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ABSTRACT


Microbiologically influenced corrosion (MIC) assessment is introduced as a possible component of an improved model or method for predicting corrosion rate and/or durability of metallic culverts and related highway components. Examination of a field site revealed presence of microorganisms usually related to MIC suggesting a biological contribution to the significant deterioration observed in a test pipe.  Determination of factors relevant to MIC is considered as a part of environmental characterization for service life prediction.

INTRODUCTION

Corrosion is the most important durability limitation factor in highway metallic components such as culvert pipe, which must operate for long design service lives (DSL) ranging from decades to 100 years and beyond. Premature replacement of components damaged by corrosion is costly not only because of the price of the new unit, but also because of the potential associated road demolition and service outage.  Thus, it is much to the benefit of transportation agencies to have in place reliable means of predicting the corrosion rates of metals in soil and waters so that materials selections commensurate with the desired DSL are made.

Materials and components of  interest include culvert pipe of solid and clad aluminum alloy, galvanized steel, or aluminized steel; structural steel piling (both steel shapes and pipe), galvanized tie strips in mechanically stabilized earth (MSE) walls, and buried metals in a variety of additional engineering applications. Durability design criteria in present use are typified by those currently adopted by the Florida Department of Transportation (FDOT), which require as input the type of alloy and some parameters representative of the environmental service conditions of the unit.  For example, for metallic drainage culverts those parameters include the soil and water resistivity, chloride (Cl-) concentration, and pH 1.  Alternative criteria include scaling tendency indicators as environmental inputs, for example, total hardness, alkalinity, and free CO2 2,3,4. 

The environmental parameters used in those approaches typically do not include potential sources of microbiologically influenced corrosion (MIC).  The aim of this paper is to introduce MIC risk assessment as a possible supplement to the environmental information used to predict service life of highway metallic structural components. An example will show preliminary activities to uncover MIC aspects that may be instrumental in predicting corrosion rates of metals in soils and waters for culvert pipe in subtropical service.

THE MICROBIOLOGICAL FACTOR: MIC ASSESSMENT

Microorganisms, along with their enzymes or metabolic products, are the differential element between biotic and abiotic corrosion. Microorganisms play a main role in the adherence processes leading to biofilm formation. The biofilms, as well as biofouling deposits, modify drastically the characteristics of the metal/solution interface where the corrosion reaction takes place5.

Microorganisms are widely distributed in natural and industrial environments and according to their special characteristics they can be seriously harmful to a broad spectrum of industrial processes and installations, leading to several types of detrimental effects: a) formation of biofouling deposits in the interior of the pipes where the physicochemical characteristics of the environment are completely different (more aggressive) from those of the bulk, b) formation of microbial consortia allowing the growth of anaerobic bacteria like SRB that are able to produce corrosive metabolites in high concentrations within restricted areas of the biofilm6, c) microbial degradation of industrial products with consequent deterioration of their chemical composition and properties, and d) corrosion of the pipe wall underneath microbial deposits. The presence of microorganisms in the corrosion environment, however, does not necessarily mean that the cause of corrosion is MIC.
Determining what type of microorganisms are present, identifying the populations of those bacteria and understanding precisely where they are present can aid in establishing the degree of microbial involvement in the corrosion process7. To confirm the presence of microorganisms in the corrosion environment two general procedures can be performed: laboratory culturing and microscopic observations. Although culturing in artificial growth media is accepted as a standard technique for the confirmation of microbial presence and for the estimation of microbial numbers, several limitations of culturing methods are highlighted in NACE standard TM0194-94. Testing should be accomplished for the three most common types of corrosion-causing bacteria: acid-producing bacteria (APB), iron-related bacteria (IRB) and sulfate-reducing bacteria (SRB).

To avoid the limitations of conventional culturing methods, genetic monitoring of bacterial populations can be made by using molecular techniques in which the V3 hyper-variable region of the 16S rDNA gene is amplified through the polymerase chain reaction, and bacterial diversity is studied by using denaturing gel gradient electrophoresis (DGGE). By using these innovative techniques it is possible to simulate field conditions and culture the representative corrosion-causing microorganisms8.

A PRACTICAL CASE (NASSAU SOUND)

The following is an example of exploratory determination of MIC factors in a field installation to evaluate performance of highway drainage culvert pipe. FDOT has a culvert pipe test site located along Route A1A (SR105), 0.5 miles north of the new Nassau Sound Bridge and 4.2 miles south of Amelia City in Nassau County, Florida. The culvert piping at this site was installed in November 1997, and has a total length of 40 ft, but made up of four 10 foot sections, each section of a different material. The test pipe sections were 1-ounce type I aluminized steel (T-1), 1-ounce type II aluminized steel (T-2), 2-ounce galvanized steel (Galv) and 2-ounce polymer-coated galvanized steel (Poly), installed in that order. The culvert piping was emplaced along a coastal road, adjacent to the marsh and oriented parallel to the road, partially submerged in the native soil and covered with backfill material. The pipe sections were mechanically coupled but electrically isolated from each other.

This test site is classified as an extremely aggressive environment for corrosion based on FDOT environmental aggressiveness guidelines9.  The FDOT Materials Office Corrosion Laboratory10 indicated that results of field and laboratory testing of soil and water samples from the site over the 7-year period were: pH 6.3 to 7.2; resistivity, 90 to 5,000 ohms-cm; chloride, 100 to 6,000 mg/L; sulfate, 500-1,600 mg/L, and acidity, 20 -60 mg/L. Half-cell potentials measured with a copper/copper sulfate (CSE) reference electrode were reported as given in Table 1 10.  

Microbial analyses were conducted as part of the investigation. In the culvert pipe invert, stagnant water was present in all pipe sections, and accumulated soil was present in all but the galvanized steel section. Samples of the backfill soil and native marsh soil were acquired from the top and beneath the type II aluminized steel piping, respectively, along with soil plus water from the invert of the galvanized steel piping, and soil plus corrosion products from the invert of the type II aluminized steel piping. Figure 1 shows an interior view from the T-1 end of the pipe.

The microbial analyses (Table 2) revealed that sulfate reducing and sulfate oxidizing bacteria were present at detectable levels in the soil found in the type II aluminized steel piping invert and in the water found in the galvanized steel piping invert. 
Based on a visual inspection during pipe removal by FDOT, the type 2 aluminized steel pipe section was extensively corroded and in several places the walls were perforated. Red corrosion product was visible in the soil along the longitudinal pipe axis at ~mid depth of the pipe (or roughly where the backfill soil met the native soil). It is noted that the plain galvanized pipe had the most negative potentials throughout the test period, indicative of galvanic protection in progress (although less so near the end). The aluminized pipes had significantly less negative potentials suggestive of less galvanic protection and consistent with the greater deterioration observed in at least one of them (T2). 

The microbiological analyses showed an order of magnitude difference or more for microbial enumerations of the backfill compared with other samples, but the differences between species in the inverts of type 2 aluminized steel and galvanized steel do not directly correlate with  the extensive corrosion damage observed in the type 2 aluminized steel pipe section. In follow-up work, FDOT will assess the material condition of each section, and further characterize in the laboratory the soil pH, resistivity, chloride and sulfate content.

The presence of SRB documented in Table 2 allow us to presume a microbiological contribution in the corrosive attack especially when bacterial enumerations in the invert are higher than those corresponding to native enumerations. The presence of heterotrophic bacteria as well as Pseudomonads could lead to biofouling and the formation of deposits and a corrosive environment in the invert. Videla et al.11 recently reported that the environmental characteristics of the metal/biofilm/medium (soil) interfaces and their surroundings (pH, ionic composition, oxygen levels, biofouling distribution) control the chemical and physical nature of corrosion product layers and may change their effect on the metal surface from corrosive to protective. Moreover, the entrance of oxygen into an anaerobic environment like the invert of culvert pipes would accelerate the corrosion rate mainly through a change in the chemical nature of iron sulfides. The differences between biotic and abiotic media can be attributed to the presence of extracellular polymers and to heterogeneities created at the metal surface by the formation of biofilms.

The present examination results illustrate the potential of  biocorrosion assessment as an environmental consideration to be used in DSL estimation. Similar analyses are in progress in other field test sites to build a background data base for possible inclusion in future durability forecast methods. Results will be reported as new information becomes available.  

CONCLUSIONS

MIC assessment is introduced as a possible relevant component of a model or method for predicting corrosion rate and/or durability of metallic culverts for highway drainage applications and related component and service categories.

Examination of a field site revealed the presence of SRB allowing us to presume a MIC contribution to significant deterioration observed in a test pipe.  The results suggest that determination of microorganism enumerations can become an important part of environmental characterization for service life prediction. 
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Table 1. Half-cell potentials  V (vs SCE) 
from middle of each culvert pipe sections. 
(Data provided by FDOT)

	Pipe Section
	11/12/97
	11/16/98
	11/03/99
	02/26/02
	12/06/04

	T-1
	-0.81
	-0.77
	-0.69
	-0.58
	-0.68

	T-2
	-0.77
	-0.79
	-0.68
	-0.61
	-0.67

	Galv
	-1.17
	-1.09
	-0.96
	-0.79
	-0.77

	Poly
	-1.12
	-0.98
	-0.79
	-0.63
	-0.67


Table 2. Results of Microbial Analysis
	Type of Microbes


	Backfill

Enumeration

CFU/gdw
	Backfill SRD1
	Native 

Enumeration

CFU/gdw
	Native SRD
	T-2 Invert

Enumeration

CFU/gdw
	T-2 SRD
	Galv Invert

Enumeration

CFU/g
	Galv SRD

	Heterotrophic Plate Count (Aerobic)
	9.7 x 106 
	2.1
	1.6 x 106 
	3.2
	1.1 x 106 
	3.6
	3.0 x 106 
	3.6

	Anaerobic Bacteria
	4 x 104 
	0.4
	3 x 105 
	0.2
	4 x 105 
	0.2
	1.0 x 106 
	0.3

	Yeasts and Molds
	7.7 x 104 
	0.6
	8.2 x 103 
	1.5
	1 x 103 
	1.6
	2.5 x 103 
	1.8

	Actinomycetes
	2.8 x 105 
	0.9
	7.3 x 104 
	1.2
	2.3 x 104 
	1.4
	1.9 x 105 
	1.5

	Pseudomonads
	3.5 x 104 
	0.9
	1.2 x 104 
	3.4
	3.1 x 104 
	3.8
	4.7 x 104 
	2.6

	Nitrogen-Fixing Bacteria
	<1 x 103 
	-0.3
	2.0 x 104 
	0.9
	8 x 103 
	1.3
	2.2 x 104 
	1.4

	Sulfur Oxidizing Bacteria3
	<3
	
	430
	
	930
	
	930
	

	Sulfate Reducing Bacteria
	<1 x 102 
	------
	<2 x 102 
	------
	1.4 x 102 
	------
	1.0 x 104 
	------

	% Moisture (dw)
	9.2%
	------
	44%
	------
	31%
	------
	100%
	

	 SRDT2
	------
	4.6
	------
	10.4
	------
	11.9
	------
	11.2


CFU/gdw - Colony Forming Units/gram dry weight sample; CFU/g – Colony Forming Units/gram (applies to aqueous sample). Any analysis result reported as “<” indicates a result below detection limits.

1 The species richness diversity (SRD) index is derived by weighing the variety of species within a functional group (species richness) from a normalized analysis against the total number of microorganisms associated with that functional group. 

2 The total species richness diversity index (SRDT) is the sum of the individual SRD’s for the six functional groups.

3 Units are most probable number/gram of sample (MPN/g)


Figure 1 - Corrosion evident in a type I aluminized steel culvert pipe after 7 years of service. 
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