Concrete Specimens. Compressive
strength was determined on two 2 %-in. diameter cores taken from two different
piers.

2. Determination of ionic diffusion coefficients from the results of transport property
tests based on the following procedures:
o Porosity test according to ASTM C642 - Standard Test Method for Density,
Absorption, and Voids in Hardened Concrete;
o Pore solution chemistry analysis;
o Ion migration test (modified- ASTM C1202 - (05) - Electrical Indication of
Concrete’s Ability to Resist Chloride Ion Penetration).

The two companion test samples needed for each test were from two different
piers. Moreover, in each selected core, a porosity test sample was selected near an
ion migration test sample.

3. Evaluation of the condition of the concrete and possible causes of deterioration.
Petrographic examinations were carried out in compliance with guidelines
provided in ASTM CB856 - Standard Practice for Petrographic Examination of Hardened
Concrete. Analyses were performed by Niels Thaulow of RJ Lee Group Inc.
Petrographic examinations included the determination of carbonation depth using

© Copyright - Material Service Life, LLC
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the phenolphthalein pH-indicator and microscopic observations. The concrete
microstructure was observed by optical and scanning electron microscopy (SEM).
Petrographic examinations were conducted on one concrete core to obtain
information on the concrete and the aggregate properties and to detect any active
degradation mechanisms.

4. Determination of total chloride content based on the procedure in ASTM C1152-
(04) - Standard Test Method for Acid-Soluble Chloride in Mortar and Concrete. Total
chloride contents were measured at various depth increments from exposed
surface. Chloride ion profiles were determined to assess the severity of chloride ion
contamination from exposure to seawater exposure. Two concrete cores were
selected, such as they represent different pier and different water level.

5. Determination of the air-void characteristics according to ASTM C457 - Standard
Test Method for Microscopical Determination of Parameters of the Air-Void System in
Hardened Concrete. The test was performed on one core.

1.2.2  Service Life Modeling

The service life modeling included three subtasks, described below. Field and laboratory
data were used to predict future durability performance and to propose repair options
(restoration and maintenance). A state-of-the-art software, called STADIUM®, was used to
model future performance against deterioration of concrete. The analysis involved:

1. Determination of past chloride exposure conditions using the chloride ion profiles
and concrete transport properties obtained with the laboratory investigation.

2. Prediction of future chloride contamination using STADIUM®. Evaluation of the
possible future deterioration based on the data collected during the laboratory
testing.

3. Assessment of maintenance and repair options to determine the most effective
technical solutions to extend the expected service life of the structure.

© Copyright - Material Service Life, LLC
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2 Laboratory Investigation

Laboratory testing was conducted on the concrete cores received. Tests results are
presented in the following sub-sections. The results are presented in this section
(section 2) and the discussion on the results is presented in section 3.

2.1 Visual Inspection of the Cores

The cores were extracted under the supervision of Appledore Marine Engineering (AME).
Six 2 %-in. diameter concrete cores from Memorial bridge were received at the laboratory.

From the information received, the cores were taken from different pier and at different
elevation. Table 1 presents the list of the cores received along with their location. All
concrete cores were identified as written on the concrete core, provided by Appledore
Marine Engineering, Inc.

Table 1 - Samples received

Core Pier Element EL. Number
ID (MLLW) | of pieces
#1-1 Memorial Bridge North | Downstream nose 0 2
#1-2 Memorial Bridge North | Upstream nose -25' 1
#1-3 Memorial Bridge North | Downstream nose -50’ 2
#2-1 Memorial Bridge South | Upstream nose 0 1
#2-2 Memorial Bridge South | Downstream nose -25' 1
#2-3 Memorial Bridge South | Upstream nose -50 1
# 2-3 Memorial Bridge South | Upstream nose -50 1

Visual observations for all cores are presented in Tables 2. Upon reception, the cores were
photo-documented. Pictures of the cores are presented in Appendix A. A complete visual
inspection of one core is presented for the samples selected for petrographic examination.
These observations are presented in section 2.4.

© Copyright - Material Service Life, LLC
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Table 2 - Visual observations of the cores received from Memorial Bridge

ID

Number
of pieces

Diam,
(inch)

Length
(inch)

General Comment

#1-1

2

2%

13

- Well consolidated concrete (Dmax =1 %8")

- Exposed surface was delaminated (apparent broken
coarse aggregates)

- Cracks parallel to the exposed surface to a depth of
1" (cracks propagated through aggregate)

#1-2

2%

12 %

- Well consolidated concrete (Dmax = 2 ¥8")
- Exposed surface was rough without apparent
coarse aggregate

#1-3

2%

13 %

- Well consolidated concrete (Dmax = 1 ¥8")
- Exposed surface was covered by plywood

- White deposits at 7 12" depth

#2-1

2%

- Well consolidated concrete (Dmax = 2”)

- Exposed surface was rough without apparent
coarse aggregate

- Crack perpendicular to the exposed surface, 1" long
from surface, at cement-paste / aggregate interface

#2-2

2%

12 %

- Well consolidated concrete (Dmax = 2 ¥8")

- Exposed surface was rough without apparent
coarse aggregate

- Crack parallel to the exposed surface at /4" depth
(white deposit within the crack)

#2-3

2%

12 %4

- Well consolidated concrete (Dmax = 2")
- Exposed surface was rough without apparent
coarse ageregate

© Copyright - Material Service Life, LLC




(W\:I RIALS

SERVICE
LIFE

2.2 Compressive strength

Compressive strength determination was performed in accordance with ASTM C39 -
Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens. Individual
results are summarized in Table 3, expressed in psi and MPa. From Table 3, the average
compressive strength is 3,270 psi. However, variation is observed from the two results.

Table 3 - Compressive strength results

Core . Sample position Compressive
LD. Bridge in core*, inch SEeasLY

’ psi (MPa)*
#1-2 | Memorial Bridge 5% to 10 78" 4,785 (33.0)
#2-1 Memorial Bridge %' to5 %"’ 1,755 (12.1)

Note *: depth measured from the exposed surface of core
Note *: as received conditions
Note 1: 1 MPa = 145 psi

2.3 Air-void characteristics

The air-void characteristics were determined according to ASTM C457 - Standard Test
Method for Microscopical Determination of Parameters of the Air-Void System in Hardened
Concrete. The characteristics measured with this test allows evaluating the concrete’s
ability to adequately resist frost action such as freezing and thawing cycles in saturated
conditions in the presence or absence of deicing salts.

Test was performed on one core by bridge. The results of the tests are presented in
Table 4. In Table 4, the measured air content and spacing factor are below 2.5% and over
0.020 inch (500 pm), respectively.

Table 4 - Parameters of the Air-Void System in Hardened Concrete

Core Paste Air Specific Spacing

LD Bridge Content, Content, Surface, Factor,
o % % inchl (mm1) | inch (um)

#1-2 Memorial Bridge 24.2 24 323 (12.7) 0.020 (506)

© Copyright - Material Service Life, LLC
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2.4 Transport properties

To generate information on the transport properties of concrete, the ionic diffusion
coefficients were determined with the porosity test and the ion migration test. These tests
were performed on concrete specimens cut from the extracted cores. The two companion
test samples needed for each test were from two different piers.

2.4.1 Porosity

Porosity measurements were performed according to ASTM C642 - (06) - Standard Test
Method for Density, Absorption, and Voids in Hardened Concrete. Porosity corresponds to the
total volume of voids that can be saturated with water. In addition to provide information
on the quality of in-place concrete, porosity values were used as input parameters in
STADIUM®-IDC to determine diffusion coefficients and in STADIUM® to simulate future
contaminant ingress. The selected cores and their respective results are summarized in
Table 5.

As can be seen in Table 5, porosity results are variable, from 9.1% to 13.0%. The
absorption results are also variable, from 3.8% to 5.7%, which correlates with the porosity
results. Based on these results, the concrete seems to be of good quality.

Table 5 - Absorption and Porosity Results

Core , Sample position N -
LD. Bridge inferelxinch Absorption, % Porosity, %
#1-3 Memorial Bridge 1% to5 V" 5.7 13.0
#2-3 Memorial Bridge 2V to 6 Y’ 3.8 9.1

Note *: depth measured from the exposed surface of core

2.4.2 Ionic Diffusion Coefficients

Ionic migration tests were performed to characterize the ionic diffusion properties of the
concrete cores extracted from the piers. The test used was a modified (and improved)
version of ASTM C1202 - (05) - Electrical Indication of Concrete’s Ability to Resist Chloride Ion
Penetration.

Ion transport through a saturated concrete specimen was accelerated by applying an
electrical potential to the test cell. During testing, which lasts usually 14 days, the current
passing through the sample was measured. Migration test results, as well as porosity,
were used to determine the diffusion coefficients using STADIUM®-IDC, a specialized
version of STADIUM®. The length of the samples was extended to 3" rather than the

© Copyright ~ Material Service Life, LLC
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usual 2” length in order to avoid direct path along the cement paste-aggregate interface.
The selected cores and their respective results are presented in Table 6. The results vary
from 9.5 to 19.0 x 1011 m2/s, for an average of 14 x 1011 m?2/s.

Table 6- OH- Diffusion Coefficient Results

. OH- Diffusion
Core . Sample position e Average,
LD Bridge in core*, inch coefficient, x 10:11 m2/s
e ! x 1011 m2/s
#1-3 Memorial Bridge 8V tol1l Ya”’ 19.0 T
#2-3 Memorial Bridge 6% to9 %" 9.5

Note *: depth measured from the exposed surface of core

2.5 Petrographic examinations

One core was selected for petrographic examination. Sample was cross-sectioned and one
surface was coated with the pH indicator phenolphthalein. Two thin sections were then
prepared from the core, one from the exposed surface and one from the interior (a total of
2 examinations was performed). Niels Thaulow at R] Lee Group performed these
examinations.

The thin sections were analyzed in accordance with ASTM C 856-04 Standard Practice for
Petrographic Examination of Hardened Concrete using visual examinations, an optical stereo-
microscope, a polarized light microscope (PLM) and a scanning electron microscope
(SEM) with energy dispersive spectrometry (EDS). The water/cement ratio (W/C) was
determined by fluorescence microscopy and the composition of the concrete was
calculated based on W/C and estimation of the cement paste content.

2.5.1 Visual Observations of Samples

The visual observations are a compilation of observations made visually on the core in as-
received condition and with an optical stereo-microscope on the cut face of the core.

North Pier of Memorial Bridge, core #1-1 (RJLG ID 3638015)

The received half-core was 2 %" in diameter and approximately 12 %" in length. It was
broken into two pieces at approximately 9 ¥2” from the exposed surface. The top exposed
surface had marine growth, exposed aggregate, and small cracks. The bottom was a
fractured surface. No reinforced steel was present. The paste was light gray in color and
even in appearance. The concrete was well consolidated. The coarse aggregate was mostly
rounded. The maximuimn aggregate size was about 1 2”. The exposed surface was
carbonated to a depth of 1 mm, but patch carbonation, as indicated by the dark pink color,

© Copyright - Material Service Life, LLC
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was seen at approximately 2 %" deep. Section location and the phenolphthalein test are
shown in Figure B1 and Figure B2 in Appendix B.

2.5.2 Microscopy Observations

Microscopy observations were performed on thin sections extracted from selected areas.

North Pier of Memorial Bridge, 1-1, RILG ID 3638015

Thin sections were prepared from the top exposed surface (noted as “T”) and from the
interior of the core (noted as “B”) perpendicular to the exposed surface. The concrete was
not air-entrained and was dense with a water/cement ratio of approximately 0.50. The
cement was a Portland cement and fully hydrated. The cement paste content was
estimated as 30% by volume. No fly ash or slag was seen. The coarse aggregate consisted
of predominately feldspar and quartz. The fine aggregate was quartz. No alkali silica
reaction was seen. The exposed surface had severe external sulfate attack seen as cracking
parallel to the exposed surface and ettringite in cracks and voids. Monosulfate was seen in
the interior sample. Calcium carbonate was seen in cracks near the exposed surface and
calcium hydroxide was seen in the non-carbonated paste throughout the core. Friedel's
salt, a sign of chloride ingress, was seen in the top section of the core. In Appendix B,
images from the petrographic microscope are shown in Figure B3 through Figure B8 and
images from the SEM are shown in Figure B9 through Figure B37.

2.5.3 Concrete composition

The composition of the concrete was assessed during the petrographic examinations and
is summarized in Table 7. The cement content is calculated based on the estimated paste
volume and water-cement ratio assuming a specific gravity of 3.15 for the cement. The
concrete has a water/cement ratio of 0.50, which correlates with the porosity results but
not the ionic diffusion coefficient results. The concrete analyzed is of fair quality based on
all results.

Table 7 - Composition of the Concrete

Core . Observed properties Calculated Cement

LD. Bridge Water/Cement | Paste Content, Content*,
ratio % Ib/yd? (kg/m3)

#1-1 Memorial Bridge 0.50 30 619 (367)

Note *: The cement content is calculated based on the estimated paste volume and w/c ratio assuming a
specific gravity of 3.15 for the cement.

© Copyright - Material Service Life, LLC
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2.6 Total Chloride Content Profiles - Test Results

Total chloride ion content was measured, at various depth increments, based on the
procedure described in ASTM C1152 - Standard Test Method for Acid-Soluble Chloride in
Mortar and Concrete. The concrete was ground at different depth to produce a fine powder
prior to chloride determination. For each chloride content determination, a minimum of
20 grams of concrete was ground. Chloride ions were digested using a diluted nitric acid.
Diluted nitric acid was prepared with a commercial laboratory concentrated nitric acid
(normal concentration of 65%). The mix was 1 volume of 65% HNO; to 9 volumes of
distilled water. After the oven-drying period, 10 grams of dried powder sample was
weighed and placed into a 150-ml beaker. The 100 ml diluted nitric acid, heated at 176°F
(80°C), was poured into each beaker and mixed with the powder sample. One hour after
adding acid, the dissolved solution was then vacuum filtered using filter paper (47 mm
55, Cat. no. 1001 055). The filtrate was collected in plastic sample bottle for chloride
concentration analysis. Chloride content was determined using an automatic titrator
(Mettler DL21).

Chloride profiles were performed on two concrete cores selected from the received cores
(see Table 1). The selected concrete cores represent different piers and different water
level. Figure 2 presents the chloride profiles determined on the selected concrete cores. On
the graphs, 0 on the X-axis represents the surface exposed to seawater. In this figure, it can
be observed that, near the surface, the chloride concentrations are relatively high (around
7,000 ppm).

- Mermorial Bridge # 1-1 -A& Memorial Bridge # 2.2

10 000
9500 -1
9000
8 500
8000
7 500
7000 +
6 500 4
5000 +
5500 4
5000
4500
4000
3500 4
3000
2500
2000 +
15004
10004
500 A

lon Chloride Concentration, PPM

Depth, Inch

Figure 2 - Experimental chloride profiles - Memorial Bridge after 89 years of exposure

© Copyright - Material Service Life, LLC
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3 Discussions -~ Results and Observations

Different tests were performed to assess the characteristics of the concrete, the
contamination level and possible degradation mechanisms inside the concrete extracted
from the Memorial Bridge over the Piscataqua River at Portsmouth, NH.

3.1 Compressive strength

The compressive strength results are variable from one location to the other (1,755 and
4,785 psi (12.1 and 33.0 MPa)). The test on core #2-1 failed from the capped side which
was closed to the exposed surface. Visual observations showed damage at the exposed
surface that can explain the unsuitable failure and the lower results for this sample, i.e.
1,755 psi (12.1 MPa). The unit weight of the tested sample also indicates a lower concrete
quality for the sample #2-1 compared with sample #1-23. It is thus considered that the
result from core #1-2, i.e. 4,785 psi (33.0 MPa), is more representative of the in-place
undamaged mass concrete of the piers of Memorial Bridge.

3.2 Airvoid characteristics

These results suggest that piet’s concrete was not properly air entrained. The air-void
network does not possess the required characteristics to protect the concrete of the piers
against the effects of freezing and thawing in saturated conditions or against deicer salt
scaling. Suggested values of 0.008 inch (200 pm) for the spacing factor and 6% for the air
content are given in the document ACI 201.2R Guide to Durable Concrete to protect concrete
against frost action.

3.3 Transport properties

The concrete from both piers have porosity around 13%. The porosity results are
indicative of good quality concrete. Good quality normal-weight laboratory-produced
concrete with a 0.45 water-binder ratio generally shows 11% to 12% porosity. It should be
noted that the nominal diameter of the coarse aggregates is large (i.e. about 2" in South
Pier of Memorial Bridge, see Table 2). Thus the test could not be representative of the in-
place concrete since the cores had a diameter of 2 %", in particular for the South Pier of
Memorial Bridge that exhibits higher nominal diameter for the coarse aggregate (Table 2).
The lower porosity of core #2-3 can be explained by the presence of large quantity of
aggregates, which have a lower porosity than the mortar matrix. Since aggregates are not
porous, more aggregates in the sample usually lead to lower porosity.

3 Sample #2-1 unit weight: 139 1b/ft3; Sample #1-2 unit weight: 156 Ib/ ft3;

© Copyright - Material Service Life, LLC
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The ionic diffusion coefficient varies from one location to the other. The variability in the
ionic diffusion coefficient results is consistent with the variability found for the porosity
results given in Table 5 (both samples were extracted from the same core). A variability is
observed in this concrete as it was for the porosity and the compressive strength.

The ionic diffusion coefficients indicate that the concrete is more porous than a typical
0.45 water-cement ratio concrete. Based on this affirmation, the ionic diffusion coefficient
does not correlate the quality of concrete with the porosity. From the ionic diffusion
coefficient results, the concrete from these structures could be considered porous, since
good quality laboratory-produced concrete having a water/binder ratio of 0.45 normally
shows values from 10 to 13 x 1011 m2/s.

3.4 Petrographic examination

The North Pier of Memorial Bridge showed signs of severe external sulfate attack to a
depth of 1 %" at the waterline. The potential for more deterioration in the future is still
possible.

At the exposed surface, there were cracks parallel to the surface and a portion of the
cement paste was converted to magnesium silicate, which has no strength (see Figure 3).
Calcium carbonate, magnesium hydroxide (see Figure 4), and ettringite (see Figure 5)
were found in the cracks near the exposed surface. Ettringite is a sign of external sulfate
attack, whereas the calcium carbonate and magnesium hydroxide result from exposure to
seawater.

There were no signs of alkali silica reaction. The interior of the pier was sound concrete
with fully-hydrated Portland cement.

There was evidence of chloride ingress at the exposed surface in the form of Friedel’s salt
and chloride in the paste. Chloride ingress can cause corrosion of the steel reinforcements
without deleterious effects in the paste. The concrete was not air-entrained, which may
exacerbate cracking at the waterline and above due to freezing and thawing.

© Copyright - Material Service Life, LLC
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decaicified CSH

showing many cracks parallel to the exposed surface due to external sulfate attack.
Near the surface, decalcified CSH has been converted to magnesium silicate with
aluminum, which has no strength. Calcium carbonate is seen in the crack. The area
below the crack is rich in magnesium.

© Copyright - Material Service Life, LLC
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Figure 4 - North Pier of Memorial Bridge, core #1-1 (RJLG ID 3638015T). SEM image
showing crystalline magnesium hydroxide (Brucite) in a crack.
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19 mm Je L

eltringite

Figure 5 - North Pier of Memorial Bridge, core #1-1 (RJLG ID 3638015T). SEM image
showing ettringite filling multiple cracks.
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3.5 Chloride profiles

Chloride profiles have shown in Figure 2 (see section 2.6) show that the investigated piers
are contaminated with chlorides. From the results, the concrete is contaminated with
chlorides to a depth of at least 12 inches. Chloride profiles in Figure 2 suggest that the
concrete from piers is exposed to high salinity water.

4 Corrosion initiation

The critical chloride concentration required to initiate the corrosion reaction has been
extensively investigated over the past decades. Moreover, the critical chloride threshold
for corrosion initiation is not a fixed value. Recent investigations suggest that the
threshold chloride concentration is also influenced by the quality of the steel (plain steel,
epoxy-coated, or stainless).* Furthermore, for a given type of steel, threshold values tend
to vary quite significantly.5¢ For instance, in their comprehensive review, Alonso et al2
found that values reported for black steel ranged from 0.25% to 3.0% of chloride per mass
of binder. A total chloride content above 0.30% of the cement mass is often considered
sufficient to initiate corrosion of black steel” in concrete that is initially chloride-free. This
threshold is used by the Federal Highway Administration (FHWA) but is, based on the
literature data, a conservative assumption since it is in the lower part of the bracket.

Tests performed by MSL have yielded a threshold value within this range. The corrosion
initiation threshold established by MSL is 0.50 + 0.05% of the cement mass?. This critical
chloride content will be used in the following analysis.

Using a critical chloride content threshold of 0.50 + 0.05% per mass of cement, for a
concrete having a cement content of 619 Ib/yd3 (367 kg/m?3), based on the petrographic
examinations, and a bulk dry specific gravity of 2.30 (calculated from the porosity results),
the chloride threshold would be 0.072 % by mass of dry concrete (720 ppm).

The ion chloride profiles in Figure 2 indicate that the chloride content is over the critical
value of 720 ppm up to 12 in. depth. However, the corrosion initiated by chloride
contamination should propagate slowly where concrete element is totally immerged. The
fully saturation of concrete leads to the lack of oxygen around the embedded rebars. The

* Federal Highway Administration (FHWA), Corrosion Evaluation of Epoxy-coated, Metallic-clad and Solid Metallic
Reinforcing Bars in Concrete, Report No. FHWA RD 98 153. December 1998.

3 Alonso, C. et al. 2000, ‘Chloride Threshold Values to Depassivate Reinforcing Bars Embedded in a Standardized OPC
Mortar’, Cement and Concrete Research, Vol. 30, pp. 1047-1055.

¢ Bentur, A., Diamond, S., Berke, N. (1999) Steel Corrosion in Concrete - Fundamentals and Civil Engineering Practice,
E & FN Spon.

U Rosenberg, A. et al. 1989, ‘Mechanisms of Corrosion of Steel in Concrete’, Materials Science of Concrete, Vol. 1, J.
Skalny ed., American Ceramic Society, Westerville (USA), pp. 285-313.

¥ Henocq et al., 2007, ‘Determination of the Chloride Content Threshold to Initiate Steel Corrosion’, Proceedings of the
5" International Essen Workshop — Transport in Concrete:Nano to Macrostructure, Max J. Setzer Editor, June 2007.
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reduction reactions are slowed, if not stopped, without supply of oxygen at the rebar.
Under these conditions, the reduction reaction controls the corrosion rate which is
maintained low. However, in tidal zone, oxygen is available and corrosion can propagate
faster.

5 Service Life Modeling - Time to Corrosion Initiation

5.1 Exposure conditions

Numerical simulations were run to predict future chloride ingress and concrete
degradations. For the simulations, it was considered that the piers were massive and that
at 30 inches, the concrete condition was stable. Thus only the first 27 %2 inches, from the
exposed surface, were simulated. The parameters for the modeling have been presented
in section 2.

The temperature of the sea water was considered since the cores were below the Mean
Lower Low Water elevation (Table 1). Temperature was fixed based on data found for
Wells, ME, located at 20 miles from Portsmouth, NH (source: http://tidesand
currents.noaa.gov). Numerical simulations were run assuming the concrete was
immersed in seawater with a salinity of 34%.. The concrete was exposed to 100% relative
humidity from the exposed surface. The average temperature used in the simulations is
49 + 12.5°F. Figure 6 presents the cyclic temperature used in the numerical simulations.

Temperature Temperature
(at x=0) == atx=0 — atx-L (at x=L}
80- -80
i R e - 60
- - - ™ g : L -~ o
40+ RN o w0 40
20 20
0 T T T T 0
0.0 730 146.0 2180 2920 365.0

Annual Temperature History [days]
Figure 6 - Cyclic temperature used in the simulation

Simulations were run for 89 years. From the salinity, the seawater had 530.7 mmol/L of
chloride, 27.2 mmol/L of sulfate, and 51.6 mmol/L of magnesium. The concentration of
chloride is considcred high while for the two other ion species, the concentrations are
considered low. This is typical for seawater composition on the east coast.

The mix used i the simulations was based on the results of the petrographic
examinations that indicated that the water-binder ratio was approximately 0.50 and the

© Copyright - Material Service Life, LLC



17

CFI FNLES

SERVICE
LIFE

paste content was around 30%. A 0.45 water-binder mix without supplementary
cementitious materials was selected. Due to the high chloride binding potential of the
concrete (see Figure 2), the cement used in the simulation was rich in SOs; and ALO:s.

5.2 Numerical Model Validation

Exposure conditions were determined for both investigated structures. Figure 7 presents
the experimental chloride profiles along with the numerical simulation results used to
reproduce them using the exposure conditions presented earlier. A red line represents
numerical simulations. It can be seen that STADIUM® simulations reproduced the actual
chloride penetration relatively well. However, the average ionic diffusion coefficient had
to be increased to a value of 30 x 10! m?/s compared to a maximum value measured of
19 x 101 m2/s. This is explained by the variability in the results and possible damage in
concrete where the chloride profiles were determined. This would result in a higher ionic
diffusion coefficient than the measured one where it was selected deep enough inside the
structure where the concrete was sound.

10000
= B9 years
8000 | & n
Jie - 0= Core#1-1
A "
‘ - &= Core #2-2
A~
£ 6000 o
e
3
€
°
£
(3]
§ 4000
O
[
2000 -
6 . . -]
0.0 4.0 8.0 12.0 16.0 20.0 24.0
Depth [in]
Figure 7 - Chloride profiles measured on Memorial Bridge and STADIUM® numerical
simulation
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5.3 Future chloride penetration - no repairs

Since chloride have already reached the rebar position (2% in. for Memorial Bridge),
future chloride ingress for potential corrosion initiation is irrelevant. Nevertheless,
simulations were performed for 50 years in the future and for different depth in concrete,
the time for the chloride concentration to reach critical level is presented.

From Table 8, and considering the rebar concrete covers, the corrosion should have
initiated early in the age of the structure. The corrosion propagation could have been
slowed down quite considerably since the concrete is in the immersed part of the piers. In
the immersed concrete, the oxygen, required for the corrosion reaction, availability is low
and thus the corrosion reactions are hindered.

Table 8 - Time to reach critical chloride concentration for corrosion initiation
Concrete Depth
25in. [4in. [6in. | 8in. 10in. [12in. [ 18in.
Years from the time of construction*
Memorial Bridge 4 | 11 | 26 | 47 | 74 | 107 [ >139

Note *: present concrete age is 89 years for Memorial Bridge.

Structure

It should be noted that the critical chloride level will be reached at a depth of 12 in. in 18
years from 2009.

5.4 Chemical degradation - no repairs

The analysis of chemical degradation was carried out for the concrete of piers. A
numerical simulation was performed to provide information on the microstructural
alterations of concrete resulting from the exposure to seawater. The sulfate and
magnesium ions, present in seawater, are likely to react with the hydrated cement paste to
form new compounds that have detrimental effect on the microstructure of concrete.

Upon exposure to seawater, a number of hydrated and unhydrated phases in the concrete
tend to react with the migrating sulfate ions. These phases are calcium hydroxide, tricalcium
aluminate, and monosulfoaluminate. The chemical reactions between these phases and the
sulfate ions result in the formation of new products that have little cementing properties.
As pointed out by Taylor?, the formation or the dissolution of phases during sulfate attack
can lead to strength loss, expansion cracking, and, ultimately, disintegration of the solid.

9 Taylor HF.W., (1990), Cement Chemistry, Academic Press Inc., San Diego, 475 p.
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Portlandite is the most soluble phase and acts as a buffer for the pore solution of concrete.
The dissolution of portlandite supplies OH- and Ca?* ions and helps to maintain the pH
and equilibrium of the solution. When the portlandite is dissolved, the calcium of the CSH
phase starts to dissolve and the paste is weakened. The gradual dissolution increases the
porosity of the paste and decreases its resistance, which causes gradual erosion of the
concrete surface. Hydroxyl ions (OH-) can be leached out by soft water as the
concentrations tend to equilibrate. In seawater, the dissolution occurs even faster, because
the diffusion of chlorides and sulfates (negatively charged ions) is accompanied by a
counter diffusion of hydroxyl ions.

External sulfate ions can react with the aluminum phases of the hydrated cement paste to
form ettringite. The reaction is essentially driven by a dissolution/precipitation process.
The formation of ettringite from tricalcium aluminate and calcium hydroxide leads to a
volume increase of the solid about 280% (Clifton and Pommersheim10).

The environmental sulfate ions may also react with the crystalline calcium hydroxide
present in the hydrated cement to yield crystalline gypsum and brucite (the formation of
brucite occurs only if concrete is exposed to magnesium and sulfate-bearing solution).
This two-step chemical reaction first involves the dissolution of portlandite and then the
formation of gypsum (and/or brucite). The formation of gypsum from calcium hydroxide
yields to a volume increase of the solid about 120% (Clifton and Pommersheim?). The
formation of brucite is usually not expansive.

The state of solid phases presented earlier (Portlandite, Ettringite and Brucite) was
assessed using STADIUM® modeling software. These results are best shown in graphical
representation. At an age of 89 years, the solid phases for Memorial Bridge are given in
Figure 8 while in 50 years in the future they are shown in Figure 9. Currently, based on
STADIUM® modeling, the formation of ettringite has reached 1% in. This depth
corresponds to the dissolution of portlandite. For this depth, there is a risk of concrete
cracking. The formation of brucite, another expensive product, has reached % in.

In the next 50 years, the chemical degradation will be limited to the first 1 %2 in. No major
chemical degradation should occur deep inside the concrete. In 50 years from 2009, the
ettringite, and the dissolution of portlandite, will have reached 1 %4 in. In 50 years, brucite
should have reached a depth of Y2 in.

10 Clifton J.R., Pommersheim J.M., (1994), Sulfate Attack of Cementitious Materials: Volumetric Relations and
Expansions, National Institute of Standards and Technology, NISTIR 5390, 20 p.
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Solid Content at Time : 89 years
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Figure 8 - Solid Phases ~ Memorial Bridge ~ Today

Solid Content at Time : 139 years
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Figure 9 - Solid Phases - Memorial Bridge - 50 years in the future
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5.5 Repair Options

Two different repair options were considered and their relative durability regarding the
risk for corrosion initiation was assessed. The information provided could be useful in
evaluating the required depth of chloride removal to slow, or even stop, the penetration
of chloride deeper in the old concrete. It is also considered that near the lower tidal zone,
the concrete is as contaminated as the immersed concrete. Thus in that area, the piers
require repairs and the selection of the repair materials and the depth of repair is
important.

In the simulations, it was considered that new rebar were placed with a concrete cover of
3 in. Two different repair materials were considered:

1. Plain Type 1 cement concrete with a water/binder ratio of 0.35
2. Type 1 cement concrete with 20% fly ash and a water/binder ratio of 0.45

The first mixture is more a typical low water/binder ratio repair materials while the
second mixture is believed to be better repair materials for the structures. In fact,
mixture 2 should have mechanical properties closer to the structures’ concrete, which
would allow a better compatibility between the two concrete (old and new). In both cases,
the repair concrete should be properly air entrained to resist the effects of freezing and
thawing in saturated conditions with or without deicer salt.

5.5.1 6-inch repair

Figure 10 presents the chloride content evolution with time for different depths inside the
concrete for a 6-inch repair with mixture 2. This type of repair stops the increase of
chloride content to a depth of 10 in. or more. However, since the concrete is highly
contaminated, the time to initiate corrosion for a concrete cover of 3 in. is not prevented
for more than 28 years.

Moreover, the results for Mixture 1 are not presented since the difference between both
concrete in preventing corrosion is negligible. Still, it is a more appropriate choice to
repair with mixture 2 since its mechanical properties should be similar to the in-place
concrete.
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Figure 10 - Memorial Bridge - 6-inch repair - Mixture 2

5.5.2 10-inch repair

Figure 11 presents the chloride content evolution with time for different depth inside the
concrete for each structure for a 10-inch repair with mixture 2. Analysis of the figure
clearly shows the beneficial influence of removing old contaminated-concrete to higher
depth. This type of repair stops the chloride ingress for a depth of 10 in. or more like a 6-
inch repair. However, the impact of this deeper concrete repair is greater.

In the figure, it is shown that the chloride concentration at a depth of 3 in. inside the
repair materials will reach the critical concentration in less than 50 years (i.e., 36 years).
Thus, the simulations indicate that the repair material should have a certain quantity of
corrosion inhibitor to increase the critical chloride content for corrosion. From our
calculation, the addition of 1 gal/yd3 of corrosion inhibitor should be sufficient to provide
50 years of corrosion protection. At 4 in. inside the repair materials, the critical chloride
concentration should be reached after more than 50 years.

Moreover, the comments mentioned in the 6-inch repair regarding the mixture choice still
apply.
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Figure 11 - Memorial Bridge - 10-inch repair - Mixture 2

6 Conclusion

The Memorial Bridge is located in Portsmouth, NH. The piers’ concrete was investigated
and the service life was assessed. For this mandate, a total of 6 cores from the Memorial
Bridge were extracted by Appledore Marine Engineering and sent to our laboratory for
concrete test characterization. All concrete were taken on or below the low water level.

The concrete characterization revealed that the concrete inside the piers is sound and that
the compressive strength of 4,785 psi (33.0 MPa) is more representative of the in-place
mass concrete of the piers. Near the surface, the concrete is showing lower compressive
strength. Moreover, the air void network characteristics revealed that the concrete does
not have the properties to be frost resistant, thus making it susceptible for frost damage.

The transport properties (i.e., porosity and ionic diffusion coefficient) show that the
concrete has variable properties. However, the porosity indicates that the concrete is of
good quality while the ionic diffusion coefficients suggest that the concrete is porous. The
chloride profiles show that the concrete is contaminated by external chlorides and is
exposed to high salinity seawater. The concrete from both structures is contaminated to a
depth of approximately 12 inches. Near the rebar position, the chloride concentration is
high enough to initiate and promote corrosion. However, the corrosion initiated by
chloride contamination should have propagated slowly where concrete element is totally
immerged due to lower oxygen concentration. Thus, the risk for corrosion underwater is
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low. This is observed in concrete located below the water level for a similar structure
studied in same mandate!l. At these depths, the oxygen availability is scarce.

Petrographic examinations were performed to characterize the concrete and to provide a
general assessment of the current condition of the concrete, below the low water level,
and the potential mechanisms of degradation. For the North Pier of the Memorial Bridge,
the concrete showed signs of severe external sulfate attack to a depth of 1%2” at the
waterline. There were no signs of alkali silica reaction and delayed ettringite formation
(DEEF). The concrete in the interior of the piers was sound. The petrographic examination
showed signs of chloride contaminations. It was also observed that the concrete was not
air-entrained. Finally, the concrete had a water-binder ratio of 0.50.

Different numerical simulations were performed to assess the concrete state in the future
(50 years in the future) and to evaluate different repair depths. Based on the
contamination results, the concrete is exposed to high salinity seawater (i.e., high chloride
concentration and low concentrations of sulfate and magnesium). Modeling was thus
performed to predict how the degradation will progress inside the concrete within the
next 50 years. In addition, numerical modeling was performed to help in the elaboration
of repair strategies.

Based on the numerical simulations, the chemical degradations (mainly sulfate attack)
will not affect concrete deeper than 2 inches from the exposed surface for the next
50 years. From the petrographic examinations, there are no signs of alkali silica reaction or
DEF inside the concrete and there is no indication that these degradation mechanisms will
occur in the next 50 years. Moreover, the concrete below the low water level is not
submitted to freeze-thaw cycles and the corrosion rate seems low. Thus, the remaining
service life of this part of the piers if no repair is done should be higher than 50 years,
assuming the structure can tolerate 2-inches of concrete loss, the corrosion rate remain
low and the exposure conditions do not change.

Repair options were evaluated for concrete area where the corrosion can propagate at
high rate due to the oxygen availability or where concrete can be submitted to the effect of
freeze-thaw cycles. Two different depths of the concrete repair were considered to
evaluate the impact of the remaining chlorides in old concrete. The simulations
considered those two repair materials:

1. Plain Type 1 cement concrete with a water/binder ratio of 0.35 and air entrained;
2. Type 1 cement concrete with 20% fly ash, a water/binder ratio of 0.45 and air
entrained.

11 Materials Service Life, LLC, Memorial Bridge and Sarah Mildred Long Bridge - Concrete Characterization
and Condition Assessment - Actual and Future Deterioration, Project No.MSL09307, August 2009.
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As explained in the report, the second mixture is believed to be a better repair material for
this structure for many reasons (i.e., this mixture should have mechanical properties
closer to the structure’s concretes).

The different repair scenarios were simulated. The result revealed that a 6-inch repair
stops the increase of chloride content to a depth of 10 in. or more. However, since the
structure’s concretes are highly contaminated, the risk for corrosion at a depth of 3 in. for
6-inch repair materials is not prevented for more than 28 years.

From the simulation results, a 10-inch concrete repair is more beneficial to the concrete
contamination than a 6-inch concrete repair. A bigger repair provide more time before
reaching the critical chloride concentration at a depth of 3 in. in the repair materials.
However, the simulation results gave 36 years before reaching this value. Thus, it is
recommended to include the presence of a corrosion inhibitor in the concrete repair
materials. A dosage of 1 gal/yd3 of a calcium nitrite corrosion inhibitor should be
sufficient. At 4 in. inside the repair materials, the critical chloride concentration should be
reached after more than 50 years without corrosion inhibitor.

Finally, it should be noted that the exposition in the tidal zone (above the low water level)
is as severe as the exposition in the immersed zone. Thus, the concrete in the tidal zone
should be considered as contaminated by chloride as the immersed concrete. The
corrosion should propagate at a higher rate in the tidal zone where the oxygen is
available. If on-site observations confirm the degradation of concrete in the tidal zone, the
simulation of the repair options would be applicable for the concrete in this area.
Moreover, it is more appropriate to repair with mixture 2 since its mechanical properties
are similar to the in-place concrete. In all cases, the repair concrete should be propetly air
entrained to resist the effects of freezing and thawing in saturated conditions with or
without deicer salt scaling.

MATERIALS SERVICE LIFE (MSL), LLC

Xavier Willem, Ph.D. Eric Ouellet, P. Eng. M.Sc.
Project Manager Director of operations
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Niels Thaulow
Technical Director, Construction Materials
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re Al - core # 1-1

 Figure A3 - core # 1-3

* Figure A5 - core # 2-2
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Sample 3638015
North Pier of Memorial Bridge
1-1
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Figure B1 - North Pier of Memorial Bridge, 1-1, RJLG ID 3638015. Prior to cutting, the
top exposed surface (left side of image) was impregnated with fluorescent-dyed epoxy
to preserve the surface fractures. The top section of the half core was cut perpendicular

to exposed surface. The thin section was taken from the upper face at the exposed
surface. The lower cut face was treated with the pH indicator, phenolphthalein, but the
epoxy at the surface has interfered with the test.

Figure B2 - North Pier of Memorial Bridge, 1-1, RJLG ID 3638015. The bottom section
of the core was cut perpendicular to the exposed surface. The thin section was taken
from the right face. The left cut face was treated with the pH indicator,
phenolphthalein.
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calcium
carbonate

b) Crossed polars

(c) Gypsum plate (d) Fluorescent mode
Figure B3 - North Pier of Memorial Bridge, 1-1, RJLG ID 3638015T. Optical images in
different light modes showing cracks parallel to exposed surface in carbonated paste.

Some cracks are filled with calcium carbonate which appears white in plane polarized

light. Image area is 2.6 mm wide.
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b) Crossed polars

(c) Gypsum plate (d) Fluorescent mode
Figure B4 - North Pier of Memorial Bridge, 1-1, RJLG ID 3638015T. Optical images in
different light modes showing cracks parallel to exposed surface in carbonated paste.
Some cracks are filled with calcium carbonate; an example is indicated by an orange
arrow in each image. Image area is 2.6 mm wide.
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b) Crossed polars

(c) Gypsum plate (d) Fluorescent mode
Figure B5 - North Pier of Memorial Bridge, 1-1, RJLG ID 3638015T. Optical images in
different light modes showing magnesium hydroxide in cracks as indicated by an

orange arrow in each image. Image area is 2.6 mm wide.
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b) Crossed polars

(c) Gypsum plate (d) Fluorescent mode
Figure B6 - North Pier of Memorial Bridge, 1-1, RILG ID 3638015T. Optical images in
different light modes showing parallel cracks lined with ettringite which appears
white in plane polarized light. This field of view is also seen in Figure 8.

Image area is 1.0 mm wide.
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b) Crossed polars

(c) Gypsum plate (d) Fluorescent mode
Figure B7 - North Pier of Memorial Bridge, 1-1, RJLG ID 3638015B. Optical images in
different light modes showing a void filled with monosulfate (circled) in dense paste.
Image area is 2.6 mm wide. The same field of view is seen in Figure B32.
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(c) Gypsum plate (d) Fluorescent mode
Figure B8 - North Pier of Memorial Bridge, 1-1, RJLG ID 3638015B. Optical images in
different light modes showing monosulfate (yellow arrow) and calcium hydroxide
(white arrows) in crack approximately 1’ from exposed surface at water line. This same
field of view is seen in Figure B34. Image area is 1.0 mm wide.
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Figure B9 - North Pier of Memorial Bridge, 1-1, Figure B10 - North Pier of Memorial Bridge, 1-1,
RJLG ID 3638015T. SEM image showing top RJLG ID 3638015T. SEM images with EDS
exposed surface with parallel cracks. spectrum showing calcium carbonate in the crack.
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Figure B11 - North Pier of Memorial Bridge, 1-1,

Figure B12 - North Pier of Memorial Bridge, 1-1,

RJLG ID 3638015T. SEM images with EDS RJLG ID 3638015T. SEM images with EDS
spectrum showing decalcified CSH converted to spectrum showing CSH rich in magnesium and
magnesium silicate with aluminum. chloride.
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Figure B13 - North Pier of Memorial Bridge, 1-1, Figure B14 - North Pier of Memorial Bridge, 1-1,
RJLG ID 3638015T. SEM images with EDS RJLG ID 3638015T. SEM images with EDS
spectrum showing the composition of vaterite spectrum showing the composition of magnesium
form of calcium carbonate. hydroxide (brucite) in crack.
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Figure B15 - North Pier of Memorial Bridge, 1-1, Figure B16 - North Pier of Memorial Bridge, 1-1,

RJLG ID 3638015T. SEM images with EDS RJLG ID 3638015T. SEM images with EDS
spectrum showing CSH converted to magnesium  spectrum showing the composition of thaumasite.
silicate with aluminum. The majority of the material lining the crack is

ettringite, as seen in Figure B17.
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Figure B17 - North Pier of Memorial Bridge, 1-1, Figure B18 - North Pier of Memorial Bridge, 1-1,

RJLG ID 3638015T. SEM images with EDS RJLG ID 3638015T. SEM images with EDS
spectrum showing the composition of ettringite spectrum showing the composition of CSH with

in a crack. traces of sulfur and chloride.
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ettringite

ettringite

Figure B19 - North Pier of Memorial Bridge, 1-1, Figure B20 - North Pier of Memorial Bridge, 1-1,

RJLG ID 3638015T. SEM images with EDS RJLG ID 3638015T. SEM image showing
spectrum showing the composition of ettringite Friedel’s salt crystals and ettringite in an air void
in crack. (near bottom of section).
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Figure B21 - North Pier of Memorial Bridge, 1-1, Figure B22 - North Pier of Memorial Bridge, 1-1,

RJLG ID 3638015T. SEM image showing RJLG ID 3638015T. SEM images with EDS
Friedel’s salt in crack (also smaller crystals in spectrum showing the composition of Friedel’s

paste). salt.

Figurc B23 - North Pier of Memorial Bridge, 1-1, Figure B24 - North Pier of Memorial Bridge, 1-1,
R}LG ID 3638015T. SEM images with EDS RJLG ID 3638015T. SEM images with EDS
spectraum showing the composition of crystalline  spectrum showing CSH converted to magnesium
magucsium hydroxide. This is the same location  silicate with trace of aluminum. This is the same

as seen in Figure B5. location as seen in Figure B5.
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Figure B25 - North Pier of Memorial Bridge, 1-1, Figure B26 - North Pier of Memorial Bridge, 1-1,
RJLG ID 3638015T. SEM image showing parallel RJLG ID 3638015T. SEM images with EDS
cracks at top exposed surface. spectrum showing the composition of calcium
carbonate in crack at the exposed surface.

Figure B27 - North Pier of Memorial Bridge, 1-1,
RJLG ID 3638015T. SEM images with EDS
spectrum showing CSH converted to magnesium

silicate with aluminum.
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Figure B28 - North Pier of Memorial Bridge, 1-1, Figure B29 - North Pier of Memorial Bridge, 1-1,

RJLG ID 3638015B. SEM image showing a RJLG ID 3638015B. SEM images with EDS
partially filled air void. spectrum showing the composition of
monosulfate partially filling the air void seen in

Figure B28,

Figure B31 - North Pier of Memorial Bridge, 1-1,

Figure B30 - North Pier of Memorial Bridge, 1-1,

RJLG ID 3638015B. SEM images with EDS RJLG ID 3638015B. SEM images with EDS
spectrum showing the compaosition of calcium spectrum showing the composition of the CSH in
hydroxide partially filling the air void seen in a former cement grain.

Figure B28.
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Figure B32 - North Pier of Memorial Bridge, 1-1, Figure B33 - North Pier of Memorial Bridge, 1-1,

RJLG ID 3638015B. SEM image showing a close RJLG ID 3638015B. SEM images with EDS
up of Figure B7 that contains an air void filled spectrum showing the composition of the
with monosulfate (circled). material in the air void in Figure B32 as

monosulfate.
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Figure B34 - North Pier of Memorial Bridge, 1-1, Figure B35 - North Pier of Memorial Bridge, 1-1,

RJLG ID 3638015B. SEM image showing a void RJLG ID 3638015B. SEM images with EDS
filled with monosulfate and calcium hydroxide. spectrum showing monosulfate in the void. The
left-hand image is the same field of view as seen
in Figure B34.
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Figure B36 - North Pier of Memorial Bridge, 1-1, Figure B37 - North Pier of Memorial Bridge, 1-1,

RJLG ID 3638015B. SEM images with EDS RJLG ID 3638015B. SEM image showing a fully-
spectrum showing calcium hydroxide in an air hydrated cement grain.
void.
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