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ABSTRACT 

Personnel at a chemical processing plant recently noticed significant 
corrosion of the steel channel that supports the 75-ft diameter thickener tank, 
which raised concerns that the structural integrity of the tank could be 
compromised. Structural Engenuity, Inc. performed a site inspection to assess 
the current state of the support channel, reviewed available construction 
documents, and performed structural analyses to determine the risk of failure. 
The support channel, which may not have received corrosion protection after 
installation, is estimated to have lost 0.1 to 0.2 in. in flange and web thickness 
around the perimeter of the tank. Structural analyses indicate that the 
maximum-allowed corrosion loss is about 0.1 in. under the heavily-loaded 
bridge support area and 0.22 in. elsewhere. Supplemental structural supports, 
steel columns welded to the tank wall, are recommended to transfer the 
weight of the tank, roof, and bridge directly to the concrete foundation as the 
support channel continues to corrode and further weaken over time. 
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EXECUTIVE SUMMARY 

The thickener tank at a chemical processing plant
1
 is 75 ft in diameter with an average fluid 

(brine) depth of 15.5 ft. The tank wall is supported on the flange of a steel channel section that projects 2 in. above 
the surface of the reinforced concrete foundation. The support channel was recently found to be heavily and more 
or less uniformly corroded around the perimeter of the tank. The degraded condition of the support channel raised 
concerns for its structural integrity and that of the tank. Structural Engenuity, Inc. (SEI) was asked to perform a site 
inspection to assess the structural health of the tank support and to provide construction drawings for structural 
remediation if required. 

SEI performed the site inspection on October 23, 2013. The position of the tank wall relative to 
the web of the support channel is, on average, 0.15 in. closer to the flange tip than the nominal design location, 
but well within the documented construction tolerance. The reinforced concrete foundation shows some signs of 
surface cracks, but the observed cracks are not considered problematic or evidence of excessive foundation 
movement. An ultrasonic thickness gage (UTG) is used to measure the thickness of the accessible portion of the 
support channel flange. Corrosion causes flaking of the steel surface, and significant flake formation interferes with 
obtaining accurate UTG measurements. Corrosion loss varies from about 0.1 in. to an estimated 0.2 in. around the 
perimeter of the tank. The badly corroded state of the support channel and the absence of clear documentation 
suggests the channel did not receive corrosion protection after installation. 

The gravity load from the tank wall, roof structure, and bridge/mechanism transmitted to the 
support channel are evaluated using a finite element model of the structure and are found to agree very well with 
the documented load. The seismic load used in the original tank design is about three times higher than required 
because of the conservative assumptions used. SEI’s independent structural analysis indicates that the maximum 
allowed corrosion is about 0.1 in. in the heavily-loaded areas beneath the bridge and about 0.22 in. at other 
locations. On-site corrosion measurements indicate that the available corrosion allowance at the two bridge 
support locations has been exhausted and that there are likely regions at other locations around the tank where 
the higher corrosion allowance of 0.22 in. has also been, or soon will be, exhausted. 

Supplemental structural supports are recommended to provide a more reliable load path to the 
foundation that bypasses the corroded support channel. Supplemental bridge supports, four W10×33s welded to 
the existing W10×49 bridge support posts and attached to the existing concrete foundation, will begin to transfer 
load directly to the foundation as the support channel continues to weaken with increasing corrosion. A series of 
WT12×27.5 posts, with a maximum spacing of 23.5 ft, are recommended for the supplemental tank wall supports. 
These posts are welded to the tank wall and are also attached to the existing foundation. Similar to the bridge 
support posts, these posts will transfer load to the foundation as the support channel in its vicinity weakens. A 
grout curb poured around the exterior perimeter of the tank is recommended to delay future corrosion and an 
interior angle, welded to the tank wall and steel floor plate is recommended to maintain a watertight seal, but 
these latter two recommendations are non-structural and therefore not essential.  

 

                                                                 
1
 Plant management have requested their identity not be disclosed. 
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Section 1 

THICKENER TANK FOUNDATION INSPECTION 

Personnel at a chemical processing plant
2
 found significant salt build-up around the perimeter of 

the 75-foot diameter thickener tank while performing maintenance around and inside the tank. The plant site and 
thickener tank are shown in Figure 1-1. A bridge structure, which supports a stirring mechanism that extends down 
into the tank, spans across the tank. The tank is a steel shell that is welded to the top flange of a steel channel 
(C8×18.7) partially embedded in the reinforced concrete foundation. The support channel is A36 steel and is 
reported to have been coated to protect it from corrosion. Plant personnel found evidence of extensive corrosion 
over the entire exterior exposed portion of the channel. Significant corrosion will compromise the structural 
integrity of the channel, which, in turn, can compromise the structural integrity of the tank itself. Plant 
management requested Structural Engenuity, Inc. (SEI) perform a site inspection and structural evaluation of the 
tank structure. The primary goals of the SEI effort are to evaluate the condition of the support channel, identify the 
primary failure mechanisms, determine the risk of structural failure, and provide drawings for structural 
remediation if required.  

 

Figure 1-1 Chemical Processing Plant Site Overview. 

SEI performed a site inspection on October 23, 2013. The tank had been filled and was operating 
normally since the original tank maintenance was performed, so only the exterior could be observed during the 
site visit. Station numbers are placed around the circumference of the tank to facilitate associating observations 

                                                                 
2
 Plant management have requested their identity not be disclosed. 
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with the corresponding physical location on the tank. A tank plan with station numbering is shown in Figure 1-2. 
The station numbers (post-it notes taped to the tank wall) are placed at 3.5-foot increments, for a total of 68 
stations, around the perimeter as shown in the photograph inset in the figure. The orientation of the tank in Figure 
1-2 is identical to that in Figure 1-1. The bridge truss structure spans parallel to Grid D and is supported on four 
17.5-foot-long W10×49 columns welded to the exterior face of the tank shell plates. The W10×49s extend 10 ft 
above the top edge of the 14-foot high tank and are located between Stations 16 and 19 and between Stations 50 
and 53 on the plan. Station 1 is located at the western-most (per plan orientation) edge of the tank. 

  

Figure 1-2 Thickener Tank Station Numbering. 

A cross-section of the thickener tank shell support is shown in Figure 1-3 (extracted from 
Ref. [2]). The C8×18.7 (formally referred to as C8×18.75) were shipped to the site in segments bent to the required 
radius and joined onsite via welded lap splices with a shorter and smaller channel section nested inside the 
adjoining C8 sections. A drawing showing the channel segments is not available; however, site observations 
suggest the lap splices are spaced at about 20 to 22 ft around the tank perimeter for a total of 12 segments. The 
badly corroded condition of the foundation precludes clear identification of the splice locations. The interior of the 
tank is sloped downward to a central pipe and 3/8-inch thick steel plates are placed on the concrete surface and 
welded to the channel. The steel plates are provided in 4 radial and 24 slightly overlapping circumferential 
segments. Presumably, the splices in the channel sections are staggered relative to the plate splices to minimize 
the potential for a weak joint, but this detail could not be confirmed during the site visit.  

The tank wall is formed from 3/8-inch thick welded steel plates that sit on and are welded to the 
exposed top flange of the support channel. The tank wall transmits vertical and horizontal forces to the support 
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channel; hence, the actual placement of tank wall relative to the support channel web affects the stress state in 
the support channel. Measurements of the exposed channel flange length at each station are plotted in Figure 1-4. 
The nominal distance is 1.40 in. with an allowable variation of ±0.75 in. for construction tolerance. All of the 
measurements fall within the construction tolerance except for two locations; however, some of the variation can 
be attributed to measurement error so these two points are not considered significant. The tank wall is properly 
positioned on the support channel. The most relevant take-away from the flange measurements is the average 
measured distance of 1.25 in. compared with the design distance of 1.4 in. The actual placement of the tank wall is 
0.15 in. closer to the flange tip than the nominal design. 

 

Figure 1-3 Thickener Tank Support Configuration. 

 

Figure 1-4 Tank Shell Radius Variation. 
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The projection of the flange above the concrete surface also affects the load-carrying capacity of 
the support channel and is measured at each station. The measured projection is very close to the design 
projection of 2 in. with an average deviation less than 0.1 in. The vertical placement of the channel relative to the 
concrete foundation corresponds very well with the construction documents and the small measured deviation is 
attributed in part to measurement error. 

The physical condition of the tank exterior can provide clues into the possible contributors to a 
potential failure. Some areas of the country deal with expansive soils that can cause movement of the foundation 
and damage the superstructure. The geotechnical investigation performed at the site, Ref. [3], does not find 
evidence of significantly expansive soils and recommends use a pile foundation. The thickener tank is supported on 
an 80-foot diameter, 4.6-foot-thick reinforced concrete mat, which is, in turn, supported on an array of 24-inch 
diameter piles spaced at about 11 ft on center (Ref. [4] and Ref. [5]). The foundation extends about 2.5 ft beyond 
the edge of the tank wall and is in fairly good condition. The surface condition of the foundation around the 
perimeter is inspected and the observed surface cracks are shown in Figure 1-2. An example of the cracks at 
Station 5 is shown in the left-hand side of Figure 1-5. The cracks are minor in appearance and tend to be 
concentrated on the north and northwest sides. Some cracking in concrete is expected from shrinkage as the 
concrete cures. 

 

Figure 1-5 Foundation Crack (Left) and Damp Condition (Right). 

The surface of the concrete was predominantly dry around the perimeter of the tank, except 
near Station 48 as shown in the right-hand side of Figure 1-5. There were no other obvious sources of water near 
the damp area which is concentrated near the tank wall. A small hole in the tank wall or channel may be allowing 
the product to slowly leak out. Alternatively, the fluid may have found a leak path under the steel floor plates, up 
the sloped foundation, and around the support channel at this location. Plant personnel discovered the underflow 
pipe at the center of the tank had detached from the steel cone, which did allow fluid to escape over a relatively 
long period of time. The cause for the pipe-to-cone failure is not known but may have resulted from several 
possible scenarios including an insufficient initial weld, high stresses imparted during the original construction, or 
soil movement occurring since construction. 

A single leak point might lead to a localized region of corrosion that could spread 
circumferentially from that location around the support channel. There are variations in the corrosion; however, 
there does not appear to be an observable trend of decreasing corrosion from a location of maximum corrosion. 
Typical examples of the observed corrosion are provided in Figure 1-6. There is evidence of significant flaking at 
various locations around the perimeter. These “flakes” may be remnants of the smaller channel used in the 
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support ring lap splice, which is less concerning for tank foundation structural integrity. However, the photograph 
on the right-hand side of Figure 1-6 (Station 35) shows numerous horizontal splits in the channel flange which are 
the precursor to flake formation. 

 

Figure 1-6 Corrosion/Degradation of Tank Support Channel. 

A DeFelsko Positector Ultrasonic Thickness Gage (UTG), right-hand side of Figure 1-7, is used to 
measure the remaining thickness of the support flange at various locations around the perimeter. The condition of 
the steel must be “good enough” to allow for accurate thickness determination. The flange thickness of the most 
severely compromised locations, such as Station 35 shown in the right-hand side of Figure 1-6, cannot be 
measured because the high-frequency sound waves reflect off of the multiple corrosion layers. Several locations 
that allow for accurate measurements are summarized in Table 1-1. The nominal flange thickness is 0.39 in. 
Ref. [6], so minimal corrosion loss ranges from 0.04 to 0.08 in. under the best of circumstances. Corrosion loss in 
the worst areas is estimated to be on the order of 0.2 in. based on visual inspection. 

 

Figure 1-7 Measurement of Support Channel Flange Thickness. 

The UTG requires a relatively flat surface and an essentially-constant thickness under the probe 
head. The web of the support channel is also critical to the structural integrity of the tank and is also badly 
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corroded. Attempts were made to measure the thickness of the web (nominally 0.487 in.), however, no reliable 
measurements were obtained because the accessible surfaces of the web is rough in many places and the 
presence of the floor plate (and its weld to the channel) and fluid on the opposite side present confusing ultrasonic 
returns. 

Table 1-1 Support Channel Flange Thickness Measurements. 

Station Flange Thickness 

6 0.33 in. 

14 0.35 in. 

20 0.31 in. 

31 0.33 in. 
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Section 2 

STRUCTURAL EVALUATION 

The structural evaluation of the tank support is based on the as-built location of the tank wall on 
the support channel, the degraded state of the support channel, and the applied loads. The loads used in the 
original design are provided in Ref. [7] and are shown in Figure 2-1 for convenience. The loads are comprised of 
dead (structure self-weight), hydrostatic, roof live load and mechanism live load, lateral wind or seismic load, and 
thermal-induced loads. The live load specified in the roof drawing, Ref. [8], is 10 psf. The seismic/wind loads were 
obtained from the American Society of Civil Engineers 7-05 (ASCE 7-05) Minimum Design Loads for Buildings and 
Other Structures, which is referenced by the 2006 edition of the International Building Code (IBC).  

 

Figure 2-1 Original Thickener Tank Design Loads From Ref. [7]. 

 The C8×18.7 was selected to resist the applied loads shown in Figure 2-1 based on the 
construction detail shown in Figure 1-3. A 0.125-in. corrosion allowance was considered in the design, which 
means that the C8×18.7 can lose 0.125 in. from the web and the flange and remain structurally sound. The 
corrosion allowance represents the maximum-allowed material loss over the service lifetime of the structure. The 
Building-Code-mandated applied loads and the load resistance of the as-built and current condition of the channel 
are evaluated in this section. 

2.1 APPLIED LOADS ASSESSMENT 

The vertical shell and mechanism load of 4.55 kip/ft shown in Figure 2-1 apparently includes the 
effect of the mechanism load of 27.9 kips at each W10×49. The roof load includes the self-weight of the 30 fiber-
reinforced polymer shell sections (33 kips per shipping records) and a 10-psf live load. A finite element stress 
analysis of the tank shell including the concentrated mechanism loads, tank weight (including insulation), and roof 
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load is performed and the vertical-oriented stress field (plotted as kip/ft along the edge of the shell) is plotted in 
Figure 2-2. The peak load applied to the channel (bottom of the tank) occurs midway between the two W10×49s 
and is about 4.5 kip/ft which agrees with the 4.55 kip/ft shown in Figure 2-1. The tank shell delivers a much lower 
load of about 1 kip/ft to the support channel away from the bridge support area.  

  

Figure 2-2 Vertical Stress in the Tank Shell at the Bridge Location. 

A structure is not designed for a maximum wind load applied simultaneously with a maximum 
earthquake load owing to the very low probability of those two extreme events occurring simultaneously. Both 
load cases are evaluated to determine which one controls. The original design is apparently controlled by the 
seismic load because the total seismic base shear of 371.8 kips (Figure 2-1) distributed around the perimeter of the 
tank is 1.6 kip/ft, which agrees with the horizontal force identified in Figure 2-1.  

The wind loads for the original design are based on ASCE 7-05. The latest version of the ASCE 
standard, ASCE 7-10 (Ref. [10]), is used to determine the wind loads for this evaluation. The latest version of 
ASCE 7 provides wind loads scaled for strength (ultimate) design rather than allowable stress design; hence, wind 
loads obtained from ASCE 7-10 must be multiplied by 0.6 to compare them to ASCE 7-05 wind loads. The thickener 
tank geometry is a circular building with a spherical roof and ASCE 7 has special provisions to calculate the wind-
induced surface pressure that acts on these buildings. The surface pressure coefficient, Cp, varies from the 
windward side (Cp = -0.818), to the side (Cp = -0.518), and to the leeward side (Cp = -0.187). There is a similar 
variation along the spherical roof. The geometry of the thickener tank gives rise to the unusual scenario in which 
all of the surface pressures act away from the surface as shown in Figure 2-3. The surface pressure must be 
integrated over the surface of the building and the roof to obtain the net wind force for a given direction. In this 
case, the net force is 9.4×0.6 kips acting toward the direction of the wind. Additional provisions in ASCE 7-10 
require a minimum wind load determined from the projected area of the building (1200 ft

2
) and a minimum 

pressure of 16 psf, which yields 19.2×0.6 kips, or 11.5 kips. The minimum wind force of 11.5 kips controls over the 
geometry-based force. This is a small force for this size structure and is only 50 lbf/ft when uniformly distributed 
around the perimeter of the tank. 
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Figure 2-3 Wind Pressure Distribution per ASCE 7-10. 

A large fluid-filled structure presents challenges in determining the seismic base shear relative to 
a typical building because the large fluid mass does not move as a solid mass when the ground moves and, for a 
ground-level tank, has a much lower resonance frequency (sloshing mode) than the lowest structural mode of the 
tank. The thickener tank fluid weighs about 5,700 kips compared to the tank structural weight of 230 kips; hence, it 
is essential to properly account for the sloshing mode of the fluid. The fluid/structure dynamics is addressed via 
response spectrum analysis. ASCE 7 defines the response spectrum for the Maximum Considered Earthquake 
(MCE) for any given region that has a 2% probability of exceedance in a 50-year period.  

The parameters required to define the response spectrum for the plant site are obtained from 
the USGS website

3
 using the latitude and longitude of the plant: 

 
)057ASCE(152.0,247.0

)107ASCE(151.0,198.0

1

1





gSgS

gSgS

DDS

DDS , (1) 

The values obtained for ASCE 7-05 are fairly close to those identified in Figure 2-1 and Ref. [7]. The SDS and SD1 
acceleration parameters define the MCE response spectra plotted in Figure 2-4. The principal difference between 
the two response spectra is the high maximum acceleration for “rigid” structures (structures with resonance 
periods less than 1 sec; i.e., resonance frequencies greater than 1 Hz). Response spectra obtained from recent 
regional earthquakes

4
 are also plotted in Figure 2-4 for comparison. The largest actual earthquake was recorded by 

sensors in Oklahoma City on November 6, 2011 and 42 miles from the epicenter of the 5.6-magnitude earthquake. 
As expected, actual regional earthquake spectra fall well below the ASCE 7 design spectra. 

The base shear force produced by the sloshing mode is estimated using a simple 1-degree-of-
freedom dynamics model of the tank/fluid system shown in Figure 2-5. The horizontal time-dependent ground 

displacement, s(t), causes the fluid surface to rotate through a time-dependent angle of (t) as the fluid sloshes 

back and forth. The center of mass of the fluid moves laterally (and to a small degree, vertically) by (t). The 
equation of motion of the fluid mass in terms of the surface angle is derived from the kinetic energy of the fluid 
and the potential energy provided by gravity: 

 s
D

H

D

Hg


22

16

3

32
   (2) 

                                                                 
3
 United States Geological Survey, http://earthquake.usgs.gov/hazards/designmaps/ 

4
 National Strong Motion Project, http://nsmp.wr.usgs.gov/ 
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where D is the diameter of the tank and H is the (average) depth of the fluid. The sloshing mode resonance 
frequency and resonance period are given by: 

 sec46.6
1

,Hz155.0
3

32

2

1
2


Slosh

SloshSlosh
f

T
D

Hg
f


 (3) 

 

Figure 2-4 Comparison of ASCE 7 and Actual Earthquake Response Spectra. 

 

Figure 2-5 Simple Fluid Sloshing Dynamics Model. 

The maximum angular acceleration of the fluid surface is estimated from the response spectrum 
acceleration obtained from Figure 2-4 for the sloshing period of 6.46 sec: 

 
222 sec

rad
047.0

16

sec

ft
715.0 










D

H
KMax  (4) 

where K is a factor (K = 1.5) that scales the 5%-damped response to a 0.5%-damped response for fluid motion. 
ASCE response spectra are defined assuming 5% structural damping; however, the fluid sloshing mode has much 
lower damping (assumed to be 0.5%). The corresponding lateral acceleration of the fluid center of mass is used to 
determine the resulting lateral force applied to the (rigid) tank wall and its foundation: 
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 kips190
16

2

 MaxFluidMaxFluidSlosh
H

D
MMF    (5) 

The estimated base shear force of 190 kips is about half of that shown in Figure 2-1 (372 kips). 
Furthermore, the calculations that led to Equation (5) do not account for the deformation of the tank as the fluid 
moves, which will tend to reduce of the total base shear. The American Petroleum Institute (API) published formal 
procedures in API 650, Ref. [11], for calculating the lateral base shear force generated by a ground-mounted fluid-
filled tank under seismic excitation. Two dominant modes of vibration are taken into account: (1) the convective 
mode (i.e., the fluid sloshing mode) and (2) the impulsive mode (i.e., the tank structural response mode). The 
sloshing mode period defined in API 650 is given by 

  

 

sec25.6
68.3

tanhft1

sec1578.0












D

H

D
Tc

 (6) 

and is very close to the 6.46-sec period computed in Equation (3). The impulsive (i.e., structural) mode period is 
much lower: Ti = 0.11 sec. 

The total seismic base shear force is obtained by combining the two modal response forces using 
the root-sum-square (RSS) method. The RSS combination is used because the two modes deliver their maximum 
corresponding base shear forces at different times. The API 650 procedure assigns 72% of the fluid weight to the 
convective (sloshing) mode (Wc). The weight assigned to the impulsive mode, Wi, includes the remainder of the 
fluid weight along with the combined weight of the tank, roof, floor plates, and mechanism. These two weights are 
multiplied by the corresponding lateral acceleration coefficients (Ac = 0.018, Ai = 0.057). The lateral acceleration 
coefficients are the maximum accelerations obtained from Figure 2-4 for the convective and impulsive resonance 
periods divided by a response modification factor defined in API 650. ASCE 7-05 leads to a larger impulsive mode 
lateral acceleration coefficient (Ai = 0.071) than ASCE 7-10 because the impulsive mode period falls in the range 
where the two response spectra differ the most. Although it is not necessary, the ASCE 7-05 response spectrum is 
used to compute the seismic base shear: 

     kips131
22
 iiccAPI WAWAF  (7) 

This seismic base shear is almost one-third of the base shear used in the original design and slightly lower than the 
approximate base shear obtained in Equation (5). The horizontal shear force distributed around the tank perimeter 
is 0.56 kip/ft compared with the 1.6 kip/ft shown in Figure 2-1. 

The original design does not appear to be based on the API 650 seismic procedure. Instead, it is 
more likely that the total fluid and structure mass were assumed to move together as an elastic structure and that 
combined weight was used along with the more approximate equivalent lateral force method described in 
ASCE 7-05. In effect 6.2% of the total weight is assumed to act laterally on the foundation. Obviously, there is no 
harm in using larger forces to design the tank and its foundation than required by the Building Code. 

The center of mass of the fluid and the structure are at higher elevations than the tank-to-
channel weld and therefore cause an overturning moment to be applied to the foundation in addition to the 
horizontal base shear calculated above. The center of the convective fluid mass, Xc, is 7.3 ft and the center of the 
impulsive mass, Xi, is 6 ft. The distributed force applied to the foundation channel is 
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 which, as expected, is about one-third of the corresponding force shown in Figure 2-1 (0.56 kip/ft). 

Hydrostatic and thermal expansion/contraction are responsible for additional forces transmitted 
to the support channel through the constraint provided by the support channel on the tank wall. Finite element 
analyses of the tank shell are performed for the hydrostatic load and the reaction force at the base of the shell is 
extracted from the model and is shown in Figure 2-6. The operational temperature range spans from 0 °F to 175 °F; 
however, the temperature range responsible for producing forces on the support channel is much lower. If the 
foundation and tank wall expand in unison, no restraint forces are developed. The tank foundation has been 
exposed to elevated temperature brine for a long period of time and is assumed to have expanded sufficiently to 
render any differential stresses negligible; hence, the thermal forces are not considered in the present analysis.  

 

Figure 2-6 Elastic Compatibility Force Due to Hydrostatic Load. 

The various loads applied to the support channel flange are summarized in Table 2-1 for the 
original design and the assessment performed for this investigation. There is very good agreement in the 
maximum gravity loads near the bridge supports (the 4.55 kip/ft decreases to 1.0 kip/ft away from the bridge). The 
analysis performed for this study also finds that the seismic loads dominate over the wind loads; however, the 
seismic forces calculated for this study are about one-third of those used in the original design. The force applied 
to the channel resulting from the hydrostatic force used in the original design are not known. The documented 
design loads used in the original design are generally larger than those identified here.  

Table 2-1 Comparison of Design Loads. 

Load Source/Direction Original Design This Study 

Shell/Mechanism ↓ 4.55 kip/ft 4.55 kip/ft 

Seismic ↓ 0.56 kip/ft 0.20 kip/ft 

Seismic ← 1.60 kip/ft 0.56 kip/ft 

Hydrostatic ← Unknown 0.62 kip/ft 
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2.2 STRUCTURAL ASSESSMENT 

The tank support channel is subjected to simultaneous horizontal and vertical forces as shown in 

Figure 2-7. The forces generate bending and axial stresses in the flange, flange, and the web, web, given by: 
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  (9)  

where tf is the nominal flange thickness minus the thickness loss due to corrosion and tw is the nominal web 
thickness minus the loss due to corrosion. The eccentricity, e, of the vertical load relative to the outer face of the 
channel web is 1.09 in. as determined from the as-constructed geometry (see Figure 1-4). The first term in each 
stress equation above is the unit-width bending moment divided by the unit-width section modulus and the 
second term is the unit-width axial force divided by the unit-width area. The allowable stress for A36 steel is 22 ksi, 
so the flange and web stresses defined above must be less than 22 ksi to satisfy the Building Code. 

 

Figure 2-7 Forces Acting on the Thickener Tank Support Channel. 

The magnitudes of the vertical and horizontal forces shown in Figure 2-7 are determined from 
the forces provided in Table 2-1 and the various load combination factors defined in ASCE 7. There are three 
relevant load case combinations that must be considered here and the corresponding load combination factors are 
summarized in Table 2-2. Load Case 1 maximizes the effect of the live load, load Case 2 maximizes the contribution 
of the seismic load, and load Case 3 has a reduced live load acting simultaneously with a reduced seismic load. The 
dead load and hydrostatic load are always present. The resulting vertical force and horizontal force are provided in 
the bottom two rows of Table 2-2. The numbers in parentheses for P are the vertical forces away from the bridge 
support region.  

The maximum flange and web stress defined in Equations (9) are plotted in Figure 2-8 as a 
function of thickness loss due to corrosion. The plot on the left-hand side applies under the bridge supports (the 
highest-stressed portion of the support channel) and the plot on the right-hand side applies for the remainder of 
the support channel where the stresses are lower. The stress in the channel web reaches the allowable stress 
when the thickness loss due to corrosion exceeds 0.1 in. A corrosion loss of about 0.22 in. is allowed at regions 
away from the bridge.  
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Table 2-2 ASCE 7 Allowable Stress Design Load Combinations. 

Load Case 1 Case 2 Case 3 

Dead 1.0 1.0 1.0 

Live 1.0 0.0 0.75 

Seismic 0.0 0.7 0.525 

Hydrostatic 1.0 1.0 1.0 

P (kip/ft) 4.55 (1.00) 4.49 (0.94) 4.61 (1.06) 

V (kip/ft) 0.62 1.01 0.91 

 

 

Figure 2-8 Effect of Corrosion on Support Channel Flange and Web Stress 

The maximum allowed corrosion is less than the corrosion allowance assumed in the original 
design, which is surprising considering (1) the original design seismic load is about three times larger than the 
seismic load used for this assessment and (2) the construction tolerance requires a load eccentricity 0.6 in. larger 
than the as-built eccentricity used in the present study. Analyses performed with the seismic loads identified in 
Ref. [7] suggest that the construction tolerance and the hydrostatic-induced force (fourth row in Table 2-1) were 
not considered in the original design. Fortunately, the very conservative seismic load used in the original design 
compensated for the unconservative omissions resulting in a safe design with a slightly lower corrosion tolerance 
than originally intended.  

The measured corrosion loss, under the best of circumstances, varies between 0.05 to 0.1 in. 
Hence, the present condition of the support channel in the vicinity of the bridge suggests that the maximum-
allowed corrosion loss is met or exceeded and that the structural factor of safety in these regions is less than that 
required by the Building Code. There is a somewhat greater margin at other areas of the support channel because 
the gravity load is less. The corrosion in some areas may in fact exceed the allowed 0.22 in.; however, these areas 
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may be fairly localized at present. The corrosion process will continue and, eventually, the structural integrity of 
the support channel will be compromised. There is no reliable analysis that can be performed to predict the 
remaining life of the channel, but this region of the tank support is not as critical as the region immediately under 
the bridge. 
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Section 3 

RECOMMENDATIONS FOR STRUCTURAL REMEDIATION 

The badly corroded condition of the support channel discussed in Section 1 and the structural 
assessment presented in Section 2 indicate that the structural integrity of the support channel in the vicinity of the 
bridge supports may be compromised. The remaining almost 85% of the support ring is in equally poor condition, 
but does not have to support the heavier loads from the bridge and the stirring mechanism and is therefore less 
critical from a structural integrity perspective. The corrosion process will continue, however, and these areas will 
eventually become critical as well. The inspection and evaluation findings indicate that structural remediation is 
required. The proposed remediation provides independent support for the bridge structure, intermediate supports 
for the tank wall away from the bridge, protection for the corroded support channel to slow the rate of corrosion, 
and an internal tank feature to maintain the watertight seal around the perimeter. 

A “structural failure” in the present context will develop progressively over a period of time 
rather than occur suddenly as a complete collapse of the tank wall and complete loss of the structure. The all-
welded tank shell and support channel is a highly indeterminate structure that can accommodate a localized loss 
of strength. If the support channel weakens (e.g., due to corrosion) in a localized area, the factor of safety will be 
gradually eroded. Once the factor of safety falls below the Code-mandated value, the structure is considered to 
have “failed” as far as the Code is concerned, even though there may be no outward sign of distress. Once the 
excess structural capacity is lost in a section of the support channel, the portion of the load initially carried by that 
section of the channel will redistribute through the tank wall to structurally sound portions of the channel. A 
weakened area of the support channel will lead to an increase in tank wall stress and an increase in the channel 
stress where it can withstand the additional stress. This process can continue as the weakened area of the channel 
expands as a result of additional corrosion and the higher stresses developed through load redistribution. 
Eventually, the increased stresses in the tank wall and/or channel will overcome their load-carrying capability. The 
tank wall may buckle locally resulting in an observable bulge in the tank wall or the wall-to-channel connection will 
fail leading to a small leak. If this process is left unmitigated, a complete collapse will eventually occur.  

The purpose of the recommended remediation plan is to provide alternate load paths to the 
concrete foundation to prevent overstressing the tank wall as described above and to slow the rate of corrosion. 
The most critical areas requiring attention are the four columns that support the bridge structure. The existing 
posts are W10×49s that are welded to the exterior face of the tank wall. The structural remediation concept 
extends these posts down to the existing reinforced concrete foundation as shown in the right-hand side of Figure 
3-1. Four W10×33s are welded flange-to-flange to the existing W10×49s and extend down to the foundation where 
they are attached to the foundation via four post-installed anchors. Initially, these columns will not be loaded; 
however, as the support channel continues to corrode in this area, load will be transmitted into these new posts 
thereby avoiding the load redistribution through the tank wall. The new posts are sized to carry all of the vertical 
load, but the integrity of the tank wall is assumed to provide lateral bracing. Installation of the four supplemental 
bridge supports is most critical and can be performed without having to drain the tank and interfere with ongoing 
plant operations. 
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The tank wall away from the bridge support is not as heavily stressed as the region in the 
immediate vicinity of the bridge. The need for structural remediation is nevertheless recommended because of the 
current poor condition of the channel and the inherent uncertainty in assessing the support channel flange and 
web thickness. The concept is similar to the bridge support plan in that an external column is used to provide an 
alternate load path from the tank wall to the foundation as shown in the left-hand side of Figure 3-1. The webs of 
WT12×27.5s are welded directly to the tank wall and attached to the existing concrete foundation via four post-
installed concrete anchors. The total number of these supplemental supports depends upon placement restrictions 
that plant management may impose to ensure unencumbered access to critical tank features and fittings. A 
maximum along-wall spacing of 23.5 ft is permitted for a minimum of 10 columns required to support the tank 
wall. The final locations of these posts is left to the discretion of plant management. As is the case with the bridge 
supports, these posts will be very lightly loaded until the support channel near a given post weakens, causing the 
load to be transferred to the post. 

 

Figure 3-1 Thickener Tank Supplemental Supports. 

The spacing of the intermediate supports is determined via finite element stress analysis of the 
tank wall for various loss-of-support scenarios. An example of one of the analyses is shown in Figure 3-2. The finite 
element model is shown in the left-hand side of the figure where the wall supports are removed over a 14-ft-long 
section of the wall to represent the loss of load-carrying capability of the support channel in this area. The 
corresponding stress field is shown in the right-hand side of the figure. The wall in this portion of the tank is 
subjected to lower vertical stress than the wall near the bridge. The hydrostatic-induced hoop stress in the wall is 

constant around the perimeter of the tank. The Von Mises stress, vm, is used to assess materials like steel when 
subjected to more complex stress states: 
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where 1 and 2 are the principal stresses in the plane of the tank wall, y is the yield stress of the steel, and  is 

the factor of safety ( = 1.67). The third principal stress component normal to the wall surface is effectively zero. 
The spacing of the intermediate supports is limited by the maximum-allowed Von Mises stress for the worst-case 
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loss of support effectiveness. The Von Mises stress is about 10 ksi under the bridge supports and about 10.4 ksi for 
the condition shown in Figure 3-2. 

 

Figure 3-2 Loss of Tank Support and Resulting Stress Distribution. 

Installation of The intermediate tank wall supports are less time-critical owing to the relatively 
lightly-loaded nature of the tank wall away from the bridge. The support channel is in poor condition and the 
actual thickness loss cannot be ascertained with high confidence. The high slope of the stress-VS-corrosion curve 
(right-hand side of Figure 2-8) indicates than the structural capability will diminish quickly as corrosion progresses. 
Installation of these supports requires the tank to be drained before the columns can be welded to the tank wall. 
Given the less critical nature of these supports and the disruption to plant activity their installation requires, it is 
appropriate to delay their installation until the planned plant shutdown in May 2014 at the earliest. 

Additional recommendations focused on the wall-to-channel connection are also provided. A 
grout curb poured around the exterior perimeter of the tank, shown in Figure 3-3, provides some protection of the 
remaining exposed portion of the channel against future corrosion. Corrosion will still occur, but at a slower rate. 
The curb also plays a minor structural role in that it provides some vertical support under the channel flange as 
continued corrosion leads to increased downward deflection of the flange. A steel angle (L4×3) is also 
recommended for the interior of the tank to maintain a watertight seal in the event that the channel or 
channel/wall connection develops a leak. This angle does not play a structural role—it is merely intended to 
provide a seal between the tank wall and steel floor plates. Plant management may elect to not install either the 
exterior curb or the interior angle at their discretion. 

 

Figure 3-3 Corrosion and Leak Mitigation. 
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Section 4 

FINDINGS AND CONCLUSIONS 

The structural integrity of the thickener tank and its support, a steel channel partially embedded 
in the concrete foundation, are assessed based on observations of their current condition and measurements 
obtained during an October 23, 2013 site visit, a review of available construction documents provided by plant 
management, a reassessment of the design loads required by the Building Code and relevant supporting 
references and standards, and independent structural analyses performed to assess the stress state in the tank 
wall and support channel.  

Existing Condition: The support channel shows evidence of significant corrosion more or less 
uniformly around the perimeter of the tank. There is no detectible single point corrosion initiation site. A damp 
area near Station 48, apparently emanating from the support channel, may represent a leak point, but the degree 
of corrosion at that location does not appear to be any worse than any other location. The apparent leak/moisture 
may be the result of the corrosion rather than the primary source of it. 

Plant personnel believe the support channel was coated with Carboline 1205 after the channel 
was installed; however, the Coating Submittal Data Sheet (Ref. [1]) only identifies the parts to be coated as the 
uppermost 2 ft of the tank wall interior. The support channel does not appear to be mentioned as receiving this 
coating. The Anchor Channel Tank Ring Assembly drawing (Ref. [2]) does note that the channel sealant is not to be 
applied until after the tank-to-channel weld is complete, but there is no detail provided about the sealant product. 
There is at least the possibility that the support channel was not protected against corrosion, in which case, the 
present state of the channel is not surprising. If the Carboline 1205 coating was applied, the manufacturer 
recommends that salt should not be allowed to build up on and stay in contact with a coated surface, which was 
the case at the plant. Even so, the level and uniformity of the current corrosion appears to be consistent with an 
unprotected surface. 

Thickness measurements of the support channel flange are acquired at those locations where 
the condition of the channel surface permitted accurate measurement with the UTG. A minimum corrosion loss 
ranging between 0.05 in. to 0.1 in. is measured in these areas. Corrosion losses approaching 0.2 in. are estimated 
based on visual inspection of those areas that did not permit accurate measurements with the UTG. 

The placement of the tank wall relative to the web of the support channel plays a critical role in 
determining the magnitude of the stress in the channel flange and web. The construction drawing, Ref. [2], allows 
for ±0.75 in. variation; however, on-site measurements show that the tank wall is placed very accurately on the 
channel with an average deviation of 0.15 in. farther from the channel web. 

Design Loads: The Building-Code-mandated design loads are documented in Ref. [7] and 
represent the worst-case condition near the two bridge supports on the north and south sides of the tank. A finite 
element analysis performed to evaluate the tank wall stress at its interface with the support channel shows very 
good agreement with the gravity load (tank, roof, and mechanism) applied to the channel reported in Ref. [7]. 
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Lateral loads on buildings and structures are often controlled by either wind or seismic 
conditions. The assessment performed for this study concurs with the original assessment in that the seismic force 
controls over the wind force. The central difference between the original and the present assessment is the 
magnitude of the seismic load used in the analysis. The original design is based on a seismic load that is almost 
three times larger than the load determined in the present study because the mass of the fluid was assumed to 
move in unison with the mass of the tank. The present analysis considers the dynamics of the fluid (i.e., sloshing) 
and the dynamics of the structure per the API 650 (Ref. [11]) response spectrum analysis procedure. The 
assumption employed for the original design is conservative (i.e., safe) for ground-mounted tanks.   

Structural Integrity:  The combined bending and axial load stress imposed on the channel flange 
and web by the tank wall are evaluated for three load combinations required by the Building Code, actual tank-to-
channel construction, and varying degrees of corrosion loss in the channel. The maximum allowed corrosion loss 
for the portion of the channel responsible for supporting the bridge structure is only slightly larger than 0.1 in., 
which corresponds to the magnitude of the corrosion observed at the site. This finding indicates that supplemental 
structural supports are required to safely transmit the bridge loads to the foundation and to avoid potentially 
unsafe load redistribution within the tank wall. 

A second observation stemming from this analysis is that the actual corrosion allowance is closer 
to 0.1 in. rather than the 0.125 in. reported in Ref. [7]. The primary reason for this discrepancy appears to result 
from (1) not accounting for the ±0.75 in. construction tolerance in the placement of the tank wall on the support 
channel and (2) not considering the restraint force that develops between the tank wall and the channel under the 
action of the hydrostatic load. The use of conservative seismic loads in the original design conveniently 
compensated for these unconservative omissions. 

The structural integrity of the support channel in the more lightly loaded region away from the 
bridge is also assessed. The maximum allowed corrosion loss in this region (about 85% of the tank support 
perimeter) is about 0.22 in. It is likely that the corrosion loss in some areas around the perimeter is close to or 
exceeds this allowance. Hence, while not as critical as the region responsible for supporting the bridge, 
supplemental supports are also recommended around the perimeter. These supports require welding directly to 
the tank and their installation can be postponed until the planned plant shutdown so that the tank can be drained 
and to avoid interfering with plant operations. 
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Section 5 
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