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MEMORIAL BRIDGE

SUMMARY

The underwater portions of the substructure units were found to be in Fair condition due to the more
advanced deterioration to the back channel pier. The concrete on the Piscataqua River piers is sound
with no significant deterioration except minor deterioration of the outermost ½-inch around the low water
line. No evidence of scour was observed. The limits of the underwater inspection extended from low
water to the mudline.

The task also included the extraction of six concrete cores, concrete characterization, and material
service life prediction. The findings of that study are contained in a separate report but generally support
the visual and tactile findings of the underwater inspection.

INTRODUCTION

In June 2009, Appledore Marine Engineering, Inc. (AMEI) completed an underwater inspection of the
Memorial Bridge. The inspection was performed by a four-man dive team under the direction of a
Professional Engineer, and included a visual and tactile inspection of the North and South Main Bridge
Piers and the Kittery Approach Pier. The other bridge substructure units including the Portsmouth
Abutment and Kittery approach column foundations are entirely exposed at low water and therefore were
excluded from the scope of the underwater inspection.

Previously, Appledore completed underwater inspections for this structure in 2003 and 2008.

OBJECTIVE

The objective of this project is to provide a general description and assessment with recommendations of
the underwater condition of the North and South Main Bridge Piers and the Kittery Approach Pier.

FACILITY DESCRIPTION

The Memorial Bridge was constructed in the early 1920’s and is approximately 85 years old. It spans over
the Piscataqua River connecting Portsmouth, NH with Kittery, ME. The North and South Main Bridge
Piers consist of a concrete foundation placed on bedrock at elevation -83 feet (MLW) and -73 feet,
respectively. Both piers are constructed of reinforced concrete and have a granite block fascia protecting
the concrete through the tidal zone. A timber fender system encompasses the piers from approximately 2
feet above mean high water down to 5 feet below mean low water. The Kittery Approach Pier is of similar
construction with a steel sheetpile cofferdam exposed at low water.

OBSERVATIONS

The structures are generally covered in light marine growth and representative areas were cleaned using
hand tools for closer examination. The photos within this report provide a visual representation of the
typical underwater conditions and deterioration.

North and South Main Bridge Piers

The concrete is generally in overall sound condition with limited areas of minor deterioration. The
deterioration is generally more concentrated around low water. In the low water zone hammer soundings
identified that the outer ½-inch of concrete is soft (Photo 1&2). Once the deteriorated concrete was
removed, the underlying concrete was sound. The structure also has 12-inch by 12-inch block outs in the
concrete from timber members that were originally cast into the piers and marine borers subsequently
deteriorated the timber. These voids extend approximately 12-inches into the structure and have had no
deleterious effect on the concrete pier (Photo 3).

The timber fender systems have moderate marine borer deterioration throughout (Photo 4). The
deterioration has progressed since the 2003 inspection and estimated to have affected approximately
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10% - 20% of the timber members. It is important to note that marine borer deterioration is difficult to
detect and could be more prevalent within the interior of the timber members.

Kittery Approach Pier

The approach pier is encased in a steel sheet piling. The steel sheet piling has major deterioration due to
corrosion and areas of complete section loss. The steel sheeting is believed to be part of the original
construction (cofferdam) and likely no longer required, but does provide some abrasion protection for the
concrete. No concrete deterioration was observed behind the steel sheeting voids.

ASSESSMENTS

Based on our underwater inspection, the underwater condition of these structures is Satisfactory due to
isolated areas of minor deterioration. The deterioration noted in this report is considered minor and no
load reductions are required as a result of the underwater structures. Detailed examinations of the
concrete cores and service life predictions determined that the concrete below low water has a remaining
service life greater than 50 years, provided 1-2 inches of section loss can be tolerated.

The detailed concrete examination and material service life prediction determined that concrete exposed
to higher oxygen levels in the tidal and atmospheric zones may require rehabilitation to provide an
extended service life.

RECOMMENDATIONS

No repairs are recommended to the underwater portions of the concrete piers.

The fender system is progressively deteriorating and recommended it be replaced in the short term (0-10
years). Our estimate of the probable cost of construction is depicted in Table 1 and is based on in-kind
replacement.

TABLE 1

Item
No. Recommended Repairs

Estimated
Construction

Cost
(ECC)

1 Replace fender system in-kind $ 660,000

Subtotal $ 660,000

Est. Engineering fees (15%) Insp., Design, Permits, and Const Admin. $ 100,000

TOTAL * say $ 760,000

Costs are in 2009 dollars and include: Contingency, Mobilization, and Contractor Overhead and Profit.
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PHOTOGRAPHS
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Photo 1:
Typical concrete deterioration
around low water. Limited to ½-inch
in depth.

Photo 2:
Close view of deterioration after
hammer removal of deteriorated
concrete.

Photo 3:
Typical blockout in the concrete piers
where timber elements were once
connected. Concrete is sound at
these locations.
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Photo 4:
Marine borer deterioration to the
fender system.
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FIGURES
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CONDITION RATING DESCRIPTIONS
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CONDITION RATING DESCRIPTIONS

Rating Description

Good No visible damage, or only minor damage is noted.

Structural elements may show very minor deterioration, but no overstressing is
observed.

No repairs are required.

Satisfactory Limited minor to moderate defects or deterioration are observed, but no
overstressing is observed.

No repairs are required.

Fair All primary structural elements are sound, but minor to moderate defects or
deterioration is observed.

Localized areas of moderate to advanced deterioration may be present but do not
significantly reduce the load-bearing capacity of the structure.

Repairs are recommended, but the priority of the recommended repairs is low.

Poor Advanced deterioration or overstressing is observed on widespread portions of the
structure, but does not significantly reduce the load-bearing capacity of the
structure.

Repairs may need to be carried out with moderate urgency.

Serious Advanced deterioration, overstressing, or breakage may have significantly affected
the load-bearing capacity of primary structural components.

Local failures are possible and loading restrictions may be necessary. Repairs
may need to be carried out on a high-priority basis with urgency.

Critical Very advanced deterioration, overstressing, or breakage has resulted in localized
failure(s) of primary structural components.

More widespread failures are possible or likely to occur, and load restrictions
should be implemented as necessary.

Repairs may need to be carried out on a very high priority basis with strong
urgency.

From: Underwater Investigations, Standard Practice Manual, ASCE, 2001.
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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. 
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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 STADIUM®, 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, NH1 

 
 

                                                      
1 wikipedia 
2 http://nationalbridged.com 
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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 ¾-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. 
 

1.2.1 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 ¾-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 C856 - 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 
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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.  
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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 ¾-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 
ID 

 Pier Element EL. 
(MLLW) 

Number 
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. 
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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 ¾ 13 

- Well consolidated concrete (Dmax = 1 ⅜‘’) 
- 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 1 2 ¾ 12 ⅛ 
- Well consolidated concrete (Dmax = 2 ⅜‘’) 
- Exposed surface was rough without apparent 
coarse aggregate 

# 1-3 2 2 ¾ 13 ¼ 
- Well consolidated concrete (Dmax = 1 ⅝‘’) 
- Exposed surface was covered by plywood 
- White deposits at 7 ½‘’ depth 

# 2-1 1 2 ¾ 8 

- 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 1 2 ¾ 12 ¼ 

- Well consolidated concrete (Dmax = 2 ⅜‘’) 
- Exposed surface was rough without apparent 
coarse aggregate 
- Crack parallel to the exposed surface at ¼‘’ depth 
(white deposit within the crack) 

# 2-3 1 2 ¾ 12 ¼ 
- Well consolidated concrete (Dmax = 2‘’) 
- Exposed surface was rough without apparent 
coarse aggregate 
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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 
I.D. Bridge 

Sample position 
in core+, inch 

Compressive 
Strength, 

psi (MPa)† 
# 1-2 Memorial Bridge 5 ½’’ to 10 ⅝’’ 4,785 (33.0) 
# 2-1 Memorial Bridge ¾’’ to 5 ⅞’’ 1,755 (12.1) 

Note +: depth measured from the exposed surface of core 
Note *: as received conditions 
Note †: 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 m), respectively. 
 

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

Core 
I.D. Bridge 

Paste 
Content, 

% 

Air 
Content, 

 % 

Specific 
Surface,  

inch-1 (mm-1) 

Spacing 
Factor,  

inch (m) 
# 1-2 Memorial Bridge 24.2 2.4 323 (12.7) 0.020 (506) 
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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 
I.D. 

Bridge Sample position 
in core+, inch 

Absorption, % Porosity, % 

# 1-3 Memorial Bridge 1 ⅛’’ to 5 ⅛’’ 5.7 13.0 
# 2-3 Memorial Bridge 2 ½’’ to 6 ¾’’ 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 
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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 10-11 m2/s, for an average of 14 x 10-11 m2/s. 
 

Table 6– OH- Diffusion Coefficient Results 

Core 
I.D. Bridge 

Sample position 
in core+, inch 

OH- Diffusion 
coefficient, 
x 10-11 m2/s 

Average, 
x 10-11 m2/s 

# 1-3 Memorial Bridge 8 ¼’’ to 11 ¼’’ 19.0 
# 2-3 Memorial Bridge 6 ¾’’ to 9 ⅝’’ 9.5 

14 

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 RJ 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 ¾” in diameter and approximately 12 ¾” in length. It was 
broken into two pieces at approximately 9 ½” 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 maximum aggregate size was about 1 ½”. The exposed surface was 
carbonated to a depth of 1 mm, but patch carbonation, as indicated by the dark pink color, 
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was seen at approximately 2 ½” 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, RJLG 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 
Observed properties Core 

I.D. 
Bridge Water/Cement 

ratio 
Paste Content, 

% 

Calculated Cement 
Content*, 

lb/yd3 (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. 
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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% HNO3 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 
Ø55, 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).  

 
Figure 2 – Experimental chloride profiles – Memorial Bridge after 89 years of exposure 
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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 Air void characteristics 
 
These results suggest that pier’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 µm) 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 ¾’’, 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 lb/ft3; Sample #1-2 unit weight: 156 lb/ft3; 
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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 10-11 m2/s. 
 

3.4 Petrographic examination 
 
The North Pier of Memorial Bridge showed signs of severe external sulfate attack to a 
depth of 1 ½” 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. 
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Figure 3 - North Pier of Memorial Bridge, core #1-1 (RJLG ID 3638015T).  SEM image 

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. 

decalcified CSH 

calcium carbonate 
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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. 
 

 
Figure 5 - North Pier of Memorial Bridge, core #1-1 (RJLG ID 3638015T).  SEM image 

showing ettringite filling multiple cracks. 
 

magnesium 
hydroxide 

ettringite 
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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).4 Furthermore, for a given type of steel, threshold values tend 
to vary quite significantly.5,6 For instance, in their comprehensive review, Alonso et al.2 
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 steel7 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 mass8. 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 lb/yd3 (367 kg/m3), 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 
                                                      
4 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. 
5 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. 
6 Bentur, A., Diamond, S., Berke, N. (1999) Steel Corrosion in Concrete - Fundamentals and Civil Engineering Practice, 
E & FN Spon. 
7 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. 
8 Henocq et al., 2007, ‘Determination of the Chloride Content Threshold to Initiate Steel Corrosion’, Proceedings of the 
5th 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 ½ 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. 
 

 
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 considered 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 in the simulations was based on the results of the petrographic 
examinations that indicated that the water-binder ratio was approximately 0.50 and the 
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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 SO3 and Al2O3. 
 

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 10-11 m2/s compared to a maximum value measured of 
19 x 10-11 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. 
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5.3 Future chloride penetration – no repairs 
 
Since chloride have already reached the rebar position (2 ½ 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 Structure 

2.5 in. 4 in. 6 in. 8 in. 10 in. 12 in. 18 in. 
 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.  
 
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 Taylor9, 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 H.F.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 Ca2+ 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 Pommersheim7). 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 ⅛ 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 ⅜ in. 
 
In the next 50 years, the chemical degradation will be limited to the first 1 ½ 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 ¼ in. In 50 years, brucite 
should have reached a depth of ½ 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 

 



 

© Copyright – Material Service Life, LLC 

21 

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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ELECTRICAL STUDY 

1 EXECUTIVE SUMMARY 

The Memorial Bridge Movable Span Electrical facilities were inspected on May 27th and 28th 
of 2009. The electrical inspection team examined all the accessible components of the 
bridge electrical and control systems. The bridge electrical system was found to be nearing 
the end of its reliable service life and many of the system components have become obsolete 
with unavailable spare parts. Three levels of rehabilitation scope were considered, 
described as follows: (1) Minimum Rehabilitation which represents the minimum repair 
recommendations required to resolve the findings that affects the bridge reliability and 
general public and maintenance staff safety and should be resolved in a timely manner, (2) 
Moderate Rehabilitation which represents repair recommendations that will further 
increase the electrical and control system reliability, (3) Major Rehabilitation which 
represents repair recommendations that will make the bridge electrical and control 
systems very safe and reliable as per the current design standards.  Recommendations for 
each level of rehabilitation are presented in Section 5. 

2 DESCRIPTION OF SYSTEMS 

This bridge is a span drive vertical lift bridge that carries a single roadway deck of US Route 
1 between the towns of Portsmouth, NH and Kittery, ME. 

The bridge is manned 24/7 year round and is operated from the machinery control house 
located on the top of the movable span. A gate tender is stationed on each end of the bridge 
to manually operate a pair of structural steel swing gates. In addition to the manually 
operated gates, there are two remotely operated warning gates located at the abutments.  
There are curtain style barrier gates located at the approach spans.  The barrier gates are 
abandoned in place.  The remote operated gates are controlled from the gate tenders house 
near each abutment. 

The utility power feeder is supplied from the south end of the bridge from Portsmouth, NH. 
The power is transferred to the movable span thru vertical catenaries on the south tower.   

Bridge back up power is supplied through a diesel two cylinder Onan, air cooled propane 
generator to run the hotel loads and a propane operated motor is used to lift the movable 
span in case of a power failure. A pair of magnetic DC brakes powered off the propane 
motor DC system is used for braking during the emergency bridge operation. There is no 
backup power for the gates. The heat rejected from the engines is rejected into the control 
house.  Doors are opened on each end to allow the heated air to escape.  The propane tanks 
are located at the roadway level in a fenced enclosure. 

Two 100HP motors with a single SCR thyristor drive are used to operate the span. Both 
motors are controlled by the same drive and they are both required to run in order to lift 
the span. An over speed switch and a tachometer generator are installed on the back end of 
each motor to provide the feedback required by the drive. The tachometer is switch selected 
providing redundancy. 

There are no span locks on the bridge. The operator pulls tension on the downhaul ropes 
and then applies the brakes to hold the span closed. 
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Other ancillary systems such as navigation, access and egress lighting are located at various 
locations about the bridge. 

The bridge electrical and control system was found to be operational but the reliably of the 
system is questionable. Some of the system components have become obsolete.  Finding a 
retrofit replacement in an emergency situation may be challenging and require an extended 
period of operating with the backup engine. The components most susceptible to failure 
with prolonged outage are the brake thrusters, thyristor drives and the rotary cam limit 
switch.  

3 INSPECTION APPROACH AND METHODOLOGY 

A visual inspection of the bridge electrical and control systems components was conducted. 
All the accessible cabinets and enclosures were opened and inspected. Tests consisting of 
insulation resistance and load current measurements were also conducted. Tests were 
performed to highlight areas that could be problematic towards the continued safe and 
reliable operation of the bridge as well as its effectiveness in supporting both roadway and 
marine traffic operations. 

4 INSPECTION FINDINGS 

4.1 Main Electric Service 

There is one utility feeder supplying power to the bridge from Portsmouth NH at the south 
end of the bridge. The system voltage is 480/277V three phase. A separate feed supplies the 
equipment at the north tower and equipment on the approach span from Kittery, Maine.  
The main service disconnect switch for the bridge is located on the south abutment and 
feeds power to the exposed bare bronze catenaries on the face of the tower. The power is 
then transferred to the movable span through spring loaded bronze rollers that are in 
contact with the catenaries, these rollers remain in contact with the catenaries as the span 
is moving. The main disconnect switch does not have the clearance required to safely access 
or operate the switch.  Any rehabilitation should include the relocation of the disconnect to 
a new location that meets NEC code for clearances around electrical equipment. 

The catenaries are problematic since they are an electrical hazard to trespassers, or 
authorized persons performing maintenance or inspection on the bridge.  The catenaries 
also ice up in the winter. Local switching is required to provide heating power from the 
deicing transformers that are installed on the tower at the south end of the bridge at the top 
chord of the truss to melt the ice (See photo E‐1). This process must be performed in the icy 
environment that has an elevated risk of accidents for the maintenance and operation crew. 
As a part of a moderate or major rehab the catenary system should be replaced with a droop 
cable system. The droop cable system will require less maintenance, enhance the reliability 
of the electrical system and minimize the risk of accidents. Installing droop cables on both 
towers would provide the means for the gates and traffic signals to be powered from the 
emergency generator.  The droop cables shed any ice accumulation as they flex when the 
span is moved. 

4.2 Back up Electric Service 

The back up power is provided from an air cooled 4KW two cylinder Onan propane fired 
engine generator set. This generator is sized to supply back up power to some of the hotel 
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loads in the machinery and control room that are powered normally from a branch circuit in 
the 120/208V lighting panel. The loads include the span height indicator.  None of the 
normal bridge control devices are powered from this engine. An Automatic Transfer Switch 
(ATS) is used to switch the branch circuit when the main power feed is lost or catenary 
deicing is required.  All the bridge hotel loads on the single branch circuit are connected 
directly to the load side of the ATS. The ATS is an obsolete model that uses magnetically 
held contactors. During the HDR inspection, the ATS failed to switch when required.  The 
electrical service contractor was called out to perform repairs.  Any rehabilitation approach 
should include the replacement of the existing ATS with a modern electrically switched 
mechanically held transfer switch in order to increase the system reliability.  

A propane powered, four cylinder, spark ignition engine is used to operate the span when 
the main power feed is lost. A gear type manual clutch is used to connect the output shaft of 
the engine reducer to the primary gearbox.  Limit switches are provided to disable the main 
control system to assure that the engine reducer is not back driven by the main span 
motors.  During emergency operation the thruster brakes are hand released and the DC 
powered magnetic brakes are used for braking. In case of an emergency where the DC 
powered magnetic brakes fail to set; the operator will have to leave the control station to 
manually set the thruster brakes. Any design rehabilitation approach should include the 
upgrade of the generator to a three phase unit with sufficient capacity to allow the thruster 
brakes to be electrically operated when the backup engine is being used. This upgrade will 
enhance the reliability of the electrical system and enhance the safety of the operators and 
personnel in case of the failure of the DC magnetic brakes. As part of a major rehabilitation, 
a substantially larger generator with the appropriate power system equipment should be 
installed to eliminate the propane engine and provide for normal operation of the span 
drive.  The generator and ATS could be located on shore if a droop cable system is installed.  
There is sufficient real estate for the equipment.  As part of any rehabilitation approach, the 
usage of the propane fueled engine in the operator house requires carbon monoxide 
detectors to be installed to alert the operator of any exhaust or plenum leaks (See photo E‐
2).  A CO detector is generally required where gas fired space heaters are installed as is the 
case in the Memorial Bridge control house. 

4.3 Motor Control Centers (MCC) 

The MCC is located in machinery and control room and is fed directly from the catenary 
system located at the south tower.  The MCC is 1950’s design and requires personnel to 
open the doors to manipulate breakers with exposed bare copper bus and other exposed, 
energized components. (See photo E‐3). This practice is unacceptable by today’s standards 
since it exposes the electrician to the arcing faults that might result during a switching 
process. Any rehabilitation approach must  include provisions to de energize the MCC 
without opening the door or  replace this MCC with a modern dead front style MCC where 
the switching is performed without personnel being exposed to energized conductors.  

4.4 Motors and Drives 

The span is raised and lowered using two 100HP, 585RPM, 460V, 3 phase, 60 cycle, wound 
rotor type motors. These motors are controlled by a single Westinghouse Silicon Controlled 
Rectifier (SCR) thyristor drive that is located in the machinery room MCC. Both motors are 
connected directly to the load side of the drive through independent three phase breakers. 
Resistor grids are connected to motor secondary windings and are used to modify the speed 
torque characteristics of the motors  The inspection found the motors brushes to be in 
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serviceable condition, however the motors have excessive grease inside which should be 
cleaned as part of regular maintenance.  It was also identified that the lead wire insulation 
on the secondary circuit of the north motor was chaffing on the motor frame.  The electrical 
service contractor was requested to provide corrective action.  Temporary measures were 
taken to minimize the potential for the insulation on the rotor leads to chafe through and 
short out as they leave the motor rotor housing by adding rubber insulation (See photo E‐
4).  More permanent measures should be taken. 

The motor secondary resistor grids are mounted in the machinery room next to the MCC. 
The secondary resistors have limited guards in place.  Non grounded parts and conductors 
are exposed (See photo E‐5).   Guard should be installed to completely cover the resistors. 

The motor primary and secondary windings were megger tested during the inspection and 
the insulation resistance values were found to be 550 Megohm for all the windings. These 
values are acceptable and the motors windings appeared to be in good condition. 

With the current drive configuration, one thyristor drive is used to run both motors. If this 
thyristor drive fails, there will be no means to operate the bridge electrically. Circuit board 
level parts for this drive are no longer available from the Original Equipment Manufacturer 
(OEM).  With the advent of modern digital motor drives, there are few technicians familiar 
with this technology should repairs be required.  A minimum rehabilitation scope should 
include the installation of a new redundant thyristor drives to enhance the reliability of the 
system.  The motors should be cleaned and serviced by a qualified motor shop to replace 
the secondary circuit extension leads.  The motor secondary resistor grids should be 
replaced with modules that have factory designed and installed guards to minimize the 
hazard of the exposed energized conductors. A moderate and major rehabilitation scope 
should include the replacement of the span motors and installation of modern flux vector 
drives.    

4.5 Brakes 

The bridge braking system consists of two thruster actuated machinery brakes and two 
Direct Current (DC) electro‐magnetic disc brakes. The thruster brakes are mounted on the 
output shaft of each motor and the electro‐magnetic disc brakes are mounted on the 
opposite end of the input shaft to the reducer. The thruster brakes are used when the bridge 
is operated using the electrical power and the DC electromagnetic brakes are used when the 
bridge is operated on the emergency engine. 

The electromagnetic brakes are powered from the DC system of the emergency motor and 
they appeared to be in a good condition. The emergency motor self charges the batteries 
when it is running. 

The thrusters are 460V, 3 phase units and even though they appeared to be in a good 
condition they are an obsolete GE model.  Spare parts, such as seals, are not available (See 
photo E‐6). Both brakes must be released, electrically or by hand to operate the span using 
the electric motors or emergency engine. A design provision is that only one thruster brake 
can be hand released and still operate the electric drive.  The brake thrusters were megger 
tested and the insulation resistance was found to be 550 Megohm or greater for each. These 
values are acceptable and the brakes appeared to be in a good condition. Two lever arm 
limit switches are mounted on each thruster brake for brake released and brake hand 
released indication. These switches appeared to be in a good condition. A moderate and 
major rehabilitation scope should include the replacement of the existing thruster brakes 
with modern single piston thruster brakes and the installation of new limit switches.  
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4.6 Control Desk 

The main control desk is located in the machinery and control house. The desk has seen 
several modifications over the years and a new console was added next to the original 
control desk for gates and lights. The modifications have made the controls separated and 
not laid out in a logical order that follows the sequence of the bridge operational 
procedures. The gates and traffic lights on each abutment are actually controlled from a 
control panel that is located inside the gate attendant shacks and the original controls on 
the add‐on console are bypassed.  Any rehabilitation approach shall include the 
replacement of the control desk with a human factors designed integrated control desk that 
provides for all bridge operating controls at the main control desk with provisions to 
operate the gates from remote control stations should the need arise. An industrial quality 
radio communication system with redundant links should be used to communicate with 
local gate controls. In addition, a significant amount of video equipment is clustered near 
and on the control desk.  This equipment should be segregated in to a separate cabinet. 

4.7 Gates And Traffic Signals 

The bridge has electrically operated warning gates at the abutments, and electrically 
operated curtain gates at the towers.  The bridge staff indicated that the curtain gates do not 
work in cold weather and have been abandoned.  One gate attendant on each end of the 
movable span manually operates a pair of structural steel swing gates. The gate attendants 
have to be onsite for any bridge opening. The structural steel swing gates may not conform 
to current requirements for barrier gates and any rehabilitation approach should include 
the replacement of these gates with AASHTO compliant barrier gates rated for this 
application. 

Attendant shacks are provided for the gate attendants and a traffic signals and gates control 
console is located inside these shacks. The traffic signals and gates controls are not 
interlocked with the main bridge controls. The lack of interlocks requires a high level of 
vigilance on the part of the gate tenders and bridge operators. A human error might lead to 
incidents such as the movable span being lifted before the gates are closed and locked.  
Providing a data link for remote indication and control for the gates and traffic signals to the 
control system will allow the operator to operate the bridge without relying on any other 
staff.  This option will decrease the labor cost associated with the bridge operation and will 
enhance safety by providing built in interlocks and eliminating the presence of the gate 
attendant in the roadway. This recommendation should be included with any rehabilitation 
approach that involves the bridge control system. 

4.8 Limit Switches 

Field limit switches are provided for span closed, normal open and full open.  The field 
wiring for the new span seated limit switches uses THWN wire. THWN wires are not 
compliant with AASHTO requirements. Over the long term the insulation wears through due 
to vibration and causes short circuits.  A major or moderate rehabilitation should include 
the installation of RHW type wire for the limit switches wiring in conformance with the 
latest guidance provided in the 2008 interim revisions to the AASHTO LRFD Movable 
Highway Design Specifications section “8.9 Electrical Conductors”.   

4.8.1 Span Seated: 

The movable span is provided with one heavy duty, plunger operated, limit switch on each 
end of the span that is tripped by a structural steel target mounted to each rest pier to 
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provide span seated indication (See photo E‐7). The switches have been recently replaced 
and are in a very good condition. From field experience the plunger switches can be 
problematic. If they are not adjusted properly, they may be jammed and will no longer 
operate reliably. It is recommended as part of a moderate or major rehabilitation to replace 
the existing plunger switches with proximity sensors. Proximity sensors are a more reliable 
since they do not need to make physical contact to function. 

4.8.2 Span Position: 

The bridge has one multi turn, chain driven lead screw rotary cam limit switch. This switch 
is the main input used for the bridge control system. It is an obsolete model and will be 
difficult to find repair parts or to replace the switch in case of a failure. From a functional 
stand point this switch is difficult to adjust (See photo E‐8). It is recommended as part of a 
moderate or major rehabilitation to replace the lead screw rotary cam limit switch with a 
modern state of the art rotary cam limit switch. 

4.8.3 Full Open and Over Travel: 

There are several lever arm limit switches on each corner near the top chord of the truss.  
One switch at each corner is used to provide the full open indication and one switch is used 
for over travel indication. The existing switches did not appear to be functional and some of 
them were missing levers (See photo E‐9). Functional over travel and full open limit 
switches are essential components in the bridge control system that enhance the safety and 
reliability of the bridge control system. The installation of new full open and over travel 
lever arm limit switches should be included in the scope of any rehabilitation approach.  A 
control system upgrade should trigger a complete review of limit switch requirements, 
including limit switches for use during emergency engine operation. 

4.9 Navigation Lights 

Navigation lights are installed on the piers and on the north and south face of the lower 
truss over the navigation channel of the movable span to provide visual guidance for the 
marine traffic. Several junction boxes are tied to the bridge with wire and several access 
doors on the navigation lights are open due to missing or defective closing hardware (See 
photo E‐10). Operational and reliable navigation lights are important indications to 
mariners and are required to be installed and be maintained by US Coast Guard 
requirements. It is recommended that as a part of any rehabilitation scope the lighting 
fixtures, supports and raceways be rehabilitated A major rehabilitation scope should 
include the installation of new navigation lighting system. 

Aircraft warning beacons are installed on the top of the towers.  As part of any 
rehabilitation, the beacons should be relamped with energy efficient, long life LED lamps.  A 
major rehabilitation should trigger the replacement or the entire aircraft warning beacon 
with FAA compliant units.  

4.10 Miscellaneous 

The 480V distribution panel board and the lighting transformer inside the machinery and 
control room appears to be original bridge equipment, and items such as closure plates on 
the face of the breaker panels are missing.  The equipment appears to be beyond it normal 
anticipated 40 year life and should be replaced to assure continued reliable service.  Circuits 
in the new panels should be designed to provide proper coordination, selectivity and 
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segregated to assure that tripping of breakers for non critical loads do not interrupt critical 
functions.  

5 RECOMMENDATIONS 

5.1 Minimum Rehabilitation: 

1. Main electric service 
a. Install new main disconnect switch in an accessible location with the 

appropriate access and work clearances on the south pier. 
2. Back up electric service 

a. Replace the ATS 
b. Install carbon monoxide detection system in the machinery room 
c. Upgrade the generator to provide additional power required to operate the 

thruster brakes when bridge is run on the emergency engine.    
3. Motor control centers 

a. Install a new main deadfront disconnect switch in the operators house. 
4. Motors and drives 

a. Replace existing motor secondary resistor grids with modules that have a 
factory designed and installed guards. 

b. Install a two thyristor drives for the span motors to ensure reliability. 
c. Replace the drive motor rotor extension leads and add bushings or other 

protection where they pass through the motor frame. Replace motor 
brushes and clean motor interiors. 

5. Brakes 
a. Provide remote control for thruster brakes next to the magnetic brake 

controls for use during operation with the emergency engine.  
6. Control desk 

a. Replace the control desk with a human factors designed integrated control 
desk, incorporating  the gate control stations 

7. Traffic gates 
a. Install AASHTO compliant barrier gates 
b. Provide data link and remote communication and control modules 

coordinated with the bridge control system to allow gate to be operated 
from control house and interlocked with the control system. 

8. Limit Switches 
a. Replace the over travel and full open lever arm limit switches 

9. Navigation lights 
a. Rehab or replace navigation lighting that is missing functional access door 

closure hardware or has degraded raceway system 
10. Miscellaneous 

a. Provide instrument rack and relocate all video equipment from the control 
desk  
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5.2 Moderate Rehabilitation: 

1. Main electric service 
a. Install new main disconnect switch in an accessible location with the 

appropriate access and work clearances on the south pier. 
b. Replace catenary system with a droop cable system. 

2. Back up electric service 
a. Replace the ATS 
b. Install carbon monoxide detection system in the machinery room 
c. Upgrade the generator to provide additional power required to operate the 

thruster brakes when bridge is run on the emergency engine.    
3. Motor control centers 

a. Replace MCC with a modern dead front MCC. 
4. Motors and drives 

a. Replace span motors and install new flux vector drives. 
5. Brakes 

a. Provide remote control for thruster brakes next to the magnetic brakes 
controls by the back up emergency engine 

b. Replace thruster brakes  with modern brakes 
c. Install new brake limit switches 

6. Control desk 
a. Replace control desk with human factors designed integrated control desk 

and integrate the remote gate control stations 
7. Traffic gates 

a. Install AASHTO compliant barrier gates 
b. Provide data link and remote communication and control modules 

coordinated with the bridge control system to allow gates to be operated  
from the control house and interlocked with the control system  

8. Limit Switches 
a. Replace the over travel and full open lever arm limit switches 
b. Replace existing span seated plunger switches with proximity sensors 
c. Replace lead screw rotary cam limit switch with modern state of the art 

rotary cam limit switch 
d. Replace the THWN wires used for devices wiring with RHW wire. 

9. Navigation lights 
b. Rehab or replace navigation lighting that is missing functional access door 

closure hardware or has degraded raceway system 
10. Miscellaneous 

a. Provide instrument rack and relocate all video equipment from the control 
desk  

b. Replace lighting transformer and lighting panel board. Rewire operator’s 
house to provide selectivity between circuits. 
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5.3 Major Rehabilitation: 

1. Main electric service 
a. Install new main electrical service with droop cable system 

2. Back up electric service 
a. Install new emergency generator and ATS capable of electrically operating 

the bridge in case of a power failure.   
3. Motor control centers 

a. Install new motor control center 
4. Motors and drives 

a. Install new flux vector drives and motors 
5. Brakes 

a. Install new thruster brakes with modern single piston thruster and new 
limit switches 

6. Control desk 
b. Replace control desk with human factors designed integrated control desk. 

7. Traffic gates 
a. Install AASHTO compliant barrier gates 
b. Provide data link and remote communication and control modules 

coordinated with the bridge control system to allow gates to be operated 
from the control desk in the control house or locally  

8. Limit Switches 
a. Install new limit switches  

9. Navigation lights 
a. Install new navigation lighting system 
b. Replace the aircraft beacon system with FAA compliant system 
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Appendix A 
Photos 
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Photo E‐1: Catenaries are problematic since they ice up in the winter and local switching is 
required to provide heating power from the transformers that are installed on the top of the 

bridge truss level at the south end to melt the ice 

 

Photo E‐2: The use of propane fired emergency engine in the machinery and control room 
requires the installation of carbon monoxide detectors to alert the operator of any exhaust 

or plenum leaks 
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Photo E‐3: The MCC is of obsolete design with exposed bare copper bus which exposes the 
switch person to the arcing that might occur during the switching process 

 

Photo E‐4: Temporary measures were taken to minimize the potential for the insulation on 
the rotor leads to wear through and short out as they leave the motor rotor housing 
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Photo E‐5: The secondary resistors have exposed energized elements and conductors and 
the existing guard does not fully encompass for the hazard 

 

Photo E‐6: Even though the thruster brakes appeared to be in a good condition, they are an 
obsolete GE model and no spare parts, such as seals, are available 
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Photo E‐7: From field experience the plunger switches for the span seated indication are 
problematic. If they are not adjusted properly, they get damaged easily. 

 

Photo E‐8: The lead screw rotary cam limit switch is an obsolete model and it is very 
difficult to adjust 
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Photo E‐9: Many of the existing lever arms limit switches normally used for span full open 
and over travel indication switches are not functional 

 

Photo E‐10: Several access doors on the navigation lights are open due to missing or 
defective closing hardware 
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Appendix B 
Field Inspection Sheets 
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