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1. Executive Summary

A structural analysis was performed on five District water storage reservoirs to determine their sufficiency to
withstand existing earthquake code requirements. The shells of all five tanks except the Division 7 and 22
tanks were found to be adequate; however, the foundations and/or anchorage were inadequate in all five
tanks. The Division 7 Reservoir is the largest in the system, has the most serious deficiencies, and would
have the worst adverse impact if removed from service by an earthquake. It is recommended as the
highest priority for retrofit. The recommended priority for further investigation of retrofit options are:

= Division 7 Reservoir

A supplemental, external ringwall is the recommended retrofit option at an estimated approximate
project cost of $721,000. Project costs include general conditions (10%), sales tax (8.7%),
contingency (20%), and engineering, permitting, legal and admin (15%). This retrofit also includes
supplemental shell plates to resolve issues with overstress.

= SVWTP Reservoir

An attached, below ground ringwall addition to the existing ringwall foundation is the recommended
retrofit option at an estimated approximate project cost of $156,000.

= Division 22 Reservoir

The addition of an external gravity ringwall collar, is the least expensive and recommended retrofit
option at an approximate estimated project cost of $367,000. This retrofit also includes a small
amount of supplemental shell plate to resolve issues with overstress.

= (Geneva Reservoir

An anchored external ringwall is the least expensive and intrusive retrofit alternative, and is the
recommended retrofit approach for the Geneva Reservoir at an estimated approximate project cost
of $505,000.

= Division 30 Reservoir

The recommended retrofit option for this reservoir is an anchored supplemental ringwall. Although
a gravity collar may appear less expensive at first glance, the unit price for concrete could be
substantially higher than assumed generally due to the remoteness and elevation of the site. A
gravity collar would also involve very poor shell manway access. The estimated approximate
project cost for this retrofit option is $541,000.

2. Introduction

This report is prepared pursuant to a contract between the Lake Whatcom Water and Sewer District and
BHC Consultants LLC dated November 30, 2015. The purpose of the contract is to obtain a seismic and
structural evaluation of five existing water storage reservoirs within the District boundaries and provide a
report discussing the planning level opinion of probability and consequence of failure, specific structural
deficiencies, and estimated costs and methods to retrofit these structures to bring them to current
standards.
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The five welded steel, ground storage reservoirs which are the subject of this report were constructed in the
1970’s and 1990’s. Their names, dimensions, and maximum capacities are provided in Table 1.

Table 1 — Reservoir Data

: Maximum .
Reservoir Name Caggénit??éal) C?gglt):ity ConZ‘?rii:te d Diameter (ft.) Helghzfg;‘ Shell
Geneva 500,000 519,206 1979 53-0" 32-8"
Division 22 500,000 520,088 1971 50'-0" 35'-0"
Division 7 1,000,000 997,939 1971 70-0" 35'-0"
Division 30 150,000 151,390 1973 25'-5" 40-4 Y2
Sudden Valley Water
Treatment Plant 235,000 225,591 1992 400 25'-0"
(SVWTP)**
Notes:

¥ Maximum capacity is the gross storage volume with the tank filled to the overflow level, with no
reductions for internal piping or appurtenances.
**The Sudden Valley WTP reservoir also functions as a chlorine contact tank and has an internal baffle
system. The nominal capacity of the tank is per the shop drawings.

The evaluation did not include tank roofs or vents, corrosion or coatings, or geotechnical evaluation of site

stability.

3. Summary of Observations

BHC visited each tank site on September 1, 2015 and again on December 15, 2015, when the tanks were
examined and certain dimensional measurements made. In addition, BHC reviewed available District
record information for the tanks, which included limited design or shop drawings, soils reports, and external
and underwater inspections. Tank nameplate data or record drawings indicate that the welded steel
ground storage tanks were designed in accordance with earlier editions of AWWA D100 Welded Carbon
Steel Tanks for Water Storage.

The District obtained estimated thickness measurements for ringwall thickness at Reservoirs 7, 22, and 30
using both ground penetrating radar (GPR) and an Olsen concrete thickness gauge (CTG). These tests
were performed on January 7, 2016 by Geotest of Bellingham, WA and are described in their report dated
January 13, 2016, which is attached as Appendix A.2. Unlike the Geneva and SVWTP Reservoirs, these
three reservoirs had no surviving records related to ringwall foundation depth or thickness.

The District excavated near the above ringwalls on December 15, 2015 and January 7, 2016, at which time
depth measurements were made at three locations on the perimeter of each tank.

The condition of interior and exterior coatings was not evaluated. Visually, conditions appeared consistent
with tank inspection reports prepared in 2012 by H20 Solutions.
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4. Summary of Analysis Methodology

Each reservoir was analyzed for conformance to AWWA Standard D100-11, Welded Carbon Steel Tanks
for Water Storage, supplemented by requirements of the 2012 International Building Code and ASCE 7-10,
Minimum Design Loads for Buildings and Other Structures. Only seismic load combinations were
considered, but partial snow mass was included with the roof weight when required by code. Wind and roof
live load combinations were ignored.

Analysis was limited to shell, anchorage and foundation elements. Roof framing evaluation was not
included, since it does not perform a significant role in lateral resistance to seismic loads. The weights of
appurtenances and floor or roof plate overlaps were ignored, except for the weight of internal baffles on the
SVWTP Reservoir.

The assumed ground motion applicable for all tanks was the Maximum Considered Earthquake (MCE)
which is a maximum ground motion considered to have a risk of occurrence not greater than 2 percent in
50 years (a “2,500 year” earthquake). Ground motions were derived using latitude and longitude for each
tank and interpolation software available on-line from the U.S. Geological Service. It should be stressed
that the MCE s a “risk adjusted” value and not necessarily the worst possible earthquake that might be
expected at less frequent intervals. The MCE is the worst case earthquake considered by the building
codes. Design meeting code requirements does not mean there will be no damage, but that an acceptable
level of performance will be achieved for the risk category assumed.

All the reservoirs are used for fire protection and are classified in Risk Category IV in the Building Code and
as Category Ill in AWWA D100. These are equivalent categories and refer to essential facilities. The
addition of the new Division 22 Reservoir would not change the classifications of the existing reservoirs.

Ground motions were adjusted for soil type using factors in the Building Code. Site Class B has been
assumed for the Division 30 reservoir, based on rock encountered during the test pit excavation to expose
the ringwall. The Division 22 Reservoir site, where recent soil investigations for a future tank are available,
is assumed to be Site Class C. All foundation soils for the other three reservoirs are assumed to be Site
Class D.

Analysis methodology in AWWA D100 is based on an assumption of “rigid” shells and an open surface at
the top of the tank, in other words, no contact with the roof by sloshing waves induced by earthquake
ground motions. When sloshing involves roof contact, the horizontal forces on the tank are magnified and
result in increased forces on the tank superstructure and foundation. To account for this effect,
methodology in the literature was used to adjust the apparent seismic mass. Reference details are
provided in the calculations attached in Appendix B of this report.

Forces computed for design purposes by AWWA D100 methods adjust the predicted forces downward to
account for some ductility and deformation in the tank and what is considered an acceptable amount of
damage short of failure. Seismic forces due to impulsive mass (structure weight and most of the water
mass) are divided by the factor Rw which is 2.5 for unanchored tanks and 3.0 for anchored tanks.
Convective loads associated with convective mass (sloshing portion of the contents) are divided by a factor
Ri which is 1.5 for both anchored and unanchored tanks. Vertical acceleration concurrent with horizontal
ground motion is included.
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Unanchored tanks were checked for stability, and anchored tanks were checked for stability in case of
anchorage failure. Anchored tanks were checked for uplift of the foundation and for overturning stability
about a pivot point at the toe of the shell.

Finally, because the SVWTP tank has internal baffles, the effect of ground motions parallel to the baffles is
not the same as for ground motions perpendicular to the baffles. The behavior in the first case would be
similar to an un-baffled tank. For ground motions perpendicular to the baffles, the sloshing would be
reduced, resulting in less of the water mass counted as convective and more as impulsive, increasing the
base shear and overturning moment. The mass of the baffles and the mass of an equivalent volume of
displaced water was included in the analysis as an approximation for these effects. However, determining
their full effect on the relative amount of impulsive water mass is beyond the scope of this evaluation, and
would require a much more complicated analysis.

Table 2 is a summary of analysis assumptions.
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Table 2 — Analysis Assumption Summary

Geneva Division 22 Division 7 Division 30 SVWTP
Reservoir Reservoir Reservoir Reservoir Reservoir
Physical Data Summary
Diameter, D 53-0” 50"-0” 70—0" 25'-5" 40'-0”
Shell height, Hs 32’-8” 350 35-0” 4045 25"
Cone with Cone with Cone with Simolv supported Cone with rafters
Roof type rafters and rafters and rafters and P }(Ijom%p and center
center column | center column | center column column
Roof plltch (varies, number shown used for 112 112 112 N/A 112
analysis
Ringwall height 36" (record) 40 40 40 72’ (record)
Ringwall width 18” (record) 28’ 30" 18” min 18” (record)
: 13 each anchor
Anchors (approximately equal spaces where 12 each strap None None 12 each strap bolt and chair
provided) type type type
Floor elevation (per District) 662.0 ft. 800.0 ft. 669.0 ft. 1025.5 ft. 3445 ft.
Maximum operating depth, H (per District) 31.5ft. 33.5 ft. 33.5 ft. 39.3 ft. 22.0 ft.
Latitude, degrees (Google Earth) 48.7392 48.7272 48.7111 48.7028 48.7169
Longitude, degrees (Google Earth) -122.4056 -122.3556 -122.3189 -122.3333 -122.3172
Ground elevation (Google Earth) 661 ft. 805 ft. 673 ft. 1030 ft. 335 ft.
Ground snow load, pg (from greater of Google
elevation or District floor elevation times .075
coefficient from SEAW Snow Load Analysis for 50 psf 60 psf 50 psf 77 pst 26 psf
Washington, 2" ed.)
Site Class D C D B D
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Table 2 — Analysis Assumption Summary
Geneva Division 22 Division 7 Division 30 SVWTP
Reservoir Reservoir Reservoir Reservoir Reservoir
IBC/ASCE Analysis Parameters
Ss, 0.2 second spectral acceleration at MCER,
normalized for Site Class B, 5% damping. 948¢ 943¢ .940g 944¢ 939
(Source USGS)
S1, 1 second spectral acceleration at MCER,
normalized for Site Class B, 5% damping 3719 .368¢ .367¢ .369g .3669
(Source USGS)
?_ltleo)Coefﬂment Fa (from 2012 IBC and ASCE 112 102 112 100 112
?_ltlleO)Coeffluent Fv (from 2012 IBC and ASCE 166 143 167 100 167
SMs (Ssx Fa) 1.062g 9629 1.053g 9449 1.052g
SM1 (S1x Fv) 6169 5269 613g 3699 6119
Sos (2/3 x Sws) .708g 6419 71029 6299 7019
So1 (2/3 x Sw1) 4119 3519 409¢ 2469 407
Seismic Design Category (ASCE 7-10) D D D D D
Risk Category (2012 IBC and ASCE 7-10) \Y
Snow load importance factor Is 1.20
Seismic importance factor le 1.50
AWWA Analysis Parameters
Material Class 2 | 1 2
Alternative Design Basis Applicable (Chapter No
14, AWWA D100-11 for higher strength steel)
Minimum Design Roof Snow Load 25 psf
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Table 2 — Analysis Assumption Summary

Geneva Division 22 Division 7 Division 30 SVWTP
Reservoir Reservoir Reservoir Reservoir Reservoir
Minimum Roof Live Load 15 psf
Seismic Use Group 1l
Seismic Importance Factor 1.5
E aEcrjegponse modification factor for impulsive 3.0 95 95 30 30
Rc (response modification factor for convective 15
loads) '
Transition period for longer period ground 16 sec
motion, T (mapped)
Minimum required freeboard as a fraction of 10
computed sloshing wave amplitude, d '
Other Analysis Assumptions
Year of construction 1979 1971 1971 | 1973 | 1992
Foundatiop concrete 28 day compressive 3000 psi Assume default value of 3000 psi
strength, f'c (record)
Foundation reinforcement Fy, ksi Assume default value of 60 ksi \ Grade 60 (record)
Use 2500 psf Use 2500 psf
2500 psf 4000 psf (soils | default value for default value for
Allowable foundation soil pressure, static. (original soils report for Class D site 10,000 psf Class D site
Increase by 1/3 for seismic loads report) proposed class based on ’ class based on

second tank)

comparison to
Geneva site

comparison to
Geneva site
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5. Summary of Findings - Structural

5.1 Geneva Reservoir

5.1.1 Record Information

The Geneva Reservoir was constructed by Reliable Steel Fabricators (no longer in business) of Olympia,
WA in 1979. Original design and shop drawings were provided by the District, along with a December 13,
2012 investigation report by Wilson Engineering of Bellingham, WA and a cleaning and inspection report
and video by H20 Solutions dated July 9, 2012. In addition, a soils report by Anvil Corporation dated March
1979 was available. Design drawings and specifications dated May 1979 by Yoshida, Inc. of Seattle, WA
were available, as well as shop drawings by Reliable Steel dated May 24, 1979 (see Figures 1 and 2). The
shop drawings indicate design in accordance with AWWA D100-84, Seismic Zone 3.
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Figure 2 Elevation View from Original Design Drawings

The reservoir has a mildly sloped cone roof, supported by 27 channel-shaped rafters which span from the
shell to a steel center column. The Wilson report noted a few bolts were missing at rafter connections, but
the missing bolts did not appear to be critical. A site location map for the Geneva Reservoir is provided in

Figure 3.
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5.1.2 BHC Field Observations

General condition, appurtenances, and site conditions appeared consistent with record information. The
tank has a single 30 inch diameter shell manhole, and a 2 feet square roof hatch with partial roof railing.
The roof is accessed by caged exterior ladder and an un-caged interior ladder (see Figure 4).

Figure 4 Geneva Reservoir, September 1, 2015

Water level at the time of examination on July 15, 2015 was 31.3 feet. BHC measured the tank diameter
and height, and the height and metal thickness of shell courses, floor, and roof plates. Metal thickness for
the shell and roof was measured using a Cygnus 6 Plus Ultrasonic Thickness Gauge. Other dimensions
were measured using a steel tape. Record metal thicknesses and measurements are shown in Table 3
below. For analysis, thicknesses were rounded to the nearest 1/32 inch.
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Table 3 — Metal Thicknesses — Geneva Reservoir

Distance from Top of Floor Plate to Top
of Shell Course (ft)

Metal Thickness (in)

ftem Record Measured By Record Measured Measured Using Avera Used for
Tape By Tape UT Gauge ge Analysis
Roof Plate N/A 3/16 N/A 0.120, 0.120. 0.120 0.120 3/16
Shell Course 4 (highest) 32.67 32.67 1/4 N/A 0.245,0.245 0.245 1/4
Shell Course 3 24.52 24.52 1/4 N/A 0.230, 0.230 0.230 1/4
Shell Course 2 16.34 16.34 9/32 N/A 0.265,0.265 0.265 9/32
Shell Course 1 (lowest) 8.17 8.17 11/32 N/A 0.35, 0.345,0.345 0.35 11/32
Floor Plate N/A 1/4 1/4 N/A 1/4 1/4
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The measured diameter of the tank is 52 feet, and the shell height is 32 feet 8 inches. The overflow
elevation (record) is 32 feet above the floor, for a top capacity of 519,206 gallons compared to a nominal
capacity of 500,000 gallons. The tank is held down by 12 steel plate anchors embedded in a concrete
ringwall foundation. The ringwall record dimensions are 18 inches wide by 36 inches high. The observed
configuration and spacing of the anchors was consistent with the record drawings. Grade was
approximately 7 inches below the top of the ringwall. Photos from the site visit are shown in Figures 5 and

6.

Anchored tanks are required by AWWA D100 to have a grout layer between the floor plate and the ringwall
at the shell; however, no grout was observed.
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Figure 6 Roof at Entry Hatch

The interior was observed from the roof hatch and photographed without entering. Framing conditions
appeared consistent with record information.

5.1.3  Summary of Findings — Structural

Table 4 compares the results of the seismic analysis to standards in AWWA D100-11. Supporting
calculations for these ratios are provided in Appendix B.1. The recommended allowable forces do not
represent failure loads, but have a liberal safety factor. Anytime the ratio of actual to allowable exceeds
about two, however, the demand is approaching ultimate capacity and should be a cause for concern.
When comparisons are made on an ultimate strength basis, the safety limit has been reached when the
ratio of factored loads to allowable strength is less than 1.0.

Because the predicted sloshing wave will contact the tank roof, the seismic load is considerably increased
compared to a tank with adequate freeboard.

Table 4 — Seismic Load vs AWWA D100 Allowable — Geneva Reservoir

Analysis AV.VWA Result
Requirement
Sloshing Wave

First Mode Amplitude 3.60 ft. N/A

Freeboard at Maximum Operating Level

(MOL) 1.7 ft. N/A

Wave contacts roof Yes No

Ratio of Wave Height to Freeboard 3.13 <1.00 No Good
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Table 4 — Seismic Load vs AWWA D100 Allowable — Geneva Reservoir

Analysis AV.VWA Result
Requirement
Seismic Load Increase Due to Sloshing Wave Roof Contact
Base Shear Without Roof Contact 727 kip N/A
Base Shear With Roof Contact 913 kip N/A
Increase Due to Roof Contact +26% N/A
Overturning Without Roof Contact 9,207 kip-ft. N/A
Overturning With Roof Contact 11,229 Kip-ft. N/A
Increase Due to Roof Contact +22% N/A
Sloshing Force on Roof-Shell Joint 1,201 plf N/A
Shell Static Stress
Say OK
Maximum hoop tensile stress/allowable 1.05 at base. 1.02 See ltem 1in
: at bottom of 1.0 o .
ratio Seismic Evaluation
second course
Summary below
Shell Seismic Stress
Say OK
Ma>l(|mum hoop tensile stress/allowable 136 <133 Seg ltem 1 in
Ratio Seismic Evaluation
Summary below
Maximum Iongltudlngl compressive 0.67 <133 oK
stress/allowable Ratio
Maximum Iongltudlnal tensile 015 <133 oK
stress/allowable ratio
Maximum shgar stress/allowable at shell to 0.24 <133 oK
floor connection
Anchors
Anchor spacing 12.5ft. <10 ft. No Good
Predicted/Allowable Stress Ratio (anchor 961 <133 No Good
top plate)
Predicted/Allowable Stress Ratio (anchor 6.40 <133 No Good
embedded plate)
Predicted/Allowable Stress Ratio (anchor 715 <133 No Good
weld at shell)
Prgdlcted/Allowable Stress Ratio (anchor 5.36 <133 No Good
splice weld))
Bond Stress/Allowable Stress (embedded 797 <133 No Good
plate)
Foundation
Overturning safety factor 0.92 >1.67 No Good
Uplift safety factor 0.24 >21.0 No Good, Uplit
occurs
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Table 4 — Seismic Load vs AWWA D100 Allowable — Geneva Reservoir

Analysis AV.VWA Result
Requirement
Base shear/friction resistance at floor level 0.24 <1.33 OK
Bearing pressure/allowable 244 <1.33 No Good
Check Stability As Unanchored Tank
Stability ratio, J | 9.45 | <1.54 | Unstable

5.1.4  Seismic Evaluation Summary

1. The static hoop stress at the base of the shell is overstated because the calculations typically
ignore the restraint provided by the floor plate. The static hoop stress at the base of the
second shell course is within 2 percent of allowable. Consider all shell plates adequate for
static as well as seismic hoop and compression stresses.

2. Anchors are inadequate. If anchors fail, the tank would behave as if unanchored but the tank
does not have the required stability without anchors and could fail catastrophically.

3. The existing ringwall does not provide enough weight to prevent uplift by a wide margin, even
assuming it could be adequately anchored. This means that much of the ringwall will be
subject to bending and torsional forces for which it was not designed, and the bottom of the
tank could pull apart from the shell, with catastrophic failure.

4. The safety factor against overturning is insufficient.

5.2 Division 22 Reservoir

5.2.1 Record Information

The Division 22 Reservoir was constructed by Union Tank Company (no longer in business) of Seattle, WA
in 1971. The nameplate indicates the use of the AWWA D100 standard. Original design drawings were
prepared by Horton Dennis Engineers and were provided to BHC by the District, along with a cleaning and
inspection report and video by H20 Solutions dated July 12, 2012 (see Figures 7 through 9). The Division
22 Reservoir design drawing provided basic dimensional data for the Division 7 and 30 Reservoirs on the
same sheet. An original soils report by Dames and Moore was referenced but the report was unavailable.

A new reservoir near the existing one has been proposed with a capacity of 630,000 gallons. A recent soils
report for this companion reservoir was prepared by PanGeo in December 2014 and recommended the use
of Site Class C for design purposes. A site location map for the Division 22 Reservoir is provided in Figure
10.

16



Lake Whatcom Water and Sewer District
Reservoir Seismic Vulnerability Assessment
Technical Report

Figuré 7 Division 22 Reservoir Site Plan from PanGeo Reporf
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The reservoir has a mildly sloped cone roof, supported by 25 channel-shaped rafters which span from the
shell to a steel center column.

5.2.2 BHC Field Observations

General condition, appurtenances, and site conditions appeared consistent with record information. The
tank has a single 24 inch by 18 inch elliptical shell manhole, and a 24 inch diameter roof hatch with no roof
railing. The roof is accessed by a caged exterior ladder and an un-caged interior ladder (see Figure 11).

Figure 11 Division 22 Rservoir, September 1, 2015

BHC measured the tank diameter and height, and the height and metal thickness of shell courses, floor,
and roof plates Other dimensions were measured using a steel tape. A measurement summary is provided
in Table 5. Based on measured thicknesses, it appears that shell courses 3 and 5 were installed in reverse
order.

The measured diameter of the tank is 50 feet, and the shell height is 35 feet. The overflow elevation
(record) is 34 feet 8 inches above the floor, for a gross top capacity of 520,088 gallons compared to a
nominal capacity of 500,000 gallons. The tank is unanchored. Grade was at or within a few inches below
the top of the ringwall.
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Table 5 — Metal Thicknesses — Division 22 Reservoir

Distance from Top of Floor Plate to Top

of Shell Course (ft)

Metal Thickness (in)

Item -
Record Measured By Tape Record Meaig:)eed By Measug;jugimg ut Average Xﬁg%g?sr

Roof Plate N/A N/A N/A 0.18,0.18 0.18 3/16
Shell Course 5 36.5 35 N/A N/A 0.270, 0.270 0.270 9132
(highest)
Shell Course 4 N/A 28.05 N/A N/A 0.255,0.255 0.255 1/4
Shell Course 3 N/A 21.02 N/A N/A 0.265, 0.265 0.265 1/4
Shell Course 2 N/A 14.02 N/A N/A 0.295, 0.295 0.295 9/32
Shell Course 1 N/A 702 N/A N/A 0.395,0,398, 0400 | 398 13/32
(lowest)
Floor Plate N/A N/A 114 N/A 114 1/4
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A test pit excavated along the side of the ringwall by the District allowed measurement of a ringwall height
of 60 inches at perimeter station 1+25.83 feet measured clockwise from the center of the shell manhole.
Additional measurements by the District on January 7, 2016 measured heights of 40 inches and 37 inches,
respectively, at stations 1+25 and 0+63. This variability in ringwall height was also observed at Reservoirs
7 and 30. An depth of 40 inches was used for analysis.

Geotest measured ringwall thicknesses at two locations. The Geotest thickness averaged 25.7 inches at
station 1+25 using the CTG method and 27 to 33 inches using the GPR method. Readings at station 0+63
averaged 28 inches using the CTG method and 24 to 30 inches using the GPR method. A width of 28
inches was used for analysis.

The tank has a grout layer between the floor plate and the ringwall at the shell. The grout layer is in poor
condition, with gaps several feet long where the grout has fallen out. The thickness of the grout layer
varies from about 1 inch to virtually nothing. The ringwall circumference is irregular and the tank floor plate
barely sits on the ringwall in some locations. Photos from the site visit are shown in Figures 12 through 15.

Figures 12, 13, and 14 Division 22 serir at undation
Note minimal or missing grout and irregular ringwall.
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Flgure 15 DIVISIOI‘\ 2 Reservow at Roof Hatch

The interior was observed from the roof hatch and photographed without entering. Conditions appeared
consistent with previous video by H20 Solutions.

5.2.3  Summary of Findings — Structural

For purposes of analysis, an average ringwall thickness of 28 inches has been assumed. Wall thicknesses
are generally designed in 2 inch multiples. An average ringwall height of 40 inches was assumed.

Table 6 compares the results of the seismic analysis to standards in AWWA D100-11. Supporting
calculations for these ratios are provided in Appendix B.2. The recommended allowable forces do not
represent failure loads, but have a liberal safety factor. Anytime the ratio of actual to allowable exceeds
about two, however, the demand is approaching ultimate capacity and should be a cause for concern.

Table 6 — Seismic Load vs AWWA D100 Allowable — Division 22 Reservoir

Analysis AV.VWA Result
Requirement
Sloshing Wave
First Mode Amplitude 3111t N/A
Freeboard at Maximum Operating Level (MOL) 1.5t N/A
Wave contacts roof Yes No
Ratio of Wave Height to Freeboard 2.07 <1.00 No Good
Seismic Load Increase Due to Sloshing Wave Roof Contact
Base Shear Without Roof Contact 799 kip N/A
Base Shear With Roof Contact 908 kip N/A
Increase Due to Roof Contact +14% N/A
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Table 6 — Seismic Load vs AWWA D100 Allowable — Division 22 Reservoir

Analysis R AV.VWA Result
equirement
Overturning Without Roof Contact 10,619 kip-ft. N/A
Overturning With Roof Contact 11,908 kip-ft. N/A
Increase Due to Roof Contact +12% N/A
Sloshing Force on Roof-Shell Joint 415 plf N/A
Shell Static Stress
Maximum hoop tensile stress/allowable ratio | 0.96 \ <1.00 \ OK
Shell Seismic Stress
Maximum hoop tensile stress/allowable Ratio 1.40 <1.33 No Good
Ma).qmum longitudinal compressive stress/allowable 0.75 <100 oK
Ratio
Maximum longitudinal tensile stress/allowable ratio 0.13 <1.33 OK
MaX|mu_m shear stress/allowable at shell to floor 0.26 <133 oK
connection
Foundation
Overturning ratio 1.68 =1.67 OK
Unit resistance/unit uplift 0.79 =1.00 No Good
Base shear/friction resistance at floor level 0.41 <1.33 OK
Bearing pressure/allowable 1.12 <1.33 OK
Check Stability As Unanchored Tank

Stability ratio, J | 991 | <1.54 | Unstable
Note:

1) Foundation resistance against uplift is an indication of the resistance that would be provided by the

foundation if it were adequately anchored to the foundation. If the ratio is less than 1.0, it means
that even if anchored, the existing ringwall would be inadequate to keep the tank from lifting.

5.24

1.

Seismic Evaluation Summary

Under seismic loading, the bottom of the second shell course is slightly overstressed in hoop
tension.

The existing ringwall does not provide enough weight to prevent uplift, even assuming it could be
adequately anchored. This means that some of the ringwall will be subject to bending and
torsional forces for which it was not designed, and the bottom of the tank could pull apart from the
shell, with catastrophic failure.

Because the tank is unanchored, the tank will not be stable and could fail catastrophically under
the assumed earthquake loading.

Without anchors, tank uplift may be on the order of 50 times the bottom plate thickness, or roughly
12 inches. AWWA D100 limits upward vertical displacements in unanchored tanks to 1 inch for
piping attachments, so piping connections are at risk of failure in an earthquake.
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5.3 Division 7 Reservoir

5.3.1 Record Information

The Division 7 Reservoir was constructed by Union Tank Company (no longer in business) of Seattle, WA
in 1971. The nameplate indicates the use of the AWWA D100 standard. Original design drawings were
prepared by Horton Dennis and were provided to BHC by the District (see Figure 16). The reservoir was
included in the previously mentioned structural evaluation report by Wilson Engineering dated December
13, 2012 along with a cleaning and inspection report and video by H20 Solutions dated July 10, 2012. The
Division 7 design drawing provided basic dimensional data for the Division 22 and 30 Reservoirs on the
same sheet. An original soils report by Dames and Moore was referenced but the report was unavailable.
A site location map for the Division 7 Reservoir is provided in Figure 17.
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The reservoir has a mildly sloped cone roof, supported by 18 equally spaced W8 primary rafters which
span from the shell to a steel center column. Partial C6 secondary rafters span from the shell to C6
headers which transfer the load to the primary rafters. The headers are located roughly a quarter of the
distance from the shell to the center. Member sizes were estimated from visual observation and
approximate capacity calculations. Wilson Engineering noted a partial failure of one of the C6 header
connections to a W8 primary rafter in its report. No remedial repair was documented or observed.

5.3.2 BHC Field Observations

General condition, appurtenances, and site conditions appeared consistent with record information. The
tank has a single 24 inch by 18 inch elliptical shell manhole, and a 24 inch diameter roof hatch with no roof
railing. The roof is accessed by a caged exterior ladder and an un-caged interior ladder (see Figure 18).

AN A d TEAREW -

S n -

Figure 1 Division 7 Reserir, September 1, 2015

BHC measured the tank diameter and height, and the height and metal thickness of shell courses, floor,
and roof plates. Metal thickness for the shell and roof was measured using a Cygnus 6 Plus Ultrasonic
Thickness Gauge. Other dimensions were measured using a steel tape. Measurements are summarized
in Table 7.
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Table 7 — Metal Thicknesses - Division 7 Reservoir
Distance from Top of Floor Plate to . .
o Top of Shell Course (ft) Metal Thickness (in)
Measured | Measured Using UT Used for
Record Measured By Tape Record B Average ;
y Tape Gauge Analysis
Roof Plate N/A N/A N/A 0.175, 0.175 0.175 5/16
Shell Course 5 (highest) | 37.2 35.0 N/A N/A 0.26, 0.26 0.26 1/4
Shell Course 4 N/A 28.04 N/A N/A 0.255, 0.255 0.255 1/4
Shell Course 3 N/A 21.03 N/A N/A 0.255, 0.255 0.255 1/4
Shell Course 2 N/A 14.02 N/A N/A 0.275, 0.275 0.275 9/32
Shell Course 1 (lowest) N/A 7.02 N/A N/A 0.335, 0.34 0.34 11/32
Floor Plate N/A N/A 0.32,0.31 0.315 5/16
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The measured diameter of the tank is 70 feet, and the shell height is 35 feet. The overflow elevation
(record) is 34 feet 8 inches above the floor, for a gross top capacity of 997,939 gallons compared to a
nominal capacity of 1,000,000 gallons. The tank is unanchored. Grade varied from zero to 8 inches below
the top of the ringwall.

A test pit excavated along the side of the ringwall by the District allowed measurement of a ringwall height
of 59.5 inches at perimeter station 1+25.83 feet measured clockwise from the center of the shell manway.
Additional measurements by the District on January 7, 2016 measured heights of 37 inches and 43 inches,
respectively, at stations 1+00 and 1+90, also measured clockwise from the center of the shell manhole. A
representative depth of 40 inches was assumed for analysis.

Geotest measured ringwall thicknesses at two locations. The Geotest thickness averaged 28.1 inches at
station 1+00 using the CTG method (impact-echo theory) and 32 to 33 inches using the GPR (ground
penetrating radar) method. Readings at station 1+90 averaged 29.4 inches using the CTG method and 30
to 36 inches using the GPR method. There was considerable scatter in the results. A thickness of 30 inches
was assumed for analysis as a reasonable and conservative thickness based on the low end of the range
from the GPR method.

The tank has a grout layer between the floor plate and the ringwall at the shell which is in very poor
condition, with gaps several feet long where the grout has fallen out. The thickness of the grout layer
varies from about 2 inches to virtually nothing. Photos from the site visit are shown in Figures 19 through
21.

. ,_'.'..'k.l Py ) il
Figure 19 Division 7 Reservoir at Foundation
Note missing grout.
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Figures 20 and 21 Division 7 Reservoir at Roof Hatch and Vent

The interior was observed from the roof hatch and photographed without entering. Conditions appeared
consistent with previous video by H20 Solutions. The roof was approximately 25 percent covered by
branch and needle debris from nearby trees.

5.3.3  Summary of Findings - Structural

Table 8 compares the results of the seismic analysis to standards in AWWA D100-11. Supporting
calculations for these ratios are provided in Appendix B.3. The recommended allowable forces do not
represent failure loads, but have a liberal safety factor. Anytime the ratio of actual to allowable exceeds
about two, however, the demand is approaching ultimate capacity and should be a cause for concern.

Table 8 — Seismic Load vs AWWA D100 Allowable — Division 7 Reservoir
Analysis AV.VWA Result
Requirement
Sloshing Wave
First Mode Amplitude 347 ft. N/A
Freeboard at Maximum Operating Level (MOL) 1.5 ft. N/A
Wave contacts roof Yes No
Ratio of Wave Height to Freeboard 2.33 <1.00 No Good
Seismic Load Increase Due to Sloshing Wave Roof Contact
Base Shear Without Roof Contact 1,365 kip N/A
Base Shear With Roof Contact 1,750 kip N/A
Increase Due to Roof Contact +28% N/A
Overturning Without Roof Contact 1k?p2*f2t7 N/A
Overturning With Roof Contact 22’9;8 Kip- N/A
Increase Due to Roof Contact +26% N/A
Sloshing Force on Roof-Shell Joint 939 plf N/A
Shell Static Stress

Maximum hoop tensile stress/allowable ratio \ 1.39 | <1.00 | No Good
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Table 8 — Seismic Load vs AWWA D100 Allowable — Division 7 Reservoir
Analysis AWWA Result
Requirement
Shell Seismic Stresses
Maximum hoop tensile stress/allowable Ratio 2.18 <133 No Good
g:tﬂ)mum longitudinal compressive stress/allowable 0.35 <1.00 OK
Maximum longitudinal tensile stress/allowable ratio 0.17 <1.33 OK
Maxmum shear stress/allowable at shell to floor 0.28 <133 OK
connection
Foundation
Safety Factor against overturning 1.77 >1.67 OK
Unit resistance/unit uplift 0.74 =1.00 No Good
Base shear/friction resistance at floor level 0.32 <133 OK
Bearing pressure/allowable 2.14 <1.33 No Good
Check Stability As Unanchored Tank
Stability ratio, J | 801 | <154 | Unstable
Note:

1) Foundation resistance against uplift is an indication of the resistance that would be provided by
the foundation if it were adequately anchored to the foundation. If the ratio is less than 1.0, it
means that even if anchored, the existing ringwall would be inadequate to keep the tank from
lifting.

5.3.4

Seismic Evaluation Summary

. The bottom half of the tank shell has excessive hoop tensile stress under both ordinary hydrostatic

load as well as seismic conditions.

The tank has acceptable longitudinal compressive stress under seismic load, but this is only
because AWWA allows consideration of shell stiffening from water pressure for unanchored tanks
under earthquake loading (AWWA D100 section 13.5.4.2.4). If the tank is anchored, the allowable
compressive stress will be reduced and the margin of safety reduced.

Without anchors, tank uplift may be on the order of 50 times the bottom plate thickness, or roughly
16 inches. AWWA D100 limits upward vertical displacements in unanchored tanks to 1 inch for
piping attachments, so piping connections are at risk of failure in an earthquake.

The failing header connection cited in the Wilson Engineering report in 2012 should be repaired
before it fails, resulting in roof damage.

The anchorage and foundation are inadequate. As a result, the tank will not be stable under the
earthquake loads assumed and could fail catastrophically.
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5.4 Division 30 Reservoir

5.4.1 Record Information

The Division 30 Reservoir was constructed by Union Tank Company (no longer in business) of Seattle, WA
in 1973. The nameplate indicates the use of the AWWA D100 standard. Original design drawings were
prepared by Horton Dennis and were provided to BHC by the District (see Figure 22). The reservoir was
the subject of a cleaning and inspection report and video by H20 Solutions dated July 10, 2012. The
Division 30 Reservoir design drawing provided basic dimensional data for the Division 22 and 7 Reservoirs
on the same sheet. An original soils report by Dames and Moore was referenced but the report was
unavailable.

Figure 22 Elevation View from Original Design Drawings

Reservoir 30 has a spherical segment, self-supporting dome roof with no stiffener plates or knuckle
transitions. This is different than the cone roof profile shown in Figure 22. A site location map for the
Division 30 Reservoir is provided in Figure 23.
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5.4.2 BHC Field Observations

General condition, appurtenances, and site conditions appeared consistent with record information. The
tank has a single 24 inch diameter shell manhole, and a 24 inch square roof hatch with partial roof railing.
The roof is accessed by caged exterior and interior ladders. The exterior ladder has an intermediate
landing platform (see Figure 24).

ire ivision 30 Resevoir, Septembe 1, 2015

BHC measured the tank diameter and height, and the height and metal thickness of shell courses, floor,
and roof plates. Metal thickness for the shell and roof was measured using a Cygnus 6 Plus Ultrasonic
Thickness Gauge. Other dimensions were measured using a steel tape. A measurement summary is
provided in Table 9.
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Table 9 — Metal Thicknesses — Division 30 Reservoir

[tem

Distance from Top of Floor Plate to

Top of Shell Course (ft)

Metal Thickness (in)

Record Measured By Tape Record Ivéeasured Measured Using UT Average Used f(.)r

y Tape Gauge Analysis
Roof Plate N/A N/A N/A 0.15,0.145 148 5/32
Shell Course 5 (highest) | 43.5 40.36 N/A N/A 0.245,0.25 0.25 1/4
Shell Course 4 N/A 32.04 N/A N/A 0.25,0.245 0.25 114
Shell Course 3 N/A 24.01 N/A N/A 0.235,0.245 0.24 114
Shell Course 2 N/A 16.02 N/A N/A 0.245,0.24 0.24 1/4
Shell Course 1 (lowest) N/A 8.02 N/A N/A 0.235,0.245,0.245 0.24 1/4
Floor Plate N/A N/A 1/4 N/A 1/4 114
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The measured diameter of the tank is 25 feet 5 inches, and the shell height is 40 feet 4.5 inches. The
overflow elevation (record) is 6 inches below the top of shell, for a gross top capacity of 151,390 gallons
compared to a nominal capacity of 150,000 gallons. The tank is anchored with 12 strap anchors at about 6
feet 8 inch spacing. Grade varied from zero to 8 inches below the top of the ringwall.

A test pit excavated along the side of the ringwall by the District allowed measurement of a ringwall height
of 58.5 inches. Additional measurements by the District on January 7, 2016 measured variations from 24
to 36 inches and 43 inches at excavations near station 0+10. The District test pits also indicated rock at
the bottom of the ringwall. Given the wide variation, an average height of 40 inches has been used for
computations.

Geotest measured ringwall thickness at one location at the west end of the tank. The Geotest thickness
averaged 17.2 inches using the CTG method and 15 to 21 inches using the GPR method. Given the wide
variation, 18 inches has been used for computations.

The tank has no grout layer between the floor plate and the ringwall at the shell. The current AWWA D100
standard requires that all anchored tanks be grouted at the base of the shell. Photos from the site visit are
shown in Figures 25 through 28.

3 .";. : A ‘I' _P : o .
Figure 25 Division 30 Reservoir at Foundation
Note typical strap anchor and no grout under the shell.
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The interior was observed from the roof hatch and photographed without entering. Conditions appeared
consistent with previous video by H20 Solutions.

5.4.3 Summary of Findings - Structural

Based on field observations, the ringwall thickness varies over its depth. For purposes of analysis, an

average ringwall thickness of 18 inches was assumed for the portion of the ringwall that extended from the
top of the ringwall to a depth of 32 inches. For the portion of the ringwall that was located from a depth of
32 inches to the bottom of the ringwall, a thickness of 20.5 inches was assumed. An overall ringwall height

of 40 inches was assumed for analysis purposes.

Table 10 compares the results of the seismic analysis to standards in AWWA D100-11. Supporting
calculations for these ratios are provided in Appendix B.4. The recommended allowable forces do not
represent failure loads, but have a liberal safety factor. Anytime the ratio of actual to allowable exceeds
about two, however, the demand is approaching ultimate capacity and should be a cause for concern.

Table 10 — Seismic Load vs AWWA D100 Allowable — Division 30 Reservoir

Analysis AWWA Result
Requirement
Sloshing Wave
First Mode Amplitude 1.61 ft. N/A
Freeboard at Maximum Operating Level (MOL) 1.08 ft. N/A
Wave contacts roof Yes No
Ratio of Wave Height to Freeboard 1.49 <1.00 No Good

Seismic Load Increase Due to Sloshing Wave Roof Contact

Base Shear Without Roof Contact

251 kip

N/A
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Table 10 - Seismic Load vs AWWA D100 Allowable — Division 30 Reservoir

Analysis AWWA Result
Requirement
Base Shear With Roof Contact 251 kip N/A
Increase Due to Roof Contact Negligible N/A
Overturning Without Roof Contact 4,449 Kip-ft. N/A
Overturning With Roof Contact 4 447 Kip-ft. N/A
Increase Due to Roof Contact Negligible N/A
Sloshing Force on Roof-Shell Joint 46 plf N/A
Shell
Maximum hoop tensile stress/allowable Ratio 0.934 <1.33 OK
'I\QA:’[)i(:)mum longitudinal compressive stress/allowable 103 <133 oK
Maximum longitudinal tensile stress/allowable ratio 0.15 <1.33 OK
Maxmum shear stress/allowable at shell to floor 0.28 <133 oK
connection
Anchors
Anchor spacing 6.67 ft. <10 ft. OK
Predicted/Allowable Stress Ratio (anchor plate) 3.94 <1.33 No Good
Predicted/Allowable Stress Ratio (anchor weld at shell) 2.81 <133 No Good
Bond Stress/Allowable Stress (embedded plate) 3.33 <1.33 No Good
Foundation
Overturning safety factor 0.74 >1.67 No Good
Unit resistance/unit uplift 0.38 =>1.00 No Good
Base shear/friction resistance at floor level 0.37 <1.33 OK
Bearing pressure/allowable 0.71 <1.33 OK
Check Stability As Unanchored Tank

Stability ratio, J | 1856 | <1.54 | Unstable

54.4

1. The tank shell appears adequate.

Seismic Evaluation Summary

2. The anchorage and foundation are inadequate. In the absence of adequate anchorage and
foundation, the tank will not be stable and could fail catastrophically.

5.5 SVWTP Reservoir

5.5.1 Record Information

The Sudden Valley Water Treatment Plant (SVWTP) Reservoir was constructed by Reliable Steel
Fabricators (no longer in business) of Olympia, WA in 1992. Limited design drawings and shop drawings
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were provided by the District. The available design drawing, dated 1992, consisted of a site plan only and
was prepared by Wilson Engineering (see Figure 29). An additional design drawing for an inlet diffuser,
prepared by Wilson Engineering in 1994, was also provided (see Figure 30). Also included were a cleaning
and inspection report and video dated July 9, 2012 and an as-built of the inlet diffuser dated August 6, 2012
by H20 Solutions.
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No soils report was available. Shop drawings indicate design in accordance with AWWA D100-84, Seismic
Zone 3. A site location map for the Sudden Valley Water Treatment Plant Reservoir is provided in Figure
31.
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Figure 31 SVWTP Reservoir
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The reservoir has a mildly sloped cone roof, supported by 20 C6X8.2 rafters which span from the shell to a
steel center column. In addition, since the tank also provides chlorine contact, steel baffles are provided on
the interior to promote mixing. The baffles consist of three runs of steel plate with vertical channel
stiffeners and horizontal bracing (see Figures 32, 33, and 34).
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Figures 32, 33, and 34 Details of Internal Baffle System for the SYWTP Reservoir
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5.5.2 BHC Field Observations

General condition, appurtenances, and site conditions appeared consistent with record information. The
tank has two 36 inch diameter shell manholes, and a 3 feet square roof hatch with partial roof railing. The
roof is accessed by caged exterior ladder and an un-caged interior ladder (see Figure 35).

" amp

Figure 35 SVWTP Reservoir, September 1, 2015

BHC measured the tank diameter and metal thickness of shell courses, floor, and roof plates, which were
all consistent with the shop drawings. Metal thickness for the shell and roof was measured using a Cygnus
6 Plus Ultrasonic Thickness Gauge. Other dimensions were measured using a steel tape. A measurement
summary is provided in Table 11.
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Table 11 — Metal Thicknesses — SVWTP Reservoir

Distance from Top of Floor Plate to . :
o Top of Shell Course (ft) Metal Thickness in)
Record Measured By Tape Record Measured Measured Using UT Average Used f(_)r
By Tape Gauge Analysis
Roof Plate N/A 3/16 N/A 0.18,0.18 0.18 3/16
Shell Course 3 (highest) | 25.0 N/A 3/16 N/A 0.18,0.19,0.17,0.19,0.135 | 0.173 3/16
Shell Course 2 16.67 N/A 3/16 N/A 0.185,0.18 0.18 3/16
Shell Course 1 (lowest) 8.33 N/A 3/16 N/A 0.18,0.185 0.18 3/16
Floor Plate N/A 1/4 N/A N/A N/A 1/4

Note:
1) Only verification measurements were taken at select locations. Complete shop drawing records were available for this tank.
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The inside diameter of the tank is 40 feet, and the shell height is 25 feet. The overflow and top of baffle
elevation is 24 feet above the floor, for a gross top capacity of 225,591 gallons compared to a nominal
capacity of 235,000 gallons. The tank is held down by 13 1.5-inch diameter steel anchor bolts embedded
in a concrete ringwall foundation with record dimensions of 18 inches wide by 72 inches high. The
observed configuration and spacing of the anchors and anchor chairs was consistent with the record
drawings. Grade varies considerably around the perimeter, up to nearly 24 inches below the top of the
ringwall at the maximum.

A grout layer about 2 inches thick was observed beneath the shell plate and appeared to be in good
condition. The ringwall appears to have had its outside face formed with straight rather than curved forms,
so the distance from the shell to the outside face varies. Photos from the site visit are shown in Figures 36
and 37.

Figur 37 Variable Diameter Ringwall
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The interior was not observed since consistency of measurements with the shop drawings indicated that
the drawings provided sufficient information for analysis.

5.5.3  Summary of Findings - Structural

Table 12 compares the results of the seismic analysis to standards in AWWA D100-11. Supporting
calculations for these ratios are provided in Appendix B.5. The recommended allowable forces do not
represent failure loads, but have a liberal safety factor. Anytime the ratio of actual to allowable exceeds
about two, however, the demand is approaching ultimate capacity and should be a cause for concern.

Table 12 — Seismic Load vs AWWA D100 Allowable — SVWTP Reservoir
Effect of Baffles Ignored
. AWWA Result
Analysis .
Requirement
Sloshing Wave
First Mode Amplitude 3.27 ft. N/A
Freeboard at Maximum Operating Level (MOL) 3.00 ft. N/A
Wave contacts roof Yes No
Say OK,

See ltem 2

Ratio of Wave Height to Freeboard 1.09 <1.00 E Seismic
valuation
Summary
below
Seismic Load Increase Due to Sloshing Wave Roof Contact
Base Shear Without Roof Contact 285 kip N/A
Base Shear With Roof Contact 285 kip N/A
Increase Due to Roof Contact Negligible N/A
Overturning Without Roof Contact 2,543 kip-ft. N/A
Overturning With Roof Contact 2,543 kip*ft. N/A
Increase Due to Roof Contact Negligible N/A
Sloshing Force on Roof-Shell Joint 7 plf N/A
Shell

Maximum hoop tensile stress/allowable Ratio 0.96 <133 OK
Maximum Iong|tud|ngl compressive 0.97 <133 OK
stress/allowable Ratio
gzgimum longitudinal tensile stress/allowable 011 <133 OK
Maxmum shear stress/allowable at shell to floor 0.13 <133 OK
connection
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Table 12 — Seismic Load vs AWWA D100 Allowable — SVWTP Reservoir
Effect of Baffles Ignored
, AWWA Result
Analysis .
Requirement
Anchors
Anchor spacing 9ft. 8in <10 ft. OK
Say OK,
See ltem 3
Predicted/Allowable Stress Ratio (anchor bolt) 1.05 <1.0 ;_? Selsm'c
valuation
Summary
below
Say OK,
See ltem 3
Predicted/Ultimate Strength Ratio (anchor bolt)* 1.05 <1.0 ;En Se|sm|c
valuation
Summary
below
Pred|c’ied/AIIowabIe Strength Ratio (anchor chair 0.74 <133 oK
welds)
Pred|cted/UIt|mate*Strength Ratio (concrete 0.49 <100 OK
breakout strength)
Predlctec1/UIt|mate Strength Ratio (anchor pullout 0.05 <10 OK
strength)
Predicted/Ultimate Strength (side face blowout)* 0.16 <1.0 OK
Foundation
Overturning Safety Factor 1.73 =>1.67 OK
Unit resistance/unit uplift 0.90 21.00 No Good
Base shear/friction resistance at floor level 0.30 <133 OK
Bearing pressure/allowable 1.15 <1.33 OK
Check Stability As Unanchored Tank
Stability ratio, J | 729 | <1.54 | Unstable
Note:
*Strength ratios per ACI 318 Appendix D. Other ratios per AWWA D100/ASCE 7.

The effect of ground motions acting perpendicular to the baffles would not yield the same results, but would
probably increase base shear and overturning moment to some degree by increasing the relative amount of
impulsive water mass. Evaluating the magnitude of this effect is beyond the scope of the present analysis.

5.5.4  Seismic Evaluation Summary

1. The tank shell appears adequate for ground motions parallel to the tank baffles.
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2. Although the sloshing wave impinges slightly on the roof, the resulting forces are negligible and the
slight shortage of freeboard is acceptable.

3. Although the anchor bolts are stressed slightly above allowable levels, these are only overstressed
by about 5 percent and can be regarded as acceptable.

5.6 Relative Predicted Overload

5.6.1  Shell Hoop Stresses

In terms of hoop stress, all tanks except Division 7 and 22 are within limits for both static and seismic loads.
The relative maximum stress ratios are shown below in Figures 38 and 39.

Maximum Static Hoop Stress
Ratio

1.5

S

M Predicted v. Allowable
0.5 - Stress
0 =1 T T T

Geneva DivisionDivisionDivision SWTP
22 7 30

Figure 38 Maximum Static Hoop Stress Ratio

Maximum Seismic Hoop Stress Ratio

2.5

2 Maximum allowable 1.33
15
1 _-_ o o “““—“““““““;PredictedvAIIowabIe
Stress
0.5 - I
0 - : : : :

Geneva Division Division 7 Division SWTP
22 30

Figure 39 Maximum Seismic Hoop Stress
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5.6.2 Longitudinal Shell Compressive Stress

In terms of maximum allowable longitudinal compressive stress in the shell under seismic loading, all the
tanks except Division 7 are within allowable limits. In Figure 40, the ratios shown in previous tables have
been normalized for the Division 7 and 22 tanks for an allowable ratio of 1.33, due to the slight difference in
the way allowable stresses for unanchored tanks are computed compared to anchored tanks. Excessive
longitudinal stress increases the likelihood of tank buckling.

Maximum Longitudinal Stress
Ratio

Maximum allowable 1.33

1
M Predicted v Allowable
0.5 _] Stress
O n T T T T

Geneva Division Division Division SWTP
22 7 30

Figure 40 Maximum Longitudinal Stress Ratio

5.6.3  Stability as an Unanchored Tank

The stability ratio indicates whether or not an unanchored tank will be stable under seismic loading. This
would apply to the currently unanchored Division 22 and 7 tanks, and to the anchored tanks in case of
anchor failure. As shown in Figure 41, the limiting stability ratio of 1.54 is already exceeded in the case of
Division 22 and 7 tanks, and would also be exceeded in the case of the others if the anchors failed. All of
the tanks need to be anchored to avoid potential rollover and rupture of the shell to bottom plate joint.

Stability Ratio as Unanchored
Tank

20 Max allowable 1.54

15

Geneva Division Division 7 Division SWTP
22 30

Figure 41 Stability Ratio as Unanchored Tank
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5.6.4  Sloshing Wave Force on Roof to Shell Joint

The predicted sloshing wave uplift forces on the roof to shell joint are all approximately 100 Ibs per foot or
less, which is well within the allowable load on a 3/16 inch fillet weld, which is about 1,300 Ibs per inch.

5.6.5 Foundation and Anchorage

In the case of the anchored tanks, maximum anchor spacing is within limits for the Division 30 and SVWTP
tanks, but not for the Geneva tank. Anchor plate and anchor bolt stresses exceed allowable for all the
anchored tanks. Anchorage failure for the embedded portion due to pullout or concrete failure is an issue
for the Geneva and Division 30 tanks, but is adequate for the SVWTP tank.

None of the ringwall foundations, including soil resistance and the weight of water over the interior, are
sufficient to prevent uplift, assuming anchorage were provided and adequately designed. Bearing pressure
under seismic loading conditions appears to exceed the assumed limits; however, it is probably acceptable
for the Division 30 tank if the ringwall is assumed to bear on rock.

Figure 42 below indicates the ratio of load to capacity for various foundation elements. All ratios have been
normalized for comparison on an ultimate load to strength basis. All the reservoirs have inadequate
foundations, but the SVWTP reservoir is the least problematic and most easily fixed.

Foundation Element Demand/Capacity Ratios

8.00
7.00 -

6.00 -

m Anchor Plate or Bolt Failure
5.00

B Anchor Failure in Ringwall

4.00 .
Anchor Weld Failure

3.00

m Uplift/Resistance Ratio
2.00

M Bearing Pressure
1.00 —

0.00 - T
Geneva Division 22 Division 7 Division 30 SWTP

Maximum allowable 1.0

Figure 42 Foundation Element Demand/Capacity Ratios

6. Summary of Findings — Impact of Failure

The District’s water system is tightly connected and redundant, with many tanks serving other zones where
necessary with interties, PRVs and pump stations. The impact to nearby residences was determined by
reviewing location map figures of the reservoirs and determining how many, if any, residences would be
impacted should the reservoir fail. Impact to the water system was determined by evaluating the number of
ERUs served, and by understanding how the reservoirs are inter-related with one another and provide
storage and flow to other reservoirs within the system. Total impact, as shown in Table 13, was determined
based on tank condition, impact to nearby residences, and water system impact.
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Table 13 - Lake Whatcom Water and Sewer District - Reservoir Seismic Evaluation Impact Table

Population Fl _
. , (Per ow : . Impact: Overall
Reservoir Capacity Section Between Location | Tank Condition Ngarby Impact: Water System Impact
2.1, WSP) Zones Residences
Sudden Valley Study Area
Medium
Division 30 0.15MG Fed by Div7 | Residential Deficient High (1,158 ERUs served; feeds | Medium
high elevation homes)
. Linked with . g | Medium |
Division 22 0.5MG G Residential Deficient High (1,782 ERUs served; feeds | Medium
eneva
Geneva)
6,595 Fed by :
SVWTP: High
Division 7 1.0MG E . Residential | Highly Deficient High (2,153 ERUs served; largest |  High
eeds Div : .
20 size, feeds Div 30)
Feeds Div7, | AtWTP; no Somewhat High
SVWTP 0.235MG Div22,and | downstream Deficient Low (3,935 ERUs served; feeds | Medium
Div 30 residences Div 7, Div 22, and Div 30)
Geneva Study Area
Div 22 also At District Medium
serves shops. (646 ERUs served; can be
Geneva 0.5MG 3,231 Geneva Some Deficient Medium served by SV tanks, but Medium
Areadueto | residences could impact nearby District
intertie nearby shops)
Notes:

1) Individual zone populations were not included within the current Water System Plan. Therefore, study area population was given as reference.
2) Fire flow considerations: Per the WSP, the fire flows within the system are adequate for all tanks.
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7. Recommended Priorities for Retrofit

Due to both the nearby residence and water system impact, the Division 7 reservoir will have the most
impact should failure occur. The SVWTP reservoir has a very high impact on the water system, as it feeds
the entire water system, and its storage reservoir is part of the treatment process. SVWTP feeds both the
Division 7 and the Division 22 reservoirs; Division 7 in turn feeds Division 30, and Division 22 connects to
the Geneva reservoir through the existing intertie.

One way to determine the priority of tank retrofits is to evaluate risk. Risk is typically determined as the
probability of occurrence times the consequence of the event. The District uses Business Risk Exposure
(BRE) as the term for risk and BRE is defined as:

BRE = Probability of Failure (PoF) x Consequence of Failure (CoF).

Probability of Failure is the probability that the reservoir will fail during the design earthquake and is defined
by the ratings in Table 14.

Table 14 - Probability of Failure (PoF)

Probability that facility will fail during design
earthquake
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

PoF Rating

OO |INoOOD O P WN[—

—_
o

Consequence of Failure is a rating that is defined by the item that failed (a component, facility, or system),
the level of failure (minor, major, intermediate, significant, or total), and the percentage of the system that is
affected. Table 15 provides the ratings for CoF.

Table 15 - Consequence of Failure (CoF)

CoF Rating Description Level Affected Percent Affected
1 Minor Component Failure Asset 0-25%
2 Major Component Failure Asset 25 -50%
3 Major Asset Failure Asset 0-25%
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Table 15 - Consequence of Failure (CoF)

CoF Rating Description Level Affected Percent Affected
4 Multiple Asset Failure Facility / Sub-System 25 -50%
5 Major Facility Failure Facility 50 — 100%
6 Minor System Failure Total System 20 - 40%
7 Medium System Failure Total System 40 - 60%
8 Intermediate System Failure Total System 60 — 80%
9 Significant System Failure Total System 80 — 90%
10 Total System Failure Total System 90 - 100%

ERUs can be used to define the percentage of the District affected and provide a rating for CoF. The PoF
rating is estimated based on the seismic evaluation calculations and professional judgement. The resulting
BRE values are shown in Table 16.

Table 16 — Business Risk Exposure (BRE)

Reservoir ERUs gg&fﬁ gtﬁgfeosfjsctt?:q CoF Rating | PoF Rating BRE
Division 30 1,158 29% 6 10 60
Division 22 1,782 45% 7 10 70
Division 7 2,153 95% 7 10 70
SVWTP 3,935 100% 10 7 70
Geneva 646 16% S 10 50

Based on Tables 13 and 16, recommended retrofits in order of priority are:

Division 7 Reservoir. Given its importance, the fact it is unanchored, it has the highest probability of
failure, and it has one of the highest consequences of failure, the Division 7 Reservoir is recommended as
the highest priority for retrofit or replacement.

SVWTP Reservoir. This reservoir is less of a hazard than the Division 7 Reservoir, but is critical as the
source for other reservoirs and as part of the treatment process. The SVWTP Reservoir also has the
highest consequences of failure since it serves the greatest number of ERUs in the South Shore System.
The SVWTP has a lower probability of failure than the Division 7 reservoir.

Division 22 Reservoir. This reservoir is recommended next in priority because it is unanchored and liable
to failure, has a large storage volume, and would result in high neighborhood impact in case of failure.

Division 30 Reservoir. This is the smallest reservoir and its failure would remove service from higher
elevation customers and cause damage to nearby residences in the event of collapse. Itis not that this
tank is unimportant, but the risks and consequences of failure are greater at the other sites.
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Geneva Reservoir. The Geneva Reservoir serves the fewest customers and, in the event of failure,
service could be provided from other tanks. Based on ERUs, the Geneva Reservoir has the lowest
consequences of failure. Given its size and proximity to the District's maintenance facility, failure of this
tank could seriously disrupt the District’s ability to respond to other problems in the system in the event of
an earthquake.

8. Retrofit Options and Costs

Following are descriptions and estimated costs for various alternative retrofit schemes. These are very
preliminary and are based on approximate sizing of major elements, with allowances for miscellaneous
associated work. Detailed estimate spreadsheets are provided in Appendix A.1. Cost estimates are
planning level and include sales tax, an allowance for design, permitting, inspection, and construction
administration, plus a contingency.

The opinion of probable construction cost herein is based on our perception of current conditions at the
project location. This opinion reflects our professional opinion of costs at this time and is subject to change
as the project design matures. BHC Consultants has no control over: variances in the cost of labor,
materials, equipment; cost for services provided by others; contractor's means and methods of executing
the work or of determining prices; nor, competitive bidding or market conditions, practices or bidding
strategies. BHC Consultants cannot and does not warrant or guarantee that proposals, bids, or actual
construction costs will not vary from the costs presented as shown.

8.1 Geneva Reservoir

Table 17 summarizes problems and possible solutions at the Geneva Reservoir, followed by discussion
and estimated cost.

Table 17 — Geneva Reservoir Retrofit Options

Problem Possible Solution Positives Negatives
Excessive seismic | Reduce water level Least cost May be operationally
forces unacceptable
Inadequate AIterpate A e |ess expensive e May require relocation
anchorageand | Provide supplementary than anchor chairs of shell manhole
foundation capacity | external ringwall and bolts o Reduces access around

attached to shell with

e Less excavation tank more than other

studs than other ringwall alternatives
enlargements since | 4 May be aesthetically
most of new objectionable
foundation is above , :
e Requires relocation of
grade "
valves/piping
Alternate B Supplemental ringwall | ¢ More excavation than

Provide supplementary
external ringwall with

can be constructed with
minimal encroachment

previous alternative if
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Table 17 — Geneva Reservoir Retrofit Options

Problem Possible Solution Positives Negatives
new anchor bolts and above grade. Manway part of new ringwall is
chairs access not impacted. above grade
e Requires relocation of
valves/piping
Alternate C Minimum width and e Requires relocation of
Provide supplementary | volume required for valves/piping
external ringwall with added ringwall. Minimal

e More expensive than

new anchor bolts and encroachment above X .
previous alternatives

chairs, ground anchors | and below grade

or micropiles e Requires geotechnical
input to confirm
feasibility
Alternate D No external e Reduces total storage
Provide supplemental encroachment or Reaui dtial shell
internal bottom mat excavation required * hequires partial she
attached to shell with removal and -
studs replacemgnt for efficient
construction access
Lack of piping Provide force balanced | Proven technology Costly
flexibility Flex-tend couplings

8.1.1 Reducing Water Level

By reducing the maximum operating level from the existing 28 to 31.5 feet to a maximum of 14 feet, the
tank would be stable even if the anchors fail; however, the piping connections would still be at risk. The
maximum operating pressure would drop by around 8 psi and the storage volume would be reduced to 44
percent of existing. One of the consequences of the tank becoming unanchored is an increase in base
shear and overturning moment.

8.1.2 Anchorage and Foundation Enhancements
Alternate A — External Ringwall Above and Below Grade

This alternate includes construction of an external reinforced concrete ring about 13 feet high and 11 feet
wide at the base, with the base founded at the same elevation as the existing ringwall, connected to the
existing shell with welded stud anchors and to the existing ringwall with dowels (see Figure 43).
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Figure 43 External Ringwall Above and Below Grade

The new ring would cover the existing shell manway, requiring relocation of the manway above the new
ring and construction of internal ladder and handholds at the manway. This option would involve 185 cubic
yards of concrete and 451 cubic yards of excavation and would cost approximately $664,000.

Alternate B — Below Grade External Ringwall with New Anchor Bolts and Chairs

This alternate would require no less concrete than Alternate A, and would require much wider excavation to
avoid undermining the existing ringwall. Because of added excavation costs and the added costs of anchor
bolts and chairs, it is not considered a practical option.

Alternate C - Supplementary External Ringwall with Anchor Bolts and Ground Anchors

This alternate would require only 49 cubic yards of concrete and 250 cubic yards of excavation. It would
require 36 new anchor chairs and bolts, and 18 ground anchors. The exact details of the ground anchors
will depend on recommendations of the geotechnical engineer at the time of design. For estimating
purposes, post-tensioned thread bars have been assumed. The estimated cost would be approximately
$505,000. Figure 44 shows the general configuration.
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Figure 44 Supplementary External Ringwall with Anchor Bolts and Ground Anchors

Alternate D - Supplemental Internal Bottom Mat Attached to Shell with Studs

This approach constructs a reinforced concrete mat foundation above the floor of the tank which is
anchored to the shell wall with steel studs. The mat foundation results in somewhat greater overturning
moment but mobilizes all of the weight of water in the tank to help resist overturning. Itis simple to
construct. Interior work typically requires temporary removal of a portion of the bottom course(s) to
facilitate construction. A new steel floor plate is usually installed over the concrete mat. This alternative
would require a mat about 24 inches thick, with a % inch cover plate, concrete volume of 163 cubic yards,
13,200 Ibs. of rebar, and 22,500 Ibs. of steel plate, as shown in Figure 45. It would not require any exterior
excavation except for new pipe fittings, if new flexible joints are to be installed. About 33,000 gallons of
storage volume would be lost at the base of the tank. It would cost approximately $712,000.
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Figure 45 Supplemental Internal Bottom Mat Attached to Shell with Studs

8.1.3 Recommended Retrofit Option

Option C, an anchored external ringwall, is the least expensive and intrusive alternative, and is the
recommended retrofit approach for the Geneva Reservoir at an estimated approximate project cost of
$505,000.

8.2 Division 22 Reservoir

Table 18 summarizes problems and possible solutions at the Division 22 Reservoir, followed by discussion
and estimated cost.

Table 18 - Division 22 Reservoir Retrofit Options

Problem

Possible Solution

Positives Negatives

Excessive seismic
forces

Reduce water level

Least cost e Operationally

unacceptable
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Table 18 - Division 22 Reservoir Retrofit Options

Problem

Possible Solution

Positives

Negatives

No anchorage and
limited foundation
capacity

Alternate A

Provide supplementary
external ringwall
attached to shell with
studs

e Less expensive than
anchor chairs and
bolts

e Less excavation
than other ringwall
enlargements since
most of new
foundation is above
grade

e May require relocation of
shell manhole

e Reduces access around
tank more than other
alternatives

e May be aesthetically
objectionable

e Requires relocation of
valves/piping

Alternate B

Provide supplementary
external ringwall with
new anchor bolts and
chairs

Supplemental ringwall
can be constructed with
minimal encroachment
above grade

e More excavation than
previous alternative if part
of new ringwall is above
grade

e Requires relocation of
valves/piping

Alternate C

Provide supplementary
external ringwall with
new anchor bolts and
chairs, ground anchors

Minimum width and
volume required for
added ringwall. Minimal
encroachment above
and below grade

e Requires relocation of
valves/piping

e More expensive than
previous alternatives

or micropiles e Requires geotechnical

input to confirm feasibility
Alternate D No external e Reduces total storage
Provide supplemental encroachment or

internal bottom mat
attached to shell with
studs

excavation required

e Requires partial shell
removal and replacement
for efficient construction
access

Excessive retrofit cost

Demolish tank and
increase size of
proposed companion
tank to include existing
tank volume

Avoids spending money
on an aging facility
Makes space available
for other purposes

e Delays in risk reduction

e Removes the flexibility of
having two adjacent tanks

Lack of piping
flexibility

Provide force balanced
Flex-tend couplings

Proven technology

Costly
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8.2.1 Reducing Water Level

By reducing the maximum operating level from the existing 33.5 feet to a maximum of 15 feet, the tank
would be stable as an unanchored tank; however, the piping connections would still be at risk. The
maximum operating pressure would drop by around 8 psi and the storage volume would be reduced to 45
percent of existing.

8.2.2  Anchorage and Foundation Enhancements
Alternate A — External Ringwall Above and Below Grade

This alternate includes construction of an external reinforced concrete ring about 10 feet high and 2 feet
wide at the base, with the base founded at the same elevation as the existing ringwall, connected to the
existing shell with welded stud anchors and to the existing ringwall with dowels (see Figure 46). The
reason this ring configuration has such a high height to width ratio is to provide adequate contact area
between the steel shell and ring for stud placement.
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Figure 46 External Ringwall Above and Below Grade
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The new ring would cover the existing shell manway, requiring either a “tunnel” through the new ring to the
existing manway, or relocation of the manway above the new ring and construction of internal ladder and
handholds at the manway. This option would involve 56 cubic yards of concrete and 249 cubic yards of
excavation and would cost approximately $367,000.

Alternate B — Below Grade External Ringwall with New Anchor Bolts and Chairs

This alternate would require no less concrete than Alternate A, and would require much wider excavation to
avoid undermining the existing ringwall. Because of added excavation costs and the added costs of anchor
bolts and chairs, it is not considered a practical option.

Alternate C - Supplementary External Ringwall with Anchor Bolts and Ground Anchors

This alternate would require only 51 cubic yards of concrete and 274 cubic yards of excavation. It would
require 36 new anchor chairs and bolts, and 18 ground anchors. The estimated cost would be
approximately $478,000. Figure 47 shows the general configuration.
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Figure 47 Supplementary External Ringwall with Anchor Bolts and Ground Anchors

Alternate D - Supplemental Internal Bottom Mat Attached to Shell with Studs

This approach constructs a reinforced concrete mat foundation above the floor of the tank which is
anchored to the shell wall with steel studs. The mat foundation results in somewhat greater overturning
moment but mobilizes all of the weight of water in the tank to help resist overturning. Itis simple to
construct. Interior work typically requires temporary removal of a portion of the bottom course(s) to
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facilitate construction. A new steel floor plate is usually installed over the concrete mat (see Figure 48).
This alternative would require a mat about 30 inches thick, with a % inch cover plate, concrete volume of
182 cubic yards, 9,600 Ibs. of rebar, and 20,000 Ibs. of steel plate. It would not require any exterior
excavation except for new pipe fittings, if new flexible joints are to be installed. About 36,800 gallons of
storage volume would be lost at the base of the tank. It would cost approximately $710,000.
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Figure 48 Supplemental Internal Bottom Mat Attached to Shell with Studs

8.2.3  Upsize Proposed Companion Tank and Demolish Existing

As previously discussed, a new reservoir near the existing one has been proposed with a capacity of
500,000 gallons and a diameter of approximately 50 feet. Doubling the capacity of the proposed tank to 1.0
MG would allow demolition of the existing tank without a reduction in total capacity once the new tank is
built. The diameter of the tank would have to increase to 71 feet assuming the elevation of the floor and
maximum operating levels match the existing. The additional cost to the new project, including demolition
of the old reservoir would be approximately $661,000.

8.2.4 Recommended Retrofit Option

Alternate A, the addition of an external gravity ringwall collar, is the least expensive and recommended
option at an approximate estimated project cost of $367,000.

8.3 Division 7 Reservoir

Table 19 summarizes problems and possible solutions at the Division 7 Reservoir, followed by discussion
and estimated cost.
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Table 19 - Division 7 Retrofit Options

Problem

Possible Solution

Positives

Negatives

Excessive seismic

Reduce water level

Least cost

Operationally

forces and shell unacceptable
stresses

Excessive shell hoop | Reinforce shell with new Allows continued use of | Expensive
stress plate or ring girders tank

Excessive shell Add vertical stiffeners or Allows continued use of | Expensive

longitudinal stress

see if new plating solves
the problem

tank

No anchorage and
limited foundation
capacity

Alternate A

Provide supplementary
external ringwall attached
to shell with studs

e Less expensive
than anchor chairs
and bolts

e Less excavation
than other ringwall

e May require
relocation of shell
manhole

e Reduces access
around tank more

enlargements since than other

most of new alternatives
foundation is above | o  Requires relocation of
grade valves/piping

Alternate B

Provide supplementary
external ringwall with new
anchor bolts and chairs

Supplemental ringwall
can be constructed with
minimal encroachment
above grade

e More excavation than
previous alternative if
part of new ringwall is
above grade

e Requires relocation of
valves/piping

Alternate C

Provide supplementary
external ringwall with new
anchor bolts and chairs,
ground anchors or
micropiles

Minimum width and
volume required for
added ringwall. Minimal
encroachment above
and below grade

e Requires relocation of
valves/piping

e More expensive than
previous alternatives.

e Requires
geotechnical input to
confirm feasibility

Alternate D

Provide supplemental
internal bottom mat
attached to shell with studs

No external
encroachment or
excavation required

e Reduces total storage

e Requires partial shell
removal and
replacement for
efficient construction
access
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Table 19 - Division 7 Retrofit Options

Problem

Possible Solution

Positives

Negatives

Excessive retrofit cost
considering age of
tank

Replace with new tank

Longer design life
tank meeting current
standards

e May not be feasible
due to cost

e Requires site
acquisition, additional
piping if existing tank
must stay in service
until tank is replaced

Lack of piping flexibility

Provide force balanced
Flex-tend couplings

Proven technology

Costly

8.3.1

Reducing Water Level

By reducing the maximum operating level from the existing 33.5 feet to a maximum of 23.5 feet,
overstresses in the shell would be eliminated, but the tank would still not be as stable as an unanchored
tank. Maximum tank operating pressure would be reduced by 4.4 psi and the volume reduced to 70

percent of existing.

For the tank to be stable without anchorage, the maximum operating level would have to be further reduced
to a maximum of 17.5 feet, for a total reduction in tank operating pressure of 7 psi and a volume reduction
to 52 percent of existing. Piping connections would still be at risk.

8.3.2

Hoop and Longitudinal Overstress

Bringing the hoop stress down to acceptable levels would require reinforcing the existing shell with a 3/16”
thick layer of steel plate or its equivalent from its base to about 20 feet above the base (bottom three shell
courses.) The shell would not require vertical stiffeners if the shell plate is reinforced as described above.
This work would be required as a prerequisite to anchorage and foundation improvements and is included
in the three retrofit options examined.

8.3.3  Anchorage and Foundation Enhancements

Alternate A — External Ringwall Above and Below Grade

This alternate includes construction of an external reinforced concrete ring about 7 feet high and 3 feet
wide at the base, with the base founded at the same elevation as the existing ringwall, connected to the
existing shell with welded stud anchors and to the existing ringwall with dowels. (See Figure 49)
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Figure 49 Alternate A - Division 7 Reservoir

The new ring would cover the existing shell manway, requiring either a “tunnel” through the new ring to the
existing manway, or relocation of the manway above the new ring and construction of internal ladder and
handholds at the manway. This option would involve 101 cubic yards of concrete and 402 cubic yards of
excavation (see Figure 48) and would cost approximately $721,000.

Alternate B — Below Grade External Ringwall with New Anchor Bolts and Chairs

This alternate would require no less concrete than Alternate A, and would require much wider excavation to
avoid undermining the existing ringwall. Because of added excavation costs and the added costs of anchor
bolts and chairs, it is not considered a practical option.

Alternate C - Supplementary External Ringwall with Anchor Bolts and Ground Anchors

This alternate would require only 71 cubic yards of concrete and 370 cubic yards of excavation. It would

require 40 new anchor chairs and bolts, and 20 ground anchors. The estimated cost is $803,000. Figure
50 shows the general configuration.
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Figure 50 Alternate C - Division 7 Reservoir

Alternate D - Supplemental Internal Bottom Mat Attached to Shell with Studs

This approach constructs a reinforced concrete mat foundation above the floor of the tank which is
anchored to the shell wall with steel studs. The mat foundation results in somewhat greater overturning
moment but mobilizes all of the weight of water in the tank to help resist overturning. It is simple to
construct. Interior work typically requires temporary removal of a portion of the bottom course(s) to
facilitate construction. A new steel floor plate is usually installed over the concrete mat (see Figure 51).
This alternative would require a mat about 2-8” thick, with a % inch cover plate, concrete volume of 381
cubic yards, 22,380 Ibs. of rebar, and 39,286 Ibs. of steel plate. It would not require any exterior excavation
except for new pipe fittings, if new flexible joints are to be installed. About 76,865 gallons of storage
volume would be lost at the base of the tank. It would cost approximately $1,496.000.
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Figure 51 Supplemental Internal Bottom Mat Attached to Shell with Studs

8.3.4 Demolish and Replace Tank

As an alternate to retrofit, the existing tank could be demolished and replaced for a cost on the order of
$1.8 million, not counting any temporary cost associated with providing water service with the tank off-line.
Alternately, a new tank in the same pressure zone could be constructed at an adjacent site, but would
involve additional permitting and property acquisition costs.

8.3.5 Recommended Retrofit Option

A supplemental, external ringwall is the recommended retrofit option at the Division 7 Reservoir at an
estimated approximate project cost of $721,000. This retrofit also includes supplemental shell plates to
resolve issues with overstress.

8.4 Division 30 Reservoir

Table 20 summarizes problems and possible solutions at the Division 30 Reservoir, followed by discussion
and estimated cost.
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Table 20 - Division 30 Retrofit Options

Problem

Possible Solution

Positives

Negatives

Excessive seismic

Reduce water level

Least cost

Operationally

forces unacceptable
Inadequate anchorage | Alternate A o Less expensive o May require
attached to shell with : : ,
e Less excavation ¢ Requires relocation
studs ; C
than other ringwall of valves/piping

enlargements since
most of new
foundation is above
grade

Alternate B

Provide supplementary
external ringwall with
new anchor bolts and
chairs

Supplemental ringwall
can be constructed with
minimal encroachment
above grade

More excavation
than previous
alternative if part of
new ringwall is
above grade

Requires relocation
of valves/piping

Alternate C

Provide supplementary
external ringwall with
new anchor bolts and
chairs, ground anchors
or micropiles

Minimum width and
volume required for
added ringwall. Minimal
encroachment above
and below grade

Requires relocation
of valves/piping

More expensive
than previous
alternatives

Requires
geotechnical input
to confirm feasibility

Lack of piping flexibility

Provide force balanced
Flex-tend couplings

Proven technology

Costly

8.4.1

Reducing Water Level

By reducing the maximum operating level from the existing 39.3 feet to a maximum of 21 feet, overstresses
in the anchorage would be eliminated, but the tank would still require modification to the foundation to
prevent uplift. Maximum tank operating pressure would be reduced by 8 psi and the volume reduced to 53

percent of existing.

For the tank to be stable against uplift, the maximum operating level would have to be further reduced to a
maximum of around 10 feet or less, for a total reduction in tank operating pressure of 13 psi and a volume
reduction to 25 percent of existing. Piping connections would still be at risk.
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For the tank to function without anchorage, the maximum operating level would have to drop to around 9.5
feet.

8.4.2  Anchorage and Foundation Enhancements
Alternate A — External Ringwall Above and Below Grade

This alternate includes construction of an external reinforced concrete ring about 10 feet high and 8 feet
wide at the base, with the base founded at the same elevation as the existing ringwall, connected to the
existing shell with welded stud anchors and to the existing ringwall with dowels (see Figure 52).
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Figure 52 External Ringwall Above and Below Grade

The new ring would cover the existing shell manway, requiring either a “tunnel” through the new ring to the
existing manway, or relocation of the manway above the new ring and construction of internal ladder and
handholds at the manway. This option would involve 124 cubic yards of concrete and 353 cubic yards of
excavation and would cost approximately $473,000.

Alternate B — Below Grade External Ringwall with New Anchor Bolts and Chairs
This alternate would require no less concrete than Alternate A, and would require much wider excavation to

avoid undermining the existing ringwall. Because of added excavation costs and the added costs of anchor
bolts and chairs, it is not considered a practical option.
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Alternate C - Supplementary External Ringwall with Anchor Bolts and Ground Anchors

This alternate would require only 42 cubic yards of concrete and 273 cubic yards of excavation. It would
require 36 new anchor chairs and bolts, and 18 ground anchors, probably drilled into rock. The estimated
cost would be approximately $541,000. Figure 53 shows the general configuration.
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Figure 53 Supplementary External Ringwall with Anchor Bolts and Ground Anchors
Alternate D - Supplemental Internal Bottom Mat Attached to Shell with Studs

Installing an interior concrete mat is not a feasible option. Although the mat provides a counterweight to
tipping forces, as the mat thickness increases to provide more weight, the seismic forces on the mat
increase faster than the counterbalancing weight (see Figure 54) and the tank uplifts. In this case, the
minimum uplift would occur with mat about 12 feet thick, but there would still be uplift and the tank would
rock, probably leading to tipping. Storage volume would be reduced to about 100,000 gallons at the
optimum mat thickness; however, since uplift is not prevented, this alternative is not acceptable.
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Figure 54 Effect of Increasing Mat Depth

8.4.3 Recommended Retrofit Option

The recommended retrofit option for this reservoir is Alternate C, the anchored supplemental ringwall.
Although Alternate A may appear less expensive at first glance, the unit price for concrete could be
substantially higher than assumed generally due to the remoteness and elevation of the site. Alternate A
would also involve very poor shell manway access. The estimated approximate project cost for this retrofit

option is $541,000.

8.5 SVWTP Reservoir

The shell, foundation, and anchorage appear to be adequate for predicted seismic loading except for
insufficient uplift resistance of the foundation. The hold-down deficit can be matched by a widened ringwall

without using ground anchors or mat concepts.
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Table 21 summarizes problems and possible solutions at the SVWTP Reservoir, followed by discussion

and estimated cost.

Table 21 - SVWTP Retrofit Options

Problem Possible Solution Positives Negatives
Excessive seismic Reduce water level Least cost Operationally unacceptable
forces due to loss of storage and

reduced chlorine detention
time
Inadequate foundation | Provide supplementary | ¢  Simple and e  Proximity to other

uplift resistance

external ringwall
attached to existing

relatively low cost
e Tank can remain

structures limits access
for construction and

ringwall with dowels in service during new foundation
construction e Requires relocation of
e No reduction in valves/piping.
storage volume or
detention time
Lack of piping flexibility | Provide force balanced | Proven technology Costly

Flex-tend couplings

8.5.1

Reducing Water Level

To prevent foundation uplift, the maximum operating level would have to be reduced from its current level
of 22 feet to 18 feet or less. This would result in an operating pressure loss of nearly 2 psi, and a reduction
in storage volume and chlorine contact time to 82 percent of existing.

8.5.2 Adding Ballast to Existing Ringwall

This alternate includes construction of an external reinforced concrete ringwall 6 feet high and 18 inches
wide at the base, with the base founded at the same elevation as the existing ringwall, connected to the
existing ringwall with dowels (see Figure 55).
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Figure 55 Added Ballast to Existing Ringwall

The new ring would not cover the existing shell manways or impact other appurtenances. This option
would involve 58 cubic yards of concrete and 549 cubic yards of excavation and would cost approximately
$156,000 and is the recommended retrofit approach.
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Lake Whatcom Water and Sewer District
Reservoir Seismic Vulnerability Assessment

Preliminary Engineer's Opinion of Probable Project Costs

Prepared by: J. Lutz
Reviewed by: J. Gross
5 February 2016

Geneva Reservoir

Division 22 Reservoir

Division 7 Reservoir

Division 30 Reservoir

SVWTP Reservoir

{tem Unit Unit Cost Option A Option C Option D Option A Option C Option D Option A Option C Option D Option A Option C Option A
Gravity Ring Anchored Ring Internal Mat Gravity Ring Anchored Ring Internal Mat Gravity Ring Anchored Ring Internal Mat Gravity Ring Anchored Ring Gravity Ring
Qty Cost Qty Cost Qty Cost Qty Cost Qty Cost Qty Cost Qty Cost Qty Cost Qty Cost Qty Cost Qty Cost Qty Cost
Reinforced concrete cy 925 185 171125 49 45325 163 150775 56 51800 52 48100 182 168350 101 93425 71 65675 381 352425 120 111000 42 38850 33 30525
Headed studs, 5/8" EA 100 343 34300 0 0 343 34300 215 21500 0 0 215 21500 247 24700 0 0 247 24700 192 19200 0 0 0 0
Dowels, #6 EA 50 167 8350 108 5400 0 0 257 12850 108 5400 0 0 417 20850 120 6000 0 0 151 7550 108 5400 103 5150
Excavation BCY 50 451 22550 230 11500 0 0 249 12450 274 13700 0 0 402 20100 370 18500 0 0 353 17650 273 13650 163 8150
Backfill BCY 50 312 15600 201 10050 0 0 208 10400 222 11100 0 0 316 15800 299 14950 0 0 243 12150 232 11600 140 7000
Remove and seal shell manway EA 5000 1 5000 0 0 1 5000 1 5000 0 0 0 0 1 5000 0 0 0 0 1 5000 0 0 0 0
New 30" shell manway EA 15000 1 15000 0 0 1 15000 1 15000 0 0 1 15000 1 15000 0 0 1 15000 1 15000 0 0 0 0
New 24" shell manway EA 10000 1 10000 0 0 1 10000 1 10000 0 0 1 10000 1 10000 0 0 1 10000 1 10000 0 0 0 0
Replace depth gauge LS 2000 1 2000 0 0 0 0 1 2000 0 0 1 2000 1 2000 0 0 1 2000 1 2000 0 0 0 0
Relocate electrical panel & conduit LS 10000 1 10000 1 10000 0 0 1 10000 1 10000 0 0 1 10000 1 10000 0 0 1 10000 1 10000 0 0
Replace/reconfigure exterior ladder LS 20000 1 20000 0 0 0 0 1 20000 0 0 0 0 1 20000 0 0 0 0 1 20000 0 0 0 0
Erosion control LS 5000 1 5000 1 5000 0 0 1 5000 1 5000 0 0 1 5000 1 5000 0 0 1 5000 1 5000 1 5000
Traffic control LS 5000 1 5000 1 5000 1 5000 1 5000 1 5000 1 5000 1 5000 1 5000 0 0 1 5000 1 5000 1 5000
Site grading and seeding Sy 5 241 1205 83 415 0 0 128 640 137 685 0 0 0 0 0 0 0 0 114 570 85 425 91 455
Anchor Bolts EA 400 0 0 36 14400 0 0 0 0 36 14400 0 0 0 0 40 16000 0 0 0 0 36 14400 0 0
Anchor Chairs LB 4 0 0 9576 38304 0 0 0 0 9576 38304 0 0 0 0 12080 48320 0 0 0 0 19512 78048 0 0
Ground anchors EA 5000 0 0 18 90000 0 0 0 0 18 90000 0 0 0 0 20 100000 0 0 0 0 18 90000 0 0
Welding for new anchors or seal plate LF 20 0 0 204 4080 591 11820 0 0 204 4080 567 11340 0 0 260 5200 0 0 0 0 367 7340 0 0
Steel plate seal, 1/4" LB 4 0 0 0 0 22521 90084 0 0 0 0 20044 80176 0 0 0 0 39286 157144 0 0 0 0 0 0
Cut out door sheet & reinforce LS 15000 0 0 0 0 1 15000 0 0 0 0 1 15000 0 0 0 0 1 15000 0 0 0 0 0 0
Replace door sheet LS 20000 0 0 0 0 1 20000 0 0 0 0 1 20000 0 0 0 0 1 20000 0 0 0 0 0 0
Add shell plate LB 4 2870 11480 2870 11480 2870 11480 0 0 0 0 0 0 33690 134760 33690 134760 33690 134760 0 0 0 0 0 0
8" gate valve EA 3100 0 0 0 0 0 0 1 3100 1 3100 1 3100 1 3100 1 3100 1 3100 1 3100 1 3100 0 0
10" gate valve EA 5400 1 5400 1 5400 1 5400 0 0 0 0 0 0 1 5400 1 5400 1 5400 1 5400 1 5400 2 10800
12" gate va;ve EA 7200 1 7200 1 7200 1 7200 1 7200 1 7200 1 7200 0 0 0 0 0 0 0 0 0 0 0 0
8" double ball coupling EA 5900 0 0 0 0 0 0 0 0 0 0 0 0 1 5900 1 5900 1 5900 1 5900 1 5900 0 0
10" double ball coupling EA 7400 1 7400 1 7400 1 7400 0 0 0 0 0 0 1 7400 1 7400 1 7400 1 7400 1 7400 2 14800
12" double ball coupling EA 9900 1 9900 1 9900 1 9900 1 9900 1 9900 1 9900 0 0 0 0 0 0 0 0 0 0 0 0
8" water line EA 110 0 0 0 0 0 0 8 880 8 880 0 0 9 990 8 880 0 0 13 1430 10 1100 0 0
10" water line EA 130 12 1560 8 1040 0 0 0 0 0 0 0 0 9 1170 8 1040 0 0 13 1690 10 1300 20 2600
12" water line EA 175 12 2100 8 1400 0 0 8 1400 8 1400 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Field coating prep and repair exterior SF 10 343 3430 360 3600 343 3430 215 2150 360 3600 215 2150 247 2470 400 4000 247 2470 192 1920 360 3600 0 0
Field coating prep and repair interior SF 16 343 5488 108 1728 343 5488 215 3440 108 1728 2178 34848 247 3952 120 1920 6251 100016 192 3072 108 1728 0 0
Mobilization at percentage times previous items PCT 6% 379088 22745 288622 17317 407277 24437| 209710 12583| 273577 16415| 405564 24334 412017 24721 459045 27543 855315 51319 270032 16202| 309241 18554 89480 5369
General Conditions at a percentage of previous items PCT 10% 401833 40183 305939 30594 431714 43171 222293 22229 289992 28999 429898 42990 436738 43674| 486588 48659 906634 90663 286234 28623 327795 32780 94849 9485
Pretax Construction Subtotal 442017 336533 474885 244522 318991 472888 480412 535246 997297 314857 360575 104334
Sales Tax PCT 8.70% 38455 29278 41315 21273 27752 41141 41796 46566 86765 27393 31370 9077
Estimated Bid without Contingency 480472 365812 516200 265795 346743 514029 522208 581813 1084062 342250 391945 113411
Estimating Contingency PCT 20% 96094 73162 103240 53159 69349 102806 104442 116363 216812 68450 78389 22682
Estimated Construction Cost (nearest $1000) $577,000 $439,000 $619,000 $319,000 $416,000 $617,000 $627,000 $698,000 $1,301,000 $411,000 $470,000 $136,000
Engineering, Permitting, Legal and Admin PCT 15% 86550 65850 92850 47850 62400 92550 94050 104700 195150 61650 70500 20400
Estimated Project Cost (nearest $1000) $664,000 $505,000 $712,000 $367,000‘ $478,000‘ $710,000‘ 5721,000‘ $803,000 $1,496,000 $473,000 $541,000‘ $156,000

The opinion of probable construction cost herein is based on our perception of current conditions at the project location. This opinion reflects our
professional opinion of costs at this time and is subject to change as the project design matures. BHC Consultants has no control over: variances in the cost
of labor, materials, equipment; cost for services provided by others; contractor’s means and methods of executing the work or of determining prices; nor,
competitive bidding or market conditions, practices or bidding strategies. BHC Consultants cannot and does not warrant or guarantee that proposals, bids,
or actual construction costs will not vary from the costs presented as shown.
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741 Marine Drive PHONE
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4 20611-67t Avenue NE TOLL FREE FAX
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January 13, 2016
Job No. 15-0807

Lake Whatcom Water & Sewer District
1220 Lakeway Dr.
Bellingham, WA 98229

Attn:  Kristin Hemenway, P.E.

Re: Non Destructive Test Evaluation of Tank Foundations
Division 7, 22 and 30 Water Reservoir Tanks
Sudden Valley Community
Bellingham, WA 98229

Dear Mr. Hemenway,

This report highlights the findings of our Non-Destructive Test (NDT) evaluation for 3 water
reservoirs tanks in the Sudden Valley Community in Bellingham, WA. Our evaluation was
performed on January 7" and 8%, 2016 on the Division 7, 22 and 30 tanks as seen in Photo 1
below. The tanks are constructed from welded steel with each tank having variable diameters
and heights. Per conversation with Kristen Hemenway with Lake Whatcom Water Sewer District
(LWWSD), we understand the tanks are supported by a concrete “Ring Foundation” with
structural fill in the interior. The primary goal of this evaluation was to determine the horizontal
width of these concrete “Ring Foundations”.

NDT testing equipment used consisted of a
GSSI SIR-3000 Ground Penetrating Radar
(GPR) with 270 MHz antenna and Olson
Concrete Thickness Gauge (CTG). The
vertical sides of each foundation was
exposed prior to our evaluation. All
excavations were provided by the LWWSD.
Areas tested included two locations on the
Division 7 and 22 tanks and one location on
the Division 30 tank.

Our initial scope included performing GPR
scanning to identify rebar patterns within
the tank’s foundations. Per conversation
with Kristen Hemenway, PE with LWWSD, this part of the scope was not needed.

Photol — Overview of Tank Location

Olson Concrete Thickness Gauge

The Olson CTG uses Impact-Echo Theory to help estimate the thickness of a concrete slab or other
plate-like structure. The Olson CTG measures the duration for a point impact wave to reflect off
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two opposite, parallel concrete surfaces. Thickness is estimated by assuming the compressional
wave (P-wave) speed for the concrete and by measuring the duration of the wave.

Prior to performing our tests, the surface of the concrete was cleaned with a brush, water and a
rag. Forthis project, GeoTest assumed a P-wave speed of 12,000 ft/s which correlates to concrete
with an estimate compressional strength of 3,000 — 4500 psi. Olson recommends a wave speed
of 12,000 ft/s for concrete of unknown thickness. Random tests were performed at each location
until repeatable test results were obtained. Approximately 2 to 8 tests were performed at each
location. Individual thickness readings varied between 25.7 to 31.0 inches for Tanks #7 and #22
and between 15.9 to 18.4 inches for Tank #30. Please refer to Table 1 below for average thickness
readings at each specific locations. A station numbering system was utilized for Tank # 7 and 22.
Thickness reading were performed in general accordance with ASTM C1383-04 (2010), Standard
Test Method for Measuring the P-Wave Speed and the Thickness of Concrete Plates Using the
Impact-Echo Method.

Estimate Thickness Using Ground Penetrating Radar (GPR)

GPR technology is used to identify changes in the dielectric properties of the materials being scanned.
Conductive materials (rebar, metal, saturated soils, etc.) tend to have higher dielectric properties while
insulated materials (concrete, sand, dry soils etc.) tend to have lower dielectric properties. For this
project, GPR equipment was utilized to help identify changes in the dielectric properties of the objects
scanned which could be interpreted as a potential rebar or a boundary for the concrete.

SN R R e e 7 Within most areas scanned,

‘ GeoTest observed a distinct
. increase in dielectric properties
igazlgkﬁé:!ye- near the surface of the foundation.
ZONE ~ 24 - 30" ~ ZONES This increase  in dielectric
properties was interpreted as the
rebar zone near the outer edge of
the foundation. GeoTest was able
to observe a relatively consistent
profile displayed on the monitor
beneath the surface. This
consistent profile was interpreted
as uniform concrete. Typically,
GeoTest observed an apparent
increase, followed by an immediate

decrease in dielectric properties.
Photo 2 — GPR scan section of Tank 22, Sta # 0+63. Possible boundary for

ring foundati n at approximate 24 — 30 inch. 5 ..
log foundeation seen at.opp ! GeoTest interpreted this increase

in the dielectric properties as reinforcing near the inner portion of the foundation and the
decrease in the dielectric properties as a potential boundary of the concrete and soil. This
apparent boundary of the concrete ranged from 15 to 38 inches depending on the location.
Interpreted depths according to the GPR can be seen within Table 1. Please refer to Photo 2 for
examples of the interpreted GPR Data. GPR scanning was performed in general accordance with
ASTM D6432 — 11, Standard Guide for Using the Surface Ground Penetrating Radar Method for
Subsurface Investigation.
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Conclusions

According to the NDT methods described above, it appears that the results from the CTG and GPR
are relatively consistent. Tanks #7 and 22 appeared to have similar thicknesses while Tank # 30
appeared to be thinner. A summary of the average CTG test results and estimated GPR data can
be seen in Table 1.

Table 1
Estimated Thickness Per Olson CTG and GPR
. CTG Thickness Results (Inches) Estimated
Location Thickness per
Individual Results Average GPR (Inches)
Sta # 1+00 28.6, 26.7, 26.8, 29.0, 29.2 28.1 32-38
Tank #7
Sta # 1+90 31.0, 30.6, 29.2, 26.8, 29.4 294 30-36
Sta # 1+25 25.7,25.7 25.7 27-33
Tank # 22
Sta # 0+63 28.6,27.4,28.0 28.0 24 -30
16.9, 15.5,15.9, 17.6, 18.4
Tank # 30 | West End of Tank 17.6,19.2, 16.1 17.2 15-21
Note: Accuracy of CTG is dependent on multiple variables. According to Olson, thickness should be * 10% with no
additional calibration. Accuracy of GPR is dependent on multiple variable including the material being scanned. The
thickness listed above may not be accurate.

According to GPR scanning, GeoTest interpreted the boundary of the concrete (See Photo 2) near
an apparent drop in dielectric constant at the estimated thicknesses listed in Table 2. GeoTest
provided a 6 inch range for these estimated thicknesses due to the variable geophysical properties
of the material being scanned and because the GPR imagery was not defined. These estimated
thicknesses were slightly higher than the CTG readings.

The individual results of the CTG varied at each location. These thickness results are dependent
on the quality of the echo and wave speed. GeoTest observed that the outer surface of the
concrete was somewhat uneven and was originally poured with straight plywood form boards.
The conditions and uniformity of the inner concrete surface is unknown. Uneven concrete and
non-parallel surfaces can lead to poor wave echo quality. Variability with the CTG results may be
attributed to the construction methods, variable wave speed and the quality of the echo.

Wave speed within concrete varies depending on the mix design, aggregate type and age of
concrete and other factors. GeoTest utilized a wave speed of 12,000 ft/s which is typical for
concrete with compressional strength ranging from 3,000 to 4,500 psi. Calibrating the unitto a
known thickness is the preferred method of determining the actual wave speed within the
concrete. Calibration was not possible due to the unknown thickness of the concrete. According
to Olson, the thickness should be + 10% with no additional calibration.

LIMITATIONS

GeoTest Services has prepared this report for the exclusive Lake Whatcom Water & Sewer District
and their representatives for the specific application described in the beginning of this report.
Use of this report by others is at the user’s sole risk.
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Concrete thicknesses according to the Olson CTG are dependent on assumed properties and
dimensions of the material being tested. Interpretations are ultimately base on experience and
judgement and may not represent the actual conditions of the concrete being tested. GeoTest
Services Inc. does not extend any warranties or guaranties as to the accuracy or correctness of
interpretations of the CTG tests and GeoTest Services Inc. will not accept liability or responsibility
for any loss, damage, or expense that may be incurred or sustained by any services or
interpretations performed by GeoTest Services, Inc. or others.

GPR interpretations were based on geophysical properties of the material and may not represent
the actual conditions. Even though an apparent boundary was observed per GPR scanning, it
should be noted that both concrete and the assumed structural fill inside the “ring foundation”
are composed of similar material and react to radar energy similarly. Interpretations of the
concrete and structural fill boundary is likely based on the apparent rebar zone at the inner edge
of the ring.

Because depth of scanned objects with GPR is dependent upon the electrical properties of
material(s) inspected and interpretations are opinions based on judgments made from those
acquired radar signals and/or other data, GeoTest Services Inc. does not extend any warranties or
guaranties as to the accuracy or correctness of interpretations and GeoTest Services Inc. will not
accept liability or responsibility for any loss, damage, or expense that may be incurred or
sustained by any services or interpretations performed by GeoTest Services, Inc. or others. GPR
scanning cannot distinguish the difference between a single rebar, conduit, post tension cable,
and/or subsurface target 100% of the time. It can only detect the center and approximate depth
of targets. GeoTest Services, Inc. recognizes that other conditions may vary from those
encountered at the location where geophysical or other explorations are made. The data
interpretations and recommendations made by GeoTest Services, Inc. are based solely on the
information available to them at the time of performance; and GeoTest Services, Inc. shall not be
responsible for the interpretation, by others, of the information developed.

We appreciate the opportunity to be of service to you on this project. If any questions should
arise regarding this report, please contact the undersigned.

Respectfully Submitted,
GeoTest Services, Inc.

Daniel Goger, P.E.
Geotechnical Engineer
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CONSULTANTS

Methodology Remarks

These calculations are limited to an assessment of the primary elements of the lateral force resisting system for
the reservoir under seismic loading. Following is a summary of the methodology used:

1. All dimensions and weights are based on record drawings furnished by the client, supplemented by field
measurements.In case of discrepancies, field measurements were used..

2. Water level assumed for seismic calculations is based on maximum current operating level provided by the
District..

3. Methodology for determination of seismic loads for tanks with a free water surface is based on the 2012
International Building Code, ASCE 7-10, and AWWA Standard D100-11. These codes and standards post-date
and are more stringent than codes and standards used at the time of original tank design.

4. For tanks where the free surface sloshing wave amplitude exceeds the roof elevation, the additional
amplification of seismic load is based on an approximate method published in Structural Engineering
International, March 2006. "Earthquake Induced Sloshing in Tanks with Insufficient Freeboard" by Dr. Praveen K.
Malhotra. This simplified method assumes a linear shape for the sloshing wave. The force is modeled by
computing an increase in mass and adjusting the convective period of the water mass. The pressure distribution
is assumed the same as for a tank with a free water surface.

5. For tanks where the static water surface level already contacts the roof, the free surface sloshing amplitude is
based on a cylinder of the same height and radius with zero freeboard, however the actual water mass is
assumed. The ratio of sloshing amplitude to roof height is computed using roof height measured from the free
water surface. Adjustments in seismic load are otherwise the same as for the preceding step.

6. Ground motion spectral accelerations Sg and S, are those currently available from the USGS on their web site
calculator for the latitude and longitude of the tank as taken from Google Earth.

7. Soil site class "D" is assumed as a default in the absence of a soils report for this reservoir..

8. Wind loads, hydrostatic loads at overflow elevation, and roof live loads were not considered in the analysis.
However where calculated roof loads exceed 40 psf, a mass equal to .20 times the uniform roof snow load is
added to the roof mass for seismic calculations. The gravity effects of snow load were considered whete
applicable for determining loads on the shell, however no analysis of roof members was included.
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Location and Site Data

Lat 48.7392, Long -122.4056
El 661
(Google Earth)
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Superstructure Geometr

Describe the roof geometry

L.
roof_slope := 19 =0.083
12

From record drawings

Tank diameter D := 53-ft
. D
Tank radius R:= — =26.51t
)
Shell height H := 32.667ft

Floor elevation at shell
(Bottom capacity level)

BCL := 451-ft (District)
Overflow height above floor

h 32.0-ft

overflow =
Overflow elevation
(Top capacity level)

TCL := BCL + hyarflow

H=3151t Maximum operating level

NOL = BCL + H = 482.5ft
BCL + H = 483.667 ft

This level is below the top of the shell.

(Actual varies between .72" and 1.25" per 12")

The roof heightis  h_:= roof_slope-R = 2.208 ft

Let "z" be the distance measured vertically from the floor, and "r"

Zypex = Hy + hy = 34.875 ft

The expression for z for the roof for 0 <r< R is

Zioof (D) = (if(r >R,0, Zapex ~ roof_slope-r))

Plot the roof elevation vs radius

r=0,.1-ft. R

the horizontal distance from the center
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35 T T

Zroof(r) 34

ft

32

Enter shell and roof plate thickness.
Mathcad General Input - See Appendix for Mathcad nomenclature and symbols
QRIGIN,= 1
Special unit definitions each:=1  sf:= £
number of shell plate courses,
numbering starting with the base as

course 1

n 4 (the vertical leg of the top angle is included with the top shell plate course)

course =

Calculate the elevation of the top of each shell course relative to the floor

i=1,2.n i is the number of each shell Ygtee] = 490-pcf  unit weight of steel
course, starting from the bottom

zshell is the elevation of the top of each course relative to the top of the bottom plate

11
8.17 32 14.036 1
16.34 ; 9 | 11.484 ‘ . 1
= -1t t = — | =t . = . =
Zshell 2452 shell 30 [ Wshell = shell Vsteel 10.208 ps ClasSqpel) |
32.67 25 10.208 1
25

Shell thickness is per nameplate data, which is consistent with thickness readings given instrument
accuracy. Original specifications called for shell plate to be ASTM A283 Grades A (24 ksi yield stress), B
(27 ksi), C (30 ksi) or D (33 ksi). Records do not indicate which was used. Assume at least Grade B.

Class 1 material has a yield stress 27 ksi < Fy < 34 ksi. Class 2 material has a yield stress Fy > 34 ksi
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CONSULTANTS

Roof thickness is 3/16" per nameplate, but thickness gauge measurements were .120". Use 3/16" to be
conservative for roof weight calcualtions.

3. .
troof_plate = 1_6.111 roof plate thickness

Compute weight of roof and shell

Define the roof slope at any point

1 — d
Zroof (1) = Erzroof (M

Compute the surface area of the roof plate tributary to
the perimeter and the center column. . Ignore laps

For a surface of revolution, the general equation for the surface area is

2
d
A:=2-1 | rds where ds:= |1+ & dr
dr
{‘R
Aroof_plate = 2T J r- /1 + z‘roof(r)2 dr|= 2214ft2(|'00f surface area)
0
Wroof_plate = ﬁ{steel'troof_plate'A = 16.95kip

roof_plate

R
2 2 2
Aroof_plate_center =2 r'\l I+ 7 0p (1) dr | =553 ft
0

Portion of roof weight tributary to

Wroof_plate_center = ’Ysteel'troof_plate'Aroof_plate_center =4.237kip center column
R
| 2 2
Aroof_plate_edge = 2™ r-\/ L+ 2 op () dr| = 1660ft
R
2

Portion of roof weight tributary to

W shell

roof_plate_edge = ﬁ{steel'troof_plate'Aroof_plate_edge = 12.712-kip

Calculate the vertical center of gravity from the tank floor for the roof plate
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R
2 , , 2
J' 1+ 25 0p (1) dr

X .o = 2T 0 =181t

C
g A1‘00f_plate

Xroof_plate = Zroof (Xc ) =33.403ft
P g

Define the number of the shell course for any value of 0 < z < Hs using a series of functions

i n Default value

course(?) = Neourse

Aeoursel?) = if(z < Zshellp ’ncourse’icourse(z)>
course

laoursel?) = if(z < Zshell4’4’icourse(z))

Aeoursel?) = if(z < Zshell3’3’icourse(z))

i (z) = if(z < Zshell2’2’iCOurSC(Z)

Aeousel?) = if(z < Zshelll’l’icourse(z))

z:= 0-ft,0.2-ft.. Hg Set plotting interval for graphs

40 T T

10 n

write functions that return the shell plate thickness and class as a function of height above the base

ts(z) = tshelli class(z) = Classshelli

course( Z) course( Z)
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40 T T T T T 40 T T T
30 T 301 T
z 20 T z 201 T
10 T 101~ T

0 | | | | | 0 | |

0.24 0.26 0.28 0.3 0.32 0.34 0.36 0 0.5 1 1.5 2
tS(Z) class(z)
in

Shell thickness vs elevation Shell class vs elevation

Floor plate thickness ~ floor = -23'in

floor_flange := 1.75-in Bottom plate projection beyond shell plate Dyjoop = D + 2-floor_flange

Compute floor weight

2
Dﬂoor

" Wy =22.8-kip

Wi = Ysteel tloor ™

Compute the weight of the shell and establish its center of gravity from the base

HS
W, = ﬁ.D.J Vutoe 147 47 W, = 62.466-kip
0-ft
Hy
J' Vsteel ts(2)-2 dz
0-fi
X, i= 7D = X, = 15.199ft

S

Compute the weight of the roof and establish its center of gravity from the base

The total roof mass is a combination of the part tributary to the
center column and the part tributary to the edge. The center
portion includes part of the roof, half the weight of the rafters, the
column cap, and half of the column. (The other half of the column
and its base plate are assigned to the floor mass). The edge
portion includes part of the roof, half the weight of the rafters, clips
and the flange of the top angle. The weight of top angle and clips
and top angle flange are ignored.
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Based on record drawings, the rafters are C7X9.8 shapes, about 25.5 ft long. Column cap is .37" x 2 ft dia.
Center pipe column is 6" diameter, Sch 40. Ignore weight of clips, bolts, laps, and appurtenances..

Ibf .
Wiafters = 27'9-8‘?‘(25.5&) = 6.747-kip

.2 . .
Weol_cap = T (12:n) 375 in-Yye0) = 0.048 kip

Ibf .
Weol = 33.6:11:19.6-—= = 0.659-kip

W, - wsteel-[.s.in.n.ug.in)z 4 375in2-1-1%] = 0.175.kip  base plate and gussets

col_base *

Wrafters

roof_plate_center + 2 + col_cap

Weol . .
+ —— =7.988kip Roof weight tributary to center
2

column

W W

roof_center *—

Wrafters

W = 16.086-kip Roof weight tributary to top of shell

roof_edge = W,

roof_plate_edge +

Wcol

AWy = Weol base + T = 0.504-kip Column and base plate tributary to floor

Total roof structure mass for seismic calculation W, =W

roof_center +W

roof_edge = 240741{1})

Check to see if roof snow load mass must be included per ASCE 7-10

Py = 50-psf from "Snow Load Analysis for Washington", 2nd ed, SEAW

I = 1.20 Snow load importance factor for risk category IV, ASCE 7-10

Cp:=12 ASCE 7-10, Table 7-2. Exposure Factor, Terrain B, Sheltered

Ci=12 ASCE 7-10, Table 7-3, Thermal Factor, Unheated

pf = 0.7-Co-CyIypg = 60.48-psf Flat roof snow load, ASCE 7-10 Eq 7.3-1. Since flat roof snow load exceeds 30
psf, add 20% of the design snow load to the roof mass per ASCE 7-10, section
12.7.2.

The roof slope is  atan(roof_slope) = 4.764-deg

From ASCE 7-10 Fig 7-2c, the roof slope factor is

Cs =1.0
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— g

pg = Cgpy = 60.48-psf

Snow weight to include with roof weight

Wenow = -20-pg = 12.096-psf _u .I 5
2 l 0 [ T w T W Ll _]
Wenow = Wsnow TR =26.686-kip |15 ""‘.
08 \ \ 3
Snow weight tributary to edge L \
06 \ \ K .
\ surfaces
Aroof plate_edge . C, I Yoo
Wsnow_shell = Wnow’ =20.014-kip 04 | Unobstructed  © | _
Al‘OOf_plate Slippery Surfaces I'|
Wsnow_shell Ibf I A \“. |
P == =~ 120204 — Snow load 02 = =
sSnow D fit . A
n applied at top of - A -
shell concurrent .
Snow weight tributary to floor with seismic s _J,.f : ‘H
Roof Slope
WSnOW_ﬂOOr = WSnOW — WSnOW_SheH = 6671klp 7-2¢: Cold roofs with C = 1.2 or larger

All the lateral resistance for the roof is assumed to be by the shell, except for the lower half of the column

Compute the center of gravity of the roof and column mass for seismic calculation

Wroof_plate’Xroof_plate

col hy
+Zapex Weol_cap + 75 Zapex’ > + Weatters | Hs + =

2
= = 33411t
Xy W,

Compute the center of gravity of the roof snow load for seismic calculations
Snow density per ASCE 7-10 equation 7.7.1 is

Wsnow

p
. g
Ysnow = m1n(30-pcf ,0.13-—ﬁ + 30-pcfj =30-pcf snow depth hy = = 0.403 ft

PYSHOW

h

snow = Xroof plate + 7 = 33.605 ft centroid of snow mass

X

Compute total water weight for seismic calculations

Ywater == 02:4-pef
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D .
Wr = ﬁ{water'H’“'T =4336.47 kip

Calculate the impulsive and convective water weights and vertical centroids

D
— =1.683
H

D
tanh(.866-—)
W= Wp————2  if D/H>1.333

D
.866-—
H
— if| 2 b if D/H < 1.33
W= if| 1 < 1333.Wp| 100218 |.W;| | <1
Wi
W; = 2669.848-kip Impulsive water weight —— =0.616
W
T

The effective center of gravity depends on whether just the moment at the base of the shell is being calculated or
the total moment on the foundation, shell plus floor.

X; = H.jf|:(2) > 1.333,0.375,0.50 — 0_094.2J X; = 11.813ft centroid for calculation of just the shell
H H moment
D
0.866-—
Xt = 0375 1.0 + 1.333- . # 1||-H centroid for calculation of total bottom
tanh 08662 moment if D/H > 1.33
H
o if D 1 5 6 D q centroid for calculation of total bottom
Aimy'= 1 a° 333,1 050+ 00 u/ Kimf moment if D/H < 1.33

Xipf = 21.642 ft

Compute convective water weight and effective centroid above the base

D H We
W, = Wrp+| .230-—-tanh| 3.67-— W, = 1635.9-kip — =0377  Ref4, Eq13-26
H D Wr

H
cosh(3.67-—) -1
D
X, =H|1-

H) . H
3.67-| — |-sinh| 3.67 —

X, = 19.989 ft centroid for calculation of just the shell moment
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H

cosh(3.67'—) —1.937

X =H| 1.0 - D X =23.084ft centroid for calculation of total bottom moment
cmf H H cmf
3.67-—-sinh| 3.67-—
D D
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Seismic Design Criteria

Importance Factor: Ig =150 Risk category IV

Ground Motion Parameters

Site Class D Default Site Class in absence of a geotechnical report

Sq = .948 S =371 Mapped earthquake short period and long period

spectral accelerations. For Site Class B, 5%
damping, expressed as fraction of g.

F, =112 F, = 1.66 Site coefficients from 2012 IBC Table 1613.3.3(2).

Seismic Design Category "D"

Adjusted maximum considered earthquake for site class

S =F_S
MS = "a®S Sy g =1.062

Design spectral response parameters

Compute points on the design response spectrum

Spi
TO = 0.2-sec-—— TO =0.116-sec
S
DS

[ Spi
TS = | —— |-sec TS =0.58-sec

Sps

Ty = 6-sec Mapped value, ASCE 7-10, Figure 22-12

Tyi= jf(TL > 4-560!4-SCC!TL) =4-sec Maximum required for tank sloshing wave calculations, ASCE

7-10, Section 15.7.6.1.d

Sae(T) = if| T > Ty, ——————min
T

1.5-SD1-TL~seC (I.S-SD1~sec

Convective acceleration function
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SaelD = if(SaC(T) > 1.58pg;, l.SSDS,SaC(T)) Upper bound for S, for low values of T

Spp Ty sec Spi Impulsive acceleration function
Spi(T) = if| T> Ty, Jif S

T>T D S
,——-Sec,
2 St D
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Calculate Free Surface Wave Height and Compare to Freeboard
Requirements

Compute the first mode sloshing period

D
TC = 2Tt TC =4.257s

H
3.68-g tanh(3.68~—)
D

From AWWA D100-11 Eq 13-53 through 13-56

K=15 damping scaling factor

SUG:=3 Seismic use group

Ap i= if| SUG =3,if| T Ty ,———— K:Sp;;

¢ T

C ¢ T

K- SDl -sec TL- sec )
Jif
c

K K
TC < 4sec,T—-SDl-IE-sec,4o—2-SDloIEoTL-sec]

Ap =0.136

d:= 0.5D-Ap = 3.602ft Sloshing wave height, Eq 13-52 - AWWA D100 basis for cylinder at least as high
asHs +d

For Occupancy Category IV and Spq > .50g, the required minimum freeboard is equal to the sloshing amplitude.

freeboard f:=H,-H=1.167ft

4 =13.087 > 1.0, therefore freeboard is insufficient
f
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Compute Base Shear and Overturning Moments As If Free Surface

Seiv=SpDs Rj=30 R,:=15 AW WA D100-11, Table 28 and section 13.2.9.2. Anchored tank

Syilp 0.36:SIg
Aj = max 14R; ’ R, Aj=0253 Impulsive design acceleration
c L4AR, co Convective design acceleration

Calculate overturning moment at the base of the shell

M = \/[Ai'(ws’xs + WeXe + Wonow Xsnow * Wi'Xiﬂ2 + (AC‘WC’XC)2 M = 9207 kip-ft

Calculate overturning moment at the top of foundation, including floor plate differential pressure effects

Mmf = \/I:Ai’(ws'xs + Wr'Xr + Wsnow'Xsnow + Wi’Ximf)]2 + (AC'WC’ cmf)2 Mmf = 15711 kip-ft

Calculate base shear at top of foundation

2
B Wcol 2 B .
Ve= || A We + Wt Worow + | We + Weol pase - + Wil + (AC-WC) Vg = 727.01-kip

The above base shears and moments are expressed in allowable stress design (ASD) basis.
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CONSULTANTS

Adjust Effective Masses for Roof Contact

The methodology for roof contact effects is an approximate method published in Structural Engineering
International, March 2006. "Earthquake Induced Sloshing in Tanks with Insufficient Freeboard" by Dr. Praveen K.
Malhotra. This simplified method assumes a linear shape for the sloshing wave.

(a) (b)

P

ER AN :
|—-72R4—‘ gl.‘:\l "'\ E
I i P o[w \ :
i il . 1
1 3w, N
E
]

Fig. 5: Liquid-filled rank translating with an acceleration SA(T_): (a) sufficient freeboard; o4

7 ; I e —\\ — —
and (b) insufficient freeboard 2 Thm— -_'_"'--._“_ T g

- |n—m&—§h% ]

- % ol a [ 04 [ir] (5] 1
I 11 Al pined Preschnand 4,44
| r Frg v Covte roaf raat. Nomeedized werred whidth of st roof
e L xp B as e frackes of eeteadireg uired [Teefioed oy'sl aad

HoPmaized roof feish b d

Compute the angle 6

ft
IE'Sac(TC)'_2 Where
sec ft
6 := atan| ————————— | = 0.363-deg Sac(Tc) = 0.136 Ig=15 g=32.174—
g 52
dg
dp = H —H=1.167ft d=3.602ft — =0.324 Compute input variables for graph above
d
hr
h, =2.2081t — =0.613
d

From graph figure 6

X.
xp = .5-R =13.25ft horizontal extent of wetted dome surface from the shell t =05 <<1.00K
R

~
0= water _ o, 4.Jbm it mass of water

& f©o
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2 (d + hr) E _ 1201 Ibf Maximum uplift on shell due to hydrodynamic pressure
TR max — Tt caused by sloshing. Impact effects are considered
minor and ignored

adjust mass for recalculation of seismic demand

( d +h 13 )
_ m, +im_ k I - —Q7 ford, +h /3<d W; =2670-kip
Hl. = ]
: ¢ . Wop = 4336-kip
m. for d .t h /3=2d
h h
73 73
S =028 Wiy = Wik Werl 1 - ——— | = 3441.5-kip
h
MWNwZ: if T < 1’Wbar I’Wl = 3441 k_lp
fﬁc, = m; — f'ﬂi W =1635.9-kip Whar_c = W = Whae j = 895-kip
Wbar_i _ 1289 Wbar_c 0547 Factors by which mass must be multiplied due to the slosh
i o . R contact with the roof

Recaclulate convective period using adjusted mass. Maintain asssumption of T = 0 for impulsive mass

_ =y T, =4.257s  original convective period
T = 1!”—1
= ) Wbar_c dified i iod
T =T m Tc_bar =T, W =3.149s modified convective perio
HI( c
Sac(Tc) =0.136 A, =0.097 original convective seismic factor
Sac(Tc bar)

Sac(Tc bar) =0.196 Ag bar = Ac = =0.140 revised convective
B B Sac(Tc) seismic factor

Recompute base shear and overturning moment

Change formula weights to adjusted values




Job No.:15-10420.00 LWWSD

) \ Geneva Reservoir
ﬁ Sheet No.: 19 of 35
I J ; Calculated by: JJL Date: 2/2/2016

Y Checked by:  Date:

Mg = 9207-kip-ft original overturning moment

2 2
Ms_rev = \/ |:A1|:WsXs + Wr’Xr + Wsnow’Xsnow + (Wbar_i)'Xi:D + (Ac_bar’wbar_c'Xc)
M = 11229-kip-ft revised moment

s_rev

Calculate overturning moment at the top of foundation, including floor plate differential pressure effects

M, ¢ = 15711 kip-ft original overturning moment

2 2
Mmf_rev = \/ [Ai'(ws’xs + Wr’Xr + Wsnow'Xsnow + Wbar_i'Ximf )] + (Ac_bar’wbar_c'Xcmf )

M = 19711 kip-ft revised moment

mf_rev

Calculate base shear at top of foundation

Vg =727.01 kip original base shear

2
. Wcol 2
Vf_rev = A1 Ws + Wr + Wsnow + Wf + Wcol_base + 2 + Wbar_i + (Ac_bar’wbar_c)

V§ ey = 913.11-kip revised base shear

The above base shears and moments are expressed in allowable stress design (ASD) basis.
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Compute Shell Hoop Forces and Stresses

Impulsive and convective forces are distributed using Housner's distribution formulas

Define the following variables:

z Height of a point above the tank floor

Y Depth of a point below the water surface

n, Distributed hoop force, klf, due to impulsive load N,

N Distributed hoop force, kif, due to convective load N

ny Distributed hoop force, klif, due to vertical seismic force N,,

Ng Distributed hoop force, klf, due to hydrostatic force at maximum normal operating level
NEol Distributed hoop force, klf, due to hydrostatic force at overflow operating level

Define elevation, distribution, and force component functions

Y(z):=H-z distance from MOL to z

Housner's distribution of impulsive load as a function of elevation above the base
and, in the case of impulsive loads, depends on the ratio of D/H

For the case of D/H < 1.33 and Y(z) < 0.75 D (z > .75D, upper section)
2
Y(z) 05, Y(z)
0.75-D 0.75-D

[ v v 2 75-D
( (2) j - 0.5-( () j dz + J 0.5dz
] 0.75-D 0.75-D

0
.715-D

Distia(z) =

The above formula is the impulsive force per unit depth at elevation "z" expressed as a fraction of the total
impulsive force.

For the case of D/H < 1.33 at lower elevations, the factor is a constant equal to

0.5

[ v v 2 75-D
(&j _0.5.(ﬂj a2+ j 054z
J 0.75-D 0.75-D

0
.715-D

DiStib(Z) =

The above formula is the impulsive force per unit depth at elevation "z" expressed as a fraction of the total
impulsive force.

For the case of D/H > 1.33
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2
(Y(Z) _ 5 Y(Z)) .tanh(0.8662)
H H ) H

[ [ oo

0-ft

The above formula is the impulsive force per unit depth at elevation "z" expressed as a fraction of the total
impulsive force.

D .
Dist;(z) := if[(—j > 1.333,Distic(z),if(Y(z) < 0.75~D,Distia(z),Distib(z))} select appropriate formula based on
H depth and diameter ratio

Housner's distribution of convective load as a function of elevation above the base

cosh(3.68~

H
cosh| 3.68-—
D

H- Y(z)
D

H—Y(z))

Distc(z) =
‘ cosh(3.68~

H
J cosh(3.68-—)
D

0-ft

dz

The above formula is the convective force per unit depth at elevation "z" expressed as a fraction of the total
convective force.

V= Ay Wear i Vi = 870.002-kip Total base shear component due to impulsive fluid load
Vi
N;(z) := | — |'Dist;(2) Shell hoop force due to impulsive fluid load
2
_ , Total base shear component due to convective fluid
Ve = Ac par Whar ¢ V, = 125.036-kip load
VC
N.(z) := — Dist(z) Shell hoop force due to convective fluid load
2
D . .
NL(2) = Vyater (zj-Y(z) Shell hoop force due to hydrostatic load with water at MOL

A= 0.14-Spg A =0.099 Vertical seismic factor
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Ny (2)
Otatic(?) = ()
s

Hoop stress due to static fluid pressure at MOL

J Ni(z)z + Nc(z)2 + (Nh(z)-Av)2

Hoop stress due to hydrodynamic

O'S(Z) = ts(z)

Total(Z) = Ogtatic(2) + 05(2)

40 T T T
30 .
z
ft
10~ m
0 ] ] ]
-5 0 5 10
Gstatic( z)
ksi

Hydrostatic Stress

15

pressure, Ref 4 Eq 13-42

Combined static and seismic hoop stress at MOL

40 T T T T 40, T T T
30 . 30 .
VA VA
— 20 . —  20r .
ft ft
10 g 10 ]
0 ] ] ] ] 0 ] ] ]
1 2 3 4 5 6 0 5 10 15 20
0's(Z) Gtotal( z)
ksi ksi

Seismic Stress Static + Seismic Stress

Note: the above plots are nominal based on treating each hoop course as acting independently. Actual stresses
each side of girth joints are the same since strains are identical if the courses are attached, so the real stress
near transition zones falls somewhere between the apparent discontinuous stress levels shown on the graphs.
The actual maximum stress levels tend to occur about a foot above the joint and are not as high as predicted by
the more simplified model. The simplified model is conservative and is the method reflected in the AWWA D-100

standard.

Check actual versus allowable stress based on the class of steel used.

oint

Assumed joint efficiency Ej
and allowable stress
St y @ Tstatic(?)
ress_ratio z) = ————m
static Ft(z)
40 T T
301 7
VA
= ok i
ft
101~ T
0 | |
-0.5 0 0.5

Stress_ratio stati C( z)

Chapter 14 of AWWA
D100-11 does not apply

= 85% Fi(z) = Ej 15-ksi

oint’

Maximum static stress ratio is Stress_ratio 099 <1.00K

static(0) =
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. B Ttotal(?)
Stress_ratloseismic(z = W
30 ' ' .
z 20r N ..
Z The worst case stress ratio is at
ft 1o 4 the bottom of the first shell couse,
but also check th bottom of the
0 l l second shell course
0 0.5 1 1.5
Stress_ratioseismic(z)
i = at bottom of tank 1.33 1397 _
Stress_ratioggi i (0) = 1.397 > 1. 1—33 =1.05
S i =1.355 at bottom of second shell course > 1.33 1355 1.02
tress_ratloseismic(zsheul) = 1. . ] =1.

The overstress for the second course is only 2%, so say ok. The bottom course is ok up to elevation

Zoheck = 21t Stress_ratio k) =133

seismic(zchec
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Compute Shell Longitudinal Forces and Stresses

Define axial compressive force in the shell due to dead load for 0 < z < Hg, in kif.

H
wroof_ed ge

S
PD(Z) = T + J "{Steel-ts(z) dz

z

Define overturning moment functions at elevation z, in kip-ft

H
Moment associated with
Mi(2) = Ap| W (X = 2) + Wonow Xsnow + 7T’ﬁfsteel'D"[ ytg(y) dy roof, snow and shell mass
VA

H
M;(2) = Z«J (y —2)'Ny(y) dy Moment associated with impulsive fluid mass, z < H

VA

H
M (z) = 2-J (y = 2)-N(y) dy Moment associated with convective fluid mass, z < H

VA
Me(2) = M (z) + M;(z) + M_(2) Total moment at elevation z on the shell forz < H

Define functions for compressive stress under static or seismic load conditions

Pn(z) + P
D SNOW
Tetatiold) = ——————
t(z)
4M((2)
1+04A,)(PH(z) +P -F +
( V)( p(?) Snow) max 2 Includes deduction for roof uplift, F
D max.
Gcomp(z) =

t(z)

Check allowable stress for compression with local buckling and slenderness considered

Use Method 1. Yield stress of shell plate does not permit use of Method 2.

Local buckling stress formulas for Class 1 Materials

5 ts(z) ts(z)
Fl 1.(2) = 17.5-10"- R [ 1 + 50000- R

t/Rc = .0031088, elastic buckling

) For Class 1 materials with 0 < t/R <
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. 5775081 4 738.10%-0si t(2) For Class 1 materials with t/Rc =

L1b(#) = ST75-psi+ 738-107-pst .0031088 < /R < 0.0125, inelastic
buckling

Fl 1o(2) = 15ksi For Class 1 materials with t/R >

0.0125, plastic buckling

Local buckling stress formulas for Class 2 Materials

) For Class 2 materials with 0 < t/R <
5[ (2 t(2) . t/Rc = .0035372, elastic buckling
| 1 4+ 50000- -psi

F| 5,(2) = min| 15-ksi, 17.5-10™-

. 6925 0si 4 886.10%-0si t(2) For Class 2 materials with t/Rc =

L2b(?) = 6925-psi + 886-10"-pst 10035372 < t/R < 0.0125, inelastic
buckling

Fl 5(2) = 18ksi For Class 1 materials with t/R >

0.0125, plastic buckling
Write equation selection functions for F| depending on t/R ratio and class

ratiol := .0031088 ratio2 := .0035372

t(2) t(2)
Fi1(2) = min| if R < ratiol,FLla(z),if R

< 0.0125,FL1b(z),FLIC(z)D : 15«ksij

ty(2) t(2)
Fio(7) = min| if| —— <ratio2, Ff 5,(2),if| == < 0.0125,Ff 51,2). Fy 50(2) | | 18-ksi

F| (2) = if(class(z) = l,FLl(Z),FLz(Z))

Slenderness reduction factor equations

ri= —= radius of gyration of tank shell
effective column length factor, pinned ends assumed

E:= 29 106-psi modulus of elasticity for steel

Slenderness ratio at which overall elastic column buckling can occur (not local buckling)

C (2= |nt—E L=H
C T FL(Z) MV TS
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2
Ktpl(z) =1- L[ KL For 25<KL/r <C'c
T
C'.(2)
2
Ce® For KUr > C
K(‘PZ(Z) = L or r> Cc
T
KLP3(Z) =1.0 For KL/r < 25

L
ratio := K-— ratio = 1.743
r

K (2) = if (ratio < 25K 3(2).if (ratio > C'(2). K(p(2). K 51 (2))

Falz) = FL(Z)~K@(z) allowable compressive stress due to axial load

For shell longitudinal stress, treat all stress as axial

%comp'?)
F,(2)

Stress rati0”~ii n'ziz) =

Plot static plus seismic compressive stress and compare to allowables

I I I I
30 - 30 -
VA 20 7] VA 20 n
ft ft
10 = — 1o -
0 | | 0 | | | |
14 16 18 2 2.2 -04-02 0 02 04 06 0.8
Fa(z) Stress_ratioseismic(z)
ksi
Stress_ratio ;i (0) = 0.666 << 1.33, OK for static plus seismic longitudinal compression
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Check seismic longitudinal tensile stress

4M(2)
(1 - 40-Ay)Pp(2) + Fpppoy +
2 o, .(2)
D . tens
O'tens(z) = Stress ratlosa-gm-ggz) =
ty(2) F(2)
301 T All stress ratios << 1.333 are OK for static plus seismic stress
in longitudinal tension
201 n .
z Stress_ratio g mic(0) = 0.147
ft
101~ T
0 | |
0 0.05 0.1 0.15

Stress_ratio seismi C( z)
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CONSULTANTS

Horizontal Shear Transfer Capacity
The previously calculated base shearis Vv, =727 kip

From AWWA D100-11 Eq 13-57, the allowable resistance attributable to friction is (for the full tank, seismic
condition)

VaLLOW = tan(30-deg)-(Wg + W+ Wy + Wg)-(1 — A|) = 2312-kip >> V; OK. No shear connection
between the superstructure and base is
required for shear. Shear resistance is
provided by the bottom plate acting as a
diaphragm kept in place by bottom
friction. Check shell to bottom transfer

capacity
Vi
The maximum shell to bottom plate shear load is  v:= 2.—— = 8.733-kIf
D
There is no annular plate, just the .25" floor plate
tp = 25-in
And the maximum shear stress on the plate is Ti= = 3ksi T _0.194
t 15-ksi
f

AW WA D100 permits 12 ksi in shear, and this can be increased by 1.33 for seismic, so_floor plate should not
tear in shear parallel to the floor plate
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Check Foundation

-l\\ : Clip. B, 4{;3& *O0 Y L q’
) " . | R
PN e e
\g{> X J“" T S
. \-. P /3-"25’@42. J""':".’E .-._\“ i M7 b
& NS A™ N S
] R 3
li2 1z
‘*? .‘,:..— Tie Dowy B "-‘”’*’%‘
7\;] i 17 Remio @ 0% 1iTERvAL
Ao, 2eiz g
—+\
== WECD € TIE DONN.
-5,

Check nominal anchor capacity

(0)-t4(0) =7.743-KIf

Otens

Compute existing anchor load

kip
each

D
Manchors = 12 Tanchor =
Nanchors

j'(gtens(o)'ts(o)) Tanchor = 1074

3 3 .
Agnchor = min(g.in.g.inA.in.E.m) = (),75.1112 Underside plate controls.
Allowable stress Foi= 15ksi = 15-ksi

70D O (0)-t(0)

Tanchor = A
anchors

Ganchor

= 143.241 ksi =9.549 >> 1.33 No Good for backing plate

anchor Ft

Check stress in embedded plate A how'= 3-in%-in = 1.125-in2
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D0y (0)t(0)

Fanchan™ = 95.494-ksi
Nanchors Aanchor Fi

Tanchor

=6.366 >> 1.33 No Good for backing plate

Anchors are overstressed

Compute anchor weld load vs allowable

1 10-in 1 = 4.in Strap to strap

weld_longitudinal = weld_transverse -

tweld = i.in F, = 15000 psi Note: record drawing says fillet weld of strap to shell is 1/4", but plate
16 is only called out as 3/16"

Tallowable = '7071’tweld'Ft’('65'1weld_transverse + 'So’lweld_longitudinal) = 15.114-kip

T

__anchor =7.108 >1.33 No good for strap to shell weld, even with offset ignored
Tallowable
Aweldslongitudinat = 101 Awelduivanswerse, = 410 Strap to strap
Cvelds = l.in F, = 15000 psi Note: record drawing says fillet weld of strap to shell is 1/4", but plate
4 is only called out as 3/16"
Mmm&‘: ‘7071’tweld'Ft’('65 '1weld_transverse + 'So’lweld_longitudinal) =20.152-kip
Tanchor . .
———— =5.331 >1.33 No good for strap to strap weld, even with offset ignored
Tallowable

Welds are overstressed

Compute embedded plate bond capacity

approximate method, use ACI 318-63 which allows the following allowable bond stress for plain bars

The perimeter of the embedded anchoris P

anchor = (2--:375 + 2:3)-in = 6.75-in

(this is for typical anchors only. anchors are shorter over pipe entrance, so capacity is less)

Panchor

An equivalent round bar diameter would be D

equiv = - =2.149-in

in-psi

For deformed bars, the ACI 318-63 allowable bond stress is Fpond = 4.8-\/ 3000-
D

=122.362 psi
equiv
For plain bars Foond = min('S'Fbond’ 160'psi) =61.181 psi
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The embedded length of the anchor, including the hook, is lembed = 36-in

Allowable load based on bond T lowablen= Panchor lembed Fbond = 14-867-kip
T
anchor — 799
Tallowable

Check Foundation For Uplift and Overturning

Yeonc = 150-pef
bftg = 1.5-1t hftg = 3-ft footing width and depth
thg = R+ 9-in =27.25ft R;, = thg - bftg footing outside and inside radii

2 2 2

Wftg total and unit
We = Ag o he, =112.4-ki We o = —— = 0.675-kIf footing weight
ftg = Yconc Mg Mtg p ftg D
W =H T R2 -R 2) - 242.0-ki Wwater total and unit weight
water = 7 Twater’ ™ in )~ AKIp = = 1.453-xIf ?
water 7D of water over footing
Ngoi] = 125-pef typical weight of compacted saoil
Agoi] =0 area of soil over footing
(29-i )2 ) area of soil resisting uplift in friction at 1H:2V,
Awedge = W _ 461t backfill to within 7" of top of footing. Skin friction
assumed 0.4 between footing and soil
Wsoil = “fsoil'(Asoil + 0'4Awedge) Wsoil = 0.1-kIf unit soil resistance
WS .
W, = 62.466-kip Weheli= —— = 0.375kIf shell weight
’rr.
Wiroof edge ~ 16.086-kip = —Wroof_edge = 0.097-kIf roof edge weight
- Wroof_edge = =0.097- g g

D

Compute overturning safety factor for pivoting about the toe of the shell

My oy = 11229-kip-ft
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SFoverturning =

— =092 NG

s_rev

(1-Ay)(W + Wt Wi+ W

roof_edge water) ’

Required safety factor based on ASCE 7 load combos is .7E/.6D where .7E is the earthquake load in allowable
stress terms, an effective ratio of 1.67

Check ratio of resistance to uplift at the foundation

SF B |:(1 B AV)'(Wroof_edge t Wshell ¥ Wtg * Wwater) + Wsoil ~ Fmax] — 0239 < 1.0 so there will be
uplift = M - some foundation uplift
s_rev
4.—>==
’IT-D2

Check bearing pressure

The total load on the perimeter under static conditions is

Wstatic
Wstatic = Wtg * Wshell * Wroof_edge + Wwater = 2-0'KIf dbearing_static = br = 1.733-ksf
tg
: Ms_rev
Wseismic = (1 + Av)'(wftg * Wshell ¥ Wroof_edge * Wwater) + Fhax + 4 S 9.148-kIf
D
Wseismic
dbearing_seismic = = 0-099ksf
ftg
i ; 9bearing_static
Aallow = 2-5-ksf Static allowable bearing pressure — 5=~ —0.693 OK

Jallow

q . . .
bearlng_selsmlc —044 ->1.33 NG

Qallow




: ' Job No.:15-10420.00 LWWSD
il ) i Geneva Reservoir
Sheet No.: 33 of 35
- ﬁ Calculated by: JJL Date: 2/2/2016
}_J,f Checked by:  Date:
CONSULTANTS

Check Stability As Self-Anchored Tank
Per AWWA D100 section 13.5.4.1

Ibf

Wt = Wshell T Wroof_edge = 472’?

th = Lo = 0-25+in F. = 27-ksi A283 Grade B steel assumed G=1.0 specific gravity

Weight of shell and roof supported by shell

y
t, | F
wp_:= min 1.23.2.2.(;,7.29._]3 _y‘E'G pIf = 53.£ Eq 13-37, normalized for units
ft ft in ksi ft ft
M(0)
1= =9.446

Dz-[wt-(l —04Ay) + w |

Above value was computed using Ri of 3.0, which is for anchored tanks. Using Ri of 2.5 for unanchored tanks, the
corrected value, from a side calculation, is

J=10.98 >> 1.54 therefore the tank is not stable without anchorage
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References

1.

»w

N o

1.
12.
13.
14.
15.
16.

2012 International Building Code

Washington State Adoption of and Amendments to 2012 International Building Code (State
Building Code)

ASCE 7-10 Minimum Design Loads for Buildings and Other Structures

AW WA Standard D100-11 Welded Carbon Steel Tanks for Water Storage

Nuclear Reactors and Earthquakes, Chap. 6 and Appendix F. U.S. Nuclear

Regulatory Commission publication, Division of Technical Information, TID-7024,

National Technical Information Service (1963).

Not used

Not used

"Earthquake Induced Sloshing in Tanks with Insufficient Freeboard" Praveen K. Malhotra, Structural
Engineering International, March 2006

Not used

"Dynamic Pressures on Accelerated Fluid Containers," G.W. Housner, 1955, Bulletin of the
Seismological Society of America.

"Snow Load Analysis for Washington, 2nd Ed." Structural Engineers Association of Washington,1995
Not used

Not used

ACI 318-11 Building Code Requirements for Structural Concrete

ANSI/AISC 360-10 Specification for Structural Steel Buildings

AW S D1.1 Structural Welding Code - Steel
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Units and Mathcad Notation

All calculations are shown in U.S. customary units. Calculations have been performed using MathSoft's Mathcad
Version 14.0 software, which automatically checks for unit consistency and applies any necessary unit
conversion factors internally to the program. Where computations are imported from Excel, SAP2000, or other
software, the source is identified. Input values are shaded. Others are computed.

Where equations are shown with a ":=" sign, the left hand side of the equation is being defined by the right hand
side. Where equations are shown with a "=" sign, the current value of the expression on the left hand side is
being displayed.

if(a,b,c)
(matrixi,j)

submatrix
(A,i1,i2,j1,j2)

RIGIN := 1
M<i>
sf .= ft2
A

®(x)

An ordinary "equals" sign indicates the value being shown is for the most current evaluation of
the variable on the left hand side of the equation

An "equals" sign with a colon indicates the value on the left hand side is being defined by the
expression on the right. Variables may be redefined, the last definition taking precedence

A bold "equals" sign indicates the symbol is being used in a logical expression

An "if" statement is evaluated as "b" if "a" is true, and as "c'is "a'is false. These expressions
may be nested

In matrix expressions, the first subscript is the row, and the second is the column. Numbering
starts with the value indicated as "ORIGIN" for the first row and column unless otherwise noted

Defines a vector or submatrix of matrix "A" from row i1 thru i2, and column j1 thru j2

An expression with a vector arrow over it indicates that the expression involves
subscripted variables, and that the expression is being evaluated for each subscript in the
range

A bold vertical line to the left of a series of expressions indicates that they are acting
as a programming loop in the calculations

Sets initial subscript value for subscripted variables

The vector in column "j" of matrix "M"

Step function. Returns -1 forx < 0, +1 forx >0and .5if x =0
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Seismic Retrofit
for

Geneva Reservoir-R ingwall Option A

for

Lake Whatcom Water & Sewer District
Bellingham, Washington

i

WUIVUIGUVIL HHIUGA

i

i

Existing ringwall and tank dimensions

'__"‘I'P.r_\F . ar .
: Existing footin
Tl L Frofosep e of
] T By = . . .
‘éj’dz’”w Ryg = 26.75-ft outside radius, ex. ftg.
g 33
Y *—’r"— bftg = 1.5t
=4 =l £
< __._4(_.._; [
|- =] 4 Tups - hftg = 3ft
I ; .= - o
‘ ’E. Rip: thg bftg footing inside radius

Aﬁg = n(Rﬂgz - Rinz) footprint

Additional exterior ring

hring = 13-ft Ring depth
-~ s w
EAETIeE -1 b. = 11-ft Ring width
Rusdl A r k‘t%ﬁ—fﬁ ﬁ ring
e_m'fll‘j "’ . — —
Fi Rring = thg + bring = 37751t
2 2
Agross = 7“ering = 44771

2
Aring = Agross - “'thg
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a. Dead Load Component from shell, roof supported on shell
Piiatic = PD(0)  Pgiatic = 520-plf Dead load, constant for all values of ¢

b. Seismic Component from shell and roof supported on shell

Peeismic(P) = cos(ap)«éLM—S(O)) Seismic load at base of shell from lateral ground motior
7D

Pseismic(0) = 6088-plf Maximum value at toe of shell

Peismic(T) = —6088-plf Minimum value (uplift) at heel of shell

Peeismic_v = 40-Ay Pyiatic Seismic load at base of shell from vertical ground motic

Pseismic_v =21-plf

c. Existing footing Dead Load Component

Wftg = ”fconc'Aftg‘hftg = 110.3-kip Total weight of existing ringwall
Wftg . .
Wi = ——— = 662-plf Ringwall weight per ft of shell
g 2R

d. Added ring dead load

M Rring hftg T thg hring_hftg
Vring =12 J J rdzdrdd | + | 2- 4[ 4[ rdzdrdd | =263.152-cy Ring volume
0 JRgy 70 0o 'R 7o
Wring = Vring’ﬁ{conc Wring = 1066-kip
W
_ 'ring _
Yring= 5 R T 6401-plf Anchor ring weight per ft of shell

e. Weight of water over footing

Pstatic = Vwater'H = 1966-psf

Afig

Wwater = Pstatic’ 27tR Wiater = 2893 plf
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f. Seismic pressure increase/decrease on footing

(base pressure functions hidden below for brevity)

i

Ap = ppaee(R.0) =498-pst  Plus or minus water pressure at the toe or heel of the tank due to seismic effect:

Wseismic =

[T R
r
Ppase(t>$)-— drdd
J ~0, ft
_ Rin
2

Calculate the required shear transfer capacity between footing and new anchor ring per
foot of shell

SF, = 1.67 specified safety factor

Uplift := Py i : (0) Uplift = 6.088-kIf Transfer force at face of shell

The resistance of various components is

Dtank_resist = Pstatic'(1 - '4'Av) = 0.499-kif

—4A) W, =2.685kIf

Wywater_resist ‘= (1 “Wwater ~ Wseismic

Witg resist = Wftg'(l - .4~AV) = 0.636-kIf

w.

ring_resist = W

ring (1 = 4-Ay) = 6.147.KIf
Check uplift safety factor with added block

Resistance := Dtank_resist + Wyater T Wftg + Wring =10.455-kIf

SF = Resistance 1717
check ™ i '
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SF
check . 1og > 1.0 OK
S

ot

The required shear transfer force between the shell and foundation is

Anchor_load_shell := (Wwater + Wftg + Wring) =9956-plf

If the new ring picks up the weight of the existing ringwall and water resistance via dowel transfer, then

Ring_dowels := (Wwater + Wftg) = 3555-plf
From Ref 3, Table 15.4-2, for tanks the overstrength factor Q, =20

Setuds = 35-in horizontal stud spacing

Sstuds_vert = 20-in

(hring —hg )

Sstuds_vert

Nstuds_per_row = =6

Anchor_load_shell

Load_per_stud := s = 4840-1bf

studs’
studs_per_row

Vy = Qo' 1.4-Load_per_stud = 13551 1bf

Shear strength for a 5/8" Nelson stud is stud_capacity := 15113-1bf per AISC for f'c=4.5 ksi, Fu=65 ksi

Vu
= .90 =0.996 <1.00K
Pshear Gghear: Stud_capacity

From Ref 17, Table 3-21, for normal weight concrete, f'c = 3 ksi, Fu = 65*ksi, 1/2" Qn = 9.35-kip
studs, the nominal shear capacity is

f“c = 4-ksi

= 2.75-in2 concrete crushing not an issue

85-f,
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I‘H_'

)L
J A

ONSULTANT

w

Vv
DCR = v 1.61 OK Assume 4 each 1/2" studs at 18" o.c. EW
d)shear'QN

Assume similar for deformed bar dowels into exist ringwall.
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Quantities
' L A for dowels @ 1/2"
Nstuds ™= Dstuds_per_row ™ = 343 ssume same for dowels
Sstuds
: D
Ngowels = Nstuds’ h “n =102.757
ring ~ “ftg

2 2 2 2
Veone = “'(Rring - thg )’hftg + 7r’(thg -R )'(hring - hftg) =263-cy

Excavation quantity based on bottom of exc 2 ft beyond the new ring, sloping up to top of ringwall at 1:1

2 2 2
Apot = T(Ryjng + 2ft) " — ™Ry~ =27161t Riing + 2:ft = Rpyg = 13ft

ring ring

2 2 2
Atop = T (Rying + 2t + hyg) " — TR, = 3493 ¢

2
h
ftg 2 2
AIIlld = N[erg + 2-ft + Tj - ’lTthg = 3098 ft

h
ftg
Vexe = T'(Abot +4Aniat Atop) = 689-cy

Backfill quantity

2 2
Vbackfill = Vexc ~ “'(Rring ~ Rego )‘hftg =441.219-cy

Add 3/16" shell plate to bottom 2.25 ft 2.25-ft-7-D-7.66-psf = 2870-1bf
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Seismic Evaluation
for

Geneva Reservoir-Ringwall Option C

for

Lake Whatcom Water & Sewer District
Bellingham, Washington
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Preliminary Design of Anchored Tank

General layout similar to Sumner Springs Reservoir shown below

FACE DF EXIETING
FOOTNG

e 7 S0 ARCHOAR.
(']

Figure 5. Enlarged Foundation Plan Detail

— NEW ANCHOR &
" CHAR "
| 114" ANCHOR
ﬂﬂi BOLT
— MEW REINF COMNCRETE
i RIkG BEAM
~— EXISTING
4 FLOOR PLATE —,
s s -]
_____ £ b f
BsTNG - coneis
FLOOR BLAB —
ANCHOR BOLT ANCHOR BOLT
ELEVATION SECTION
NTE NTS

Figure 6. Anchor Bolt and Chair Detail

Supplemental units and unit weights

cy = yd3

|18 THREAD BAR EXTENSION
[ - AFTER PRELOAD

/
7 STEEL JACKING

R/ PLATE
— RELOCATED

L/ | O/’ FOUNDATION DRAIN
. F ( "'-__‘:g‘ '
' I '

\_ CONCRETE SUB BASE
- AT SOIL ANCHORS

o

s
|

UNBOMNDED
TENDOM
|
L

o THREAD BAR
INDUCT

:

BONDED
TENTON

o THREAD BAR

L

SOIL ANCHOR
SECTION

NTS
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Existing ringwall and tank dimensions

e Existing footing
e R  Preofosop revf
gel T by = . . .
ﬁp:“w Rig = 26.75-At outside radius, ex. ftg.

e ‘—,r— bpg = 1.5t
2 -——| l‘;
< _._/](L...; |

el TPy L hftg = 3-ft
‘ _; £ Rin = Rtg = brrg footing inside radius
! AT s [T Apo = m(Rp.> — R, 2| footprint
' 7 - / ftg = T\ NMtg T Nin P
I-( __4‘[__[’36-_____5 \
= Additional exterior ring
K’(T,.JE-
- Fy .-_? 1 _ — H _ .
e ;‘ hring = 3-ft Ring depth
o g e —-—-—vl _,_\f'
fomeé ¥ P = 30in Ring width
ol L g = 00 i
FooTidle ’ '

Rl'il'lg = thg + brlng =29.25ft

2 2
Agross = N’Rring = 2688 ft

2
Aring = Agross - “'thg

a. Dead Load Component from shell, roof supported on shell

Piiatic = PD(0)  Pgiatic = 520-plf Dead load, constant for all values of ¢

b. Seismic Component from shell and roof supported on shell

Peeismic(P) = cos(gp)«MM—S(ZO)) Seismic load at base of shell from lateral ground motion
7D

Poeismic(0) = 6088-plf Maximum value at toe of shell

P eismic(T) = —6088-plf Minimum value (uplift) at heel of shell

Peeismic_v = 40-Ay Pyiatic Seismic load at base of shell from vertical ground motion

Pseismic_v =21-plf
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c. Existing footing Dead Load Component

Witg = Yeone Afig Pfig = 110-3kip Total weight of existing ringwall
Wftg . .
Wig = ——— = 662-plf Ringwall weight per ft of shell
£ 2.mR

d. Added ring dead load

m Rring hftg T thg hring_hftg
Viing = | 2 J J rdzdrd¢ | + | 2- J J rdzdrdd | = 48.869-cy Ring volume
0 JRgy 70 0 'R 70
Wring = Vring"\{conc Wring = 198-kip
W..
__ ring .
Wring = 2.mR 1189-plf Anchor ring weight per ft of shell

e. Weight of water over footing

Pstatic = Vwater' H = 1966-psf

2 2
W(R - Rln )
W, e
water static 2.71R
f. Seismic pressure increase/decrease on footing

Wygater = 2399-plf

(base pressure functions hidden below for brevity)

Dl

Ap = pp,ee(R.0) =498-pst  Plus or minus water pressure at the toe or heel of the tank due to seismic effects
|

T

cr
Phaser:#)— drdo

J —9
Ry, Wseismic
2

Wseismic ‘=

= 93.289-plf
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Calculate the required anchor transfer capacity between tank and new anchor ring per
foot of shell

SF,; = 1.67 target safety factor

Uplift := Pygi:(0) Uplift = 6.088-kIf Transfer force at face of shell

The resistance of various components is

Diank_resist = Pstatic'(1 - '4'Av) = 0.499-kIf

—4A) W, =2.211-KIf

Wwater_resist ‘= (1 “Wyater ~ Wseismic

Set number of anchors and compute load. Assume three new anchors between each of the 12 existing

D
DNanchoisy = 36 Sanchor = T"————— = 4.625ft
Manchors

tank_resist Wwater_resist)]

[w-D-(Uphft -D
Tonchap ™ =15.627-kip measured at the shell

Manchors

Resistance provided by ring W,

ring = 1-189KIf

Resistance required by ground anchors

Ground_anchor_resist := SFOf(Uplift) -D Wring = 6.269-kIf

tank_resist ~ Vwater_resist ~ ing

ground_anchor_capacity_ASD := 75-kip

Noround_anchors = 18 provide one ground anchor for every two anchors

D
ground_anchor_load := Ground_anchor_resist- - ————— = 57.992-kip

n ground_anchors

ﬂ-# =9.25ft

Sground_anchor = R
ground_anchors
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If the new ring picks up the weight of the existing ringwall and water resistance via dowel transfer, then
Ring_dowels = (Wwater + Wftg) =3061-plf

From Ref 3, Table 15.4-2, for tanks the overstrength factor Q, =20

=4.625ft 3

Sdowels = Sanchor Ddowels_per_row =

T

Sdowels anchor

Load_per_dowel := = 5209-1bf

Sanchor Mdowels_per_row

Half inch dowels should be more than enough Ndowels ™= Danchors dowels_per_row = 108
Quantities
n =108 n =18
dowels Ny chors = 36 ground_anchors
2 2 2 2
Veone = “'(Rring - thg )’hftg + 7r’(thg -R )'(hring - hftg) =49-cy
" . . . . Ibf
By compariison to Sumner Springs reservoir, assume reinforcement at steel_unit := 210-—
cy

rebar := Vconcosteel_unit = 10263 1bf
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Excavation quantity based on bottom of exc 2 ft beyond the new ring, sloping up to top of ringwall at 1:1
2 2 2
Apot = T(Ryjng + 2ft) " — m Ry~ =820 ft
2 2 2
Atop = T (Rying + 2t + hyg) " — m R, = 14371t

h 2
ftg 2 2
AIIlld = W[Rnng + 2-ft + Tj - ’lTRﬁg = 11221t RCXC = Rl'illg + 2-ft + hftg - thg =751t

h
ftg
Vexc = T'(Abot + 4 Apgt Atop) =250-cy

Backfill quantity

2 2
Vbackfill = Vexc ~ “'(Rring ~ Rege )‘hftg =200.887-cy
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Anchor Bolt Sizing
Assume A36 anchor bolts Al/:vw:: 36-ksi F, = 58ksi
F,nchor := Min(.80-36-ksi, .50-58-ksi) = 28.8-ksi Allowable seismic load stress on anchors per Ref 5 section
3.3.3.2
T
anchor 2 4 .
Aroot_min = v =0.543-in droot_cale = ’_’Aroot_min =0.831-in
anchor T

Per Ref 5, 3.8.5.1, add a .25" corrosion allowance to the root diameter for bolts less than 1.25", and
use not less than a 1" bolt. This makes an 1.25" bolt the practical minimum

Bolt Dia Root Dia Root Area Gross Area Root Dia +.25" Min Bolt Dia
(in) (in) (in"2) (in"2) (in) (in) Ref 10,

1.000 0.865 0.587 0.785 1.115 1.375 Table
1.125 0.370 0.74 0.394 1.220 1.500 7-18
1.250 1.100 0.942 1.23 1.250

1.375 1.190 1.12 1.49 1.375

1.500 1.320 1.37 1.77 1.500

1.730 1.530 1.85 241 1.750

2.000 1.760 243 3.14 2.000

. da 2
4= 1.25n anchor diameter Apoli = ™— =1.227-in gross area of bolt

4
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Anchor Chair Design

Methodology is from Ref 11, Part VII - Anchor Bolt Chairs

Anchor Bolt Hut
(d + ‘})Hul- dia

‘k\

4...12

T o
= - i h
L%

4

= + )

- « | e lell ;s ‘| P l__.,__

Top | ) ul . | : [

Plate | "I‘
£ & =| = - S .

L 1
J g .
: el
(a) Typical Plan & {b) Vertical Column
Outside Views or Skirt (c) Flat Bottom Tank
K= 18-in bolt centerline distance from shell

Minimum bolt hole size per Ref 11 is
Oversized hole size per Ref 18 Table J.3.3is d + i‘in =1.563-in for bolts >= 1.25in. Use
16
5
dhole =d+ Eln dhole =1.563-in
Edge distance per Ref 10 Tables J.3.4 and J3.5 (from center of hole) is

1
= 2.25-in + g'in =2.375-in

Cedge
b:=¢e+ Cedge =20.375-in
d
hole .
lgv\:z Cedge — —— =1.59%4-in

;= d+ l-in=225in minimum side plate separation recommended by Ref 21, however this is very tight for
seal welding on interior of plates. Increase this dimension to

A= 8-in




Job No.:15-10420.00 LWWSD

= ) ' ! Geneva Reservoir
ﬁ Sheet No.: 10 of 12
- I J ‘; Calculated by: JJL Date: 2/2/2016

Checked by: Date:

t:=t,(0) t = 0.344-in Shell bottom course thickness

P=T = 15.627-kip

anchor
So= 1.33-15-ksi = 19.95-ksi Ref 4 allowable stress < 25 ksi recommended by Ref 11 OK
v I =Tz |
L_'r_’x._}_
’ t

F
d = Tetal load

3

p .
Crin = [E'(O.Zﬁ-g - 0.22'd)} =1.149-in
use K= 1.5-in f ( )

Compute top plate thickness

Figure 7-2. Assumed Top-Plate Beam.

top plate thickness

h = 27-in

Jmin = max[.5-in,0.04-(h — ¢)] = 1.02-in use |j:= lin

= 25in bottom plate thickness assumption proj := 2-in — t bottom plate projection from shell face
a:=g+2j+.5in=105n > 2:Cegge = 4.75:in OK Use a:=12-in

Recess the side plate not more than 1/2" from front edge of top plate per Ref 21. Use .25" to allow seal weld at
front edge.

(plate_top + proj) =10.891-in mean side plate width

plate_top := b — .25-in k:=

2

Ik =17.423 > 1.0 OK per Ref 21
P~in2
25-kip

Compute reduction factor Z for local stress check

Z:= 10 =0.974

2

177-a-

ﬂ(ﬂ) ‘1o
inyR-t t
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P-e

] 1.32.Z .031-in
RN= B 2 333 * VRt S=27.869-ksi  localized vertical shell stress just above
int"| 143-ah () a 2 the chair. Ref 21 recommends 25ksi max.
R-t-in in3

Weld Design

TV

S 4

Figure 7-4. Typical Welding,
Base Plate Shop Attached.

LY

1.
> l ‘
N =N A, L

14

I
5 1‘.\\.‘\.\‘.\.‘;' \/

Y

e ————

Figure 7-6. Loads on Welds.
Figure 7-5. Typical Welding,
Base or Bottom Field Attached.

P 1b P Ibf
W, = =237 — Wy = ——————— =347
a+2h in ah + O.667-h2 in
2 2 Ibf . . " .
W= |W.~+ W, =420-— By inspection, a .25" weld will be more than adequate.
MW v h in

Shell shear capacity per inch exceeds weld, OK

Anchor Quantities

pr = abc

Vip = 366.75-in"




Job No.:15-10420.00 LWWSD

= ) ' ! Geneva Reservoir
ﬁ Sheet No.: 12 of 12
- I J ‘; Calculated by: JJL Date: 2/2/2016

Checked by: Date:

(b +2in)(h— o) ) .
Vep =2 5 Vyp = 570.563-in

Wanchor = Vsteel (Vbp + Vsp) = 265.789 Ibf

'

anchor_total = W.

anchor Manchors = 9568 1bf
Lyelg=2h+a+(a—-g—-2j)=68in

Lield_total = Manchors Lweld = 204-ft
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Seismic Evaluation
for

Geneva Reservoir-Ringwall Option D

for

Lake Whatcom Water & Sewer District
Bellingham, WA

FoE e
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Compute mat weight and location of center of gravity above the base

3
h =2t : = cy = 27-ft
mat Mat thickness BCLyy st = 0
Existing Bottom Capacity Level (elevation of base of tank)
BCL = BCL,y ¢t + hypat BCL =21t Bottom Capacity Level (water elevation at top of mat)
MOL := H Assumed maximum operating level

TCL ;= 655.5-ft Top Capacity Level (elevation at lip of overflow)

D =531t Shell diameter

2
D
Atank = N’T

Aggy = 2206fC  Tank footprint

Viat = Atank-(BCL - BCLeXist) Vipat = 1634-cy

feonos= 1OPEE it weight of concrete

h
) mat
Wat = Vmat Veonc  Wmat = 062-kip Xat = > Xat = Lt

Compute existing floor plate weight

Floor_flange := 2-in  Bottom plate projection beyond shell plate

Dplate := D + 2-Floor_flange Dplate =53.333ft
2
. : . Dplate B .
tplate = .25'111 Wf = "{Steel'tplate'ﬂ"T Wf = 23k_lp
Compute weight of assumed steel plate installed above mat to seal the bottom
Dz
tseq] = 2500 Wseal = PYsteel’tseal'ﬂ'T Weeal = 23°kip X =
seal *

Hydrodynamic Wall Pressure Functions

h

mat
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MM/Q\]K‘N: H BCLWISS =0
Zf =12z

Z(Zf) =z - hmat

A;\(Zf) = iff[zp > (MOL - BCLeXist)],H,z(zf)] z cannot be greater than H when calculating water effects

Define fluid pressure functions

Hydrodynamic pressures due to impulsive and convective lateral loads vary around the shell as a function of the
angle from the toe of the tank, ¢. (See Ref 5)

The pressure distribution for impulsive forces is proportional to the function

T;(9) = cos()

The pressure distribution for convective forces is proportional to the function

1
V() = cos(d>)‘(1 - ;cos(d»z)

Half of the impulsive and convective base shear, taken at the top of the mat, is represented by the region
where -n/2 < ¢ < /2

v, — = 62.518kip
— = 435.001-kip

The maximum convective pressure distribution is
The maximum impulsive pressure distribution is

v, 1 pe(7¢) = (ﬁj ! Distq((z))
pi(zf) = (z_;j ‘Distj(z(z)) R E
]| = >
F [ W ($)-co5(6) dd
W;(§)-cos(¢) dd Jom
)= B
2

The static and vertical hydrodynamic wall pressures are

pstatic(zf) = ﬂ{water’Y(Z(Zf))

pz(zf) = Av'pstatic(zf)
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CONSULTANTS

Set pressures equal to zero unless  h, ., <z <H+h_

Rilz) = if] 2g <Dy 04 2 > (H+ by ). 0.pi(z¢ )]
Rol ) = if[2g <hppae 0.if[ 2 > (H+ hppa ). 0.p(2¢ )]
sz) = if| zp <hpae, 0,1f) 24 > (H + hmat)’o’pstatic(zf)ﬂ

sz) = iff zp <hp . 0.ifz¢ > (H + hmat),O,pZ(zf):H pi(5-10) = 493.115-psf

The maximum hydrodynamic impulsive, convective, and combined wall pressures are graphed below vs z at ¢ = 0

301 L 301 ' ! . 301
7 201" . . 7 201" .
o o
— 10 . . — 10 .
0 | | 1 1 0 | 1
0 100 200 300 400 500 150 0 200 400 600
pi() pi(7e)+pd{7)
pst pst psf
The static and vertical seismic wall pressures are graphed below for all ¢
f
300 N\ ' ' . 30
7 200 1 7 20
o o
— 10 . — 10
0 | | 1 0 | | 1
0 500 1000 1500 2000 0 50 100 150 200
p static( Zt ) pZ( Zf)
pst pst

Hydrodynamic pressures are added (or subtracted) from hydrostatic pressure to obtain net water fluid pressures,
along with the vertical seismic pressure (+ or -). Use the slightly higher straight addition values for the impulsive
and convective components so the sign of the pressure will be correct when integrating over the mat surface.
When using direct sum instead of SRSS (square root of the sum of the squares) Ref 4 allows the vertical
acceleration component to be taken as .40Av. (See Ref 4 section 13.5.4.3)

The base pressure varies in a more complicated way and is computed in the following section
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Calculate Loads to Foundation

a. Dead Load Component from shell, roof supported on shell
Poiatic = PD(0)  Pgiatic = 520-plf Dead load, constant for all values of ¢

b. Seismic Component from shell and roof supported on shell

Peeismic(P) = cos(ap)«HM—S(ZO)) Seismic load at base of shell from lateral ground motion
7D
Pseismic(0) = 6088-plf Maximum value at toe of shell
Peismic(T) = —6088-plf Minimum value (uplift) at heel of shell
Peeismic_v = 40-AyPyiatic Seismic load at base of shell from vertical ground motion
Pseismic_v =21-plf

c. Ringwall Dead Load Component

thg = 51.5-ft from as-built topo

3, EERRS hftg = 4-ft field measurement

Ry, = thg - bftg footing inside radius

=1 f .
! ! . 2 2
& Aftg = ﬂ-’(thg — Ry )

' |

¢ ey
Faip J - - ;
:—,.I Wftg = A{COHCAﬁghftg Wftg =1380.761 klp
Total weight of existing ringwall
Wftg Ringwall weight per ft of shell

—= = 2287-plf

W =
ftg 2-1t-R

bftg = 2-ft from impact-echo measurement
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Calculate the radial centroid for the ringwall area

0 = 1t tank angle subtended by one ft of shell length
R
9
r 2 (Rig )
Aringwall = J rdrdo Aringwall =3.811ft ringwall footprint per foot of
-0, YR, shell
1 in
2
0

(7 thg 5
J r drdo

J‘ 91 Ry,
Tringwall = 2 Tringwall = 50.507 ft Radial distance to ringwall center of gravity
Aringwall
d. Mat and New Floor Plate Unit Weight
(Wmat + Wseal)
Wt = ———————— Winat = 310-psf

’7T-R2

The required safety factor is not stated directly in the design standards Ref 1 and Ref 3, nor for anchored tanks
in Ref 4. It may be inferred from Ref 3 section 12.14.8.4 and the load combinations in Ref 3 section 2.4.

Safety factor >= 0.75 (from 12.14.8.4) * .98 (0.7 earthquake load factor x 1.4 scale up factor to convert Ref 4
earthquake loads to Ref 3 basis) / 0.6 (dead load factor, Ref 3 equation 8, section 3.2.4.1) = 1.23

e. Check Sliding Safety Factor
Vg =913-kip Base shear at base of mat
. . . . 2
Weight of soil confined by ringwall A = TRip Nsoi= 125 pef  Weoo = ’Ysoil'Asoil'hftg
Ratio of base shear to total dead weight at the plane defined by the base of the footing

Vallow = an(30-deg)-(Wg + W+ W; + We + We + Wi + W + Wpig + Weoil) (1 - 40A,)
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\"
allow
SF_.. =——— SF
slidin
g Vf

bt = 5.665 > 1.0 OK for sliding

f. Check Overturning Safety Factor about the Base of the Mat

Calculate overturning moment at the top of foundation, including floor plate differential pressure effects

Calculate overturning moment at the base of the mat

2 2
M= \/[Ai'(ws'xs + WX+ WX+ Wiag Xmat + wseal'xseal):l + (AC'WC'XC)

M = 9162-kip-ft Mgave = Mg placeholder for later calculation

Mssum = Ai'(Ws'Xs + Wr'xr + Wi'Xi + wmat'xmat + wseal'xseal) + AC'WC'XC

Mgpell = Megum placeholder for later calculation

2 2
Manti= \/ I:Ai'(WS'Xs + WeXp + Wi Xime + Wiat Xmat * Wseal'xseal):l + (AC'WC'Xcmf )
M, ¢ = 15664 kip-ft Result using SRSS method

Results using straight sum method (more conservative)

Mmfsum = Ai'(Ws'Xs + Wr'Xr + wi'Ximf + wmat'xmat + wseal'xseal) + Ac'Wc'Xcmf

M, foum = 18895-Kip-ft

Ref 4 Eq 13-23

Ref 4 Eq 13-32
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Calculate base shear at top of foundation

2 2 Ref 4 Eq 13-31
N J [Ai-(Ws + W+ We+ W+ W+ Wseal)] + (AC-WC)

V; = 890 kip

The above base shears and moments are expressed in allowable stress design (ASD) basis.

M = 18895-kip-ft Total overturning moment about the base of the mat, including base pressure effects

mfsum

w = 5241-kip

1= A0-A)(Wg+ Wt Wi+ W+ Wi+ Weear + W) Wiegist

resist = (

M. ..=W,

res = Wregist' R = 138889-Kip-ft

Mes Global safety factor against overturning without

SFop = Y SFo =17.35 regard to uplift, soil pressure, or concrete capacity
um

g. Check Pressure at Base of Mat Floor Plate - Static - Rigid Mat Assumption

(wS + Wt Wp+ W+ W+ W + wftg)

Astatic = N + (H - hmat)’ﬁ{water gtatic = 4339-psf
Tt-R
Weight of structure and water at emergency operating level applied uniformly to the mat.
h. Check Soil Pressure at Base of Mat - Dynamic - Rigid Mat - Vertical Seismic Acting Down
W+ W+ W+ W + W + We + W 4M
T t 1 f ft f:
Alax = (1+ 40A) (Ws + W mat _ sea ] ;e QL = 3890-pst
2 3
T-R TR
W+ W+ W+ W + W + We + W 4M
T t 1 f ft f:
lpin = (1 + 40-A)- (Ws + W mat _ sea g - meum qli = 1304-psf

’T\"Rz 'rr-R3

i. Check Pressure at Base of Mat - Dynamic - Rigid Mat - Vertical Seismic Acting Up

W.+W_ +Wr+ W + W + We+ W 4M

( S r T mat seal f ftg) mfsum

2ppax = (1 - 40-A,)- ; + ; Q2ax = 3692-pst
TR T-R
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(Ws + Wr + WT + Wmat + Wseal + Wf + Wftg) 4Mmfsum

2pyin = (1 - 40A)- Q2 = 1106-psf

i. Compute the mat shear and moment under seismic load

(1) First define some basic geometric relationships fortherange 0 < @ < T
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-

A

x(r, @) := r-cos(p)  y(r,p) == rsin(p) X,y coordinates as functions of polar coordinates r,¢

X,y = \/ 2 + y2 @(x,y) = angle(x,y) polar coordinates as funtions of x,y coordinates
X0 . . .
Po(%0) = acos Yy Yo(Xo) = Resin(tpy(x,))  coordinates of x, intercept with shell

xp(kp) = x(R,p) yp(kp) = y(R,p) Coordinates of the shell perimeter vs angle from toe
yR(*R) = IRZ - sz YR(*R) = d—yR(xR) Equation for the shell perimeter and its derivative
dx
R

Loy = RP =y

(2) Define functions for soil pressure and for associated mat shear and moment

Write soil pressure functions vs x ( soil pressure must be greater than zero at all locations)
(qlmax + qlmin) X
qlyy = ) ql(x) = qlyy, + (E)'(qlmax - Ollav)

(qzmax + qzmin) X . L
2, = 5 q2(x) = q2,, + (E)'(qzmax - qzav) Case of vertical seismic loads up
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Write functions for shear and moment due to soil pressure at section cut xo due to total soil reaction to the right of

the cut
R (R
Vql(xo) =21 ql(x) R - X% dx Mql(xo) =2 (x - xo)«ql(x) R~ % dx
X, Ix,
R (R
2 2 2 2
qu(xo) =2 q2x)yR"—x"dx Mq2(x0) =2 (x—xo)«qZ(x) R™—x"dx
X, Jx

0

(3) Define functions for mat shear and moment due to hydrostatic load and mat, floor, and seal plate loads

(WT + Wmat + Wseal + Wf )

Wonif = Wonif = 2286-psf uniform load acting down on interior
2
TR

R

R
Vunif(xo) =2 ( Wynif V R”—x"dx Munif(xo) =2 ( (X - XO)Wunif R” - x’ dx
), | V

o (8]

(4) Define functions for mat shear and moment due to hydrodynamic base pressure (excluding Av effects)

Total moment due to impulsive and convective effects

AMijmp = Ai«Wi-(Ximf - Xi) = 6634-kip-ft
AMgony = AW (Xemg — Xc) = 492-kip-ft

The impulsive base pressure varies as

sinh(\/i %j

cosh(\/g : %)
AM:

. . . . 1mp
Integration constant for impulsive base pressure is Const; o =

= [R (yo(x) . (\/g%)

p
J\ J o (2

-R"0
Constimp = 525-psf

From Ref 5, Equation F80

dy dx
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sinh(\ﬁ ﬁ)
cosh(\ﬁ %)

And the pressure function can be written as Ppase_i(*x>y) == Constjpy

3
The convective base pressure varies as (%j -— (ij From Ref 5, Equation F108
AN[COIlV
Integration constant for convective base pressure is Const,, =
Ry ,(%)
[ 3
X 1 (x
2 || === dy dx
J R) 3
-R70
Const.q,y = 40-psf
X 1 (x 3
And the pressure function can be written as Phase ¢(X-¥) = Const, .- (_j - _.(_j
- R 3\R

The combined base pressure associated with convective and impulsive effects is

Phase(X>Y) = Ppase_i(X:¥) + Ppage c(X:¥) Ppase(R,0) =498-psf  Maximum pressure at toe

As a check, compare maximum bottom pressure if an approximate linear distribution of base pressure is assumed
by dividing the total moment by the section modulus of the foundation footprint

. (AMimp + AMconv) Ptoe_linear
ptoe_linear = 4 3 ptoe_linear = 488P5f m = 0979 OK
R Ppase' ™

Ry (x)
VBP(XO) = _Z'J' 4[ Ppase(X-y) dy dx
X

0 0

R .y (x)
MBP(XO) = —Z-J 4[ (x - xo)pbase(x,y) dy dx
X

0 0

(5) Define functions for mat shear and moment due to Av only (up or down, not including loads at shell)




Job No.:15-10420.00 LWWSD

= ) ' ! Geneva Reservoir
ﬁ Sheet No.: 13 of 18
- I J ; Calculated by: JJL Date: 2/2/2016

Y Checked by:  Date:

R R
VAVI(XO) = —Z-J '4'AVWunif \' R2 - x2 dx MAVl(XO> = —2«J' (x - XO)’A'AVWunif \' R2 - x2 dx
X X

o o

R R
VAVZ(XO) = 2;[ 4-A Wanif \' R2 - x2 dx MAVZ(X0> = ZoJ (x - XO)’A’AVWunif \' R2 - x2 dx
X X

o o

(6) Define functions for mat shear and moment due to roof shell and footing dead load applied at the perimeter

“PO(XO)
Vshell_static(xo> = _Z'J (Pstatic + Wftg)'R dep
0

kpO(XO)
Mshell_static(xo) = _Z'J (Pstatic + Wftg)’(R’COS("P) - Xo)'RCkP
0

(7) Define functions for mat shear and moment due to lateral seismic loads all applied at the perimeter

Write hydrodynamic force intensity at the shell as a function of ¢

Mghen

Eshen(#) = cos()

m-R

ol %o)
VE_shell(xo) = _Z‘J Eshen(p)-Rdy
0

“PO(XO)
ME_shell(xo> = _Z’J Eshell(('P)'(R'COS(‘P) - Xo)’Rd('P
0

(8) Define functions for mat shear and moment due to Av loads applied at the perimeter

VShell_AVl(XO) = '40’Av'Vshell_static(x0> Mshell_Avl(X0> = '40'AV'Mshell_static(X0>

Vshell_AVZ(Xo) = _'40’Av’Vshell_static(X0> Mshell_AvZ(X0> = _'40’AV'Mshell_static(xo)

(9) Define functions for mat shear and moment due to center column force
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PD_ctr = Wroof_center + Wcol_base + Weo) = 8.8kip

Vctr( xo) = if (xo >0,0, —PD_Ctr)

Mctr(xo) = if(xo > o,o,xo-PD_Ctr)

(10) Define functions for total mat shear and moment due to combined loadins for the case of Av up or down

Vinat1(%) = Val(%) + Vuni(%) + VBp(Xo) -
+VAV1(XO) + Vshell_static(xo) + VE_shell(xo) + Vshell_Avl(X ) + Vctr( ) (1 + '40'Av)

Vimat2(*) = Va2(%o) + Vunit(%o) + VBP(%o) -
+VAv2(X ) Vshell statlc( ) + Vg shell( ) + Vshell_sz(X ) + Vctr( ) (1 - .40AV)

Mmatl(xo) = Mql(xo) + Mumf( ) + MBP( )
+MAV1(X ) Mpenn statlc( ) + Mg shell( ) + Mshell_Avl(Xo) + Mctlr(xo)'(1 + '4O'Av)

MmatZ(Xo) = Mq2(x0) + Mumf( ) + MBP( )
+MAV2(X ) Mgpenn statlc( ) + Mg shell( ) + Mshell_AvZ(Xo) + Mctlr(xo)'(1 - '4O'Av)

x,:=-R,-R + 3..R Set plot parameters

o’ ’ 10
100
Vinati (¥o) V. (R) =0k
mat] - p
kip
VmatZ(xo) VmatZ(R) = 0-kip
kp ' V. (-R) =-9.2.ki
_____ matl p

—200 Vinata(—R) = -8.5-kip All values zero, check




X ' Job No.:15-10420.00 LWWSD

| s ) \ Geneva Reservoir

ﬁ Sheet No.: 15 of 18
- ; Calculated by: JJL Date: 2/2/2016

Y Checked by:  Date:
M, ¢ (R) = 0-kip-ft 500 ' ' '
Mai2(R) = 0-kip-ft Mmatl(xo) o |
kipft  — 500F =

M. (-R) = —243-kip-ft
matl MmatZ(XO)— 1000[

M, 00(-R) = —224.481 kip- ft Kip-ft

1

|

|

'

1

|
—
(9,1
o
5

- 2000
All values zero, check Z 40 40

These forces are distributed over a variable mat width. Convert to average unit forces in the mat

Note: These expressions cannot be evaluated at R or -R because the denominato
is zero at the limits. Evaluate at values of x close to +/- R

Viati(%o) Mpnag1(%o)
Vmatlunit(xo) = %(X()) Mmatlunit(xo) = %(x;
ol*o o %o
Vimat2(%o) Mpnae2(%o)
Vmat2unit(xo) = %(X()) MmatZunit(xo) = %(x;
ol*o o%o
X = —9999R,-R + 5.. .9999R Plot parameters
0 10
5 T T T 10 T T T
Vmatlunit(xo) o 7 Mmatlunit(xo) o ]
kif kip — 100~ 7]
- & )
VmatZunit( Xo) Mrnat2unit(xo)_ 200 -
_____ KE _ o 1 ow |
_15 l l l _ 40 l l l
- 40 -20 0 20 40 - 40 -20 0 20 40
XO XO
o i

Average unit shear and moment in the mat, ASD basis

Compute maxima and minimima
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Xy =0
Given
v ( ) Vmatl("o)

x) = ———

matlunit\“o 2-y0(x0)
Vmatlunitmax = Vmatlunit(MaXimize(Vmatlunit’Xo)) = 1.787-kIf
Vinattunitmin = M0 Vinat1unitC-2999R)s Vinat 1 unit-9999R)) = ~14.65-KIf
VUt = 1.4max( |Vmat1unitmax| ’ |Vmat1unitmin Va1 = 20.51KIf
Given
VmatZ(Xo>

VmatZunit(xo) = T()()
ol%o

Vmat2unitmax = Vmat2unit(MaXimize(VmatZunit’Xo)) = 1.787-kIf

Vmat2unitmin = min(vmatZunit(_-9999R),Vmatzunit(.9999R)) =—13.94-kIf
Vimar = 14 max( |Vmat2unitmax| ’ |Vmat2unitmin Vuparp = 19-515-kf
Vit = max(Vag g, Vigao) - Vg = 20.51KIf

-R
X = —
A= T
Given
M ( ) Mmatl(xo)

matlunit{¥o) =
2-yo(x0)

Mmat1unitmax = Mmatlunit(MaXimize(Mmatlunit’XO)) Matlunitmax = ~0-746-kip

R
X = —
A= T
Given
M ( ) Mmatl(xo)

matlunit{¥o) =
2-yo(x0)
M at1unitmin = Mmatlunit(Minimize(Mmatlunit’Xo)) M at1unitmin = ~37-609-kip
-R
X = —
A= T
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MmatZ(XO)
2«y0(x0)

M hat2unitmax = Mmat2unit(MaXimize(MmaQunit’ XO)) M hat2unitmax = 0-597-kip

Mmat2unit(xo) =

R
Aov= o
Given
M tz(X )
Mmat2unit(xo) = ;;a (x ())
ol%o

M hat2unitmin = MmatZunit(Minimize(MmatZunit’Xo)) M hat2unitmin = —36-004-kip

Mumat_pos =14 maX(Mmatlunitmax’ M hat2unitmax Mumat_pos = 0.836-kip

M = 1.4min(M Mmat2unitmin) MUmat_neg = ~52-652'kip

Umat_neg matlunitmin®
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Capacity Check and Preliminary Quantities

Material assumptions

—4-in

f'c := 4000 psi fy =060-ksi d:=h ..

Check shear capacity

Vu
f' t
@Vei= 752:d [—-psi Ve =22.768KIf =% _0901 1.00K
psi eVe
Compute approximate bottom steel requirement
Mu :
mat_pos in .
A =— A =0.01-— Computed steel requirement
5_bot 90-90-d-1, 5_bot ft
. As_bot psi in2
Asbot = if <[200-== |, 1.333- A poeAq pot A pot = 0.014-—
d fy ft
—Mll .
mat_neg in .
= — = —_— Computed steel requirement
A5 _top’ 90-90-d-f, As_top = 0057 P q

A . .2

. s_top psi B in

A oD, lf[{Tj < (200‘f—j, 1'333’As_t0p’As_top} As_top = 0.8660?
y

Reinforcement requirement per unit area of mat

Wreinf = ﬂ{steel'z’(As_bot + As_top) Wreinf = 5-99-psf

2
Wreinf = Wreinf TR Wreinf = 13216 1bf

SN= 27-ft3
Concrete and seal steel quantities

2
\% hmat’“'R

conc = W oq) = 22521 Ibf

Veone = 163421 cy

Placeholder unit costs for concrete and steel reinf_cost := L conc_cost := i
cy

Cost .= W,

reinforemf_cost +V -conc_cost + W,

conc | steel_cost Cost = 139970

sea

Adjust steel requirement
if computed steel ratio
less than 200/fy

Adjust steel requirement
if computed steel ratio
less than 200/fy

2
steel_cost := 1—
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Methodology Remarks

These calculations are limited to an assessment of the primary elements of the lateral force resisting system for
the reservoir under seismic loading. Following is a summary of the methodology used:

1. All dimensions and weights are based on record drawings furnished by the client, supplemented by field
measurements.In case of discrepancies, field measurements were used..

2. Water level assumed for seismic calculations is based on maximum current operating level provided by the
District..

3. Methodology for determination of seismic loads for tanks with a free water surface is based on the 2012
International Building Code, ASCE 7-10, and AWWA Standard D100-11. These codes and standards post-date
and are more stringent than codes and standards used at the time of original tank design.

4. For tanks where the free surface sloshing wave amplitude exceeds the roof elevation, the additional
amplification of seismic load is based on an approximate method published in Structural Engineering
International, March 2006. "Earthquake Induced Sloshing in Tanks with Insufficient Freeboard" by Dr. Praveen K.
Malhotra. This simplified method assumes a linear shape for the sloshing wave. The force is modeled by
computing an increase in mass and adjusting the convective period of the water mass. The pressure distribution
is assumed the same as for a tank with a free water surface.

5. For tanks where the static water surface level already contacts the roof, the free surface sloshing amplitude is
based on a cylinder of the same height and radius with zero freeboard, however the actual water mass is
assumed. The ratio of sloshing amplitude to roof height is computed using roof height measured from the free
water surface. Adjustments in seismic load are otherwise the same as for the preceding step.

6. Ground motion spectral accelerations Sg and S, are those currently available from the USGS on their web site
calculator for the latitude and longitude of the tank as taken from Google Earth.

7. Soil site class "D" is assumed as a default in the absence of a soils report for this reservoir..

8. Wind loads, hydrostatic loads at overflow elevation, and roof live loads were not considered in the analysis.
However where calculated roof loads exceed 40 psf, a mass equal to .20 times the uniform roof snow load is
added to the roof mass for seismic calculations. The gravity effects of snow load were considered whete
applicable for determining loads on the shell, however no analysis of roof members was included.
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Location and Site Data

Lat 48.7272, Long -122.3556
El 805
(Google Earth)
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S

uperstructure Geometr

From record drawings

Tank diameter D := 50-ft

Tank radius R:= — =25ft
MWV

Shell height H_ = 35-ft

Floor elevation at shell
(Bottom capacity level)

BCL := 800-ft (District)
Overflow height above floor

h Hg - 6-in=34.5ft (Estimated)

overflow

Overflow elevation
(Top capacity level)
TCL := BCL + hoverﬂow

M= 3351t Maximum operating level

NOL = BCL + H = 833.5ft
BCL + H = 835 ft

This level is below the top of the shell.

Describe the roof geometry
roof_slope := L0 0.083 (Actual varies between .78" and .083" per 12")
12

The roof heightis  h_:= roof_slope-R = 2.083 ft

Let "z" be the distance measured vertically from the floor, and "r" the horizontal distance from the center
= Hg + h, = 37.083ft

Zapex

The expression for z for the roof for 0 <r< R is
Zioof (D) = (if(r >R,0, Zapex ~ roof_slope-r))

Plot the roof elevation vs radius r=0,.1-ft. R
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Enter shell and roof plate thickness.
Mathcad General Input - See Appendix for Mathcad nomenclature and symbols
QRIGIN,= 1
Special unit definitions each:=1  sf:= £
number of shell plate courses,
numbering starting with the base as

course 1

n 5 (the vertical leg of the top angle is included with the top shell plate course)

course =

Calculate the elevation of the top of each shell course relative to the floor

i=1,2.n i is the number of each shell Ygtee] = 490-pcf  unit weight of steel
course, starting from the bottom

zshell is the elevation of the top of each course relative to the top of the bottom plate

13
32
7.02 16.589 1
9
14.02 5 11.484 1
Zshell = 21.02 |-ft tsheu = 25 -in Wshell = tshell"‘{steel =1 10.208 pSf ClaSSsheH =11
28.05 25 10.208 1
35 ' 11.484 1
32

Shell thickness is per field measurements, rounded to the nearest 1/32 inch. Original specifications not
known. Assume minimum yield stress to qualify as AWWA D100 Class 1, Fy=27 ksi.

Class 1 material has a yield stress 27 ksi < Fy < 34 ksi. Class 2 material has a yield stress Fy > 34 ksi
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Roof thickness is 3/16" per nameplate, but thickness gauge measurements were .120". Use 3/16" to be
conservative for roof weight calcualtions.

-in roof plate thickness as measured,

3

t 2
f_plate *

Tool_plate 16 rounded to nearest 1/32 inch

Compute weight of roof and shell

Define the roof slope at any point

. _d
Zyoof (1) = Erzroof(r)

Compute the surface area of the roof plate tributary to
the perimeter and the center column. . Ignore laps

For a surface of revolution, the general equation for the surface area is

2
d
A=21 | rds where dso= |1+ (2] .ar
dr
R
Aroof_plate = 2T J ryl+ Z'roof(f)2 dr | = 1970 ft{roof surface area)
0
Wroof_plate = ﬁ{steel'troof_plate’Aroof_plate = 15.085-kip

R
2 2 2
A1‘00f_plate_center =2 r-\l L+ 2 60p (1) dr | =493 ft
0

Portion of roof weight tributary to

Wroof_plate_center = PYsteel’troof_plate’Aroof_plate_center =3.771-kip center column

R

, , 2 2

Aroof_plate_edge =27 |1+ 2z 006 (D) dr | = 14781t

R

2

] ) Portion of roof weight tributary to

Wroof_plate_edge = ﬂ{steel'troof_plate’Aroof_plate_edge = 11.314-kip shell

Calculate the vertical center of gravity from the tank floor for the roof plate
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R
2 / , 2
J' 1+ 25 0p (1) dr

0

A1‘00f_plate

Xroof plate = zmof(xC ) = 35.694 t
P g

Define the number of the shell course for any value of 0 < z < Hs using a series of functions

i n Default value

course(?) = Neourse

ourse

Aeousel?) = if(z < ZshellnC ’ncourse’icourse(z))
Aeousel?) = if(z < Zshell4’4’icourse(z))
Aeousel?) = if(z < Zshell3’3’icourse(z))
Aeousel?) = if(z < Zshellz’z’icourse(z))

Aeousel?) = if(z < Zshelll’l’icourse(z))

z:= 0-ft,0.2-ft.. Hg Set plotting interval for graphs

40 T T T

ICOLII” se( Z)

write functions that return the shell plate thickness and class as a function of height above the base

ts(z) = tshelli class(z) = Classshelli

course( Z) course( Z)
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40 T T T 40 T T T
30‘_J 1 301 1
z 201 T z 201 T
101~ T 101~ T

0 | | | 0 | |

0.25 0.3 0.35 0.4 0.45 0 0.5 1 1.5 2
tS(Z) class(z)
in

Shell thickness vs elevation Shell class vs elevation

Floor plate thickness ~ floor = -23'in

floor_flange := 2.0-in Bottom plate projection beyond shell plate Dyjoop = D + 2-floor_flange

Compute floor weight

2
Dﬂoor

Wi = Ysteel tloor ™

" Wy =20.3-kip

Compute the weight of the shell and establish its center of gravity from the base

HS
W, = ﬁ-D.J Vteel (2) 42 W, = 65.945-kip
0-ft
H
J' Vsteel ts(2)-2 dz
0-fi
X, = D : = X, = 16.157ft

S

Compute the weight of the roof and establish its center of gravity from the base

The total roof mass is a combination of the part tributary to the
center column and the part tributary to the edge. The center
portion includes part of the roof, half the weight of the rafters, the
column cap, and half of the column. (The other half of the column
and its base plate are assigned to the floor mass). The edge
portion includes part of the roof, half the weight of the rafters, clips
and the flange of the top angle. The weight of top angle and clips
and top angle flange are ignored.

Based on video, there are 25 rafters spanning from the shell to the center column to plate. Estimate of the
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web depth was 7.5 inches, which is not a standard channel size. Conservatively, use the weight for the
largest 8" deep standard channel, C8X18.75. Assume column cap is .5" x 2 ft dia., center pipe column is 8"
diameter, Sch 40. Ignore weight of clips, bolts, laps, and appurtenances..

Ibf .
Wrafters = 251875 = ~-(R = .5-f) = 11.484-kip
_ 2. .
WCOl_cap T ﬂ(lzln) '.S'IH"‘{steel = 0.064- p

Ibf .
Weol = 336-ft187-—= = 0.628 kip

. .2 . 2 .
Weol base = qsteer[.s.m.n.(lg.m) +.375-in-2- l-ft] =0.175-kip assumed base plate and gussets
W \\Y
rafters col . . .
Wroof_center = Wroof_plate_center + + Wcol_cap + = 9.892-kip Roof weight tributary to center
column
= Wratters = i Roof weight tributary to top of shell
Wroof_edge = Wroof_plate_edge + = 17.056-kip 9 y P
: Weol ' Col d base plate tributary to fl
AW = Wcol_base + T = 0.489-kip olumn and base plate tributary to floor
Total roof structure mass for seismic calculation W, = Wroof_center + Wroof_edge =26.948-kip

Check to see if roof snow load mass must be included per ASCE 7-10

Py = 60-psf from "Snow Load Analysis for Washington", 2nd ed, SEAW

I == 1.20 Snow load importance factor for risk category IV, ASCE 7-10

Cp:=12 ASCE 7-10, Table 7-2. Exposure Factor, Terrain B, Sheltered

Ci =12 ASCE 7-10, Table 7-3, Thermal Factor, Unheated

=72.576-psf Flat roof snow load, ASCE 7-10 Eq 7.3-1. Since flat roof snow load exceeds 30

ps = 0.7-CyCy 1
psf, add 20% of the design snow load to the roof mass per ASCE 7-10, section

s’pg
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12.7.2.
4 6 8 12
The roof slope is  atan(roof_slope) = 4.764-deg 2R e
|| |
From ASCE 7-10 Fig 7-2c, the roof slope factor is R H— -
|15 \
— \ \
Cy=10 08 \ \ =
pg = Cgpy = 72.576-psf - \ X \ &
06 R
Snow weight to include with roof weight C T v X
* } Unnh.cln.ln.'gd » {'w‘ —
Wenow = -20-pg = 14.515-psf 04 Tyt N )
L <} -
W, o= R? =28.501 ki 2 [ 4
snow ‘= Wsnow TR = 28.0U01-KIp L k| _
Snow weight tributary to edge e Ml)_' R a——
0 30 60 90
Roof Slope
Aroof_plate_edge . 7-2¢: Cold roofs with C = 1.2 or larger
Wanow_shell = Wsnow’ =21.375-kip
Aroof_plate
Wsnow shell Ibf . . N
P = —136.08 — Snow load applied at top of shell concurrent with seismic
Snow D ft
Snow weight tributary to floor
Wsnow_ﬂoor = Wonow ~ Wsnow_shell =7.125-kip

All the lateral resistance for the roof is assumed to be by the shell, except for the lower half of the column

Compute the center of gravity of the roof and column mass for seismic calculation

Wroof_plate’Xroof_plate
Weol hy
+Zapex Weol_cap t 79 Zapex > + Wrafters'| Hs + 5
X, = = 357541t

Wy

Compute the center of gravity of the roof snow load for seismic calculations
Snow density per ASCE 7-10 equation 7.7.1 is

Wsnow

p
Ysnow = nﬁn(30pcf,0.13.f—g + 30-pcfj =30-pcf snow depth h,:= = 0.484ft
t

PYSI]OW
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snow = Xroof plate + 7 =35.936ft centroid of snow mass

Compute total water weight for seismic calculations

Ywater -= 02-4-pef

D2
WT = ﬁ{water.H-TpT = 410449k1p

Calculate the impulsive and convective water weights and vertical centroids

D

— =1.493
H
tanh(.866«2)
W, = WT'—DH if D/H > 1.333
.866-—
H
—ifl 2 b if D/H < 1.33
MW= if| = <1333, W 1L0-0218— | W;| <1
Wi
W; = 2730.288-kip Impulsive water weight —— =0.665
W
T

The effective center of gravity depends on whether just the moment at the base of the shell is being calculated or
the total moment on the foundation, shell plus floor.

X = H.if[(gj > 1.333,0.375,0.50 — 0_094.2} X, = 12.563 ft centroid for calculation of just the shell
H H moment
D
0.866-—
Ximf = 0.375( 1.0 + 1.333: " 1||-H centroid for calculation of total bottom
tanh(0.866«2) moment if D/H > 1.33

} centroid for calculation of total bottom
f

D D
Xisnb= 1f|:ﬁ < 1.333,(0.50 - 0.06-;)-H,Xim moment if D/H < 1.33

Xipf = 20.991 ft

Compute convective water weight and effective centroid above the base

D H We
W, = Wp| 230-=-tanh| 3.67-— W, = 1388.54-kip —= -0338 Ref4, Eq13-26
H D Wr
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H
cosh(3.67'—) —1.937
D

X

emf = H| 1.0~

3.67'E«sinh 3.67«E
D D

X, =22.023ft

Xemf =

24.223 ft

centroid for calculation of just the shell moment

centroid for calculation of total bottom moment
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Seismic Design Criteria

Importance Factor: I := 1.50 Risk category IV
E

Ground Motion Parameters

Site Class C Site Class based on soils report for proposed adjacent reservoir

Sq = .943 S =368 Mapped earthquake short period and long period

spectral accelerations. For Site Class B, 5%
damping, expressed as fraction of g.

F, := 1.02 F, = 143 Site coefficients from 2012 IBC Table 1613.3.3(2).

Seismic Design Category "C"

Adjusted maximum considered earthquake for site class

S =F_S
MS = 7a™S  §y1g=0.962

Design spectral response parameters

Compute points on the design response spectrum

Spi
TO = 0.2-sec-—— TO =0.109-sec
S
DS

Py— SDl —
TS = S_ -sec TS =0.547-sec
DS

Ty = 6-sec Mapped value, ASCE 7-10, Figure 22-12

Tyi= jf(TL > 4-560!4-SCC!TL) =4-sec Maximum required for tank sloshing wave calculations, ASCE

7-10, Section 15.7.6.1.d

Sae(T) = if| T > Ty, ——————min
T

1.5-SD1-TL~seC (I.S-SD1~sec

Convective acceleration function
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SaelD = if(SaC(T) > 1.58pg;, l.SSDS,SaC(T)) Upper bound for S, for low values of T

Spp Ty sec Spi Impulsive acceleration function
Spi(T) = if| T> Ty, Jif S

D
T>TS,—'sec,SD
TZ T
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Calculate Free Surface Wave Height and Compare to Freeboard
Requirements

Compute the first mode sloshing period

D
TC = 2Tt TC:4.113s

H
3.68-g tanh(3.68~—)
D

From AWWA D100-11 Eq 13-53 through 13-56

K=15 damping scaling factor

SUG:=3 Seismic use group

Ap i= if| SUG =3,if| T Ty ,———— K:Sp;;

¢ T

C ¢ T

K- SDl -sec TL- sec )
Jif
c

TC < 4sec,TE-SDl-IE-sec,4o£2-SDloIEoTL-sec]
A =0.124
d:=0.5D-Ap =3.111ft Sloshing wave height, Eq 13-52 - AWWA D100 basis for cylinder at least as high

as Hs +d

For Occupancy Category IV and Spq > .50g, the required minimum freeboard is equal to the sloshing amplitude.

freeboard f:=H,-H=15ft

4 =2.074 > 1.0, therefore freeboard is insufficient £ =0.482
f d
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Compute Base Shear and Overturning Moments As If Free Surface

Seiv=SDs Rj =25 R.:=15 AW WA D100-11, Table 28 and section 13.2.9.2. Unnchored tank

Syilp 0.36:SIg
Aj = max 14R; ’ R, Aj=0275 Impulsive design acceleration
A, = SaclT)'e A, =0.089
c L4AR, co Convective design acceleration

Calculate overturning moment at the base of the shell

M = \/[Ai'(ws’xs + WeXe+ Wonow Xsnow * Wi'Xiﬂ2 * (AC‘WC‘XC)2 M = 10619-kip-ft

Calculate overturning moment at the top of foundation, including floor plate differential pressure effects

Mmf = \/I:Ai’(ws'xs + Wr'Xr + Wsnow'Xsnow + Wi’Ximf)]2 + (AC'WC’ cmf)2 Mmf = 16856-kip-ft

Calculate base shear at top of foundation

2
B Wcol 2 B .
Ve= || A We + Wt Worow + | We + Weol pase - + Wil + (AC-WC) Vg = 799-kip

The above base shears and moments are expressed in allowable stress design (ASD) basis.
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Adjust Effective Masses for Roof Contact

The methodology for roof contact effects is an approximate method published in Structural Engineering
International, March 2006. "Earthquake Induced Sloshing in Tanks with Insufficient Freeboard" by Dr. Praveen K.
Malhotra. This simplified method assumes a linear shape for the sloshing wave.

(a) (b H

#4d = 0 (flat roof)

wrpad Wichh, &) &
1]

Mormmlmed W
=

Fig. 5: Liquid-filled rank translating with an acceleration SA(T_): (a) sufficient freeboard; i
and (b) insufficient frecboard 04

ActualiRequired Frecboard. d/d

- . Fig o: Cone roof tank. Normalized wetted width of tank roof
xR ar a function of actuakrequired freeboard di'd and
normaiized roaf height h /d
Compute the angle 6
I-S. (T i Where
E ac( c) 2
sec ft
6 := atan| ———————— | = 0.332.deg Sac(Tc) = 0.124 Ig=15 g=32174~
& S
dg
dp = H - H=1.5ft d=3.111ft F =0.482 Compute input variables for graph above
hy
h, =2.083ft — =0.67
d
From graph figure 6
X
xp = 32R =81t horizontal extent of wetted dome surface from the shell . 032 << 1.00K
R
Al
0= water _ o, 4.Jbm it mass of water

& f©o
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2 (d + hr) E _ 415 Ibf Maximum uplift on shell due to hydrodynamic pressure
’ max — "o caused by sloshing. Impact effects are considered
minor and ignored

adjust mass for recalculation of seismic demand

( d +h 13 )
_ m, +m, k I - E— ford, +h /3<d W, = 2730kip
Hl. = ]
: ¢ Wop = 4104-kip
m. for d .t h /3=2d
h h
£ £
S =005 Wy = Wit Wl |- ——— | =3139.5kip
h
Wawyin= ] = < 1. Wy W; | = 3139-Kip
fﬁc, = f'”; — f'ﬂi W, = 1388.5-kip Wbar_c =W - Wbar_i = 965-kip
Wbar_i 115 Wbar_c 0,695 Factors by which mass must be multiplied due to the slosh
i o . R contact with the roof

Recaclulate convective period using adjusted mass. Maintain asssumption of T = 0 for impulsive mass

— T.=4.113s original convective period
— n. C
T.=T,- (7%
m
= ) Wbar_c dified i iod
T =T m Tc_bar =T, W =3.429s modified convective perio
HI( c
Sac(Tc) =0.124 A, =0.089 original convective seismic factor
) Sac(Tc_bar) ised i
Sac(Tc_bar) =0.153 Ac par = Ac‘ﬁ =0.110 revised convective
ac( c) seismic factor

Recompute base shear and overturning moment

Change formula weights to adjusted values
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M, = 10619-kip-ft original overturning moment

Ms_rev = \/ |:A1|:WsXs + Wr’Xr + Wsnow’Xsnow + (Wbar_i)'Xi:l:|2 + (Ac_bar’wbar_c'Xc)2
M

s_rev

M = 11908-kip-ft revised moment =1.121

s_rev
S

Calculate overturning moment at the top of foundation, including floor plate differential pressure effects

M, ¢ = 16856 kip-ft original overturning moment

2 2
Mmf_rev = \/ [Ai'(ws’xs + Wr’Xr + Wsnow'Xsnow + Wbar_i'Ximf )] + (Ac_bar’wbar_c'Xcmf )

M = 19122-kip-ft revised moment

mf_rev

Calculate base shear at top of foundation

Vg =799-kip original base shear
2
. Wcol 2
Vf_rev = ([ A We + Wet Wonow + | W + Wcol_base + T + Wbar_i + (Ac_bar’wbar_c)
. Vf rev
Vi ey = 908.04-kip revised base shear Y 1136
_rev v

The above base shears and moments are expressed in allowable stress design (ASD) basis.
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Compute Shell Hoop Forces and Stresses

Impulsive and convective forces are distributed using Housner's distribution formulas

Define the following variables:

z Height of a point above the tank floor

Y Depth of a point below the water surface

n, Distributed hoop force, klf, due to impulsive load N,

N Distributed hoop force, kif, due to convective load N

ny Distributed hoop force, klif, due to vertical seismic force N,,

Ng Distributed hoop force, klf, due to hydrostatic force at maximum normal operating level
NEol Distributed hoop force, klf, due to hydrostatic force at overflow operating level

Define elevation, distribution, and force component functions

Y(z):=H-z distance from MOL to z

Housner's distribution of impulsive load as a function of elevation above the base
and, in the case of impulsive loads, depends on the ratio of D/H

For the case of D/H < 1.33 and Y(z) < 0.75 D (z > .75D, upper section)
2
Y(z) 05, Y(z)
0.75-D 0.75-D

[ v v 2 75-D
( (2) j - 0.5-( () j dz + J 0.5dz
] 0.75-D 0.75-D

0
.715-D

Distia(z) =

The above formula is the impulsive force per unit depth at elevation "z" expressed as a fraction of the total
impulsive force.

For the case of D/H < 1.33 at lower elevations, the factor is a constant equal to

0.5

[ v v 2 75-D
(&j _0.5.(ﬂj a2+ j 054z
J 0.75-D 0.75-D

0
.715-D

DiStib(Z) =

The above formula is the impulsive force per unit depth at elevation "z" expressed as a fraction of the total
impulsive force.

For the case of D/H > 1.33
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GRS
| [ (e

0-ft

The above formula is the impulsive force per unit depth at elevation "z" expressed as a fraction of the total
impulsive force.

Distic(z) =

Dist;(z) = if[(gj > 1.333, Dist;(z),,if (Y(z) < 0.75-D,Distia(z),Distib(z))J select appropriate formula based on
H depth and diameter ratio

Housner's distribution of convective load as a function of elevation above the base

cosh(3.68~

H
cosh| 3.68-—
D

H- Y(z))
D

H-Y(z)
D

Distc(z) =

cosh(3.68-

‘ cosh(3.68‘E)
J D

0-ft

dz

The above formula is the convective force per unit depth at elevation "z" expressed as a fraction of the total
convective force.

Vi= Ay Wpa  V; =862.778-kip Total base shear component due to impulsive fluid load
Vi
N;(z) := | — |'Dist;(z) Shell hoop force due to impulsive fluid load
2
. . Total base shear component due to convective fluid
Ve = A bar Whar ¢ V, = 105.799-kip load
VC
N.(z) := —Dist(2) Shell hoop force due to convective fluid load
2
D . .
NL(2) = Vyater (EJ-Y(z) Shell hoop force due to hydrostatic load with water at MOL

A,=0.14Spg A, =0.09 Vertical seismic factor
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) Np(2) Hoop stress due to static fluid pressure at MOL
Tstatic(?) = t(2)
S

2 2 2
\/Ni(z) +Ne(@™ + (Ny(2)-A) Hoop stress due to hydrodynamic
t.(2) pressure, Ref 4 Eq 13-42
S

O'S(Z) =

Tiotal @) = Tgiatic(@) + 94(2) Combined static and seismic hoop stress at MOL

40 T T T 40 T T T T 40 T T T
30 7] 30 ] 30 ]
Z z z
= 200 7 — 20F = — 20F =
ft ft ft
10 } 10 . 10 .
1 1
0 I I I I I
- 1 1 0 0
> 0 > 0 > 3 4 5 6 10 15 20
O iatic(?)
& 0-s(Z) 0-total(z)
si
St ksi ksi

Hydrostatic Stress Seismic Stress Static + Seismic Stress

Note: the above plots are nominal based on treating each hoop course as acting independently. Actual stresses
each side of girth joints are the same since strains are identical if the courses are attached, so the real stress
near transition zones falls somewhere between the apparent discontinuous stress levels shown on the graphs.
The actual maximum stress levels tend to occur about a foot above the joint and are not as high as predicted by
the more simplified model. The simplified model is conservative and is the method reflected in the AWWA D-100
standard.

Check actual versus allowable stress based on the class of steel used.

Assumed joint efficiency Ejoint = 85% F(z) = Ejoint'15'k5i Chapter 14 of AWWA
and allowable stress D100-11 does not apply
Ostatic(?)
Stress_ratio ;: .(z) := | ——————
static { Ft(z)
40 T T
30F . Maximum static stress ratio is Stress—ratiostatic(zshelll) =0.96
VA
E 20 N < 1,0 0K
101~ .
0 | |
-0.5 0 0.5 1

. Ttotal(?)
Stress_ratio 7) = ——————

Stress_ratio stati C( z) seismic( F.(z)
t




Job No.:15-10420.00 LWWSD

i ) ' i Division 22 Reservoir
ﬁ Sheet No.: 23 of 33
- I J ‘; Calculated by: JUL Date: 2/10/2016

Checked by: Date:

| |
30 T
z 201 T
The worst case stress ratio is at E
the top of the first shell course —10r .
0 | |
0 0.5 1 1.5

Stress_ratloS eismi C( z)

1.398
Stress_ratio_maxgqiqmic = StresS—ratioseismic(zshell1) =1.398 > 1.33 NG — —1.051

1.33
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Compute Shell Longitudinal Forces and Stresses

Define axial compressive force in the shell due to dead load for 0 < z < Hg, in kif.

H
W

S
r
Pp(2) = E + 4[ Vsteel ts(2) dz
z

Define overturning moment functions at elevation z, in kip-ft

H
Moment associated with
Mi(2) = Ap| W (X = 2) + Wonow Xsnow + 7T’ﬁfsteel'D"[ ytg(y) dy roof, snow and shell mass
VA

H
M;(2) = Z«J (y —2)'Ny(y) dy Moment associated with impulsive fluid mass, z < H

VA

H
M (z) = 2-J (y = 2)-N(y) dy Moment associated with convective fluid mass, z < H

VA
Me(2) = M (z) + M;(z) + M_(2) Total moment at elevation z on the shell forz < H

Define functions for compressive stress under static or seismic load conditions

Pn(z) + P
D SNOW
Tetatiold) = ——————
t(z)
4M((2)
1+04A,)(PH(z) +P -F +
( V)( p(?) Snow) max 2 Includes deduction for roof uplift, F
D max.
Gcomp(z) =

t(z)

Check allowable stress for compression with local buckling and slenderness considered

Use Method 1. Yield stress of shell plate does not permit use of Method 2.

Local buckling stress formulas for Class 1 Materials

5 ts(z) ts(z)
Fl 1.(2) = 17.5-10"- R [ 1 + 50000- R

t/Rc = .0031088, elastic buckling

) For Class 1 materials with 0 < t/R <
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. 5775081 4 738.10%-0si t(2) For Class 1 materials with t/Rc =

L1b(#) = ST75-psi+ 738-107-pst .0031088 < /R < 0.0125, inelastic
buckling

Fl 1o(2) = 15ksi For Class 1 materials with t/R >

0.0125, plastic buckling

Local buckling stress formulas for Class 2 Materials

) For Class 2 materials with 0 < t/R <
5[ (2 t(2) . t/Rc = .0035372, elastic buckling
| 1 4+ 50000- -psi

F| 5,(2) = min| 15-ksi, 17.5-10™-

. 6925 0si 4 886.10%-0si t(2) For Class 2 materials with t/Rc =

L2b(?) = 6925-psi + 886-10"-pst 10035372 < t/R < 0.0125, inelastic
buckling

Fl 5(2) = 18ksi For Class 1 materials with t/R >

0.0125, plastic buckling
Write equation selection functions for F| depending on t/R ratio and class

ratiol := .0031088 ratio2 := .0035372

t(2) t(2)
Fi1(2) = min| if R < ratiol,FLla(z),if R

< 0.0125,FL1b(z),FLIC(z)D : 15«ksij

ty(2) t(2)
Fio(7) = min| if| —— <ratio2, Ff 5,(2),if| == < 0.0125,Ff 51,2). Fy 50(2) | | 18-ksi

F| (2) = if(class(z) = l,FLl(Z),FLz(Z))

Slenderness reduction factor equations

ri= —= radius of gyration of tank shell
effective column length factor, pinned ends assumed

E:= 29 106-psi modulus of elasticity for steel

Slenderness ratio at which overall elastic column buckling can occur (not local buckling)

C (2= |nt—E L=H
C T FL(Z) MV TS
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2
Kpi(@) =1 —l~ KL For 25<KL/r <C'c
2 2 r
C.(2)
L (Cu Y
Kn(2) = = For KL/r > Cc
kg 2| KL
r
K¢3(z) =1.0 For KL/r < 25

L
ratio := K-— ratio = 1.98
r

K (2) = if (ratio < 25K 3(2).if (ratio > C'(2). K(p(2). K 51 (2))

Falz) = FL(Z)~K@(z) allowable compressive stress due to axial load

However, for unanchored tanks the allowable stress is permitted to be increased by accounting for the stability
provided by hydrostatic pressure

Write a function for hydrostatic pressure for0 <z< H P(2) = Vyater Y(2) E=29x 104-ksi

0.84

2 2 2
AC(2) = if PO RV < o, 02| 2B [ R 045 TEL RV oo1s] + 104
E | t(2 E | t(2 E | t(2

AC (7) = min(ACC(z),O.ZZ) See AWWA D100 Eq 13-50 and 13-51

(ACC(Z)«E-tS(Z))

Accr(z) = R

Ao, (0)=5336ksi  Eq13-49

O'a(Z) = Fa(z)

Ao (2)
70 = 133 0,(0) + £q 1347
Y (z)
Stress rati oo (7) = _comp~
0.(2)

Plot static plus seismic compressive stress and compare to allowables
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Stress ratiosa-gm-ggz) =

0,(2)

Plot static plus seismic compressive stress and compare to allowables

| | | J | | | | |
30 . 30 — 30 -
Z20r . z 20F 1z 20F .

ft ft ft

Toor - Toor =4 T 10r -

0 | | 0 | | 0 | | |

0 0.5 1 1.5 2 1.5 2 2.5 0 02 04 06 08
Gcomp(z) Fa(z) Stress_ratioseisnﬁc(z)
ksi ksi
Stress—ratioseismic(zshelll) =0.751 << 1.00, OK for static plus seismic longitudinal compression

Check seismic longitudinal tensile stress

Gtens(z)

F((2)

All stress ratios << 1.333 are OK for static plus seismic stress

4M((2)
(1 - 40-Ay)Pp(2) + Fpppoy + ;
-D
O'tens(z) = T Stress ratiosa-gm-ggz) =
t(2)
T T
301" ] . . . .
in longitudinal tension
z 20F .
ft Stress_ratioseismic(()) =0.13
10 7
o L L
0 0.05 0.1 0.15

Stress_ratio seismi C( z)
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Horizontal Shear Transfer Capacity
The previously calculated base shearis Vv, = 799-kip

From AWWA D100-11 Eq 13-57, the allowable resistance attributable to friction is (for the full tank, seismic
condition)

VaLLOW = tan(30-deg)-(Wg + W+ Wy + Wg)-(1 - A|) = 2216-kip >> V; OK. No shear connection
between the superstructure and base is
required for shear. Shear resistance is
provided by the bottom plate acting as a
diaphragm kept in place by bottom
friction. Check shell to bottom transfer

capacity
Vi Vi
The maximum shell to bottom plate shear load is  v:= 2.—— =10.173-kIf — =036
D VALLOW
There is no annular plate, just the .25" floor plate
tp = 25-in
And the maximum shear stress on the plate is Ti= = 3ksi =0.226
te 15-ksi

AW WA D100 permits 12 ksi in shear, and this can be increased by 1.33 for seismic, so_floor plate should not
tear in shear parallel to the floor plate
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Check Foundation

No record drawings exist giving the dimensions of the foundation. The foundation provides no resistance to uplift

since it is unanchored.

Calculate Foundation Dead Weight

Yeonc = 150-pef

hftg = 40-in average ringwall height interpreted from three depth measurements
bftg = 28-in ringwall width based on average NDT measurements

Rﬁg = R+ 4.5-in =25.375ft R, = thg - bftg footing outside and inside radii

Apyg = Tr«(thgz - Rinz) = 354913 ¢

Wftg total and unit
Wftg = ”fconc'Aftg‘hftg = 177.5-kip Witg = E = 1.13-kIf footing weight
. 2 AN . W Lo
Water = H'PYwater'ﬂ’(R -R;, ) =617.9-kip S water _ 3.933KIf total and unit weight

of water over footing

Ygoi] = 125-pef  typical weight of compacted soil

soil = 0 area of soil over footing

(hftg - 6-in)2

Awedge = ————— =2.007ft area of soil resisting uplift in friction at 1H:2V,

2:2 backfill to within 6" of top of footing. Skin friction
assumed 0.4 between footing and soil
Wsoil = ”{soil’(Asoil + 0'4Awedge) Weoil = 0-1-KIf unit soil resistance
WS .
W, = 65.945-kip Nohelln= _D = 0.42-kIf shell weight
’Tr.
W = 17.056-kip Wroof edge .
roof_edge Wroof edge = — =% —0.109-kIf roof edge weight

D
Compute overturning safety factor for pivoting about the toe of the shell

M ey = 11908-kip-ft
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R
SFoverturning = (1- AV)~(wm0f_edge + W + Wy + Wwater)‘M— =1.678 OK

s_rev

Required safety factor based on ASCE 7 load combos is .7E/.6D where .7E is the earthquake load in allowable
stress terms, an effective ratio of 1.67

Check ratio of resistance to uplift at the foundation

SE _ [(1 - Av)’(wroof_edge * Wshell T Wetg + Wwater) * Weoil ~ Fmax] 0787 < 1.0 so there will be
uplift = M R some foundation uplift
s_rev
’TT~D2

Check bearing pressure

Gcomp(o) =1.53x% 103 psi

Wstatic
Wstatic = Witg * Wshell T Wroof_edge + Wwater = 9-591'KIf Abearing_static = by =2.396-ksf
tg
Wseismic = (1 + AV)(Wftg + Wshell + Wroof_edge + Wwater) + Fmax = 6.508-klIf
Wseismic
Abearing_seismic = Y 2.789-ksf
ftg
i ; Abearing_static
dgjow = 2-5'ksf  Static allowable bearing pressure Amne I 0959 OK

Yallow

q . . .
bearing_seismic — 1116 <1.330K
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Tallow
Check As Self-Anchored Tank
Per AWWA D100 section 13.5.4.1
1bf .
Wi = Wehell + Wroof edge = 52&? Weight of shell and roof supported by shell

th = Lo = 0-25+in Fy = 27.ksi A283 Grade B steel assumed G=1.0 specific gravity
t F
wp_:= min 1.23.2.2.(;,7.29._]3 _y‘E'G pIf = 55.£ Eq 13-37, normalized for units
ft ft in y ksi ft ft

M (0)
A= k =9.914 >> 1.54 therefore the tank is not stable without anchorage
Dz-[wt-(l —04Ay) + w |
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Units and Mathcad Notation

All calculations are shown in U.S. customary units. Calculations have been performed using MathSoft's Mathcad
Version 14.0 software, which automatically checks for unit consistency and applies any necessary unit
conversion factors internally to the program. Where computations are imported from Excel, SAP2000, or other
software, the source is identified. Input values are shaded. Others are computed.

Where equations are shown with a ":=" sign, the left hand side of the equation is being defined by the right hand
side. Where equations are shown with a "=" sign, the current value of the expression on the left hand side is
being displayed.

if(a,b,c)
(matrixi,j)

submatrix
(A,i1,i2,j1,j2)

RIGIN := 1
M<i>
sf .= ft2
A

®(x)

An ordinary "equals" sign indicates the value being shown is for the most current evaluation of
the variable on the left hand side of the equation

An "equals" sign with a colon indicates the value on the left hand side is being defined by the
expression on the right. Variables may be redefined, the last definition taking precedence

A bold "equals" sign indicates the symbol is being used in a logical expression

An "if" statement is evaluated as "b" if "a" is true, and as "c'is "a'is false. These expressions
may be nested

In matrix expressions, the first subscript is the row, and the second is the column. Numbering
starts with the value indicated as "ORIGIN" for the first row and column unless otherwise noted

Defines a vector or submatrix of matrix "A" from row i1 thru i2, and column j1 thru j2

An expression with a vector arrow over it indicates that the expression involves
subscripted variables, and that the expression is being evaluated for each subscript in the
range

A bold vertical line to the left of a series of expressions indicates that they are acting
as a programming loop in the calculations

Sets initial subscript value for subscripted variables

The vector in column "j" of matrix "M"

Step function. Returns -1 forx < 0, +1 forx >0and .5if x =0
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Seismic Retrofit
for

Division 22-Ringwall Option A
for

Lake Whatcom Water & Sewer District
Bellingham, Washington

[These calculations are preliminary in nature for design approach analysis and are not to be used for constructior|

Incorporate calculations from existing tank analysis by reference.

me Reference:S:\Projects\Lake Whatcom W&S District\Reservoir Seismic VA 2015\Structural Calculations\Division 22\Division 22 Rese

cy = yd3

Existing ringwall and tank dimensions

,.-ﬁ;‘-r-’?"" . .- .
: Existing footing
s LR . .- ﬁ‘u_; Potur 72!.3"-’#
o _ . .
f::,d: * Rfig =25.3751t outside radius, ex. ftg.

. . '*—,r— b = 2333t

-l gru0 L hpy, = 3333
’ _; A1 Rin= Ritg = Pftg  footing inside radius
| TATTC1TE poens [T = n(R 7 R 2) footprint
-T=1% / ‘ ft in
ke | IV Ay T ig
J’}n |
e b Additional exterior ring
< Frue
. LF .-? . _ —_— % _ )
e, b -" hring := 10-ft Ring depth
P W " 'S .
BusTiel b o b. ==2.ft Ring width
Rulwhe  flgde——01% ) ring 9
FooTidl | |

Rring = Rﬁg + bI'iIlg =27.375ft




Job No.:15-10420.00 LWWSDDivision 22

| il ) ' ! Reservoir
ﬁ Sheet No.: 2 of 5
- I J ‘; Calculated by: JJL Date: 2/2/2016

Checked by: Date:

A TR 2 =2354f

gross ring

2
Aring = Agross - “'thg

Added ring dead load

m Rring hftg T thg hring_hftg
Vring =12 J J rdzdrdd | + | 2- J J rdzdrdd | = 55.572-cy Ring volume
0 JRpy 70 0o /R 7o
Wring = Vring’ﬁ{conc Wring =225-kip
W
_ ring .
Wring= 5 R T 1433-plf Anchor ring weight per ft of shell

Check overturning stability safety factor

&EMWMMN@\:: (1 - AV)'(Wroof_edge + W+ Wftg + Wyater Wring)’ =2.109 >1.67 OK

s_rev

Calculate the required shear transfer capacity between footing and new anchor ring per foot of shell

MS rev

Uplift .= 4.———— =6.062-kIf Transfer force at face of shell
2
D

The resistance available along the perimeter is

Resistance := (1 - Av)o( + Wehell + Wftg + w ) + Weoil ~ Fmax = 6.079-kIf

Wroof_edge water * Wring

Check resistance/uplift safety factor with added block

Resist
Resistance_ratio = Sesistance 1.003 >1.00K

Uplift

The load to be transfered by the shell to the new ringwall is  Stud_load := Uplift = 6.062-kIf
If the new ring picks up the weight of the existing ringwall and water resistance via dowel transfer, then

Dowel_load := ( +F = 5.478-KIf

Wwater T Witg max)
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From Ref 3, Table 15.4-2, for tanks the overstrength factor

Stud design

Studs == 35in horizontal stud spacing

Sstuds_vert = 20-in

B (hring - hftg) B
nstuds_per_row = =4

Sstuds_vert

Stud_load

studs = 4420-1bf

Load_per_stud := s
studs_per_row

Vu = Qo' 1.4-Load_per_stud = 12377 Ibf

Shear strength for a 5/8" Nelson stud is Qy = 15113-Ibf

Vu
Pghear = 90 - -0091 <1.00K
d)shear'QN
lstud = 8-in dstud = .625-in
Vu
f' .= 4.5ksi —— =2.475ksi
¢ legg-d
stud “'stud
Vu
DCR:=——— =0.647 OK for crushing
85 fc 1stud' dstud

Dowel Design

Sdowels = 22-in  horizontal stud spacing

Ndowels_per_row = 3

hftg

Sdowels_vert -~ =0.833ft
Ndowels_per_row +1

per AISC for f'c=4.5 ksi, Fu=65 ksi

Dowel_load = 5.478-klIf
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Dowel_load
= Sqowels —— = = 3348-Ibf

dowels_per_row

Load_per_dowel

V" = Qo' 1.4-Load_per_dowel = 9373 Ibf

for a #6 Grade 60 dowel, Hilti HIT-RE 500 adhesive in shear Vgq = 15840-1bf

Vu
DCR " =0.986 <1 0K

sa
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Quantities
) D
Ngtuds = Dstuds_per_row ™ =215
Sstuds
Ndowels = Ddowels_per_row ™ =257
Sdowels

2 2 2 2
Veone = “'(Rring - thg )’hftg + 7r’(thg -R )'(hring - hftg) =56-cy
Excavation quantity based on bottom of exc 2 ft beyond the new ring, sloping up to top of ringwall at 1:1

2 2 2
Apot = T(Ryjng + 2f1) =~ m Ry~ =688 ft

2 2 2
Atop = T (Rying + 2t + hyg) " — R, = 1338 ¢

h 2
ftg 2 2
Apid = ﬂ’[Rring + 2-ft + ES j - N’thg = 1004 ft Reye = Rring + 2-ft + hftg - thg =7.3331t

h
ftg
Vexc = T'(Abot + 4 Apigt A‘[Op) =249-cy

Backfill quantity

2 2
Vbackfill = Vexc ~ “'(Rring ~ Rego )‘hftg =208-cy
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1Ay
Preliminary Design of Anchored Tank

General layout similar to Sumner Springs Reservoir shown below

FACE DF EXIETING
FOOTNG

Figure 5. Enlarged Foundation Plan Detail

o
— NEW ARCHOR e
/" CHAR
|~ 114" ANCHOR
4 BOLT
_—— MEW REINF COMCRETE
'_' RING BEAM
~—— EXISTING
. FLOOR PLATE —,
_____ £ - &
-
1
EXETNG \— DOWELS
FLOGR 5LAB —
ANCHOR BOLT ANCHOR BOLT
ELEVATION SECTION
NTE NTS

Figure 6. Anchor Bolt and Chair Detail

Supplemental units and unit weights

cy = yd3

|18 THREAD BAR EXTENSION
1 AFTER PRELOAD
/
7 STEEL JACKING
i PLATE
I
it I ~ RELOCATED
O FOUNDATION DRAIN
T
[a]
aifs
Z0
ofz GONCRETE SUB-BASE
Zk . AT SOIL ANCHORS
-
"\ THREAD BAR
-}— : INDUCT
oz
o2
Z|Z
8[F  TIT - mreroame
: »/
1 4
SOIL ANCHOR
SECTION

NTS
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Existing ringwall and tank dimensions
,.--Tﬁ'*-r-ﬁ"" . g .
e Existing footing
e R  Preofosop revf
?w?a“w Rig = 2350t outside radius, ex. ftg.
i (e
Tk "-'—--—-—..‘._4:.':.: —
. ‘_,r Brig = Dringwall = 2-3331t
,::_' _,_/I,_? |
- =] & ETups + hftg = hI‘lIlgWElll =3.3331t
‘ _; £ Rin = Rtg = brrg footing inside radius
| "J.l\ i i a . T r‘_T-‘.'— L — 2 2 1
' Q o / eLS Aftg = n(thg -Ry, ) footprint
I-( __4f__[10_____ N |
= Additional exterior ring
K’(T,.JE-
- Fy .-_? 1 _ S ? _ .
i ;‘ hring = hringwall Ring depth
P PR N SR .
ERSTIek b b .= 30-in Ring width
R e ;‘ fde—s )1 Pring = 30-in FINg
“ro i e ' _ B
e Rying = Ritg + Pring = 28t
2 2
Agross = N’Rring = 2463 ft

2
Aring = Agross - “'thg

a. Dead Load Component from shell, roof supported on shell

Piiatic = PD(0)  Pgiatic = 591-plf Dead load, constant for all values of ¢

b. Seismic Component from shell and roof supported on shell

Peeismic(P) = cos(gp)«MM—S(ZO)) Seismic load at base of shell from lateral ground motion
7D

Poeismic(0) = 7121-plf Maximum value at toe of shell

Peismic(T™) = —7121-plf Minimum value (uplift) at heel of shell

Peeismic_v = 40-Ay Pyiatic Seismic load at base of shell from vertical ground motion

Pseismic_v =21-plf
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c. Existing footing Dead Load Component

Witg = Yeone Afig Pfig = 178-4-kip Total weight of existing ringwall
Wftg . .
Wig = ——— = 1136-plf Ringwall weight per ft of shell
£ 2.mR

d. Added ring dead load

T Rring hftg T thg hring_hftg
Viing = | 2 J J rdzdrd¢ | + | 2- J J rdzdrdd | = 51.875-cy Ring volume
0 /Rge 0 0 “R ‘0
Wring = Vring"\{conc Wring =210-kip
W..
_nng .
Wring = 2.mR 1337-plf Anchor ring weight per ft of shell

e. Weight of water over footing

Pstatic = Vwater'H = 2090-psf

Aftg
w. = Pogatics T —
water static 5 R

f. Seismic pressure increase/decrease on footing
= 4748-plf

Wyater

(base pressure functions hidden below for brevity)

Dl

Ap = ppaee(R.0) =546-pst  Plus or minus water pressure at the toe or heel of the tank due to seismic effects
|

T

cr
Phaser:#)— drdo

J-o
1
—— "Rip
2

Wseismic ‘=
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CONSULTANTS

Calculate the required anchor transfer capacity between tank and new anchor ring per
foot of shell

SF,; = 1.67 target safety factor

Uplift := P Uplift = 7.121-kIf ~ Transfer force at face of shell

seismic(o)

The resistance of various components is

Diank_resist = Pstatic'(1 - '4'Av) = 0.57kIf

—4A) W, = 4.431-KIf

Wwater_resist ‘= (1 “Wyater ~ Wseismic

Set number of anchors and compute load.

'iT~L =4.363ft

Manchors

36

Manchors = Sanchor =

. I:‘lT .D~(Uplift ~ Diank_resist ~ Wwater_resist)]

anchor = =9.247kip measured at the shell

Manchors

Resistance provided by ring W,

ring = 1-337KIf

Resistance required by ground anchors

Ground_anchor_resist := SFOf(Uplift) -D Wring = 5.553-klIf

tank_resist ~ Vwater_resist ~ ing

ground_anchor_capacity_ASD := 75-kip

Noround_anchors = 18 provide one ground anchor for every two anchors

D
ground_anchor_load := Ground_anchor_resist- - ———— = 48.457-kip

n ground_anchors

D
T—— =8.727ft

Sground_anchor = R
ground_anchors
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CONSULTANTS

If the new ring picks up the weight of the existing ringwall and water resistance via dowel transfer, then
Ring_dowels := (Wwater + Wftg) = 5883-plf

From Ref 3, Table 15.4-2, for tanks the overstrength factor Q, =20

=4.363ft 3

Sdowels = Sanchor Ddowels_per_row =

T

Sdowels anchor

Load_per_dowel := = 3082-1bf

Sanchor Mdowels_per_row

Half inch dowels should be more than enough Ndowels ™= Danchors dowels_per_row = 108
Quantities
n =108 n =18
dowels Ny chors = 36 ground_anchors
2 2 2 2
Veone = “'(Rring - thg )’hftg + 7r’(thg -R )'(hring - hftg) =S2cy
" . . . . Ibf
By compariison to Sumner Springs reservoir, assume reinforcement at steel_unit := 210-—
cy

rebar := Vconcosteel_unit = 10894 1bf




' Job No.:15-10420.00 LWWSD

) | Division 22 Reservoir

ﬁ Sheet No.: 7 of 12
) J " Calculated by: JJL Date: 2/2/2016

EONSUL TANT‘S -

Excavation quantity based on bottom of exc 2 ft beyond the new ring, sloping up to top of ringwall at 1:1
2 2 2
Apot = T (Rying + 2ft) " — m Ry~ =785t

2 2 2
Atop = T(Rying + 2t + hyg) " — TR, = 14481t
hft 2 RCXC = Rl'illg + 2-ft + hftg - thg =7.833ft
._ g 2 2
AIIlld = W[Rnng + 2-ft + Tj - ’lTRﬁg = 1107 ft

h
ftg
Vexc = T'(Abot + 4 Apgt Atop) =274-cy

Backfill quantity

2 2
Viackfill = Vexc ~ ’IT'(Rring ~Rgg )«hftg =222.3-cy
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Anchor Bolt Sizing
Assume A36 anchor bolts Al/:vw:: 36-ksi F, = 58ksi
Fanchor == min(.80-36-ksi, .50-58-ksi) = 28.8-ksi Allowable seismic load stress on anchors per Ref 5 section
3.3.3.2
) Tanchor 2 . 4 .
Aroot_min = F =0.321-in droot_calc = _’Aroot_min =0.639-in
anchor T

Per Ref 5, 3.8.5.1, add a .25" corrosion allowance to the root diameter for bolts less than 1.25", and
use not less than a 1" bolt. This makes an 1.25" bolt the practical minimum

Bolt Dia Root Dia Root Area Gross Area Root Dia +.25" Min Bolt Dia
(in) (in) (in"2) (in"2) (in) (in) Ref 10,

1.000 0.865 0.587 0.785 1.115 1.375 Table
1.125 0.370 0.74 0.394 1.220 1.500 7-18
1.250 1.100 0.942 1.23 1.250

1.375 1.190 1.12 1.49 1.375

1.500 1.320 1.37 1.77 1.500

1.730 1.530 1.85 241 1.750

2.000 1.760 243 3.14 2.000

. da 2
4= 1.25n anchor diameter Apoli = ™— =1.227-in gross area of bolt

4




Job No.:15-10420.00 LWWSD
) | Division 22 Reservoir
ﬁ Sheet No.: 9 of 12
) J " Calculated by: JUL Date: 2/2/2016

Y Checked by:  Date:

Anchor Chair Design

Methodology is from Ref 11, Part VII - Anchor Bolt Chairs

Anchor Bolt Hut
(d + ‘})Hul- dia

‘k\

4...12

T o
= - i h
L%

4

- o E ™ P leog t
- 1 P L] T o l }- by —
Top | ) ul . | : [
Plate | "I‘
£ = =|= - S .
L ¥
o g "
. ]
(a) Typical Plan & {b) Vertical Column
Outside Views or Skirt (c) Flat Bottom Tank
&= 18:in bolt centerline distance from shell

Minimum bolt hole size per Ref 11 is
Oversized hole size per Ref 18 Table J.3.3is d + i‘in =1.563-in for bolts >= 1.25in. Use
16
dhole =d+ %m dhole =1.563-in
Edge distance per Ref 10 Tables J.3.4 and J3.5 (from center of hole) is

= 2.25-in + %'in =2.375-in

Cedge
b:=¢e+ Cedge =20.375-in
d
hole .
lgv\:z Cedge — —— =1.59%4-in

;= d+ l-in=225in minimum side plate separation recommended by Ref 21, however this is very tight for
seal welding on interior of plates. Increase this dimension to

A= 8-in
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t:=t,(0) t = 0.406-in Shell bottom course thickness

P=T

L= Tanchor = 9-247-kip

So= 1.33-15-ksi = 19.95-ksi Ref 4 allowable stress < 25 ksi recommended by Ref 11 OK

Compute top plate thickness :" _.f:: —:
L R
’ !
P : e
c = |—-(037-g—-0.22-d)| =0.884in d =~ Tetal load
min [S-f g j| H/’_ 3

use Sa= 1.5-in T_ | Paortially

Figure 7-2. Assumed Top-Plate Beam.

top plate thickness

h = 27-in

Jmin = max[.5-in,0.04-(h — ¢)] = 1.02-in use |j:= lin

= 25in bottom plate thickness assumption proj := 2-in — t bottom plate projection from shell face
a:=g+2j+.5in=105n > 2:Cegge = 4.75:in OK Use a:=12-in

Recess the side plate not more than 1/2" from front edge of top plate per Ref 21. Use .25" to allow seal weld at
front edge.

(plate_top + proj) =10.859-in mean side plate width

plate_top := b — .25-in k:=

2

Ik =29.359 > 1.0 OK per Ref 21
P~in2
25-kip

Compute reduction factor Z for local stress check

Z:= 190 =0.982

2

177-a-

ﬂ(ﬂ) ‘1o
inyR-t t
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P-e

] 1.32.Z .031-in
RN= B 2 333 * VRt S =12.5ksi localized vertical shell stress just above
int"| 143-ah () a 2 the chair. Ref 21 recommends 25ksi max.
R-t-in in3

Weld Design

W

H '“\;"

t— _El— r ::_'_..- . W,
R ————
4 A4 ™y
Figure 7-4. Typical Welding, o
Base Plate Shop Attached. ” g l
H L -

> l ‘
N =N A, L\

14

e ————

Figure 7-6. Loads on Welds.
Figure 7-5. Typical Welding,
Base or Bottom Field Attached.

P b P Ibf
W, = = 140-— Wy, == ——————— =205.——
a+2h in ah 4 O.667-h2 in
2 2 Ibf . . . .
W= |[W.~+ W, =249.— By inspection, a .25" weld will be more than adequate.
MW v h in

Shell shear capacity per inch exceeds weld, OK
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Anchor Quantities

Vi, == a-b-c 3
b _ .
P Vpp = 366.75:in

(b 2:in)(h = 0)-j ) .
Vep =2 5 Vyp = 570.563-in

Wanchor = Vsteel (Vbp + Vsp) = 265.789 Ibf

W Y

anchor_total = Wanchor Manchors = 9968 Ibf

Lyeld=2h+a+(a—g—2j)=68in

Lield_total = Manchors Lweld = 204-ft
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-
Compute mat weight and location of center of gravity above the base
h. . = 2.5ft oy = 27-fC

mat Mat thickness BCLgyist = 0
Existing Bottom Capacity Level (elevation of base of tank)
BCL == BCLy; o + ho BCL=25ft Bottom Capacity Level (water elevation at top of mat)
MOL = H Assumed maximum operating level
TCL ;= 655.5-ft Top Capacity Level (elevation at lip of overflow)
D = 501t Shell diameter
D2 2
Apank = ’IT‘T Apapk = 1963 ft Tank footprint

Vinat = Atank (BCL — BCL

exist) Vinat = 181.8-cy

fleones= 150-pt it weight of concrete

Wiat = Vmat Veconc  Wmat = 736-kip X =

Compute existing floor plate weight

Floor_flange := 2-in  Bottom plate projection beyond shell plate

Dplate = D + 2-Floor_flange Dplate =50.333ft
2
. : . Dplate B .
{plate = 25in = steel tplate ™ 4 W = 20-kip
Compute weight of assumed steel plate installed above mat to seal the bottom
D2
tseq] = 2500 Wseal = PYsteel’tseal'ﬂ'T Weal = 20-kip X...1:=h
seal *— “mat
hCalculate Loads to Foundation
a. Dead Load Component from shell, roof supported on shell
Peiatic = PD(0)  Pyiaiic = 591-plf Dead load, constant for all values of ¢

b. Seismic Component from shell and roof supported on shell
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4-M(0)) o _
P ismic(tp) = cos(ip)-————— Seismic load at base of shell from lateral ground motion
7D
Peeismic(0) = 7121-plf Maximum value at toe of shell
P ismic(T0) = —7121-plf Minimum value (uplift) at heel of shell
Peismic_v = 40-Ay Pypatic Seismic load at base of shell from vertical ground motion
Poeismic_v = 21'pIf

thg := R + 6-infrom as-built topo

bte = Dringwall

We o = —2 = 1136-plf
fie”™ H 1R P

Calculate the radial centroid for the ringwall area

1-ft

0, =—
1™ R

bftg =2.333ft from impact-echo measurement

Do = Nijngwall

hftg =3333ft field measurement

R, = thg - bftg footing inside radius

2 2
Atg = Tr'(thg —Rjp )

Witg = Veone Aftg Nte

Total weight of existing ringwall

Ringwall weight per ft of shell

tank angle subtended by one ft of shell length
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o
( 2 thg 5
Aringwall = J rdrd® Aringwall =2.271ft ringwall footprint per foot of
- R. shell
1 in
2
0

(7 thg 5
J r drdo

J‘ 01 “Rip
Ttingwall = 2 Ytingwall = 24.352 ft Radial distance to ringwall center of gravity
Aringwall
d. Mat and New Floor Plate Unit Weight
(Wmat + wseal)
What = ———————— Winat = 385-psf

2
TR
The required safety factor is not stated directly in the design standards Ref 1 and Ref 3, nor for anchored tanks
in Ref 4. It may be inferred from Ref 3 section 12.14.8.4 and the load combinations in Ref 3 section 2.4.

Safety factor >= 0.75 (from 12.14.8.4) * .98 (0.7 earthquake load factor x 1.4 scale up factor to convert Ref 4
earthquake loads to Ref 3 basis) / 0.6 (dead load factor, Ref 3 equation 8, section 3.2.4.1) = 1.23

e. Check Sliding Safety Factor
Vg =908-kip Base shear at base of mat
. . . . 2
Weight of soil confined by ringwall A = TRip Nsoi= 125 pef  Weoo = ’Ysoil'Asoil'hftg
Ratio of base shear to total dead weight at the plane defined by the base of the footing

Vallow = an(30-deg)-(Wg + W+ W; + We + We + Wi + W + Wiig + Weoil) (1 - 40A,)

Vo = 3267-kip  Ref 4 Eq 13-57

Vallow

SEliding = SE

it = 3.598 > 1.0 OK for sliding
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f. Check Overturning Safety Factor about the Base of the Mat

Calculate overturning moment at the top of foundation, including floor plate differential pressure effects

Calculate overturning moment at the base of the mat

2 2
Mo= \/[Ai'(ws’xs + WeXe+ WirXi + Whnat Xmat + Wseal'Xseal):I + (AC’WC’XC)

M placeholder for later calculation

M = 10599-kip-ft M ave = Mg

Mssum = Ai'(Ws’Xs + Wr’Xr + W1X1 + Wmat'Xmat + Wseal'Xseal) + AC’WC’XC

Mgpell = Megum placeholder for later calculation

2 2
Mentv= \/I:Ai’(ws'xs + WpXp + WiXimf + Wiat Xmat * Wseal’Xseal):I + (AC'WC'Xcmf)

M, ¢ = 16837-kip-ft ~ Result using SRSS method
Results using straight sum method (more conservative)

Mmfsum = Ai’(Ws’Xs + Wr'Xr + Wi'Ximf + Wmat'Xmat + Wseal'Xseal) + AC'WC’Xcmf

M = 19559 kip-ft

mfsum

Calculate base shear at top of foundation

N J[Ai~(ws + W+ We+ W+ W+ Wseal)]2 + (AC-WC)2

Ref 4 Eq 13-23

Ref 4 Eq 13-32

Ref 4 Eq 13-31
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Vg =997 kip

The above base shears and moments are expressed in allowable stress design (ASD) basis.

M = 19559-kip-ft Total overturning moment about the base of the mat, including base pressure effects

mfsum

N\

resist = (1~ .4O-AV)-(WS + W+ Wi+ W+ W+ W + Wftg) %

resist = 4962-kip

M._..=W

res resist' R = 124041-kip-ft

Mes Global safety factor against overturning without

SFot = M, fum SFot = 6.342 regard to uplift, soil pressure, or concrete capacity

g. Check Pressure at Base of Mat Floor Plate - Static - Rigid Mat Assumption

(wS + Wt Wp+ W+ W + W + wftg)

Ystatic -~ N + (H - hmat)"\fwater Agtatic = 4959-psf
T-R
Weight of structure and water at emergency operating level applied uniformly to the mat.
h. Check Soil Pressure at Base of Mat - Dynamic - Rigid Mat - Vertical Seismic Acting Down
W+ W+ W+ W + W + We + W 4M
T t 1 f ft f:
Al ax = (1+ 40A) (Vs Wy L g F— ql a0y = 4312:psf
2 3
T-R TR
W+ W+ W+ W + W + We + W 4M
T t 1 f ft f:
Qi = (1 + A0A,): (W5 + Wy mat _ sea J _ sum ql iy, = 1125-psf
2 3
TR T-R
i. Check Pressure at Base of Mat - Dynamic - Rigid Mat - Vertical Seismic Acting Up
W+ W+ W+ W + W + We + W 4M
T t 1 f ft f:
Pax = (1 - 40-A) (s Wy L g +— 2y = 4124-psf

7r-R2 ’IT-R3

W.+ W+ W+ W + W, + We+ W 4M
( S r T mat seal f ftg) mfsum
pip = (1 = 40-Ay) - Q2 = 936-psf
2 3
TR TR
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i. Compute the mat shear and moment under seismic load

(1) First define some basic geometric relationships fortherange 0 < @ < T
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-

o

x(r, @) := r-cos(p)  y(r,p) == rsin(p) X,y coordinates as functions of polar coordinates r,¢

x.y) = sz + y2 @(x,y) == angle(x,y) polar coordinates as funtions of x,y coordinates

X0

Po(%0) = acos(Ej Yo(Xo) = Resin(ipy(x,))  coordinates of x, intercept with shell

xp(kp) = x(R,p) yp(kp) = y(R,p) Coordinates of the shell perimeter vs angle from toe
yR(*R) = IRZ - sz YR(*R) = d—yR(xR) Equation for the shell perimeter and its derivative
dx
R

Loy = RP =y

(2) Define functions for soil pressure and for associated mat shear and moment

Write soil pressure functions vs x ( soil pressure must be greater than zero at all locations)

ql +ql.:
( max2 mm) ql(x) = qly, + (%)'(qlmax - qlav)

qlav =

(qzmax + qzmin)
2

X . . .
2, = q2(x) = q2,, + (E)'(qzmax - qzav) Case of vertical seismic loads up
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Write functions for shear and moment due to soil pressure at section cut xo due to total soil reaction to the right of
the cut

R rR

Vql(xo) = 2~J q1(x) R - X% dx Mql(xo) =2 (x - xo)«ql(x) R~ % dx
X, Ix,
R rR

qu(xo) = 2~J q2(x) R - X% dx Mq2(x0) =2 (x - xo).qz(x) R~ % dx
X, Jx

0

(3) Define functions for mat shear and moment due to hydrostatic load and mat, floor, and seal plate loads

(WT + Wmat + Wsea

Wonif = Wonif = 2486-psf uniform load acting down on interior
2
TR

1+Wf)

R

R
Vunif(xo) =2 ( Wunif V R —x” dx Munif(xo) =2 ( (X - XO)Wunif R” - x” dx
), | V

o (8]

(4) Define functions for mat shear and moment due to hydrodynamic base pressure (excluding Av effects)

Total moment due to impulsive and convective effects

AMjmp = Ai«Wi-(Ximf - Xi) = 6324-kip-ft
AMgony = AW (Xem — Xc) = 272-kip-ft

The impulsive base pressure varies as

sinh(\/i %j
cosh(\ﬁ %}

Integration constant for impulsive base pressure is Const; )

From Ref 5, Equation F80

Constimp =615-psf
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sinh(\ﬁ ﬁ)
cosh(\ﬁ %)

And the pressure function can be written as Ppase_i(*x>y) == Constjpy

3
The convective base pressure varies as (%j -— (ij From Ref 5, Equation F108
AN[COIlV

Integration constant for convective base pressure is Const,, =

(R Yo%) ;

X 1 (x
2 || === dy dx
J R) 3
-R70
Const .,y = 27-psf
X 1 (x 3
And the pressure function can be written as Phase ¢(X-¥) = Const, .- (—j - _.(_j
- R 3\R

The combined base pressure associated with convective and impulsive effects is

Phase(X>Y) = Ppase_i(X:¥) + Ppage c(X:¥) Ppase(R,0) = 546-psf  Maximum pressure at toe

As a check, compare maximum bottom pressure if an approximate linear distribution of base pressure is assumed
by dividing the total moment by the section modulus of the foundation footprint

. (AMimp + AMconv) Ptoe_linear
ptoe_linear = 4 3 ptoe_linear = 537P5f m = 0984 OK
R Ppase' ™

Ry (x)
VBP(XO) = _Z'J' 4[ Ppase(X-y) dy dx
X

0 0

R .y (x)
MBP(XO) = —Z-J 4[ (x - xo)pbase(x,y) dy dx
X

0 0

(5) Define functions for mat shear and moment due to Av only (up or down, not including loads at shell)
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R R
VAVI(XO) = —Z-J '4'AVWunif \' R2 - x2 dx MAVl(XO> = —2«J' (x - XO)’A'AVWunif \' R2 - x2 dx
X X

o o

R R
VAVZ(XO) = 2;[ 4-A Wanif \' R2 - x2 dx MAVZ(X0> = ZoJ (x - XO)’A’AVWunif \' R2 - x2 dx
X X

o o

(6) Define functions for mat shear and moment due to roof shell and footing dead load applied at the perimeter

“PO(XO)
Vshell_static(xo> = _Z'J (Pstatic + Wftg)'R dep
0

kpO(XO)
Mshell_static(xo) = _Z'J (Pstatic + Wftg)’(R’COS("P) - Xo)'RCkP
0

(7) Define functions for mat shear and moment due to lateral seismic loads all applied at the perimeter

Write hydrodynamic force intensity at the shell as a function of ¢

Mghen

Eshen(#) = cos()

m-R

ol %o)
VE_shell(xo) = _Z‘J Eshen(p)-Rdy
0

“PO(XO)
ME_shell(xo> = _Z’J Eshell(('P)'(R'COS(‘P) - Xo)’Rd('P
0

(8) Define functions for mat shear and moment due to Av loads applied at the perimeter

VShell_AVl(XO) = '40’Av'Vshell_static(x0> Mshell_Avl(X0> = '40'AV'Mshell_static(X0>

Vshell_AVZ(Xo) = _'40’Av’Vshell_static(X0> Mshell_AvZ(X0> = _'40’AV'Mshell_static(xo)

(9) Define functions for mat shear and moment due to center column force
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PD_ctr = Wroof_center + Wcol_base +

Vctr( xo) = if (xo >0,0, —PD_Ctr)

Mctr(xo) = if(xo > o,o,xo-PD_Ctr)

W,op = 10.7-kip

(10) Define functions for total mat shear and moment due to combined loadins for the case of Av up or down

Vmatl(xo) = Vql(xo) + Vunif(xo) + VBP(XO)

+VAV1(XO) + Vshell_static(xo) + VE_shell(xo) + Vshell_Avl(X ) + Vctr( ) (1 + '40'Av)

VmatZ(Xo) = Vq2(x0) + Vunlf( ) + VBP( )

+VAv2(X ) Vshell statlc( ) + Vg shell( ) + Vshell_sz(X ) + Vctr( ) (1 - .40AV)

Mmatl(xo) = Mql(xo) + Mumf( ) + MBP( )
+MAV1(X )

MmatZ(Xo) = Mq2(x0) + Mumf( ) + MBP( )
+ Msz(x )

Xy = R,—R + 3..R Set plot parameters
10

200 T T T T

Vmatl(xo) 1001 N
kip

VmatZ(xo)

Kip oo .

o .

- 200

VmatZ(_R)

Mpenn statlc( ) + Mg shell( ) + Mshell_Avl(Xo) + Mctlr(xo)'(1 + '4O'Av)

Mgpenn statlc( ) + Mg shell( ) + Mshell_AvZ(Xo) + Mctlr(xo)'(1 - '4O'Av)

Vimat1(R) = 0-kip

Vmat2(R) = 0-kip

Vinat1(-R) = —11.1kip

=-10.3-kip All values zero, check
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M, 1 (R) = O-kip-ft
M, 00(R) = O-kip-ft
M, 1 (-R) = =277 kip-ft

M, ,0(-R) = —257.742-kip- ft

I I I I
-30 -20 =10 O 10 20 30

All values zero, check - 1500

These forces are distributed over a variable mat width. Convert to average unit forces in the mat

Note: These expressions cannot be evaluated at R or -R because the denominato
is zero at the limits. Evaluate at values of x close to +/- R

Viati(%o) Mpnag1(%o)
Vmatlunit(xo) = %(X()) Mmatlunit(xo) = %(x;
ol"o ol%o
Vimat2(%o) Mpnae2(%o)
Vmat2unit(xo) = %(X()) MmatZunit(xo) = %(x;
ol™o ol%o
X = —9999R,-R + 5.. .9999R Plot parameters
0 10
10, T T T T T 10 T T T T T
Vmatlunit(xo) o 7 Mmatlunit(xo) o ]
kif kip — 100~ 7]
- = i -
VmatZunit( Xo) Mrnat2unit(xo)_ 200 -
_____ klf —20F - L kif 300k i
~130 I I I I I — 40 I I I I I
-30 =20 -10 O 10 20 30 -30 =20 -10 O 10 20 30
XO XO
fe fo

Average unit shear and moment in the mat, ASD basis

Compute maxima and minimima
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Xy =0
Given
v ( ) Vmatl("o)

(x )z —

matlunit\“o 2'}’0(7(0)
Vmatlunitmax = Vmatlunit(MaXimize(Vmatlunit’Xo)) = 2.208-kIf
Vinattunitmin = M0 Vinat1unitC-2999R)s Vinat 1 unit(-9999R)) = ~20.478-Kif
Vimat1 = 1.4max( |Vmat1unitmax| ’ |Vmat1unitmin VUpat) = 28.669-KIf
Given
VmatZ(Xo>

VmatZunit(xo) = T()()
ol%o

Vmat2unitmax = VmatZunit(MaXimize(VmatZunit’Xo)) = 2.208-kIf

Y, = min(V (—9999R),V (.9999R)) =-19.516-kIf

mat2unitmin mat2unit mat2unit

Vup 0 = 27.323KIf

Vi = 14 max( | N mat2unitmin

mat2unitmax| ’ | Vv

VU o = max(Vumatl,Vumat2> Vuy o = 28.669-KIf

-R
X = —
A= T
Given
M ( ) Mmatl(xo)

matlunit{*o) =
2-yo(x0)

Mmatlunitmax = Mmatlunit(MaXimize(Mmatlunit’XO)) Mmatlunitmax = 7-512°kip

R
X = —
A= T
Given
M ( ) Mmatl(xo)

matlunit{*o) =
2-yo(x0)
M at1unitmin = Mmatlunit(Minimize(Mmatlunit’Xo)) M at1unitmin = ~31-883-kip
-R
X = —
A= T
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MmatZ(XO)
2«y0(x0)

M hat2unitmax = Mmat2unit(MaXimize(MmaQunit’XO)) M hat2unitmax = 8-456-kip

Mmat2unit(xo) =

R
Aov= o
Given
M tz(X )
Mmat2unit(xo) = ;;a (x ())
ol%o

M hat2unitmin = MmatZunit(Minimize(MmatZunit’Xo)) M hat2unitmin = —31-105-kip

Mumat_pos =14 maX(Mmatlunitmax’ M hat2unitmax Mumat_pos = 11.838kip

M =14 min(M MmatZunitmin) MU neg = —44.636-kip

Umat_neg matlunitmin®
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Capacity Check and Preliminary Quantities

Material assumptions
fei=4000-psi  fy:=60ksi d:=hy, —4in  d=2167f Bt = 2.5 1t

Check shear capacity

Vu
f' t
@Vei= 752:d- [—-psi Ve =29.599-KIf T _0969  1.00K
psi eVe
Compute approximate bottom steel requirement
Mu :
mat_pos mn .

A =— A =0.112— Computed steel requirement

SPOLT 90901, 5_bot fit

As_bot psi in2
Asubos= if ;1 < zoo.f_ 1333-A¢ por A bot Ag pot = 0.15.? Adjust steel requwerqent
y if computed steel ratio
less than 200/fy
—Mu .

A = ___matneg A = 04242 Computed steel requirement

s_top 90-90-d-f, s_top fit

(As topj psi in2

A = if| | —— | <| 200-— |, 1.333-A A A =0.565— Adjust steel requirement
/W\SN\&@}N ’ S_top’“'s_to S_to

N d ( fyj —OP R IOP —op ft if computed steel ratio

less than 200/fy
Reinforcement requirement per unit area of mat
Wreinf = ﬂ{steel'z’(As_bot + As_top) Wreinf = 4-865-psf
= 2 = 9553 Ibf
Wreinf = Wreinf TR Wreinf = 9953 3
SN= 27t hmat =251t
Concrete and seal steel quantities
2

\% =h__.mR W = 20044 1bf

conc ™ "mat Veone = 181.805-cy seal Veone = 36720 gal

, 1 500 2
Placeholder unit costs for concrete and steel reinf_cost:= —  conc_cost := — steel_cost := —
cy

Cost == Wreinforelnf_cost +V

conc"conc_cost + W

seal’ steel_cost Cost = 140544
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bprg = 2.333 1t

bprg = 2.333 1t

b
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Seismic Evaluation
for

Division 7 Reservoir
for

Lake Whatcom Water & Sewer District
Bellingham, Washington
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Methodology Remarks

These calculations are limited to an assessment of the primary elements of the lateral force resisting system for
the reservoir under seismic loading. Following is a summary of the methodology used:

1. All dimensions and weights are based on record drawings furnished by the client, supplemented by field
measurements.In case of discrepancies, field measurements were used..

2. Water level assumed for seismic calculations is based on maximum current operating level provided by the
District..

3. Methodology for determination of seismic loads for tanks with a free water surface is based on the 2012
International Building Code, ASCE 7-10, and AWWA Standard D100-11. These codes and standards post-date
and are more stringent than codes and standards used at the time of original tank design.

4. For tanks where the free surface sloshing wave amplitude exceeds the roof elevation, the additional
amplification of seismic load is based on an approximate method published in Structural Engineering
International, March 2006. "Earthquake Induced Sloshing in Tanks with Insufficient Freeboard" by Dr. Praveen K.
Malhotra. This simplified method assumes a linear shape for the sloshing wave. The force is modeled by
computing an increase in mass and adjusting the convective period of the water mass. The pressure distribution
is assumed the same as for a tank with a free water surface.

5. For tanks where the static water surface level already contacts the roof, the free surface sloshing amplitude is
based on a cylinder of the same height and radius with zero freeboard, however the actual water mass is
assumed. The ratio of sloshing amplitude to roof height is computed using roof height measured from the free
water surface. Adjustments in seismic load are otherwise the same as for the preceding step.

6. Ground motion spectral accelerations Sg and S, are those currently available from the USGS on their web site
calculator for the latitude and longitude of the tank as taken from Google Earth.

7. Soil site class "D" is assumed as a default in the absence of a soils report for this reservoir..

8. Wind loads, hydrostatic loads at overflow elevation, and roof live loads were not considered in the analysis.
However where calculated roof loads exceed 40 psf, a mass equal to .20 times the uniform roof snow load is
added to the roof mass for seismic calculations. The gravity effects of snow load were considered whete
applicable for determining loads on the shell, however no analysis of roof members was included.
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Location and Site Data

Lat 48.7111, Long -122.3189
El 673 ft
(Google Earth)
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Superstructure Geometr

From record drawings or field

measurement

Tank diameter D := 70-ft
Tank radius R=—=35ft
Shell height H_ = 35-ft

Floor elevation at shell
(Bottom capacity level)

BCL := 669-ft (District)
Overflow height above floor

h Hg - 6-in=34.5ft (Estimated)

overflow =
Overflow elevation
(Top capacity level)

TCL := BCL + hyarflow

M= 3351t Maximum operating level

NOL := BCL + H = 702.5ft
BCL + H = 704 ft

This level is below the top of the shell (H < Hg)
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Describe the roof geometry

roof_slope := a3 0.063 (Actual varies between .50" and .81" per 12")
12

The roof heightis  h_:= roof_slope-R = 2.188ft

Let "z" be the distance measured vertically from the floor, and "r" the horizontal distance from the center

Zypex = Hg + h, = 37,1881t

The expression for z for the roof for 0 <r< R is

Zroof(r) = (if(r >R,0,z — roof_slope-r))

apex

Plot the roof elevation vs radius r=0,.1-ft. R

38 T T T

Zroof(r) 37

36,

35
0

Enter shell and roof plate thickness.

Mathcad General Input - See Appendix for Mathcad nomenclature and symbols

RIGIN := 1
Special unit definitions each:=1 sf:= £
number of shell plate courses,

numbering starting with the base as
course 1

n 5 (the vertical leg of the top angle is included with the top shell plate course)

course =

Calculate the elevation of the top of each shell course relative to the floor

i=1,2.n i is the number of each shell Ygtee] = 490-pcf  unit weight of steel
course, starting from the bottom
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zshell is the elevation of the top of each course relative to the top of the bottom plate

11
7.02 32 14.036 1
14.02 i 11.484 1
Zehell = | 21.03 |ft tehell = | 32 |-in Wehell = tshell Vsteel = | 10208 |-psf classgpop = | 1
28.04 25 10.208 1
35 25 10.208 1
25

Shell thickness is per field measurements, rounded to the nearest 1/32 inch. Original specifications not
known. Assume minimum yield stress to qualify as AWWA D100 Class 1, Fy=27 ksi.

Class 1 material has a yield stress 27 ksi < Fy < 34 ksi. Class 2 material has a yield stress Fy > 34 ksi

5 .
t = —.in roof plate thickness as measured,
f_plat
FoOL-PIE T 16 rounded to nearest 1/32 inch

Compute weight of roof and shell

Define the roof slope at any point

1 — d
Zroof (1) = Erzroof (M

Compute the surface area of the roof plate tributary to
the perimeter and the center column. . Ignore laps

For a surface of revolution, the general equation for the surface area is

2
d
A:=2-1 | rds where ds:= |1+ & dr
dr
{‘R
Aroof_plate = 2T J r- /1 + z‘roof(r)2 dr|= 3856ft2(l'00f surface area)
0
Wroof_plate = ﬁfsteel'troof_plate'Aroof_plate = 49.204-kip

R
2 2 2
Aroof_plate_center =2 r'\l I+ 7 60p (1) dr | =964 ft
0
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Portion of roof weight tributary to

W center column

roof_plate_center = Ysteel’ troof_plate' Aroof_plate_center

R

N — :
Aroof_plate_edge = 2T J r 1+ 2 op () dr| =2892ft

R

=12.301-kip

2

Portion of roof weight tributary to

W shell

roof_plate_edge = '\fsteel'troof_plate'Aroof_plate_edge = 36.903-kip

Calculate the vertical center of gravity from the tank floor for the roof plate

R
2 , , 2
J' 1+ 25 0p (1) dr

X .o = 2T 0 =231t

C
g A1‘00f_plate

Xroof_plate = Zroof (Xcg) =35.7291t

Define the number of the shell course for any value of 0 < z < Hs using a series of functions

i Default value

course(?) = Neourse

Aeousel?) = if(z < Zshellncourse’ncourse’icourse(z)>
Aeousel?) = if(z < Zshell4’4’icourse(z))
Aeousel?) = if(z < Zshell3’3’icourse(z))
Aeousel?) = if(z < Zshellz’z’icourse(z))

Aeousel?) = if(z < Zshelll’l’icourse(z))

z:= 0-ft,0.2-ft.. Hg Set plotting interval for graphs
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N

ICOLII” se( Z)

write functions that return the shell plate thickness and class as a function of height above the base

t(z) := tshelli class(z) = Classshelli

course( z) course(z)
40 T T 40 T T
30 30 .
z 20 20 m
10~ 10, m
0 0 1 1
0.24 0.26 0.28 0.3 0.32 0.34 0.36 0 0.5 1 1.5 2
tS(Z) class(z)

in

Shell thickness vs elevation Shell class vs elevation

5 . .
Floor plate thickness tloor = E«m field measurement

floor_flange := 2.-in  Bottom plate projection beyond shell plate Dyjoop = D + 2-floor_flange

Compute floor weight

2
Dﬂoor

Wi = Ysteel tloor ™

p Wi = 49.6-kip

Compute the weight of the shell and establish its center of gravity from the base

H

S
W, = 'n'-D«J Vsteel ts(2) dz
0-ft

W, = 86.43 kip
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Xy = mD— X, = 16.387ft

Compute the weight of the roof and establish its center of gravity from the base

The total roof mass is a combination of the part tributary to the
center column and the part tributary to the edge. The center
portion includes part of the roof, partial weight of the rafters, the
column cap, and half of the column. (The other half of the column
and its base plate are assigned to the floor mass). The edge
portion includes part of the roof, partial weight of the rafters, clips
and the flange of the top angle. The weight of top angle and clips
are ignored.

Based on video, there are 18 wide-flange primary rafters spanning from the shell to the center column top
plate. Midway between the primary rafters are 18 channel shaped short rafters spanning from the shell to a
channel shaped header supported by the primary rafters. The headers appear to be roughly a quarter of the
distance from the shell based on review of inspection videos.There are no records for the member sizes and
the rafters were not accessible for field measurements.

Dk
Assume all channel rafters/headers are C6X8.2 and long wide-flange rafters are W8X10 based on scratch
calculations (not shown)

Lrafter_long = 341t Liafter_short = 8-3ft Lheader = 9-3451t

Wrafters = 18.(Lrafter_10ng‘ 10P1f + Lrafter_short‘8~2'plf + Lheader82plf) = 8754k1p
_ 2 .. .

WCOl_cap T ’n(lzln) '.S'IH"‘{steel = 0.064- p

Ibf .
Weol i= 336-f118.7:-—= = 0.628kip

= ﬂfsteel-[S«in-n«(lS‘in)z + .375-in-2- 1-ft2] =0.175-kip assumed base plate and gussets

Wcol_base :
W W%
rafters ol . . .
Wroof_center = Wroof_plate_center t 75— + Weol_cap + — = 17:056-kip Roof weight tributary to center
column
- Wratters _ - Roof weight tributary to top of shell
Wroof_edge = Wroof_plate_edge + =41.28 kip oot weig foutary to top of she
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: Yool i Col d base plate tributary to fi
AWy = Wcol_base + T = 0.489-kip olumn and base plate tributary to floor
Total roof structure mass for seismic calculation W;i= Wioof center Wroof_edge = 58.336-kip

Check to see if roof snow load mass must be included per ASCE 7-10

Py = 50-psf from "Snow Load Analysis for Washington", 2nd ed, SEAW
I =120 Snow load importance factor for risk category IV, ASCE 7-10
Cei=12 ASCE 7-10, Table 7-2. Exposure Factor, Terrain B, Sheltered
Ci=12 ASCE 7-10, Table 7-3, Thermal Factor, Unheated

pg = 0.7-Co'Cylypy = 60.48-psf Flat roof snow load, ASCE 7-10 Eq 7.3-1. Since flat roof snow load exceeds 30
psf, add 20% of the design snow load to the roof mass per ASCE 7-10, section

12.7.2.

4 6 8 12
on on o on  on

The roof slope is  atan(roof_slope) = 3.576-deg 21212
mi J
From ASCE 7-10 Fig 7-2c, the roof slope factor is 10 —Lr‘—l—‘ =
L 157 \
— \ \
Cy= 1.0 - =
pg = Cgpg = 60.48-psf = A \ -
06 ' “-\ S:J:"EII:; ]
Snow weight to include with roof weight C I . 1
* } Unnh.cln.ln.'gd " {'w‘ —
Wenow = .20-pS =12.096-psf 04 Slippery Sufuces |
L. . _
W4 = R2 =46.551-ki 02 [ N
snow ‘= Wsnow TR = F0.901-KIp L A N
Snow weight tributary to edge U, L _\ﬂvﬂ' L IH
Roof Slope
Aroof plate edge ] 7-2c: Cold roofs withC = 1.2 or larger
Wsnow_shell = Wsnow’ =34.913-kip
Aroof_plate
Wsnow_shell Ibf . . N
Poow = ———— =15876-— Snow load applied at top of shell concurrent with seismic
D ft

Snow weight tributary to floor

'

W Wenow._shell = 11:638-kip

snow_floor = Ysnow ~
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CONSULTANTS

All the lateral resistance for the roof is assumed to be by the shell, except for the lower half of the column

Compute the center of gravity of the roof and column mass for seismic calculation

Wroof_plate’Xroof_plate
Weol hy
+Zapex Weol_cap t 79 Zapex > + Wrafters'| Hs + 5
X, = = 35.743 ft
Wi

Compute the center of gravity of the roof snow load for seismic calculations
Snow density per ASCE 7-10 equation 7.7.1 is

Wsnow

p
. g
Ysnow = m1n(30-pcf,0.13« o + 30-pcfj =30-pcf snow depth hy = =0.403ft

PYSI]OW

h
d .
Xsnow = Xroof_plate + 7 =35.931ft centroid of snow mass

Compute total water weight for seismic calculations

Ywater = 02-4-pef

D2
Wr = ﬁ{water'H’“'T = 8044.8-kip

Calculate the impulsive and convective water weights and vertical centroids

D
— =2.09
H
D
tanh(.866-—)
W= W B/ it p/H > 1.333
1 T D
.866-—
H
= if 2 D if D/H < 1.33
Wag= if| - <1333, Wp| 10-0218— |.W;| i <1
Wi
W, =4213.613-kip Impulsive water weight —— =0.524
W
T

The effective center of gravity depends on whether just the moment at the base of the shell is being calculated or
the total moment on the foundation, shell plus floor.

X; = H.jf|:(2) > 1.333,0.375,0.50 — 0_094.2J X; = 12563 ft centroid for calculation of just the shell
H H moment
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0.866-2
Ximf = 0.375:(1.0 + 1.333- " 1||-H centroid for calculation of total bottom
tanh(0.866«2) moment if D/H > 1.33
H
.| D D centroid for calculation of total bottom
P lf[ﬁ < 1.333,(0.50 + 0.06-;)-H,Xime moment if D/H < 1.33

Compute convective water weight and effective centroid above the base

D H We
W, = Wrp+| .230-—-tanh| 3.67-— W, = 3642.43-kip — =0453  Ref4, Eq13-26
H D W,

T
cosh(3.67oH) -1
D
X.:=H|1

. _
3.67- (H) . sinh(3.67 E)
D D

H
cosh| 3.67-— | — 1.937
D

X, =20.043ft centroid for calculation of just the shell moment

Xemf = H| 1.0 - 26.405ft centroid for calculation of total bottom moment

Xemf =

3.67-E«sinh 3.67«E
D D
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Seismic Design Criteria

Importance Factor: Ig =150 Risk category IV

Ground Motion Parameters

Site Class D Site Class based on soils report for proposed adjacent reservoir

Sq := 940 S| =367 Mapped earthquake short period and long period

spectral accelerations. For Site Class B, 5%
damping, expressed as fraction of g.

F, =112 F, = 1.67 Site coefficients from 2012 IBC Table 1613.3.3(2).

Seismic Design Category "D"

Adjusted maximum considered earthquake for site class

S =F_S
MS = "a®S Sy g =1.053

Design spectral response parameters

Compute points on the design response spectrum

Spi
TO = 0.2-sec-—— TO =0.116-sec
S
DS

Spi
TS = | —— |-sec TS =0.582-sec
S
DS

Ty = 6-sec Mapped value, ASCE 7-10, Figure 22-12

Tyi= jf(TL > 4-560!4-SCC!TL) =4-sec Maximum required for tank sloshing wave calculations, ASCE

7-10, Section 15.7.6.1.d

Sae(T) = if| T > Ty, ——————min
T

1.5-SD1-TL~seC (I.S-SD1~sec

Convective acceleration function
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SaelD = if(SaC(T) > 1.58pg;, l.SSDS,SaC(T)) Upper bound for S, for low values of T

Spp Ty sec Spi Impulsive acceleration function
Spi(T) = if| T> Ty, Jif S

D
T>TS,—'sec,SD
TZ T
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Calculate Free Surface Wave Height and Compare to Freeboard
Requirements

Compute the first mode sloshing period

D
TC = 2Tt TC =4.976s

H
3.68-g tanh(3.68~—)
D

From AWWA D100-11 Eq 13-53 through 13-56

K=15 damping scaling factor

SUG:=3 Seismic use group

Ap i= if| SUG =3,if| T Ty ,———— K:Sp;;

¢ T

C ¢ T

K- SDl -sec TL- sec )
Jif
c

K K
TC < 4sec,T—-SDl-IE-sec,4o—2-SDloIEoTL-sec]
Ap =0.099

d:= 0.5D-Ap = 3.465ft Sloshing wave height, Eq 13-52 - AWWA D100 basis for cylinder at least as high
asHs +d

For Occupancy Category IV and Spq > .50g, the required minimum freeboard is equal to the sloshing amplitude.

freeboard f:=H,-H=15ft

4 =231 > 1.0, therefore freeboard is insufficient
f




Job No.:15-10420.00 LWWSD
) | Division 7 Reservoir
ﬁ Sheet No.: 16 of 33
) J " Calculated by: JUL Date: 2/2/2016

Y Checked by:  Date:

Compute Base Shear and Overturning Moments As If Free Surface

Seiv=SDs Rj =25 R.:=15 AW WA D100-11, Table 28 and section 13.2.9.2. Unnchored tank

Syilp 0.36:SIg
Aj = max 14R; ’ R, Aj = 0301 Impulsive design acceleration
c L4AR, co Convective design acceleration

Calculate overturning moment at the base of the shell

M = \/[Ai'(ws’xs + WeXe+ Wonow Xsnow * Wi'Xiﬂ2 * (AC‘WC‘XC)2 My = 18225-kip-ft

Calculate overturning moment at the top of foundation, including floor plate differential pressure effects

Mmf = \/I:Ai’(ws'xs + Wr'Xr + Wsnow'Xsnow + Wi’Ximf)]2 + (AC'WC’ cmf)2 Mmf = 37401 kip-ft

Calculate base shear at top of foundation

2
) Wcol 2 .
Ve= || A We + Wt Worow + | We + Weol pase - + Wil + (AC-WC) Vg = 1364.6-kip

The above base shears and moments are expressed in allowable stress design (ASD) basis.
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CONSULTANTS

Adjust Effective Masses for Roof Contact

The methodology for roof contact effects is an approximate method published in Structural Engineering
International, March 2006. "Earthquake Induced Sloshing in Tanks with Insufficient Freeboard" by Dr. Praveen K.
Malhotra. This simplified method assumes a linear shape for the sloshing wave.

(a) (b)

L htd = 0 (flat roof)

MNormalized Wetted Width, x,/ &

4 Z

Fig. 5: Liquid-filled rank translating with an acceleration SA(T_): (a) sufficient freeboa
and (b) insufficient frecboard

I 1 o |
| h = 0 02 04 0,6 08 1
- L ‘ hclunl-'chuir::d Freeboard, !J",-\‘c{
: R Fig. 6: Cone roof tank. Normalized wetted widih of tank roof
xp'R as a function of actualrequired freeboard d;/d and
normalized roof height h,/d
Compute the angle 6
I-S. (T i Where
E ac( c) 2
B sec | _ B B ft
6 := atan E— 0.264-deg Sac(Tc) = 0.099 Ig=15 g=32174~
S
dy . .
dg = H —H=15ft d =3.465ft — =0.433 Compute input variables for graph above
d
hr
hr=2.188ft — =0.631
d

From graph figure 6

X.
xp = 39-R = 13.65t horizontal extent of wetted dome surface from the shell t =039 << 1.00K
R

~
0= water _ o, 4.Jbm it mass of water

& f©o




Job No.:15-10420.00 LWWSD

i ) ' i Division 7 Reservoir
ﬁ Sheet No.: 18 of 33
- I J ‘; Calculated by: JJL Date: 2/2/2016

Checked by: Date:

2 (d + hr) E 939 Ibf Maximum uplift on shell due to hydrodynamic pressure
TR max ~ 777 caused by sloshing. Impact effects are considered

minor and ignored

adjust mass for recalculation of seismic demand

( d,+h /3 X

_ m,+m_ il I — E— ford, +h /3<d W, = 4214-kip
Hl. = ]

‘ ¢ . W = 8045-kip

m. for d .t h /3=2d

h h

3 3 )
T =0643 Wiy ji= Wit Werl 1 - ——— ] =5513kip

h
Wl@ﬂl?‘_l. = if T < 1’Wbar_i’Wi = 5513k1p
}ﬁc' — H.'rf — fﬂi We = 3642.4-kip Wbar_c =Wt - Wbar_i = 2531.8-kip
Wbar_i 1308 Wbar_c 0,695 Factors by which mass must be multiplied due to the slosh

i o . R contact with the roof

Recaclulate convective period using adjusted mass. Maintain asssumption of T = 0 for impulsive mass

— T.=4976s original convective period
— n. C
7 S L
m
= ) Wbar_c dified i iod
Tt m. Tc_bar =T, W =4.149s modified convective perio
HI( c
SaC(TC) =0.099 A, =0071  original convective seismic factor
) Sac(Tc_bar) ised i
Sac(Te_par) = 0-142 Ac_bari= Ac— 0y = 0.102  revised convective
ac( c) seismic factor

Recompute base shear and overturning moment

Change formula weights to adjusted values
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M, = 18225-kip-ft original overturning moment

2 2
Ms_rev = \/ |:A1|:WsXs + Wr’Xr + Wsnow’Xsnow + (Wbar_i)'Xi:D + (Ac_bar’wbar_c'Xc)
M = 22976-kipfvised moment

s_rev

Calculate overturning moment at the top of foundation, including floor plate differential pressure effects

M, ¢ = 37401-kip-ft original overturning moment

2 2
Mmf_rev = \/ [Ai'(ws’xs + Wr’Xr + Wsnow'Xsnow + Wbar_i'Ximf )] + (Ac_bar’wbar_c'Xcmf )

M = 48121 kip-ft revised moment

mf_rev

Calculate base shear at top of foundation

Vg = 1364.6-kip original base shear

2
. Wcol 2
Vf_rev = A1 Ws + Wr + Wsnow + Wf + Wcol_base + 2 + Wbar_i + (Ac_bar’wbar_c)

Vf_rev = 1749.97 kip revised base shear

The above base shears and moments are expressed in allowable stress design (ASD) basis.
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Compute Shell Hoop Forces and Stresses

Impulsive and convective forces are distributed using Housner's distribution formulas

Define the following variables:

z Height of a point above the tank floor

Y Depth of a point below the water surface

n, Distributed hoop force, klf, due to impulsive load N,

N Distributed hoop force, kif, due to convective load N

ny Distributed hoop force, klif, due to vertical seismic force N,,

Ng Distributed hoop force, klf, due to hydrostatic force at maximum normal operating level
NEol Distributed hoop force, klf, due to hydrostatic force at overflow operating level

Define elevation, distribution, and force component functions

Y(z):=H-z distance from MOL to z

Housner's distribution of impulsive load as a function of elevation above the base
and, in the case of impulsive loads, depends on the ratio of D/H

For the case of D/H < 1.33 and Y(z) < 0.75 D (z > .75D, upper section)
2
Y(z) 05, Y(z)
0.75-D 0.75-D

[ v v 2 75-D
( (2) j - 0.5-( () j dz + J 0.5dz
] 0.75-D 0.75-D

0
.715-D

Distia(z) =

The above formula is the impulsive force per unit depth at elevation "z" expressed as a fraction of the total
impulsive force.

For the case of D/H < 1.33 at lower elevations, the factor is a constant equal to

0.5

[ v v 2 75-D
(&j _0.5.(ﬂj a2+ j 054z
J 0.75-D 0.75-D

0
.715-D

DiStib(Z) =

The above formula is the impulsive force per unit depth at elevation "z" expressed as a fraction of the total
impulsive force.

For the case of D/H > 1.33
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2
(Y(Z) _ 5 Y(Z)) .tanh(0.8662)
H H ) H

[ [ oo

0-ft

The above formula is the impulsive force per unit depth at elevation "z" expressed as a fraction of the total
impulsive force.

D .
Dist;(z) := if[(—j > 1.333,Distic(z),if(Y(z) < 0.75~D,Distia(z),Distib(z))} select appropriate formula based on
H depth and diameter ratio

Housner's distribution of convective load as a function of elevation above the base

cosh(3.68~

H
cosh| 3.68-—
D

H- Y(z)
D

H—Y(z))

Distc(z) =
‘ cosh(3.68~

H
J cosh(3.68-—)
D

0-ft

dz

The above formula is the convective force per unit depth at elevation "z" expressed as a fraction of the total
convective force.

V= Ay Wpar i Vi = 1658.301-kip Total base shear component due to impulsive fluid load
Vi
N;(z) := | — |'Dist;(2) Shell hoop force due to impulsive fluid load
2
_ , Total base shear component due to convective fluid
Ve = Ac par Whar ¢ V, = 257.598kip load
VC
N.(z) := — Dist(z) Shell hoop force due to convective fluid load
2
D . .
NL(2) = Vyater (zj-Y(z) Shell hoop force due to hydrostatic load with water at MOL

A= 0.14-Spg A =0.098 Vertical seismic factor
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] Np(2) Hoop stress due to static fluid pressure at MOL
Ostatic(?) = ()
S

2 2 2
_ \/Ni(z) +Ne(2) + (Nh(z)'Av) Hoop stress due to hydrodynamic
oy(2) = t.(2) pressure, Ref 4 Eq 13-42
S
Tiotal(?) = Tgtatic(?) + 04(2) Combined static and seismic hoop stress at MOL
40 T T T T 40 T T T T 40 T T
30 1 30 - 30F .
Z z z
- 207 T —  20F 1 — 20F 1
ft ft ft
1o ] 10F . 10F .
| | | |
0 I I I I I I
— 0 0
> 0 > 101520 2 4 6 8 10 12 0 10 20 30
Istatic?) o (2) % orall?
ksi ksi ksi
Hydrostatic Stress Seismic Stress Static + Seismic Stress

Note: the above plots are nominal based on treating each hoop course as acting independently. Actual stresses
each side of girth joints are the same since strains are identical if the courses are attached, so the real stress
near transition zones falls somewhere between the apparent discontinuous stress levels shown on the graphs.
The actual maximum stress levels tend to occur about a foot above the joint and are not as high as predicted by
the more simplified model. The simplified model is conservative and is the method reflected in the AWWA D-100
standard.

Check actual versus allowable stress based on the class of steel used.

15-ksi Chapter 14 of AWWA
D100-11 does not apply

Assumed joint efficiency E:

= 85% F.(z) := E;
oint t
and allowable stress ! !

oint’

Ostatic(2)

Stress_ratio . .: .(z) =
static Ft(z)

Maximum static stress ratio is Stress_ratio (0) =1.391 > 1.0 NG

static

0
-05 0 05 1 15

Stress_ratio stati C( z)
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St i ( Total(?)
ress_ratiog . \z))=——
seiSmic Ft(Z) | |
301 -1
The worst case stress ratio is at Z 20 ]
the bottom of the second shell ft Lok 1
course
0 |
0 1 2 3
Stress_ratioga;qmic(2)
> 1,33 NG

Stress_ratlo_maxseismiC = StreSs—rauoseismic(zshell l) =2.181

The worst case of overstress is at the bottom of the second shell course, but overstress occurs in all three of the
lowest courses
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Compute Shell Longitudinal Forces and Stresses

Define axial compressive force in the shell due to dead load for 0 < z < Hg, in kif.

H
W

S
r
Pp(2) = E + 4[ Vsteel ts(2) dz
z

Define overturning moment functions at elevation z, in kip-ft

H
Moment associated with
Mi(2) = Ap| W (X = 2) + Wonow Xsnow + 7T’ﬁfsteel'D"[ ytg(y) dy roof, snow and shell mass
VA

H
M;(2) = Z«J (y —2)'Ny(y) dy Moment associated with impulsive fluid mass, z < H

VA

H
M (z) = 2-J (y = 2)-N(y) dy Moment associated with convective fluid mass, z < H

VA
Me(2) = M (z) + M;(z) + M_(2) Total moment at elevation z on the shell forz < H

Define functions for compressive stress under static or seismic load conditions

Pn(z) + P
D SNOW
Tetatiold) = ——————
t(z)
4M((2)
1+04A,)(PH(z) +P -F +
( V)( p(?) Snow) max 2 Includes deduction for roof uplift, F
D max.
Gcomp(z) =

t(z)

Check allowable stress for compression with local buckling and slenderness considered

Use Method 1. Yield stress of shell plate does not permit use of Method 2.

Local buckling stress formulas for Class 1 Materials

5 ts(z) ts(z)
Fl 1.(2) = 17.5-10"- R [ 1 + 50000- R

t/Rc = .0031088, elastic buckling

) For Class 1 materials with 0 < t/R <
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. 5775081 4 738.10%-0si t(2) For Class 1 materials with t/Rc =

L1b(#) = ST75-psi+ 738-107-pst .0031088 < /R < 0.0125, inelastic
buckling

Fl 1o(2) = 15ksi For Class 1 materials with t/R >

0.0125, plastic buckling

Local buckling stress formulas for Class 2 Materials

) For Class 2 materials with 0 < t/R <
5[ (2 t(2) . t/Rc = .0035372, elastic buckling
| 1 4+ 50000- -psi

F| 5,(2) = min| 15-ksi, 17.5-10™-

. 6925 0si 4 886.10%-0si t(2) For Class 2 materials with t/Rc =

L2b(?) = 6925-psi + 886-10"-pst 10035372 < t/R < 0.0125, inelastic
buckling

Fl 5(2) = 18ksi For Class 1 materials with t/R >

0.0125, plastic buckling
Write equation selection functions for F| depending on t/R ratio and class

ratiol := .0031088 ratio2 := .0035372

t(2) t(2)
Fi1(2) = min| if R < ratiol,FLla(z),if R

< 0.0125,FL1b(z),FLIC(z)D : 15«ksij

ty(2) t(2)
Fio(7) = min| if| —— <ratio2, Ff 5,(2),if| == < 0.0125,Ff 51,2). Fy 50(2) | | 18-ksi

F| (2) = if(class(z) = l,FLl(Z),FLz(Z))

Slenderness reduction factor equations

ri= —= radius of gyration of tank shell
effective column length factor, pinned ends assumed

E:= 29 106-psi modulus of elasticity for steel

Slenderness ratio at which overall elastic column buckling can occur (not local buckling)

C (2= |nt—E L=H
C T FL(Z) MV TS
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2
Kpi(@) =1 —l~ KL For 25<KL/r <C'c
2 2 r
C.(2)
L (Cu Y
Kn(2) = = For KL/r > Cc
kg 2| KL
r
K¢3(z) =1.0 For KL/r < 25

L
ratio := K-— ratio = 1.414
r

K (2) = if (ratio < 25K 3(2).if (ratio > C'(2). K(p(2). K 51 (2))

Falz) = FL(Z)~K@(z) allowable compressive stress due to axial load

However, for unanchored tanks the allowable stress is permitted to be increased by accounting for the stability
provided by hydrostatic pressure

Write a function for hydrostatic pressure for0 <z< H P(2) = Vyater Y(2) E=29x 104-ksi

0.84

2 2 2
AC(2) = if PO RV < o, 02| 2B [ R 045 TEL RV oo1s] + 104
E | t(2 E | t(2 E | t(2

AC (7) = min(ACC(z),O.ZZ) See AWWA D100 Eq 13-50 and 13-51

(ACC(Z)«E-tS(Z))

Accr(z) = R

Ao (0) = 4.296-ksi Eq 13-49

O'a(Z) = Fa(z)

Ao (2)
70 = 133 0,(0) + £q 1347
Y (z)
Stress rati oo (7) = _comp~
0.(2)

Plot static plus seismic compressive stress and compare to allowables
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Stress ratiosa-gm-ggz) =

0e(2)

Plot static plus seismic compressive stress and compare to allowables

Stress_ratloseismiC(O) =

0.355

T T T T T T T T

n 301 n 30

n Z 20 n Z 20

ft ft
n 100 n 1017
0 1 1 1 1 0 1 1 1 I

2 1 1.1 12 13 14 15 -01 0 01 02 03 04
F.(2) Stress_ratiogg; o :.(2)
ksi

< 1.0 OK. This number is not 1.33 because the 1.33 multiplier is already
included in the Fa calculation

Check seismic longitudinal tensile stress

4M(2)
(1 - 40-Ay)Pp(2) + Fppoy +
’7T~D2 O-tens(z)
O'tens(z) = Stress ratiosa-gm-ggz) =
t(z) F(2)
Stress_ratioseismiC(O) =0.166
I .
30F 4 All stress ratios << 1.333 are OK for static plus seismic stress
in longitudinal tension
z 20r 1
ft
101~ T
| |

0
0 0.05 0.1 0.15

Stress_ratio

seismjc( z)

0.2
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CONSULTANTS

Horizontal Shear Transfer Capacity
The previously calculated base shearis Vv, = 1365-kip

From AWWA D100-11 Eq 13-57, the allowable resistance attributable to friction is (for the full tank, seismic
condition)

VaLLOW = tan(30-deg)-(Wg + Wy + Wp + We)-(1 - A() =4289-kip ~ >>V; OK. No shear connection
between the superstructure and base is
required for shear. Shear resistance is
provided by the bottom plate acting as a
diaphragm kept in place by bottom
friction. Check shell to bottom transfer

capacity
Vi Vi
The maximum shell to bottom plate shear load is  v:= 2.—— = 12.41-kIf — =0.318
D VALLOW
There is no annular plate, just the 5/16" floor plate
te == i in
7 16
And the maximum shear stress on the plate is Ti= = 3ksi =0.276
te 12-ksi

AW WA D100 permits 12 ksi in shear, and this can be increased by 1.33 for seismic, so_floor plate should not
tear in shear parallel to the floor plate
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Check Foundation

No record drawings exist giving the dimensions of the foundation. The foundation provides no resistance to uplift
since it is unanchored.

Calculate Foundation Dead Weight

Yeonc = 150-pef
hftg := 40-in height and depth measurements assumed from field dimensions at discrete locations
bftg = 30-in
Rﬁg =R+ 6:in=35.51t Ry, = thg - bftg footing outside and inside radii

2

Apyg = Tr«(thgz -R,, ) = 537.998 ¢

Wi total and unit
Wftg = ”fconc'Aftg‘hftg = 269.0-kip Witg = E = 1.223-kIf footing weight
W, . =H (R -R, ) =893.1.ki Wyater total and unit weight
water = T Vwater T\ N T Ry ) = oY bXip o = T 4.061-KIf 9
water * ) of water over footing
Ygoi] = 125-pef  typical weight of compacted soil
Ayi] =0 area of soil over footing
. \2
(hgyg — 8-in) 2 TR _
A = —— = 1.778ft area of soil resisting uplift in friction at 1H:2V,
wedge 2.2

backfill to within 8" of top of footing. Skin friction
assumed 0.4 between footing and soil

Wsoil = ”{soil’(Asoil + 0'4Awedge) Weoil = 0-1-KIf unit soil resistance
Wy .
W, = 86.43-kip Wehelli= _D = 0.393-kIf shell weight
’Tr.
W =41.28kip Wroof edge .
roof_edge Wroof edge = — =S _0.188-KkIf roof edge weight

D

Compute overturning safety factor for pivoting about the toe of the shell

My oy = 22976-kip-ft
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= R OK
SFoverturning = (1 = Av) (Wroof _edge * Ws + Witg + Wwater)‘M— =1.772
S_rev

Required safety factor based on ASCE 7 load combos is .7E/.6D where .7E is the earthquake load in allowable
stress terms, an effective ratio of 1.67

Check ratio of resistance to uplift at the foundation

SE _ [(1 - Av)’(wroof_edge * Wshell T Wetg + Wwater) * Weoil ~ Fmax] 0744 < 1.0 so there will be
uplift = M R some foundation uplift
s_rev
’TT~D2

Check bearing pressure

(0) = 1.712x 10° psi

Ocomp
= = _ Wstatic
WStatiC = Wftg + Wshell + Wroof_edge + Wwater = 5.865-klIf qbearing_static = bf =2.346-ksf
tg
M
s_rev
Wseismic -~ (1 + AV)’(Wftg * Wshell ¥ Wroof_edge * Wwater) + Fax 4 S 13.351-kIf
T-D
Wseismic
Abearing_seismic = b— = 5.34-ksf
ftg
i ; Abearing_static
Aaow = 2-5-ksf Static allowable bearing pressure ——=0938 OK

Yallow

q . . .
bearing_seismic —2136 >1.33NG

dallow




Calculated by: JUL Date: 2/2/2016

- ' Job No.:15-10420.00 LWWSD
| =l ) \ Division 7 Reservoir
ﬁ Sheet No.: 31 of 33
~ .
Y Checked by:  Date:

CONSULTANTS

Check As Self-Anchored Tank
Per AWWA D100 section 13.5.4.1

w = Pp(0) = 653.E Weight of shell and roof supported by shell
ft

th = teoop = 0-313in Fy =27ksi  G:=10 A283 Grade B steel assumed

t. [F
wi = minl 128 0.2.6.7202 | X B Gl 26028 Eq13-37, normalized for units
L . : p
ft ft iny ksi ft ft

Overturning ratio

M (0)
= S =8.013 >> 1.54 therefore the tank is not stable without anchorage
Dz-[wt-(l —04Ay) + w |
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References

1.

»w

N o

1.
12.
13.
14.
15.
16.

2012 International Building Code

Washington State Adoption of and Amendments to 2012 International Building Code (State
Building Code)

ASCE 7-10 Minimum Design Loads for Buildings and Other Structures

AW WA Standard D100-11 Welded Carbon Steel Tanks for Water Storage

Nuclear Reactors and Earthquakes, Chap. 6 and Appendix F. U.S. Nuclear

Regulatory Commission publication, Division of Technical Information, TID-7024,

National Technical Information Service (1963).

Not used

Not used

"Earthquake Induced Sloshing in Tanks with Insufficient Freeboard" Praveen K. Malhotra, Structural
Engineering International, March 2006

Not used

"Dynamic Pressures on Accelerated Fluid Containers," G.W. Housner, 1955, Bulletin of the
Seismological Society of America.

"Snow Load Analysis for Washington, 2nd Ed." Structural Engineers Association of Washington,1995
Not used

Not used

ACI 318-11 Building Code Requirements for Structural Concrete

ANSI/AISC 360-10 Specification for Structural Steel Buildings

AW S D1.1 Structural Welding Code - Steel




Job No.:15-10420.00 LWWSD
Division 7 Reservoir

Sheet No.: 33 of 33

Calculated by: JUL Date: 2/2/2016
Checked by: Date:

Units and Mathcad Notation

All calculations are shown in U.S. customary units. Calculations have been performed using MathSoft's Mathcad
Version 14.0 software, which automatically checks for unit consistency and applies any necessary unit
conversion factors internally to the program. Where computations are imported from Excel, SAP2000, or other
software, the source is identified. Input values are shaded. Others are computed.

Where equations are shown with a ":=" sign, the left hand side of the equation is being defined by the right hand
side. Where equations are shown with a "=" sign, the current value of the expression on the left hand side is
being displayed.

if(a,b,c)
(matrixi,j)

submatrix
(A,i1,i2,j1,j2)

RIGIN := 1
M<i>
sf .= ft2
A

®(x)

An ordinary "equals" sign indicates the value being shown is for the most current evaluation of
the variable on the left hand side of the equation

An "equals" sign with a colon indicates the value on the left hand side is being defined by the
expression on the right. Variables may be redefined, the last definition taking precedence

A bold "equals" sign indicates the symbol is being used in a logical expression

An "if" statement is evaluated as "b" if "a" is true, and as "c'is "a'is false. These expressions
may be nested

In matrix expressions, the first subscript is the row, and the second is the column. Numbering
starts with the value indicated as "ORIGIN" for the first row and column unless otherwise noted

Defines a vector or submatrix of matrix "A" from row i1 thru i2, and column j1 thru j2

An expression with a vector arrow over it indicates that the expression involves
subscripted variables, and that the expression is being evaluated for each subscript in the
range

A bold vertical line to the left of a series of expressions indicates that they are acting
as a programming loop in the calculations

Sets initial subscript value for subscripted variables

The vector in column "j" of matrix "M"

Step function. Returns -1 forx < 0, +1 forx >0and .5if x =0
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Seismic Evaluation
for

Division 7 Reservoir - Retrofit Option A

for

Lake Whatcom Water & Sewer District
Bellingham, Washington

[These calculations are preliminary in nature for design approach analysis and are not to be used for constructior|

Incorporate calculations from existing tank analysis by reference.

me Reference:S:\Projects\Lake Whatcom W&S District\Reservoir Seismic VA 2015\Structural Calculations\Division 7\Division 7 Reservoil

cy = yd3

Existing footing
Existing ringwall and tank dimensions

bftg =25ft hﬂg =3.333ft Rﬁg =355ft outside radius, ex. ftg.
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.‘,_-v-T'P-rJF
o el / Frofosrp v of
d " roReRETE
. Rirk (s
H i
4
¢ty

Rig= thg - bftg footing inside radius

2 2 .
N@\ﬁg\:: ’R(Rﬂg -Ry, ) footprint

Additional exterior ring

hring = 7-ft Ring depth
;{L&:Ai g {_‘%_ﬁ )1 bying = 3t Ring width
FaoTi r | Riing = Rfig *+ Dring = 38.51t

Agross = TRping = 46571

2
Aring = Agross - “'thg
Added ring dead load

n Rring hftg T thg hring_hftg
Vring =12 J J rdzdrdo | + | 2- J J rdzdrdo | = 101.142-cy
R

0 fig 0 0 "R 0
Wring = Viing Yeonc  Wring = 410-kip
W
_ ring '
Wring = 5 R T 1863-plf Anchor ring weight per ft of shell

Check overturning stability safety factor

R
Mm:: (1 - Av)'(wroof_edge + Wt Wftg + Wyvater + Wring)’ M =23815 >1.670K

s_rev

Calculate the required shear transfer capacity between footing and new anchor ring per foot of shell
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MS rev
Uplift := 4———— =5.054-kIf Transfer force at face of shell
2
D

The resistance available along the perimeter is
Resistance := (1 - Av)'(wroof_edge + Wehell + Wftg + Wyvater T Wring) + Weoil — Fmax = 6.264-kIf

Check resistance/uplift safety factor with added block

Resist.
Resistance_ratio = Sesistance 1.239 > 1.0 OK

Uplift
The load to be transfered by the shell to the new ring is Stud_load := Uplift = 5.054-kIf
If the new ring picks up the weight of the existing ringwall and water resistance via dowel transfer, then

Dowel_load := (Wy,er + Wig + Fiay) = 6.223-KIf

max)

Q,:=20 From Ref 3, Table 15.4-2, for tanks the overstrength factor

Stud design
Setuds = 32+in horizontal stud spacing
Try Sstuds_vert = 20-in

) (hring - hftg)
Nstuds_per_row = =22
Sstuds_vert (h h )
Use at least 3 studs perrow g i =3 I ring ftg) = 14.667-in
- a O5tuds_per_row

Stud_load

Load_per_stud := Sstuds’ = 4492-1bf
studs_per_row
Vy = Qo' 1.4-Load_per_stud = 12578 Ibf
Shear strength for a 5/8" Nelson stud is Qp = 15113-Ibf per AISC for f'c=4.5 ksi, Fu=65 ksi
Vll
depegr = 90 ~ —— =0925 <1.00K

d)shear' QN
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lypyg = 8-in dgty

d= .625-in
\"
=2.516-ksi

fc = 4.5-ksi
-d
stud “stud

1

Vu

DCR

=0.658 OK for crushing

85 1gqd

stud “stud

Dowel Design

= 19-in  horizontal stud spacing

Sdowels -

Ndowels_per_row = 3
h
ftg
Sdowels_vert = 1 0.833ft
Ndowels_per_row
Dowel_load
Load_per_dowel := Sdowels'% = 3285-1bf

Ndowels_per_row

V. o= Qo' 1.4-Load_per_dowel = 9197 Ibf

for a #6 Grade 60 dowel, Hilti HIT-RE 500 adhesive in shear

\
DCR = ——
60

sa

<10K

=0.968

Dowel_load = 6.223-kIf

Vg, = 15840-1bf
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Quantities

D
T—— =247

Sstuds

Ngtuds = Dstuds_per_row’

D
T———— =417

Ndowels = Ddowels_per_row’
Sdowels

2 2 2 2
Veone = “'(Rring - thg )’hftg + 7r’(thg -R )'(hring - hftg) =101-cy

Excavation quantity based on bottom of exc 2 ft beyond the new ring, sloping up to top of ringwall at 1:1

2 2 2
Apot = T (Rying + 2f1)” = mRp,~ = 11941t

2 2 2
Atop = T (Rying + 2t + hyg) " — R, =20771¢
h 2

2
ftg 2
AIIlld = N[erg + 2-ft + Tj - ’lTthg = 1627 ft R — R

exc * I'illg + 2ft + hftg - thg = 8333 ft

h
ftg
Vexc = T'(Abot + 4 Apigt A‘[Op) = 402-cy

Backfill quantity
— 2 2Ny o
Vbackfill = Vexc =™ Rring - thg Nftg = 316-cy

Shell wrap weight  20-ft-7t-D-7.66-psf = 33690-1bf
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Seismic Evaluation
for

Division 7 Reservoir Option C

for

Lake Whatcom Water & Sewer District
Bellingham, Washington

]g.ll?.lg.l
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i

Existing ringwall and tank dimensions

Tk Existing footing
e SERLE L/ frofotep reof
' ‘;Mf'wm Rfpg = 3551t outside radius, ex. ftg.
el M (a
ThHE
e — — -
2 L Y ] ‘_)r bftg = bringwall =251t
< —E— 4
- 3.333ft

4o Do = Nijngwall =

Rin=Ritg =Pfig  footing inside radius

2 2 .
Aﬁg = n-(thg -R;, ) footprint

Additional exterior ring

hring = hftg Ring depth
EXISTIel b . .= 30-in Ring width
Bindyp A ‘( PR )1 ring = 30'in ?
roTi e ' _ _
Fao Rying = Ritg * Pring = 381t
2 2
Agross = “'Rring =4536ft
2

Aring = Agross ~ T Ryg

a. Dead Load Component from shell, roof supported on shell
Piatic = PD(0)  Pgiaric = 658-pIf Dead load, constant for all values of ¢

b. Seismic Component from shell and roof supported on shell

4-M_(0)
Peismic(®) = COS(LP).—S) Seismic load at base of shell from lateral ground motion
7D
Pseismic(0) = 7151-plf Maximum value at toe of shell
P cismic(T) = —7151-plf Minimum value (uplift) at heel of shell




Calculated by: JUL Date: 2/2/2016
Checked by: Date:

- ' Job No.:15-10420.00 LWWSD
| il ) | Division 7 Reservoir
ﬁ Sheet No.: 3 of 11
™ y.

CONSULTANTS

P = 40-A-P

seismic_v - V' static Seismic load at base of shell from vertical ground motion

P = 26-plf

seismic_v

c. Existing footing Dead Load Component

Wiig = “fconc'Aftg'hftg = 269-kip Total weight of existing ringwall
Wftg . .
Wig = ——— = 1223-plf Ringwall weight per ft of shell
£ 2mR

d. Added ring dead load

T Rring hftg T thg hring_hftg
Viing = | 2 J J rdzdrd¢ | + | 2- J J rdzdrdd | = 71.268-cy Ring volume
0 ‘Rge 0 0 “R ‘0
Wring = Vring"\{conc Wring = 289-kip
W
_nng .
Wring = 2.mR 1313-plf Anchor ring weight per ft of shell

e. Weight of water over footing

Pstatic = Vwater'H = 2090-psf

2 2
W(R - Rln )
W. = p e —
water static 2.1R
f. Seismic pressure increase/decrease on footing

Wyyater = 4061-plf

(base pressure functions hidden below for brevity)

D

Ap = pp,ee(R.0) = 653-pst  Plus or minus water pressure at the toe or heel of the tank due to seismic effects
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in Wseismic = 191826plf

Calculate the required anchor transfer capacity between tank and new anchor ring per
foot of shell

SFy = 1.67 target safety factor

Uplift:= P 0) Uplift = 7.151-kIf ~ Transfer force at face of shell

seismic(

The resistance of various components is

Dtank_resist = Pstatic’(1 - ‘4’Av) = 0.632-kIf

1 - 4A,) =3.71-KIf

Wwater_resist *— ( “Wwater — Wseismic

Set number of anchors and compute load. Assume three new anchors between each of the 12 existing

D
Nanchors = 40 Sanchor == T ——— = 5.498ft
Manchors
I:'"'D'(Uplift ~ Dtank_resist ~ Wwater resist)]
Tanchor = =15.442-kip measured at the shell

Manchors

Resistance provided by ring = 1.313-klIf

Wring

Resistance required by ground anchors

Ground_anchor_resist := SFot-(Uplift) - Dtank_resist ~ Wywater_resist ~ Wring = 6.288-klIf
ground_anchor_capacity_ASD := 75-kip
Danchors provide one ground anchor for every two anchors

Nground_anchors = > =20
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D
ground_anchor_load := Ground_anchor_resist-t-——— = 69.136-kip

n ground_anchors

D
T— = 10.996 ft

Sground_anchor = N
ground_anchors

If the new ring picks up the weight of the existing ringwall and water resistance via dowel transfer, then
Ring_dowels := (Wwater + Wftg) = 5285-plf

From Ref 3, Table 15.4-2, for tanks the overstrength factor Q, =20

=5.498ft 3

Sdowels = Sanchor Ndowels_per_row =

Tanchor

Sdowels

Load_per_dowel := = 5147 1bf

Sanchor ndowels_per_row

Half inch dowels should be more than enough Ndowels = Danchors Ddowels_per_row = 120
Quantities
n =120 n =20
dowels Ny chors = 40 ground_anchors
2 2 2 2
Veone = “'(Rring - thg )’hftg + 7r’(thg -R )'(hring - hftg) =Tl-cy
. . . . ) Ibf
By compariison to Sumner Springs reservoir, assume reinforcement at steel_unit := 210-—
cy

rebar := Vconcosteel_unit = 14966 1bf
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Excavation quantity based on bottom of exc 2 ft beyond the new ring, sloping up to top of ringwall at 1:1
2 2 2
Apot = T (Ryjng + 2f1) " — mRp,~ = 1067 ft

2 2 2
Atop = T™(Rying + 2t + hyg) " — TR, = 19401t Rexe = Ryjng + 21t + hyg — Ry = 7.833ft

2
h
ftg 2 2
Amid = W[Rnng + 2-ft + Tj - ’lTRﬁg = 14951t

h
ftg
Vexc = T'(Abot + 4 Apgt Atop) =370-cy

Backfill quantity

2 2
Vbackfill = Vexc ~ “'(Rring ~Ryg )’hftg =298.577-cy




Job No.:15-10420.00 LWWSD
) | Division 7 Reservoir
ﬁ Sheet No.: 7 of 11
) J " Calculated by: JUL Date: 2/2/2016

Y Checked by:  Date:

Anchor Bolt Sizing
Assume A36 anchor bolts Al/:vw:: 36-ksi F, = 58ksi
F,nchor := Min(.80-36-ksi, .50-58-ksi) = 28.8-ksi Allowable seismic load stress on anchors per Ref 5 section
3.3.3.2
T
anchor 2 4 .
Aroot_min = v = 0.536-in droot_cale = ’_’Aroot_min = 0.826-in
anchor 7T

Per Ref 5, 3.8.5.1, add a .25" corrosion allowance to the root diameter for bolts less than 1.25", and
use not less than a 1" bolt. This makes an 1.25" bolt the practical minimum

Bolt Dia Root Dia Root Area Gross Area Root Dia +.25" Min Bolt Dia
(in) (in) (in"2) (in"2) (in) (in) Ref 10,

1.000 0.865 0.587 0.785 1.115 1.375 Table
1.125 0.370 0.74 0.394 1.220 1.500 7-18
1.250 1.100 0.942 1.23 1.250

1.375 1.190 1.12 1.49 1.375

1.500 1.320 1.37 1.77 1.500

1.730 1.530 1.85 241 1.750

2.000 1.760 243 3.14 2.000

. da 2
4= 1.25n anchor diameter Apoli = ™— =1.227-in gross area of bolt

4
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Anchor Chair Design

Methodology is from Ref 11, Part VII - Anchor Bolt Chairs

Anchor Bolt Hut
(d + ‘})Hul- dia

‘k\

4...12

T o
= - i h
L%

4

- o E ™ P leog t
- 1 P L] T o l }- by —
Top | ) ul . | : [
Plate | "I‘
£ = =|= - S .
L ¥
o g "
. ]
(a) Typical Plan & {b) Vertical Column
Outside Views or Skirt (c) Flat Bottom Tank
&= 18:in bolt centerline distance from shell

Minimum bolt hole size per Ref 11 is
Oversized hole size per Ref 18 Table J.3.3is d + i‘in =1.563-in for bolts >= 1.25in. Use
16
dhole =d+ %m dhole =1.563-in
Edge distance per Ref 10 Tables J.3.4 and J3.5 (from center of hole) is

= 2.25-in + %'in =2.375-in

Cedge
b:=¢e+ Cedge =20.375-in
d
hole .
lgv\:z Cedge — —— =1.59%4-in

;= d+ l-in=225in minimum side plate separation recommended by Ref 21, however this is very tight for
seal welding on interior of plates. Increase this dimension to

A= 8-in
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t:=t,(0) t = 0.344-in Shell bottom course thickness

= Tanchor

= 15.442kip
So= 1.33-15-ksi = 19.95-ksi Ref 4 allowable stress < 25 ksi recommended by Ref 11 OK
v I =Tz |
L_'r_’x._}_
’ t

F
d = Tetal load

3

P .
Cmin = | —(0.37:.g - 0.22:d)| =1.142:in
S-f
use ¢:= 1.5-in "f"—‘(. )
- I hh“h Paortially

Compute top plate thickness

Figure 7-2. Assumed Top-Plate Beam.

top plate thickness

h := 30-in

Jmin = max[.5-in,0.04-(h —¢)] = 1.14-in use |j:= lin

= 25in bottom plate thickness assumption proj := 2-in — t bottom plate projection from shell face
a:=g+2j+.5in=105n > 2:Cegge = 4.75:in OK Use a:=14in

Recess the side plate not more than 1/2" from front edge of top plate per Ref 21. Use .25" to allow seal weld at
front edge.

(plate_top + proj) =10.891-in mean side plate width

plate_top := b — .25-in k:=

2

Ik =17.631 > 1.0 OK per Ref 21
P~in2
25-kip

Compute reduction factor Z for local stress check

1.
Z:= 0 =0.973

2

177-a-

ﬂ(ﬂ) ‘1o
inyR-t t
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P-e

] 1.32.Z .031-in
RN= B 2 333 * VRt S=24.773-ksi  localized vertical shell stress just above
int"| 143-ah () a 2 the chair. Ref 21 recommends 25ksi max.
R-t-in in3

Weld Design

TV

S 4

Figure 7-4. Typical Welding,
Base Plate Shop Attached.

LY

1.
> l ‘
N =N A, L

14

I
5 1‘.\\.‘\.\‘.\.‘;' \/

Y

e ————

Figure 7-6. Loads on Welds.
Figure 7-5. Typical Welding,
Base or Bottom Field Attached.

P 1b P Ibf
W, = =209-— Wy, = - -° - 272 —
a+2h in ah + O.667-h2 in
2 2 Ibf . . " .
W= |W.~+ W, =343.— By inspection, a .25" weld will be more than adequate.
MW v h in

Shell shear capacity per inch exceeds weld, OK

Anchor Quantities

pr = abc

Vip = 427.875-in°
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(b +2in)(h— o) ) .
Vep =2 5 Vyp = 637.688-in

Wanchor = Vsteel (Vbp + Vsp) = 302.156 Ibf

'

anchor_total = W.

anchor Nanchors = 12086 Ibf
Lyeld = 2h+a+ (a—g—2j) =78in

Liveld_total = Manchors Fweld = 3120-in
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Seismic Evaluation
for

Division 7 Reservoir Option D
for

Lake Whatcom Water & Sewer District
Bellingham, Washington
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Compute mat weight and location of center of gravity above the base

3
h_ .= 2.67ft ; ; cy = 27-ft
mat Mat thickness BCLgyist = 0
Existing Bottom Capacity Level (elevation of base of tank)
BCL = BCLyyig¢ + hppae BCL =267t Bottom Capacity Level (water elevation at top of mat)
MOL = H Assumed maximum operating level

TCL ;= 655.5-ft Top Capacity Level (elevation at lip of overflow)

D =70ft Shell diameter

2
D 2 .
Apank = 7\"7 Apapk = 3848 ft Tank footprint

Vinat = Atank (BCL — BCL

exist) Vinat = 380.6-cy

fleones= 150-pt it weight of concrete

W =V

mat - Wat = 1541 kip Xt = ——  Xppat = 13351t

mat Vconc

Compute existing floor plate weight

Floor_flange := 2-in  Bottom plate projection beyond shell plate

Dplate := D + 2-Floor_flange Dplate =70.333ft
2
. : . Dplate B .
{plate = 25-in n= Vsteel tplate’ ™ 4 Wi = 40-kip
Compute weight of assumed steel plate installed above mat to seal the bottom
D2
tseal = -251n Woeal = PYsteel’tseal'ﬂ'T Wseal = 39-kip X =h
seal ‘= “'mat
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CONSULTANTS

Hydrodynamic Wall Pressure Functions

MOL = H BCLaxist =0
zp =12

Z(Zf) = zp —hpat

A;\(zf) = if|[ 2 > (MOL - BCLeXiSt):l’H’Z(Zf):l z cannot be greater than H when calculating water effects

Define fluid pressure functions

Hydrodynamic pressures due to impulsive and convective lateral loads vary around the shell as a function of the
angle from the toe of the tank, ¢. (See Ref 5)

The pressure distribution for impulsive forces is proportional to the function

Ui(¢) = cos(d)

The pressure distribution for convective forces is proportional to the function

1
() = cos<¢>-(1 - ;cos(d»z)

Half of the impulsive and convective base shear, taken at the top of the mat, is represented by the region

where -1/2 < ¢ < /2
VC
V. = 128.799-kip

i , By
— = 829.151°kip

The maximum convective pressure distribution is
The maximum impulsive pressure distribution is

ch {
Vi PclZt) = | S5 | -Dist (z(z
. = -
F [ U .(d)-cos(d) do
J U, (d)-cos(d) ddp J__ﬂ
-_n >
2

The static and vertical hydrodynamic wall pressures are

pstatic(zf) = '\fwater'Y(Z(Zf))
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CONSULTANTS

pz(zf) = Av'pstatic(zf)
Set pressures equal to zero unless  h, .. <z <H+h_

Rilzg) = if[ zg < by 0.if[ zg > (H+ by ). 0.pj(2) ]|
Rolzg) = if[ 2 <y 0.if[zg > (H+ by ). 0.0 (2]
sz) = if} zp <hpae, 0,if) 2p > (H + hmat)’o’pstatic(zf)]:l

Ralzg) = if] 2 <Dy 0.if[zg > (H+ by ). 0.p,(2¢ )] pi(5-10) = 672.026-psf

The maximum hydrodynamic impulsive, convective, and combined wall pressures are graphed below vs z at ¢ = 0

I I I I I I I
30 . 30 . 30 .
Zg 201 m Zg 20 m Zg 20 m
ft ft ft
— 10 . — 10 . — 10 .
0 | | | 0 | | | 0 | | |
0 200 400 600 800 0 50 100 150 200 0 200 400 600 800
(%) p () pi(e)+pd{7)
pst pst psf
The static and vertical seismic wall pressures are graphed below for all ¢
f
30 . 30 .
Zg 20 N Zg 20 N
ft ft
— 10 . — 10 .
0 | | 0 | |
0 1000 2000 3000 0 100 200 300
pstatic( Zf ) pZ( Zf)
pst pst

Hydrodynamic pressures are added (or subtracted) from hydrostatic pressure to obtain net water fluid pressures,
along with the vertical seismic pressure (+ or -). Use the slightly higher straight addition values for the impulsive
and convective components so the sign of the pressure will be correct when integrating over the mat surface.
When using direct sum instead of SRSS (square root of the sum of the squares) Ref 4 allows the vertical
acceleration component to be taken as .40Av. (See Ref 4 section 13.5.4.3)

The base pressure varies in a more complicated way and is computed in the following section
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Calculate Loads to Foundation

a. Dead Load Component from shell, roof supported on shell
Poiatic = PpD(0)  Pgiatic = 658 plf Dead load, constant for all values of ¢

b. Seismic Component from shell and roof supported on shell

Peeismic(P) = cos(ap)«HM—S(ZO)) Seismic load at base of shell from lateral ground motion
7D
Poeismic(0) = 7151-plf Maximum value at toe of shell
Peeismic(T™) = —7151-plf Minimum value (uplift) at heel of shell
Peeismic_v = 40-AyPyiatic Seismic load at base of shell from vertical ground motion
Pseismic_v =26-plf

c. Ringwall Dead Load Component

thg = 51.5-ft from as-built topo
bftg = 2-ft from impact-echo measurement

3, EERRS hftg = 4-ft field measurement

Ry, = thg - bftg footing inside radius

=1 f .
! ! . 2 2
& Aftg = ﬂ-’(thg — Ry )

' |

¢ ey
Faip J - - ;
:—,.I Wftg = A{COHCAﬁghftg Wftg =1380.761 klp
Total weight of existing ringwall
Wftg Ringwall weight per ft of shell

We o= = 1731-plf
ftg 2-1t-R P
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Calculate the radial centroid for the ringwall area

0 = 1t tank angle subtended by one ft of shell length
R
0
r 2 (Rig )
Aringwall = J rdrdo Aringwall =2.886ft ringwall footprint per foot of
-0, /R shell
1 in
2
0

(7 thg 5
J r drdo

J‘ 91 Ry,
Tringwall = 2 Tringwall = 50.507 ft Radial distance to ringwall center of gravity
Aringwall
d. Mat and New Floor Plate Unit Weight
(Wmat + Wseal)
Woat = - Wiat = 411-psf

’7T-R2

The required safety factor is not stated directly in the design standards Ref 1 and Ref 3, nor for anchored tanks
in Ref 4. It may be inferred from Ref 3 section 12.14.8.4 and the load combinations in Ref 3 section 2.4.

Safety factor >= 0.75 (from 12.14.8.4) * .98 (0.7 earthquake load factor x 1.4 scale up factor to convert Ref 4
earthquake loads to Ref 3 basis) / 0.6 (dead load factor, Ref 3 equation 8, section 3.2.4.1) = 1.23

e. Check Sliding Safety Factor
V¢ = 1750-kip Base shear at base of mat
. . . . 2
Weight of soil confined by ringwall A = TRip Nsoi= 125 pef  Weoo = ’Ysoil'Asoil'hftg
Ratio of base shear to total dead weight at the plane defined by the base of the footing

Vallow = an(30-deg)-(Wg + W+ W; + We + We + Wi + W + Wpig + Weoil) (1 - 40A,)

V. iow = 7682-kip  Ref 4 Eq 13-57
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\"
allow
SF_.. =——— SF
slidin
g Vf

bt = 439 > 1.0 OK for sliding

f. Check Overturning Safety Factor about the Base of the Mat

Calculate overturning moment at the top of foundation, including floor plate differential pressure effects

Calculate overturning moment at the base of the mat

2 2
NMVW:Z \/[Ai'(ws'xs + Wr'Xr + Wi'Xi + wmat'xmat + wseal'xseal):l + (AC'WC'XC) Ref 4 Eq 13-23

M = 18367-kip-ft Mgave = Mg placeholder for later calculation

Mssum = Ai'(Ws'Xs + Wr'xr + Wi'Xi + wmat'xmat + wseal'xseal) + AC'WC'XC

Mgpell = Megum placeholder for later calculation

. 2 2 Ref 4 Eq 13-32
Monty= I:Ai'(ws'xs + WeXp+ WiXime + Wnat Xmat + Wseal'xseal):l + (AC'WC'Xcmf )
M, ¢ = 37546 kip-ft Result using SRSS method

Results using straight sum method (more conservative)

Mmfsum = Ai'(Ws'Xs + Wr'Xr + wi'Ximf + wmat'xmat + wseal'xseal) + Ac'Wc'Xcmf

M, foum = 43726-Kip-ft
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CONSULTANTS

Calculate base shear at top of foundation

2 2 Ref 4 Eq 13-31
N J [Ai-(Ws + W+ We+ W+ W+ Wseal)] + (AC-WC)

Vg = 1817-kip

The above base shears and moments are expressed in allowable stress design (ASD) basis.

M = 43726-kip-ft Total overturning moment about the base of the mat, including base pressure effects

mfsum

w =9571-kip

1= A0-A)(Wg+ Wt Wi+ W+ Wi+ Weear + W) Wiegist

resist = (

M. ..=W,

res = Wregist R = 334971-kip-ft

Mes Global safety factor against overturning without

SFo( = Y SFy = 7.661 regard to uplift, soil pressure, or concrete capacity
um

g. Check Pressure at Base of Mat Floor Plate - Static - Rigid Mat Assumption

(wS + Wt Wp+ W+ W+ W + wftg)

Astatic = N + (H - hmat)’ﬁ{water static = 4572:pst
Tt-R
Weight of structure and water at emergency operating level applied uniformly to the mat.
h. Check Soil Pressure at Base of Mat - Dynamic - Rigid Mat - Vertical Seismic Acting Down
W+ W+ W+ W + W + We + W 4M
T t 1 f ft f:
Qlay = (1 + 40A,)- (W W, L g F— Q1 ax = 4051-psf
2 3
T-R TR
W+ W+ W+ W + W + We + W 4M
T t 1 f ft f:
Qlpin = (1 + 40A) (Vs Wi L. g p—LL qlp = 1454 psf

’T\"Rz 'rr-R3

i. Check Pressure at Base of Mat - Dynamic - Rigid Mat - Vertical Seismic Acting Up

W.+W_ +Wr+ W + W + We+ W 4M

( S r T mat seal f ftg) mfsum

2ppax = (1 - 40-A,)- ; + ; Q2 ax = 3842:pst
TR T-R
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(Ws + Wr + WT + Wmat + Wseal + Wf + Wftg) 4Mmfsum

2pyin = (1 - 40A)- Q2 = 1245-psf

i. Compute the mat shear and moment under seismic load

(1) First define some basic geometric relationships fortherange 0 < @ < T
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-

A

x(r, @) := r-cos(p)  y(r,p) == rsin(p) X,y coordinates as functions of polar coordinates r,¢

X,y = \/ 2 + y2 @(x,y) = angle(x,y) polar coordinates as funtions of x,y coordinates
X0 . . .
Po(%0) = acos Yy Yo(Xo) = Resin(tpy(x,))  coordinates of x, intercept with shell

xp(kp) = x(R,p) yp(kp) = y(R,p) Coordinates of the shell perimeter vs angle from toe
yR(*R) = IRZ - sz YR(*R) = d—yR(xR) Equation for the shell perimeter and its derivative
dx
R

Loy = RP =y

(2) Define functions for soil pressure and for associated mat shear and moment

Write soil pressure functions vs x ( soil pressure must be greater than zero at all locations)
(qlmax + qlmin) X
qlyy = ) ql(x) = qlyy, + (E)'(qlmax - Ollav)

(qzmax + qzmin) X . L
2, = 5 q2(x) = q2,, + (E)'(qzmax - qzav) Case of vertical seismic loads up
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Write functions for shear and moment due to soil pressure at section cut xo due to total soil reaction to the right of
the cut

'R rR
Vql(xo) =21 ql(x) R - X% dx Mql(xo) =2 (x - xo)«ql(x) R~ % dx
X, Ix,
'R rR
qu(xo) =2 q2(x) R - X% dx Mq2(x0) =2 (x - xo).qz(x) R~ % dx
JX J

(o) X

0

(3) Define functions for mat shear and moment due to hydrostatic load and mat, floor, and seal plate loads

(WT + Wmat + Wseal + Wf )

Wooie = w, e =2511-psf uniform load acting down on interior
MRS ) unif p
TR
= B e
— 22 . 2 2
Vunif(xo) = —Z«J Wunif R™ —-x dx Munif(xo) = —2«J (x — Xo)’wunif R™—x"dx
x0 XO

(4) Define functions for mat shear and moment due to hydrodynamic base pressure (excluding Av effects)

Total moment due to impulsive and convective effects

AMijmp = Ai‘Wi'(Ximf - Xi) = 19298-kip-ft
AMony = AW (Xepe — X¢) = 1639 kip-ft

The impulsive base pressure varies as

. X
smh(\ﬁ-ﬁj From Ref 5, Equation F80
L
cosh(\/g«ﬂj
H
AM;
. . . . p
Integration constant for impulsive base pressure is Constjyy, =

[R (yo(x) . (\ﬁﬁ)

1) e

Constimp = 647 psf

dy dx

-R
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sinh(\ﬁ ﬁ)
cosh(\ﬁ %)

And the pressure function can be written as Ppase_i(*x>y) == Constjpy

3
The convective base pressure varies as (%j -— (ij From Ref 5, Equation F108
AN[COIlV

Integration constant for convective base pressure is Const,, =

(R Yo%) ;

X 1 (x
2 || === dy dx
J R) 3
-R70
Const .,y = 58-psf
X 1 (x 3
And the pressure function can be written as Phase ¢(X-¥) = Const, .- (_j - _.(_j
- R 3\R

The combined base pressure associated with convective and impulsive effects is

Phase(X>Y) = Ppase_i(X:¥) + Ppage c(X:¥) Ppase(R,0) = 653-psf  Maximum pressure at toe

As a check, compare maximum bottom pressure if an approximate linear distribution of base pressure is assumed
by dividing the total moment by the section modulus of the foundation footprint

. (AMimp + AMconv) Ptoe_linear
ptoe_linear = 4 3 ptoe_linear = 622P5f m = 0953 OK
R Ppase' ™

Ry (x)
VBP(XO) = _Z'J' 4[ Ppase(X-y) dy dx
X

0 0

R .y (x)
MBP(XO) = —Z-J 4[ (x - xo)pbase(x,y) dy dx
X

0 0

(5) Define functions for mat shear and moment due to Av only (up or down, not including loads at shell)
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R R
VAVI(XO) = —Z-J '4'AVWunif \' R2 - x2 dx MAVl(XO> = —2«J' (x - XO)’A'AVWunif \' R2 - x2 dx
X X

o o

R R
VAVZ(XO) = 2;[ '4'AVWunif \/ R2 - x2 dx MAVZ(X0> = ZoJ (x - XO)’A’AVWunif \’ R2 - x2 dx
X X

o o

(6) Define functions for mat shear and moment due to roof shell and footing dead load applied at the perimeter

“PO(XO)
Vshell_static(xo> = _Z'J (Pstatic + Wftg)'R dep
0

kpO(XO)
Mshell_static(xo) = _Z'J (Pstatic + Wftg)’(R’COS("P) - Xo)'RCkP
0

(7) Define functions for mat shear and moment due to lateral seismic loads all applied at the perimeter

Write hydrodynamic force intensity at the shell as a function of ¢

M

1
Eshen(#) = cos()

m-R

kpO(XO)
VE_shell(xo) = _Z‘J Ehenn()-Rde
0

%ol %0)
ME_shell(xo> = _Z’J Eshell(('P)'(R'COS(‘P) - Xo)’Rd('P
0

(8) Define functions for mat shear and moment due to Av loads applied at the perimeter

VShell_AVl(XO) = '40’Av'Vshell_static(X0> Mshell_Avl(X0> = '40'AV'Mshell_static(X0>

Vshell_AVZ(Xo) = _'40’Av’Vshell_static(X0> Mshell_AvZ(X0> = _'40’AV'Mshell_static(xo)
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(9) Define functions for mat shear and moment due to center column force

+ W

PD_ctr =W col_base T

roof_center Weop = 17.9-kip

Veu(%o) = if (% > 0,0.-Pp )

Mctr(xo) = if(xo > o,o,xo-PD_Ctr)

(10) Define functions for total mat shear and moment due to combined loadins for the case of Av up or down

Vinat1(%) = Va1(%) + Vuni(%) + VBp(Xo) -
+VAV1(XO) + Vshell_static(xo) + VE_shell(xo) + Vshell_Avl(Xo) + Vctr(xo)'(1 + '40'Av)

Vina2(%o) = Va2(%o) + Vunif(%o) + VBp(%o) -
+VAV2(XO) + Vshell_static(xo) + VE_shell(xo) + Vshell_AvZ(Xo) + Vctr(xo)'(1 - '40Av)

Mpnact(%o) = Mal(xo) + Mypie(%o) + Mpp(%o) -
+MAV1(XO) + Mshell_static(xo) + ME_shell(Xo) + Mshell_Avl(Xo) + Mctlr(xo)'(1 + '4O'Av)

Mpaea(¥o) = Ma2(xo) + Mypie(%o) + Mpp(%o) -
+ MAV2(XO) + Mshell_static(xo) + ME_shell(Xo) + Mshell_AvZ(Xo) + Mctlr(xo)'(1 - '4O'Av)

Xy = —R,-R + 3..R Set plot parameters
10
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- 200

Viat1(R) = 0-kip

Viat2(R) = 0-kip

Vit (-R) = -18.6-kip

- 300
-20

M, 1 (R) = O-kip-ft

M, 00(R) = O-kip-ft

M, (-R) = =650 kip-ft

M, 2(—R) = —600.438-kip- ft

All values zero, check

Vinaa(—R) =-17.2-kip All values zero, check

1000, T T T
o _
Mmatl(xo)
kip-ft  — 1000~ T

MmatZ(XO)— 20000

|
(8]
o
(=)
(=)
I

40

These forces are distributed over a variable mat width. Convert to average unit forces in the mat

V tl(x )

Vmatlunit(xo) = ;l; (x ())
ol*o

V tz(X )

Vmat2unit(xo) = ;l; (x ())
ol*o

R
Xo = ~9999R,~R + —.. 999R

Note: These expressions cannot be evaluated at R or -R because the denominato

is zero at the limits. Evaluate at values of x close to +/- R

M tl(x )

Mmatlunit(xo) = 21.1;3 (x ;)
ol*o

M tZ(X )

MmatZunit(xo) = 21.1;3 (x ;)
ol*o

Plot parameters
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10 T T T 20 T T T
o _
Vmatlunit(xo) o 7 Mmatlunit(xo)
kif kip — 200 ]
— 10— - —
VmatZunit( Xo) Mrnat2unit(xo)_ 400 -
klf _o0F — kif
""" g m--- — 600~ T
_30 ] ] ] ~ 30 ] ] ]
- 40 -20 0 20 40 - 40 -20 0 20 40
Xo Xo
ft ft

Average unit shear and moment in the mat, ASD basis

Compute maxima and minimima

X, =0
Given
v ( ) Vmatl(xo)
(x ) = — O
matlunit\”o 2'yo(xo)
Viatlunitmax = Vmatlunit(MaXimize(Vmatlunit’xo)) = 2.016-kIf
Vinattunitmin = M0 Vinat1unitC-2999R)s Vinat unie-9999R)) = ~22.183-KIf
Vlpaqp = 14 max( |Vmat1unitmax| ; |Vmat1unitmin VUaqp = 31.056-KIf
Given
v ( ) VmatZ(Xo)
(x ) = —2A 9
mat2unit\“o 2'yo(xo)
Vmat2unitmax = VmatZunit(MaXimize(VmatZunit’xo)) =2.016-kIf
Vinazunitmin = M0(Vinaounit—9999R). Vi unii(9999R)) = ~20.953-kif
Vlpag = 14 max( |Vmat2unitmax| ; |Vmat2unitmin Vg = 29-335-KIf
Ve = max(Vugae Vupao) - Vi, = 31.056-KIf
—R
X = —
MOV 2
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M tl(x )
Mmatlunit(xo) = %(x;)
ol%o
Mpatlunitmax = Mmatlunit(MaXimize(Mmatlunit’XO)) Mat1unitmax = 1-71°kip
R
A=
Given
M tl(x )
Mmatlunit(xo) = %(x;)
ol%o

matlunitmin *= Mmatlunit(Minimize(Mmatlunit’Xo)) Mhat1unitmin = ~48-406-kip

-R
Xev=
2
Given

MmatZ(XO)
mat2unit(xo) = T(X)
ol\%o

Mpat2unitmax = Mmat2unit(MaXimize(Mmat2unit’ XO)) Mhat2unitmax = 3-592°kip

R
Aov= o
Given
M tz(X )
Mmat2unit(xo) = ;;a (x ;)
ol%o

Mmat2unitmin = MmatZunit(Minimize(MmatZunit’Xo)) Mhat2unitmin = ~46-676-kip

MuUmat_pos = 14 maX(Mmatlunitmax’ Mmat2unitmax MUmat_pos = 9-028 kip

Mupat_neg = 1.4 min(Mmatlunitmin’MmatZunitmin) Mupat_neg = —67.768-kip
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Capacity Check and Preliminary Quantities

Material assumptions

f'c := 4000 psi fy = 60-ksi d:=h .. —4in
Check shear capacity
Vu
f' t
@Vei= 752:d- [—psi Ve =31.921KIf % _0973 1.00K
psi eVe
Compute approximate bottom steel requirement
Mu :
. mat_pos _ mn .
Ag pot = m Ag bot = 0.044«? Computed steel requirement
.90-. y
. As_bot psi in2
Asubor= if <[200-== |, 1.333- A poeAq pot A pot = 0.059-—
d fy ft
—Mu .
A . matnmeg - 0.597- > Computed steel requirement
s_top 90-90-d-f, s_top fit

. As_top psi B in2
Dsviap, if T < 200«f— , 1'333’As_t0p’As_top As_top = 0.795‘?
y

Reinforcement requirement per unit area of mat

2

Adjust steel requirement
if computed steel ratio
less than 200/fy

Adjust steel requirement
if computed steel ratio
less than 200/fy

Wreinf = ﬂ{steel'z’(As_bot + As_top) Wreinf = 9-815-pst mR%h . = 76865 gal
2
Wreinf = Wreinf TR Wieinf = 22380 1bf \
Sy= 27t
Concrete and seal steel quantities
Veone = gt TR’ W, = 39286 Ibf
cone mat Veone = 380.569-cy seal

Placeholder unit costs for concrete and steel reinf_cost := L conc_cost := i
cy

Cost == Wreinforelnf_cost +V

conc"conc_cost + W

seal’ steel_cost Cost =291237

2
steel_cost ;== —
1bf
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Methodology Remarks

These calculations are limited to an assessment of the primary elements of the lateral force resisting system for
the reservoir under seismic loading. Following is a summary of the methodology used:

1. All dimensions and weights are based on record drawings furnished by the client, supplemented by field
measurements.In case of discrepancies, field measurements were used..

2. Water level assumed for seismic calculations is based on maximum current operating level provided by the
District..

3. Methodology for determination of seismic loads for tanks with a free water surface is based on the 2012
International Building Code, ASCE 7-10, and AWWA Standard D100-11. These codes and standards post-date
and are more stringent than codes and standards used at the time of original tank design.

4. For tanks where the free surface sloshing wave amplitude exceeds the roof elevation, the additional
amplification of seismic load is based on an approximate method published in Structural Engineering
International, March 2006. "Earthquake Induced Sloshing in Tanks with Insufficient Freeboard" by Dr. Praveen K.
Malhotra. This simplified method assumes a linear shape for the sloshing wave. The force is modeled by
computing an increase in mass and adjusting the convective period of the water mass. The pressure distribution
is assumed the same as for a tank with a free water surface.

5. For tanks where the static water surface level already contacts the roof, the free surface sloshing amplitude is
based on a cylinder of the same height and radius with zero freeboard, however the actual water mass is
assumed. The ratio of sloshing amplitude to roof height is computed using roof height measured from the free
water surface. Adjustments in seismic load are otherwise the same as for the preceding step.

6. Ground motion spectral accelerations Sg and S, are those currently available from the USGS on their web site
calculator for the latitude and longitude of the tank as taken from Google Earth.

7. Soil site class "B" is assumed for this reservoir based on rock found at the base of test pits near the ringwall..

8. Wind loads, hydrostatic loads at overflow elevation, and roof live loads were not considered in the analysis.
However where calculated roof loads exceed 40 psf, a mass equal to .20 times the uniform roof snow load is
added to the roof mass for seismic calculations. The gravity effects of snow load were considered whete
applicable for determining loads on the shell, however no analysis of roof members was included.




Job No.:15-10420.00 LWWSD
Division 30 Reservoir
Sheet No.: 3 of 33

=1 B
[ ‘[F . Calculated by: JJL Date: 2/4/2016
SULTANTS

Checked by: Date:

Location and Site Data

Lat 48.7028, Long -122.3333
El 1030
(Google Earth)
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Superstructure Geometr

From record drawings

Tank diameter D := 25.42-ft
. D
Tank radius R:=— =1271ft
MW
Shell height H := 40.38ft

Floor elevation at shell
(Bottom capacity level)

BCL := 1025.5- (District)

Overflow height above floor

hoverflow = Hg = 6-in

Overflow elevation
(Top capacity level)
TCL := BCL + hoverﬂow

H=3931t Maximum operating level

NOL := BCL + H = 1.065x 10° ft
BCL + H, = 1.066x 10°ft

This level is below the top of the shell.

Describe the roof geometry

This tank has a dome roof of constant radius. The measured slope distance from top of shell to the vertex is

ICroof = 131t Solve for the roof radius. Start with "guess” values Toof = Hg
R
Oro0f = atan(;j =17.472-deg
. S
Given

Troof” sin( eroof) =R

-0

Troof "Proof = ACroof

Troof 61roofj B (35.414

Solution := Find| ——,
21.032

ft  deg ) Jraoky= Solution ft=35414ft 0 ¢ = Solution, -deg = 21.032-deg
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Find the vertical distance from the top of the shell to the roof radius point

[ 2 2 , , .
delta_Hs = y Troof — R =33.055ft Zep = Hy = Pgela_Hg = 7-325ft height of radius point above floor

The height of the apex above the flooris 7 =z +

apex = Zip Loof = 427391t

The roof height is h = Zapex ~ Hg = 2.3591ft

The expression for z for the roof for 0 <r< R is

. 2 2
Zroof(r) = 1f(r> R,O,zrp + /rroof -r )

Plot the roof elevation vs radius r=0,.1-ft. R

43| T T

Zroof(r) 2

ft

41 n

40
0

The slope at distance "r" is

. _d
Zyoof (1) = Erzroof(r)

For a surface of revolution, the general equation for the surface area is
2
where
A= 2‘7\"‘[ xds ds:= [1+ (Ej -dx

R
Ap = 2. J' e 1+ 2 0p (1) dr} =525 ft Apnk = 7roR2 =507.506 ft2
0

2.1 4[ “Zroof (1) \} oof(r) dr

X, = =41.56ft height to centroid of roof area

A
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R = = 8.531ft

Enter shell and roof plate thickness.
Mathcad General Input - See Appendix for Mathcad nomenclature and symbols

ORIGIN = 1
NN

Special unit definitions each:=1  sf = ft2

number of shell plate courses,
numbering starting with the base as
course 1

n 5 (the vertical leg of the top angle is included with the top shell plate course)

course =

Calculate the elevation of the top of each shell course relative to the floor

i=1,2.n i is the number of each shell Vgtee] = 490-pcf  unit weight of steel
course, starting from the bottom

zshell is the elevation of the top of each course relative to the top of the bottom plate

8.02 25 10.208 1
16.02 25 10.208 1
Zshell = 24.01 |-ft tshell =1.25 |in Wshell = tshell'“{steel =1 10.208 pSf ClaSSsheH =11
32.04 25 10.208 1
40.36 25 10.208 1

Shell thickness is per field measurement, rounded to the nearest 1/32". Records do not indicate steel which
was used. Assume at least ASTM 283 Grade B, the minimum to qualify for AWWA Class 1 material..

Class 1 material has a yield stress 27 ksi < Fy < 34 ksi. Class 2 material has a yield stress Fy > 34 ksi

Roof thickness is 3/16" per nameplate, but thickness gauge measurements were .120". Use 3/16" to be
conservative for roof weight calcualtions.
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= .15in roof plate thickness as measured

troof_plate * . .
in the field

Compute weight of roof and shell

W= ’Ysteel'troof_plate'Ar =3.216:kip

Define the number of the shell course for any value of 0 < z < Hs using a series of functions

i Default value

course(?) = Neourse

Aeousel?) = if(z < Zshellncourse’ncourse’icourse(z)>
Aeousel?) = if(z < Zshell4’4’icourse(z))
Aeousel?) = if(z < Zshell3’3’icourse(z))
Aeousel?) = if(z < Zshellz’z’icourse(z))

Aeousel?) = if(z < Zshelll’l’icourse(z))

z:= 0-ft,0.2-ft.. Hg Set plotting interval for graphs

50 T T T
40 m

ICOLII” se( Z)

write functions that return the shell plate thickness and class as a function of height above the base

ts(z) = tshelli class(z) = Classshelli

course( Z) course( Z)
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50 T T T T T 50 T T T
40 T 40 T
30 T 301 T
Z Z
201 T 201 T
101~ T 101~ T
0 | | | | 0 | |
0.249724982499.290.2500.25022503 0 0.5 1 1.5 2
tS(Z) class(z)
in
Shell thickness vs elevation Shell class vs elevation

Floor plate thickness ~ 'floor = 751" measured

floor_flange := 1.5-in Bottom plate projection beyond shell plate Dfjoop = D + 2-floor_flange

Compute floor weight

2
Dﬂoor

Wi = Ysteel tloor ™

W, = 0.6-ki
4 f P

Compute the weight of the shell and establish its center of gravity from the base

HS
W, = ﬁ-D«J steel (2 4z W, = 32.919-kip
0-ft
Hy
J' Vsteel ts(2)-2 dz
0-ft
X, = 7D = X, = 20.19t

S

Check to see if roof snow load mass must be included per ASCE 7-10

Py = 77-psf from "Snow Load Analysis for Washington", 2nd ed, SEAW

I == 1.20 Snow load importance factor for risk category IV, ASCE 7-10

C.:=12 ASCE 7-10, Table 7-2. Exposure Factor, Terrain B, Sheltered
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Ci=12 ASCE 7-10, Table 7-3, Thermal Factor, Unheated

pr = 0.7-Co:Cplypg = 93.139-psf Flat roof snow load, ASCE 7-10 Eq 7.3-1. Since flat roof snow load exceeds 30
psf, add 20% of the design snow load to the roof mass per ASCE 7-10, section
12.7.2.

The roof slope at the shell is less than orequalto 6 21.032-deg

roof =

From ASCE 7-10 Fig 7-2c and 7-3, the roof slope factor is
Cg=10

pg = Cgpy =93:-pst

Snow weight to include with roof weight

Wenow = -20-pg = 19-psf

2 .
Wenow = Wsnow ™R~ =9.454-kip

W
Sow - _ 118_38.E Snow load applied at top of shell concurrent with seismic
ft

P

snow

Compute the center of gravity of the roof snow load for seismic calculations

Snow density per ASCE 7-10 equation 7.7.1 is

Wsnow

p
: g
Ysnow = mm(30~pcf,0.13. g 30-pcfj =30-pcf snowdepth h,:= =0.621ft

PYSI]OW

h

d .
Xsnow = Xp + 7 =41.87ft centroid of snow mass

Compute total water weight for seismic calculations

Ywater = 02-4-pcf

D2
Wr = ﬁ{water'H’“'T = 1244.57 kip

Calculate the impulsive and convective water weights and vertical centroids

D
— =0.647
H

D
tanh(.866-—)
W= Wp————2  if D/H>1.333

D
.866-—
H




Y Checked by:  Date:

X ' Job No.:15-10420.00 LWWSD
- ) | Division 30 Reservoir
ﬁ Sheet No.: 10 of 33
FJ J ; Calculated by: JJL Date: 2/4/2016

| D D .
W= lf[ﬁ < 1.333, Wp-| 1.0 - O.ZIS-EJ,WJ if D/H < 1.33

W.
W; = 1069.074-kip Impulsive water weight . 0.859

Wr

The effective center of gravity depends on whether just the moment at the base of the shell is being calculated or
the total moment on the foundation, shell plus floor.

X; = H.jf|:(2) > 1.333,0.375,0.50 — 0_094.2J X; =17.261ft centroid for calculation of just the shell
H H moment
D
0.866-—
Xt = 0375 1.0 + 1.333- _H —11||-H centroid for calculation of total bottom
tanh 08662 moment if D/H > 1.33
H
o if D 133 5 6 D q centroid for calculation of total bottom
Aimy'= 1 s 333,1 050+ 00 u/ Kimf moment if D/H < 1.33

Xipf = 211751t

Compute convective water weight and effective centroid above the base

D H We
W, = Wrp+| .230-—-tanh| 3.67-— W, = 185.15-kip — =0.149  Ref4, Eq13-26
H D Wr

H
cosh(3.67-—) -1
D
X..=H|1-

¢ H) . H
3.67-| — |-sinh| 3.67 —

H
cosh| 3.67-— | — 1.937
D

X, = 32421 ft centroid for calculation of just the shell moment

X =H|1.0-
cmf H H
3.67-—-sinh| 3.67-—
D D

Xomf = 32.466 ft centroid for calculation of total bottom moment
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Seismic Design Criteria

Importance Factor: I := 1.50 Risk category IV
E

Ground Motion Parameters

Site Class B Based on rock uncovered at base of ringwall during site investigations

Sq:= 944 Sy =369 Mapped earthquake short period and long period

spectral accelerations. For Site Class B, 5%
damping, expressed as fraction of g.

F, := 1.00 F, =100 Site coefficients from 2012 IBC Table 1613.3.3(2).

Seismic Design Category "D"

Adjusted maximum considered earthquake for site class

S =F_S
MS ™= "a®S S\ g =0944

Design spectral response parameters

Compute points on the design response spectrum

Spi
TO = 0.2-sec-—— TO =0.078-sec
S
DS

Py— SDl —
TS = S_ -sec TS =0.391-sec
DS

Ty = 6-sec Mapped value, ASCE 7-10, Figure 22-12

Tyi= jf(TL > 4-560!4-SCC!TL) =4-sec Maximum required for tank sloshing wave calculations, ASCE

7-10, Section 15.7.6.1.d

Sae(T) = if| T > Ty, ——————min
T

1.5-SD1-TL~seC (I.S-SD1~sec

Convective acceleration function
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SaelD = if(SaC(T) > 1.58pg;, l.SSDS,SaC(T)) Upper bound for S, for low values of T

Spp Ty sec Spi Impulsive acceleration function
Spi(T) = if| T> Ty, Jif S

D
T>TS,—'sec,SD
TZ T
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Calculate Free Surface Wave Height and Compare to Freeboard
Requirements

Compute the first mode sloshing period

o—— D p—
T, =27 T, =2911s

H
3.68-g tanh(3.68~—)
D

From AWWA D100-11 Eq 13-53 through 13-56

K=15 damping scaling factor

SUG:=3 Seismic use group

Ap i= if| SUG =3,if| T Ty ,———— K:Sp;;

¢ T

C ¢ T

K- SDl -sec TL- sec )
Jif
c

K K
TC < 4sec,T—-SDl-IE-sec,4o—2-SDloIEoTL-sec]
Ap =0.127

d:=0.5D-Ap = L6111t Sloshing wave height, Eq 13-52 - AWWA D100 basis for cylinder at least as high
asHs +d

For Occupancy Category IV and Spq > .50g, the required minimum freeboard is equal to the sloshing amplitude.

freeboard f:=H, - H=108ft

4 =1.492 > 1.0, therefore freeboard is insufficient
f
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Compute Base Shear and Overturning Moments As If Free Surface

Seiv=SpDs Rj=30 R,:=15 AW WA D100-11, Table 28 and section 13.2.9.2. Anchored tank

Syilp 0.36:SIg
Aj = max 14R; ’ R, Aj=0225 Impulsive design acceleration
c L4AR, co Convective design acceleration

Calculate overturning moment at the base of the shell

M, = J [Ai-(ws.xS + WX+ W X o+ wixi)]2 + (AC.WC.XC)2 M = 4449-kip-ft

Calculate overturning moment at the top of foundation, including floor plate differential pressure effects

Mmf = \/I:Ai’(ws'xs + Wr'Xr + Wsnow'Xsnow + Wi’Ximf)]2 + (AC'WC’ cmf)2 Mmf = 5384-kip-ft

Calculate base shear at top of foundation

Vi = \/I:Al(ws + Wet Wonow + We + Wi)]z * (AC'WC)2 Vi =251.23-kip

The above base shears and moments are expressed in allowable stress design (ASD) basis.
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Adjust Effective Masses for Roof Contact

The methodology for roof contact effects is an approximate method published in Structural Engineering
International, March 2006. "Earthquake Induced Sloshing in Tanks with Insufficient Freeboard" by Dr. Praveen K.
Malhotra. This simplified method assumes a linear shape for the sloshing wave.

(@) (b) 1

|

118

L\ #Jd = 0flat roof)

2al R

med Wichh, »
i
/" T

Fig. 5: Liquid-filled rank translating with an acceleration SA(T_): (a) sufficient freeboard;

5
and (b) insufficient freeboard L -\\ et
(b) insufficient fi 1 - .
- T .
r - S .
. - .
) -
i
:

] rn‘llll:—' o W
/
/
'/

04 T .
—— R |
ey e i
- _-_-__ _-__\-_ -"!. 'h_\-
. g — e X
\ T - - E_EmE
i T ——
1 1 1 1 1 1 H—_:r—-::
02 14 B iR

Actual/Required Froebeard. ;1'.. id
Fig. 6: Cone roof lank. Novmalized wetted width of iank roof
Compute the angle 6 xR ax a function of actuabrequired fresboard dy/d and
normaiized roof helpht h Jd

ft
IE'Sac(TC)'_2 Where
sec ft
6 := atan| ————————— | = 0.339-deg Sac(Te) = 0.127 Ig=15 g=32174—
& S
dg
de:=H,-H=108ft d=1.611ft — =0.67 Compute input variables for graph above
d
hr
h, =2.3591t — = 1.465
d

From graph figure 6

X.
xp = 17-R =2.1611t horizontal extent of wetted dome surface from the shell -t =0.17 << 1.00K
R

B
pi= water _ 62.4.lb—m unit mass of water Note: per above reference, use of this method for curved roofs

g i is slightly conservative
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2 (d + hr) E _ 46 Ibf Maximum uplift on shell due to hydrodynamic pressure
TR max — "7 caused by sloshing. Impact effects are considered

minor and ignored

adjust mass for recalculation of seismic demand

( d +h 13 )
_ m, +m, k I - E— ford, +h /3<d W, = 1069-kip
Hl. = ]
* ¢ W = 1245-kip
m. for a‘f +h [32d
h h
3 3 .
S SIS Wy = Wit Wl |- ——— = 1039.7kip
h
Wl@ﬂl?‘_l. = if T < 1’Wbar_i’Wi = 1069k1p
fﬁc, = m; — f'ﬂi W, = 185.1'kip Whar_c = Wr = Whyr_j = 175.5kip
Wbar_i _q Wbar_c _ 0.948 Factors by which mass must be multiplied due to the slosh
W; B W, o contact with the roof

Recaclulate convective period using adjusted mass. Maintain asssumption of T = 0 for impulsive mass

= T.=2911s original convective period
— n. C
T.=T,- (7%
m
= ) Wbar_c dified i iod
Tt m. Tc_bar =T, W =2.834s modified convective perio
HI( c
Sac(Tc) =0.127 A, =0.091 original convective seismic factor
) Sac(Tc_bar) ised i
Sac(Tc_bar) =0.13 Ac bar = Ac‘ﬁ =0.093 revised convective
ac( c) seismic factor

Recompute base shear and overturning moment

Change formula weights to adjusted values
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M = 4449-kip-ft original overturning moment

2 2
Ms_rev = \/ |:A1|:WsXs + Wr’Xr + Wsnow’Xsnow + (Wbar_i)'Xi:D + (Ac_bar’wbar_c'Xc)
M = 4447 kip-frevised moment

s_rev

Calculate overturning moment at the top of foundation, including floor plate differential pressure effects

M, ¢ = 5384 kip-ft original overturning moment

2 2
Mmf_rev = \/ [Ai'(ws’xs + Wr’Xr + Wsnow'Xsnow + Wbar_i'Ximf )] + (Ac_bar’wbar_c'Xcmf )

M = 5383-kip-fievised moment

mf_rev

Calculate base shear at top of foundation

Vg =251.23kip original base shear

2 2
Vf_rev = \/ I:Ai’(ws + Wr + Wsnow + Wf + Wbar_i)] + (Ac_bar’wbar_c)

Vi rey = 251.2:kip revised base shear

The above base shears and moments are expressed in allowable stress design (ASD) basis.
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Compute Shell Hoop Forces and Stresses

Impulsive and convective forces are distributed using Housner's distribution formulas

Define the following variables:

z Height of a point above the tank floor

Y Depth of a point below the water surface

n, Distributed hoop force, klf, due to impulsive load N,

N Distributed hoop force, kif, due to convective load N

ny Distributed hoop force, klif, due to vertical seismic force N,,

Ng Distributed hoop force, klf, due to hydrostatic force at maximum normal operating level
NEol Distributed hoop force, klf, due to hydrostatic force at overflow operating level

Define elevation, distribution, and force component functions

Y(z):=H-z distance from MOL to z

Housner's distribution of impulsive load as a function of elevation above the base
and, in the case of impulsive loads, depends on the ratio of D/H

For the case of D/H < 1.33 and Y(z) < 0.75 D (z > .75D, upper section)
2
Y(z) 05, Y(z)
0.75-D 0.75-D

[ v v 2 75-D
( (2) j - 0.5-( () j dz + J 0.5dz
] 0.75-D 0.75-D

0
.715-D

Distia(z) =

The above formula is the impulsive force per unit depth at elevation "z" expressed as a fraction of the total
impulsive force.

For the case of D/H < 1.33 at lower elevations, the factor is a constant equal to

0.5

[ v v 2 75-D
(&j _0.5.(ﬂj a2+ j 054z
J 0.75-D 0.75-D

0
.715-D

DiStib(Z) =

The above formula is the impulsive force per unit depth at elevation "z" expressed as a fraction of the total
impulsive force.

For the case of D/H > 1.33




Y Checked by:  Date:

X ' Job No.:15-10420.00 LWWSD
- ) | Division 30 Reservoir
ﬁ Sheet No.: 19 of 33
FJ J ; Calculated by: JJL Date: 2/4/2016

2
(Y(Z) _ 5 Y(Z)) .tanh(0.8662)
H H ) H

[ [ oo

0-ft

The above formula is the impulsive force per unit depth at elevation "z" expressed as a fraction of the total
impulsive force.

D .
Dist;(z) := if[(—j > 1.333,Distic(z),if(Y(z) < 0.75~D,Distia(z),Distib(z))} select appropriate formula based on
H depth and diameter ratio

Housner's distribution of convective load as a function of elevation above the base

cosh(3.68~

H
cosh| 3.68-—
D

H- Y(z)
D

H—Y(z))

Distc(z) =
‘ cosh(3.68~

H
J cosh(3.68-—)
D

0-ft

dz

The above formula is the convective force per unit depth at elevation "z" expressed as a fraction of the total
convective force.

V= Ay Wear i V) = 240.287kip Total base shear component due to impulsive fluid load
Vi
N;(z) := | — |'Dist;(2) Shell hoop force due to impulsive fluid load
2
_ , Total base shear component due to convective fluid
Ve = Ac par Whar ¢ V, = 16.319-kip load
VC
N.(z) := — Dist(z) Shell hoop force due to convective fluid load
2
D . .
NL(2) = Vyater (zj-Y(z) Shell hoop force due to hydrostatic load with water at MOL

A= 0.14-Spg A, =0.088 Vertical seismic factor
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Ny (2)
Otatic(?) = ()
s

Hoop stress due to static fluid pressure at MOL

J Ni(z)z + Nc(z)2 + (Nh(z)-Av)2

Hoop stress due to hydrodynamic

O'S(Z) = ts(z)

Total(Z) = Ogtatic(2) + 05(2)

50 T T T
40 ]
z 30 T
ft 20 —
10 ]
0 ] ]
-5 0 5 10 15
Gstatic(z)
ksi

Hydrostatic Stress

pressure, Ref 4 Eq 13-42

Combined static and seismic hoop stress at MOL

50, T T T 50, T T
40r T 40 T
z 301 n z 30 i
E 20 T E 20, T
10 T 10 T

0O ()I.S I1 1.5 2 0O I5 iO 15
os(2) Ttotal(2)
ksi ksi

Seismic Stress Static + Seismic Stress

Note: the above plots are nominal based on treating each hoop course as acting independently. Actual stresses
each side of girth joints are the same since strains are identical if the courses are attached, so the real stress
near transition zones falls somewhere between the apparent discontinuous stress levels shown on the graphs.
The actual maximum stress levels tend to occur about a foot above the joint and are not as high as predicted by
the more simplified model. The simplified model is conservative and is the method reflected in the AWWA D-100

standard.

Check actual versus allowable stress based on the class of steel used.

Assumed joint efficiency
and allowable stress

E.

Stress_ratlostatic(z) =

Ostatic(?)
Ft(Z)

50 T T T T T
40r T
z 30 T
E 20 T
101 T
1 1 1 1

0
-02 0 02 04 0.6 08

Stress_ratio stati C( z)

‘join

1

(1= 85%

Chapter 14 of AWWA

Fy(2) = Ej
D100-11 does not apply

oint 15°ksi

Maximum static stress ratio is Stress_ratio (0) =0.815 < 1.0 OK

static
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Stress_ratio

seismic

(z) =

0
0

Stress_ratio

seismic

02 04 06 0.8

Stress_ratio

seismic( z)

(0) =0.934

1

< 1.33 0K

The worst case stress ratio is at
the bottom of the first shell course
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Compute Shell Longitudinal Forces and Stresses

Define axial compressive force in the shell due to dead load for 0 < z < Hg, in kif.

H
W

S
r
Pp(2) = E + 4[ Vsteel ts(2) dz

z

Define overturning moment functions at elevation z, in kip-ft

H
Moment associated with
M(2) = Ap| W (X = 2) + Wonow Xsnow + 7T’ﬁfsteel'D"[ ytg(y) dy roof, snow and shell mass
VA

H
M;(2) = Z«J (y —2)'Ny(y) dy Moment associated with impulsive fluid mass, z < H

VA

H
M (z) = 2-J (y = 2)-N(y) dy Moment associated with convective fluid mass, z < H

VA
Me(2) = M (z) + M;(z) + M(2) Total moment at elevation z on the shell forz < H

Define functions for compressive stress under static or seismic load conditions

Pn(z) + P
D SNOW
G (7) = —————
NVS]SBM&& tS(Z)
4M((2)
1+ 04-A,)(Pp(z) + P -F +
( V)( p(?) Snow) max 2 Includes deduction for roof uplift, F
D max.
0-comp( )=

t(z)

Check allowable stress for compression with local buckling and slenderness considered

Use Method 1. Yield stress of shell plate does not permit use of Method 2.

Local buckling stress formulas for Class 1 Materials

5 ts(z) ts(z)
Fl 1.(2) = 17.5-10"- R [ 1 + 50000- R

t/Rc = .0031088, elastic buckling

) For Class 1 materials with 0 < t/R <
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. 5775081 4 738.10%-0si t(2) For Class 1 materials with t/Rc =

L1b(#) = ST75-psi+ 738-107-pst .0031088 < /R < 0.0125, inelastic
buckling

Fl 1o(2) = 15ksi For Class 1 materials with t/R >

0.0125, plastic buckling

Local buckling stress formulas for Class 2 Materials

For Class 2 materials with 0 < t/R <

2
, , 5 %@ ts(2) . t/Rc = .0035372, elastic buckling
F| 5,(z) == min| 15-ksi, 17.5-10™- = 1 + 50000- -psi

. 6925 0si 4 886.10%-0si t(2) For Class 2 materials with t/Rc =

L2b(?) = 6925-psi + 886-10"-pst 10035372 < t/R < 0.0125, inelastic
buckling

Fl 5(2) = 18ksi For Class 1 materials with t/R >

0.0125, plastic buckling
Write equation selection functions for F| depending on t/R ratio and class

ratiol := .0031088 ratio2 := .0035372

t(2) t(2)
Fi1(2) = min| if R < ratiol,FLla(z),if R

< 0.0125,FL1b(z),FLIC(z)D : 15«ksij

ty(2) t(2)
Fio(7) = min| if| —— <ratio2, Ff 5,(2),if| == < 0.0125,Ff 51,2). Fy 50(2) | | 18-ksi

F| (2) = if(class(z) = l,FLl(Z),FLz(Z))

Slenderness reduction factor equations

ri= Lﬁ radius of gyration of tank shell
4
K:=1.0 effective column length factor, pinned ends assumed

NV

E:= 29 106-psi modulus of elasticity for steel

Slenderness ratio at which overall elastic column buckling can occur (not local buckling)

C2) = |nP— Li=H
T FL(Z) AW TS
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2
Kp1(2) = 1=~ —= For 25<KUr <Co
T
C'(2)
2
Ce® For Kur > C
K(‘PZ(Z) = L or r> Cc
T
KLP3(Z) =1.0 For KL/r < 25

L
ratio := K-— ratio = 4.493
r

K (2) = if (ratio < 25K 3(2).if (ratio > C'(2). K(p(2). K 51 (2))

Falz) = FL(Z)~K@(z) allowable compressive stress due to axial load

For shell longitudinal stress, treat all stress as axial

%comp'?)
F,(2)

Stress rati0”~ii n'ziz) =

Plot static plus seismic compressive stress and compare to allowables

40 7 40 T T T ] [
30 7 301 - i
VA VA
E 20) . E 201" . .
R 7 T - i
0 0 L ! ! 0 L L 1 1
4 3.25 3.252 3.254 3.256 3.258 0 02 04 06 08 1
Gcomp(z) F,(2) Stress_ratiogg; - (2)
ks Ksi
Stress_ratioggi¢mic(0) = 1.029 << 1.33, OK for static plus seismic longitudinal compression

1.2
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Check seismic longitudinal tensile stress

4M(2)
(1 - 40-Ay)Pp(2) + Fpppoy +

T D2 Gtens(z)

Stress ratio .o iolZ) =
t5(2) Fy(2)

Otens(2) =

Stress_ratio =0.261

seismic(o)

All stress ratios << 1.333 are OK for static plus seismic stress
. in longitudinal tension

0 I I
0 0.1 0.2 0.3

Stress_ratio seismi C( z)
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CONSULTANTS

Horizontal Shear Transfer Capacity
The previously calculated base shearis Vv, =251 -kip

From AWWA D100-11 Eq 13-57, the allowable resistance attributable to friction is (for the full tank, seismic
condition)

VALLOW = tan(30.deg).(ws + W+ W + wf).(1 - Av) = 675-kip >> V; OK. No shear connection
between the superstructure and base is
Vi : : .
—0372 required for shear. Shear resistance is
VALLOW provided by the bottom plate acting as a

diaphragm kept in place by bottom
friction. Check shell to bottom transfer

capacity
Vi
The maximum shell to bottom plate shear load is  v:= 2.—— = 6.292.kIf
D
There is no annular plate, just the 5/32" floor plate
te == i in
75
And the maximum shear stress on the plate is o=~ 3ksi T 0.28
te 12-ksi

AW WA D100 permits 12 ksi in shear, and this can be increased by 1.33 for seismic, so_floor plate should not
tear in shear parallel to the floor plate
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Check Foundation

Check nominal anchor capacity

Tens(0)t4(0) = 9.983KIf

Compute existing anchor load

7-D kip
Nanchors = 12 Tanchor = (

each

noch j’(o-tens(o)’ts(o)> Tanchor = 064
anchors

Allowable stress JFoi= 15ksi = 15-ksi

Check stress in embedded plate A chor = 3-in'§-in = 1.125-in2
8

70D O (0)-t(0)

anchor =
Nanchors A

g
h
= 59.055-ksi anchor

anchor F t

c =3.937 >> 1.33 No Good for backing plate

Anchors are overstressed

Compute anchor weld load vs allowable

1 8-in 1 3-in Strap to shell

weld_longitudinal ‘= weld_transverse =
tweld = 3oin F, = 15000 psi Note: record drawing says fillet weld of strap to shell is 1/4", but plate
8 is only called out as 3/16"

Tallowable = '7071’tweld'Ft’('65 '1weld_transverse + 'So’lweld_longitudinal) = 23.666-kip

Tanchor

=2.807 >1.33 No good for strap to shell weld, even with offset ignored
Tallowable
Welds are overstressed

Compute embedded plate bond capacity

approximate method, use ACI 318-63 which allows the following allowable bond stress for plain bars

The perimeter of the embedded anchoris P

anchor = (2--:375 + 2:3)-in = 6.75-in

(this is for typical anchors only. anchors are shorter over pipe entrance, so capacity is less)

P
An equivalent round bar diameter would be Dequiv = _anchor _ 2.149-in
T
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CONSULTANTS

in-psi

For deformed bars, the ACI 318-63 allowable bond stress is Foond = 4.8-\/3000« = 122.362 psi
Dequiv

For plain bars Foond/ = min(.S-Fbond, 160-psi) =61.181 psi

The embedded length of the anchor, including the hook, is unknown. Assume at best

the anchor extends to withing 6 inches of the bottom of the footing, with a 6 inch 90

degree "hook" based on typical details for other tanks. The measured height of the

foundation ringwall is 58.5".

1embed = 58.5-in
Allowable load based on bond Talewabler= Panchor lembed Foond = 24-159-kip
T

_—anchor _ < pullout capacity is inadequate

Tallowable
Check Foundation For Uplift and Overturning
Yeonc = 150-pef
bftg = 18-in bftg_lower = bftg + 2.5-in = 20.5-in hftg = 32-in hftg_lower = 40-in — hftg
footing width and depth
thg =R+ 6:in=13.21f1t Rln = thg — bftg thg_lower = Rln + bftg_lower =13.418f1t
footing outside and inside radii

2 2 2 2 2 2
Aftg = W(thg — Rln ) =117.433 ft Aftg_lower = ’n‘(thg_lOWGI' — Rln ) = 134.861 ft
_ 3 ) W total and unit
Wftg = ﬂ{conc'(Aftg'hftg + Aftg_lower’hftg_lower) = 60.5-kip Wfig = _ftg =0.757-kIf footing weight
D
2 2 . W . .

Waater = H'PYwater'ﬂ(R -R;, ) = 188.1-kip water _ 5 356.KIf total and unit weight

Wwater = of water over footing

Ygoi] = 125-pef  typical weight of compacted soil

2 . . .
Aggil = hftg'(thg_lower — thg) =0.6ft" vertical area of soil over footing

2 area of soil resisting uplift in friction at 1H:2V,
(hftg + 'hftg_lower - S'm) _ 162 backfill to within 7" of top of footing. Skin friction

Awedge = 2.2 assumed 0.4 between footing and soil
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Wsoil = ﬁ{soil’(Asoil + 0'4Awedge) Wyoil = 0-1-kIf
WS .
W =32.919-kip Mebells™ o = 0.412-KIf shell weight
’rrc
i \W%
W, = 3.216:kip W
! Vroof_edge = 5 = 0-04°KIf

Compute overturning safety factor for pivoting about the toe of the shell

M

_rey = 4447 Kip-ft

SF

overturning ‘= =0.742

s_rev

(1 - AV)'(Wr + Wy + Wftg + Wwater)'

unit soil resistance

roof edge weight

< 1.67 NG

Required safety factor based on ASCE 7 load combos is .7E/.6D where .7E is the earthquake load in allowable

stress terms, an effective ratio of 1.67

Check ratio of resistance to uplift at the foundation

[(1 - AV)’(Wroof_edge * Wshell * Wig + Wwater) T Weoil ~ Fmax]

SFyplife = v =0379 NG
S_rev
’TT~D2

Tank is not stable under assumed seismic load
Check bearing pressure

The total load on the perimeter under static conditions is

Wtatic = Wit T Wshell T Wroof_edge T Wwater = 3-505 Kf

Ms_rev B
Wseismic - (1 +A )’(Wftg * Wshell ¥ Wroof_edge * Wwater) + Fpax + 4 , 12.688-kIf
D
Static allowable bearing pressure if no uplift
qallow = 12-ksf
_ Wstatic
qbearing_static - =2.377ksf qbearing static
ftg —— =0.198 OK

Yallow
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Wseismic qbearing_seismic
Abearing_seismic = T~ = 8.459-ksf ——=—"—-0705 <1.330K

ftg Qallow
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CONSULTANTS

Check As Self-Anchored Tank
Per AWWA D100 section 13.5.4.1

w = Pp(0) = 452.E Weight of shell and roof supported by shell
ft

ty = tp = 0.156-in Fy =27ksi  G:=10 A283 Grade B steel assumed

t. [F
wi = minl 128 0.2.6.7202 | X B Gl =370 Eq13-37, normalized for units
L . : p
ft ft iny ksi ft ft

Overturning ratio

M (0) , . .
= = 15.755 Calculated for Ri = 3.0. For Ri = 2.5, result is 18.56

Dz-[wt-(l —04Ay) + w |

>> 1.54 therefore the tank is not stable without anchorage
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1.
12.
13.
14.
15.
16.

2012 International Building Code

Washington State Adoption of and Amendments to 2012 International Building Code (State
Building Code)

ASCE 7-10 Minimum Design Loads for Buildings and Other Structures

AW WA Standard D100-11 Welded Carbon Steel Tanks for Water Storage

Nuclear Reactors and Earthquakes, Chap. 6 and Appendix F. U.S. Nuclear

Regulatory Commission publication, Division of Technical Information, TID-7024,

National Technical Information Service (1963).

Not used

Not used

"Earthquake Induced Sloshing in Tanks with Insufficient Freeboard" Praveen K. Malhotra, Structural
Engineering International, March 2006

Not used

"Dynamic Pressures on Accelerated Fluid Containers," G.W. Housner, 1955, Bulletin of the
Seismological Society of America.

"Snow Load Analysis for Washington, 2nd Ed." Structural Engineers Association of Washington,1995
Not used

Not used

ACI 318-11 Building Code Requirements for Structural Concrete

ANSI/AISC 360-10 Specification for Structural Steel Buildings

AW S D1.1 Structural Welding Code - Steel
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Units and Mathcad Notation

All calculations are shown in U.S. customary units. Calculations have been performed using MathSoft's Mathcad
Version 14.0 software, which automatically checks for unit consistency and applies any necessary unit
conversion factors internally to the program. Where computations are imported from Excel, SAP2000, or other
software, the source is identified. Input values are shaded. Others are computed.

Where equations are shown with a ":=" sign, the left hand side of the equation is being defined by the right hand
side. Where equations are shown with a "=" sign, the current value of the expression on the left hand side is
being displayed.

if(a,b,c)
(matrixi,j)

submatrix
(A,i1,i2,j1,j2)

RIGIN := 1
M<i>
sf .= ft2
A

®(x)

An ordinary "equals" sign indicates the value being shown is for the most current evaluation of
the variable on the left hand side of the equation

An "equals" sign with a colon indicates the value on the left hand side is being defined by the
expression on the right. Variables may be redefined, the last definition taking precedence

A bold "equals" sign indicates the symbol is being used in a logical expression

An "if" statement is evaluated as "b" if "a" is true, and as "c'is "a'is false. These expressions
may be nested

In matrix expressions, the first subscript is the row, and the second is the column. Numbering
starts with the value indicated as "ORIGIN" for the first row and column unless otherwise noted

Defines a vector or submatrix of matrix "A" from row i1 thru i2, and column j1 thru j2

An expression with a vector arrow over it indicates that the expression involves
subscripted variables, and that the expression is being evaluated for each subscript in the
range

A bold vertical line to the left of a series of expressions indicates that they are acting
as a programming loop in the calculations

Sets initial subscript value for subscripted variables

The vector in column "j" of matrix "M"

Step function. Returns -1 forx < 0, +1 forx >0and .5if x =0
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Seismic Evaluation
for

Division 30 Reservoir - Retrofit Option A

for

Lake Whatcom Water & Sewer District
Bellingham, Washington

[These calculations are preliminary in nature for design approach analysis and are not to be used for constructior|

Incorporate calculations from existing tank analysis by reference.

me Reference:S:\Projects\Lake Whatcom W&S District\Reservoir Seismic VA 2015\Structural Calculations\Division 30\Site Class B\Divi:

offset_upper := 6-in offset_lower := 2.5-in bftg = 1.5ft bftg lower = 20.5-in
Rﬁg =13.211t thg_lower =13.418ft R; =11.71ft footing inside radius
(presumed)

Dfyg = 2.6671t Dtg_tower = 0-0071t R = 13211t
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Existing ringwall and tank dimensions

Tk Existing footing
T sl L frotosrp raof
d F eoWCdETE
Rir (s 2
ok / Apg = 117433 f

R £ ‘_’r
PR | — 134.861 fi®

Aftg_lower

Additional exterior ring

! * hying = 10-ft Ring depth
W __4/_'{:[’16-_
bring = 8-ft  Ring width

at bottom

Eﬂl':;:';ii-“i' ( " o oa
Bukin e tioq ){
FooTinle |

R Bying = 21418t

ring = thg_lower + b

Added ring dead load oy = yd°

Vv

m Rring hftg_lower
ring = 2- J rdzdrde ... =119.866-cy

0 thg_lower 0

h

T Rring hftg T thg ring_hftg_hftg_lower
+| 2 J J rdzdrdo | + 2- J J rdz drdo
0 thg 0 0 “R 0

T Rring hftg_lower
2 J rdzdrd¢ ... = 109.813-cy

0 0

Vring_lower =

thg_lower

T Rring hftg
+|2- 4[ J rdzdrdo
R

0 Ry, "0

W. = (V = 4.855% 10" Ibf

ring ring)"Yconc
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W..
Wring = Q:Tm}f = 6079-plf Anchor ring weight per ft of shell

Check overturning stability safety factor

R
%@mm@: (1 - Av)'(wr + Wet wftg + Wyater * Wring)'M— =2.007 OK

s_rev

Calculate the required shear transfer capacity between footing and new anchor ring per foot of shell

M s_rev

Uplift := 4- =8.763-kIf Transfer force at face of shell

’IT-D2

The resistance available along the perimeter is

Resistance := (1 - Av)'(wroof_edge + Wehell + Wftg + Wyvater T Wring) + Weoil — Fmax = 8.869-klIf

Check resistance/uplift safety factor with added block

Resist.
Resistance_ratio := SOSISTANCE _ 012 > 1.0 0K

Uplift

The load to be transfered by the shell to the new ringwall is  Stud_load := Uplift = 8.763-kIf

If the new ring picks up the weight of the existing ringwall and water resistance via dowel transfer, then

Dowel_load := (Wwater

+ Wetg + Frnax

) = 3.158-kIf

Q,:=20 From Ref 3, Table 15.4-2, for tanks the overstrength factor

Stud design
Sqtuds = 30-in horizontal stud spacing
Try Sstuds_vert = 20-in

] (hring - hftg - hftg_lower) t
Nstuds_per_row = = ry
Sstuds_vert

h. —h
ft
Astudsvposnromn 6 Astudswwentn ™ M = 14.667-in

I"studs_per_row
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Stud_load
Load_per_stud := Sstuds’$ =3651-1bf

studs_per_row

Vu = QO- 1.4-Load_per_stud = 10224 Ibf

Shear strength for a 5/8" Nelson stud is Qp = 15113-Ibf

Vu
d)shear =.90 — =0.752
d)shealr'QN
1stud = 8-in dstud = .625-in
Vu
fc = 4.5ksi —— =2.045-ksi

1stud' dstud

Vu

DCR := =0.535 OK for crushing
85F'¢ Itud dstud

Dowel Design

Sdowels = 19-in  horizontal stud spacing

Ndowels_per_row = 3

h
ftg
Sdowels_vert -~ 1 0.667ft
Ddowels_per_row

D 1_load
Load_per_dowel := Sdowels'& = 1667-1bf

dowels_per_row
V" = QO- 1.4-Load_per_dowel = 4667 Ibf

for a #6 Grade 60 dowel, Hilti HIT-RE 500 adhesive in shear

Vu
DCR =
.60

sa

=0.491 <1 0K

per AISC for f'c=4.5 ksi, Fu=65 ksi

Dowel_load = 3.158-kIf

Vg = 15840-1bf
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Quantities
] D
Nstuds ™= Dstuds_per_row ™ =192
Sstuds
. D
Ndowels = Ddowels_per_row ™ =151
Sdowels
W
~ L _1me _
Wring = 485.457 kip V. = =119.866-cy
Yconc

Excavation quantity based on bottom of exc 2 ft beyond the new ring, sloping up to top of ringwall at 1:1

R...=R

2 11578 exc = Rying + 2-ft+ hyo — Ry = 12.875

2
Apot = “'(Rring + 2'ﬁ) - 7r’thg_lowelr

2 2 2
Agop = 'ﬂ-(Rring + 26t + hyyy jower hﬁg) - TR, = 1700ft

hftg + hftg_lower
2

2
AIIlld = N[erg + 2-ft + j - ﬁthgz = 1429 ftz

heo +h
ftg T “ftg_lower
Vexc = 3 (Apot + 4Apid + Aggp) =353cy

Backfill quantity

Voackfill = Vexc ™ Vring_lower =243-cy
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Seismic Evaluation
for

Division 30 Reservoir Option C

for

Lake Whatcom Water & Sewer District
Bellingham, Washington

i
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Preliminary Design of Anchored Tank

General layout similar to Sumner Springs Reservoir shown below

FACE OF
/_ EAETING FHELL FACE OF EXSTING
FOQTING

e 7 50| ARCHORR.
(']

Figure 5. Enlarged Foundation Plan Detail

EXIGTING

— NEW ANCHOR &
S CHAR
L= 114 ANCHOR
4 BOLT
— NEW REINF CONCRETE
RING BEAM
3 i

15

FLOOR PLATE —,

4 5
EXETNG \— DOWELS
FLOCR 5LAB —
ANCHOR BOLT ANCHOR BOLT
ELEVATION SECTION
oL NTS

Figure 6. Anchor Bolt and Chair Detail

R=12.71ft

Supplemental units and unit weights

cy = yd3

offset_upper := 6-in offset_lower := 2.5-in

|18 THREAD BAR EXTENSION
[ - AFTER PRELOAD

/
7 STEEL JACKING

7/ PLATE
4
it I /_ RELOCATED
oo I | FOUNDATION DRAIN
T .
. d
g *
Zl6 ¥ \_
0|z CONCRETE SUB-BASE
(| AT SOIL ANCHORS

\"— THREAD BAR
INDUCT

T

BONDED
TENTON

o THREAD BAR

L

SOIL ANCHOR
SECTION

NTS
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thg—upper := R + offset_upper = 13.21 ft

bftg_upper = bringwall =21t

bftg_lower = bftg_upper + offset_lower

hringwall_upper = 32in hringwall_lower = 26.5:in thg_lower = thg_upper + offset_lower

hig = h h

ringwall_upper * Pringwall lower = 48731t

Existing ringwall and tank dimensions

Tk Existing footing
Akl ) Fﬂ«‘-’?f’ 4 25 oF
4 S EDRICAETE
Rk e o Rin= thg_upper - bftg_upper = 11211t
F A_'r footing inside radius
—AN-£) ; 9

(presumed)

2 2
Aftg_upper = ﬂ'(thg_upper ~—Rjp )

footprint

2 2
Aftg_lower = ﬂ'(thg_lower —Rjy )

Additional exterior ring

3 __Y
Ex'.fa:','h-‘ﬁ’ | b hring = hftg Ring depth
Rl e r g g )1
F{m’flr) le

bring = 30-in Ring width
at bottom
Rring_outer = thg_lower + bring = 159181t
= TRy, — 304785 >
Aif_ftg = TORyp Aif_ftg = . t

2 2
Aof_ftg_upper = ﬂ'thg_upper - Aif_ftg Aof_ftg_upper = 153.435ft

2
A = TR — A ’
of_ftg_lower ftg_lower if_ftg AOf_ftg_lower — 170.864 ft

Rring_lower = thg_lower + bring Rring lower = 15:918 t
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CONSULTANTS -

Rring_upper = Rring_lower ~ offset_lower R ing upper = 13711t

Rring_tank = Rring_upper — offset_upper

a. Dead Load Component from shell, roof supported on shell
Peiatic = PD(O)  Pyiaic = 452-plf Dead load, constant for all values of ¢

b. Seismic Component from shell and roof supported on shell

Pocismic(P) = cos(ap)-4M—s(())) Seismic load at base of shell from lateral ground motior
7D

Pseismic(0) = 9301-pIf Maximum value at toe of shell

Pecismic(™) = —9501-plf Minimum value (uplift) at heel of shell

Pselsmlc v = 40 Ay Pyiatic Seismic load at base of shell from vertical ground motic

Pseismic_v = 16-plf

c. Existing footing Dead Load Component

Compute the concrete volume of the existing footing

Vftg = Aftg_upper'hringwall_upper + Aftg_lower'hringwall_lower =29.129-cy
Wftg = ﬁfconc'vftg = 117.973-kip
Wftg . .
We = ——— = 1477 -plf Ringwall weight per ft of shell
fig™ 5 nR

d. Added ring dead load

v 2

= R R 2 h
ring_lower "~ ﬂ' ring_lower ~ “ftg_lower ) “ringwall_lower
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2 2

Vring_upper = ﬂ'(Rring_upper - thg_upper )'hringwall_upper

Vring = Vring_lower + Vring_upper =4lcy
Wring = Vring"\{conc Wring = 167-kip

W
_ 'ring .
Wring = 2R 2093-plf Anchor ring weight per ft of shell
e. Weight of water over footing
Pstatic = Ywater H = 2452-psf
Wwater -~ Pstatic’ 2.mR Wiater = 3401-pIf

f. Seismic pressure increase/decrease on footing

Wygater = 3461-plf

(base pressure functions hidden below for brevity)

Dl

Ap = ppaee(R.0) =584-pst  Plus or minus water pressure at the toe or heel of the tank due to seismic effects

|
[ 2 (R
r
Wseismic = J pbase(r,d»-g drdé Weeismic = 123-028-plf
-0
1
— "Ry
2

Calculate the required anchor transfer capacity between tank and new anchor ring per
foot of shell

SFy = 1.67 target safety factor

Uplift := Py i s (0) Uplift = 9.501-kIf Transfer force at face of shell

The resistance of various components is

D = Pytatic

tank_resist - (1 - '4'Av) = 0.437-kIf
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Wwater_resist = (1 - '4'AV)'Wwater ~ Weeismic = 3-216-KIf

Set number of anchors and compute load. Assume three new anchors between each of the 12 existing

D
DNanchois = 36 Sanchor = T"———— = 2.218ft
Manchors

I:'ir~D~(Uplift -D A/

water_resist)]
Lanchon,

tank_resist

=12.973-kip measured at the shell
Manchors

Resistance provided by ring Wring = 2.093-klIf

Resistance required by ground anchors

Ground_anchor_resist := SFOf(Uplift) - Dtank_resist ~ Wyater resist ~ Wring =10.12-kIf

ground_anchor_capacity_ASD := 75-kip

Noround_anchors = 18 provide one ground anchor for every two anchors

D
ground_anchor_load := Ground_anchor_resist- - ———— = 44.9-kip

n ground_anchors

D
Sground_anchor = T = 4437ft
nground_anchors

If the new ring picks up the weight of the existing ringwall and water resistance via dowel transfer, then
Ring_dowels := (Wwater + Wftg) =4939.plf

From Ref 3, Table 15.4-2, for tanks the overstrength factor Q,:=20

Sdowels = Sanchor = 2-218ft Ndowels_per_row = 3

T

Sdowels anchor

Load_per_dowel := = 4324-1bf

Sanchor ndowels_per_row

Half inch dowels should be more than enough N gowels = Danchors Ddowels_per_row = 108
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Quantities
n =108 n =18
dowels Ny chors = 36 ground_anchors
W
. _ ring
Wring =167.178-kip M“ _— =41.279-cy

By compariison to Sumner Springs reservoir, assume reinforcement at

rebar := Vring-steel_unit = 8668 1bf

thg =1

. 1bf
steel_unit := 210-—

cy
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Excavation quantity based on bottom of exc 2 ft beyond the new ring, sloping up to top of ringwall at 1:1

+ 2.ft)2 — 2 =443 ft2 exc * ring_outer

Apot = T (Rring_outer ﬂ'thg_lowelr

+ 2-ft+h +h

2
Atop = “'(Rring_outer ringwall_lower ringwall_upper) - 7r’thg_uppelr

h

- “'thg_upper

2
ringwall_upper hringwall_lowerj
2

Amid = 7r’[Rring_outer +2-ft+

B hringwall_upper +h
Vexc - 3

ringwall_lower
«(Abot +4A g+ Amp) =273-cy

Backfill quantity

Vbackfill = Vexc ~ Vring_lower - Vr1ng upper =232.027-cy

R.,. =R +2-ft+hftg—

2 _josaf’

2 _ 7541

Rftg upper = 93831t
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Anchor Bolt Sizing
Assume A36 anchor bolts Al/:vw:: 36-ksi F, = 58ksi
F,nchor := Min(.80-36-ksi, .50-58-ksi) = 28.8-ksi Allowable seismic load stress on anchors per Ref 5 section
3.3.3.2
T
anchor 2 4 .
Aroot_min = F = 0.45-in droot_cale = ’ —Aroot_min = 0-757in
anchor T

Per Ref 5, 3.8.5.1, add a .25" corrosion allowance to the root diameter for bolts less than 1.25", and
use not less than a 1" bolt. This makes an 1.25" bolt the practical minimum

Bolt Dia Root Dia Root Area Gross Area Root Dia +.25" Min Bolt Dia
(in) {in) (inA2) (inA2) (in) (in)
1.000 0.865 0.587 0.785 1.115 1.375
1.125 0.970 0.74 0.994 1.220 1.500
1.250 1.100 0.942 1.23 1.250
1.375 1.190 1.12 1.49 1.375
1.500 1.320 1.37 1.77 1.500
1.730 1.530 1.85 241 1.750
2.000 1.760 243 3.14 2.000
. a? 2
4= 1.25n anchor diameter Apoli = ™— =1.227-in gross area of bolt

4
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Anchor Chair Design

Methodology is from Ref 11, Part VII - Anchor Bolt Chairs

Anchor Bolt Hut
(d + ‘})Hul- dia

‘k\

4...12

T o
= - i h
L%

4

- o E ™ P leog t
- 1 P L] T o l }- by —
Top | ) ul . | : [
Plate | "I‘
£ = =|= - S .
L ¥
o g "
. ]
(a) Typical Plan & {b) Vertical Column
Outside Views or Skirt (c) Flat Bottom Tank
&= 16:in bolt centerline distance from shell

Minimum bolt hole size per Ref 11 is
Oversized hole size per Ref 18 Table J.3.3is d + i‘in =1.563-in for bolts >= 1.25in. Use
16
dhole =d+ %m dhole =1.563-in
Edge distance per Ref 10 Tables J.3.4 and J3.5 (from center of hole) is

= 2.25-in + %'in =2.375-in

Cedge
b:=¢e+ Cedge = 18.375-in
d
hole .
lgv\:z Cedge — —— =1.59%4-in

;= d+ l-in=225in minimum side plate separation recommended by Ref 21, however this is very tight for
seal welding on interior of plates. Increase this dimension to

A= 8-in
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t:=t,(0) t=0.25-in Shell bottom course thickness

P=T = 12.973-kip

anchor
So= 1.33-15-ksi = 19.95-ksi Ref 4 allowable stress < 25 ksi recommended by Ref 11 OK
v I =Tz |
L_'r_’x._}_
’ t

F
d = Tetal load

3

p )
Crin = [E-(O.Zﬁ-g - O.22-d)} = 1.047-in
use &= 1.5n f {; )

Compute top plate thickness

Figure 7-2. Assumed Top-Plate Beam.

top plate thickness

h := 40-in

Jmin = max[.5-in,0.04-(h — ¢)] = 1.54-in use j:= 1.5in

= 25in bottom plate thickness assumption proj := 2-in — t bottom plate projection from shell face
a:=g+2j+.5in=1151in > 2:Cegge = 4.75:in OK Use a:=s, por = 22181t

Assumes a continuous top plate,full
circumference

Recess the side plate not more than 1/2" from front edge of top plate per Ref 21. Use .25" to allow seal weld at
front edge.

B (plate_top + proj)

plate_top := b — .25-in k: =9.0938in  mean side plate width

2

kK sea06 > 1.00K per Ref 21
P~in2
25-kip

Compute reduction factor Z for local stress check
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1.0
Z:= =0.84
2
A77-a-
ﬂ(ﬂ) 1o
iny/R-t t
= P-e 1.32.Z .031-in
AT, 5 333 + VR S = 18.9-ksi localized vertical shell stress just above
int"| 143ah (4‘i‘h2j the chair. Ref 21 recommends 25ksi max.
R-t-in . 3
m
close enuf for preliminary estimate
Weld Design
" .
d
W |
o _[:7—1_ - wu
e ‘*-\

Figure 7-4. Typical Welding,
Base Plate Shop Attached.

I
5 1‘.\\.‘\.\‘.\.‘;' \/

LY

= | ‘
N =N A, L\\

14

4 Figure 7-6. Loads on Welds.

Figure 7-5. Typical Welding,
Base or Bottom Field Attached.

P Ibf P Ibf
W, = =122-— Wy, = S S - 97—
a+2h in ah 4 O.667-h2 in
2 2 Ibf . . " .
W= W "+ W."“=156— By inspection, a .25" weld will be more than adequate.
MW v h in

Shell shear capacity per inch exceeds weld, OK
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Anchor Quantities

\Y, = abc 3
b V =7 707 -1
p bp 33.707-in

(b +2-in)-(h — c)j B 3.3
Vsp =2 5 Vsp =1.177%x 10" -in

Wanchor = Vsteel (Vbp + Vsp) = 541.712 Ibf

W4 W4

anchor_total = Wanchor Panchors = 19502 1bf

Lyelg=2h+a+(a-g-2j)=12224in

Liveld_total = Manchors Fweld = 367 ft
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CONSULTANTS

Methodology Remarks

These calculations are limited to an assessment of the primary elements of the lateral force resisting system for
the reservoir under seismic loading. Following is a summary of the methodology used:

1. All dimensions and weights are based on record drawings furnished by the client, supplemented by field
measurements.In case of discrepancies, field measurements were used..

2. Water level assumed for seismic calculations is based on maximum current operating level provided by the
District..

3. Methodology for determination of seismic loads for tanks with a free water surface is based on the 2012
International Building Code, ASCE 7-10, and AWWA Standard D100-11. These codes and standards post-date
and are more stringent than codes and standards used at the time of original tank design.

4. For tanks where the free surface sloshing wave amplitude exceeds the roof elevation, the additional
amplification of seismic load is based on an approximate method published in Structural Engineering
International, March 2006. "Earthquake Induced Sloshing in Tanks with Insufficient Freeboard" by Dr. Praveen K.
Malhotra. This simplified method assumes a linear shape for the sloshing wave. The force is modeled by
computing an increase in mass and adjusting the convective period of the water mass. The pressure distribution
is assumed the same as for a tank with a free water surface.

5. For tanks where the static water surface level already contacts the roof, the free surface sloshing amplitude is
based on a cylinder of the same height and radius with zero freeboard, however the actual water mass is
assumed. The ratio of sloshing amplitude to roof height is computed using roof height measured from the free
water surface. Adjustments in seismic load are otherwise the same as for the preceding step.

6. Ground motion spectral accelerations Sg and S, are those currently available from the USGS on their web site
calculator for the latitude and longitude of the tank as taken from Google Earth.

7. Soil site class "D" is assumed as a default in the absence of a soils report for this reservoir..

8. Wind loads, hydrostatic loads at overflow elevation, and roof live loads were not considered in the analysis.
However where calculated roof loads exceed 40 psf, a mass equal to .20 times the uniform roof snow load is
added to the roof mass for seismic calculations. The gravity effects of snow load were considered whete
applicable for determining loads on the shell, however no analysis of roof members was included.
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Location and Site Data

Lat 48.7169, Long -122.3172
El 335

(Google Earth)

No soils report available. Record drawings
by Reliable Steel dated 1993.
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S

uperstructure Geometr

From record drawings

Tank diameter D := 40-ft
. D
Tank radius R := — =20ft
MW
Shell height H = 25-ft

Floor elevation at shell
(Bottom capacity level)

BCL := 344.5-ft (District)
Overflow height above floor

h 24ft

overflow

Overflow elevation
(Top capacity level)

hbafﬂes = 24-ft

TCL := BCL + hyarflow

=221t Maximum operating level

NOL := BCL + H = 366.5ft
BCL + H, = 369.5ft

This level is below the top of the shell.
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Describe the roof geometry
T
roof_slope := 075 =0.063
12
The roof height is  h,:= roof_slope-R = 1.25ft

Let "z" be the distance measured vertically from the floor, and "r" the horizontal distance from the center

Zypex = Hg + hy = 26,25t

The expression for z for the roof for 0 <r< R is

Zroof(r) = (if(r >R,0,z — roof_slope-r))

apex

Plot the roof elevation vs radius r=0,.1-ft. R

26.5 T T

Zroof (1)

ft

25.5[ .

24.5
0 10 20 30

ft

Enter shell and roof plate thickness.

Mathcad General Input - See Appendix for Mathcad nomenclature and symbols

QBIGIN= 1

Special unit definitions each:=1  sf = £
number of shell plate courses,
numbering starting with the base as
course 1

n 3 (the vertical leg of the top angle is included with the top shell plate course)

course

Calculate the elevation of the top of each shell course relative to the floor
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i=1,2.n i is the number of each shell Vgtee] = 490-pcf  unit weight of steel
course, starting from the bottom

zshell is the elevation of the top of each course relative to the top of the bottom plate

16
8.33 7.656 2
3.
Zshell = 16.67 |-ft tshell = 1_6 -1n Wshell = tshell'“{steel =1 7.656 pSf ClaSSsheH =12
25 7.656 2
16

Shell course heights and thicknesses per record drawings, spot checked with field measurements. Shop drawings
call out all plate as ASTM A36.

Note 3/16" minimum shell plate permitted by AWWA for tanks under 50 ft in diameter

Class 1 material has a yield stress 27 ksi < Fy < 34 ksi. Class 2 material has a yield stress Fy > 34 ksi

Roof thickness is 3/16" per nameplate, but thickness gauge measurements were .120". Use 3/16" to be
conservative for roof weight calcualtions.

3. .
troof_plate = 1_6'm roof plate thickness

Compute weight of roof and shell

Define the roof slope at any point

1 — d
Zroof (1) = Erzroof (M

Compute the surface area of the roof plate tributary to
the perimeter and the center column. . Ignore laps

For a surface of revolution, the general equation for the surface area is

2
d
A:=2-1 | rds where ds:= |1+ & dr
dr
{‘R
Aroof_plate = 2T J r- /1 + z‘roof(r)2 dr|= 1259ft2(|'00f surface area)
0
WfOOf_Plate = ﬁfsteel'troof_plate'Aroof_plate =9.64-kip
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R
B
=2 1 ' 2 dr | =315f 2
Aroof_plate_center = e J 1+ 2z (@ dr|= t
0
_ ) Portion of roof weight tributary to
Wroof_plate_center = ’Ysteel'troof_plate'Aroof_plate_center =2.41-kip center column
R
=2 ( 1 ' 2 dr | =944 fi 2
Aroof_plate_edge = |1+ 2z () dr|= t
I
2
) ) Portion of roof weight tributary to
Wroof_plate_edge = '\fsteel'troof_plate'Aroof_plate_edge =7.23-kip shell

Calculate the vertical center of gravity from the tank floor for the roof plate

R
2 , , 2
J' 1+ 25 0p (1) dr

X .o = 2T 0 =131t

C
g A1‘00f_plate

Xroof_plate = Zroof (Xcg) = 254171t

Define the number of the shell course for any value of 0 < z < Hs using a series of functions

i Default value

course(?) = Neourse

Aeoursel?) = if(z < Zshellp ’ncourse’icourse(z)>
course

laoursel?) = if(z < Zshell4’4’icourse(z))

Aeoursel?) = if(z < Zshell3’3’icourse(z))

Aeousel?) = if(z < Zshellz’z’icourse(z))




Calculated by: JUL Date: 2/4/2016

- ' Job No.:15-10420.00 LWWSD
| il ) ! SVWTP Reservoir
ﬁ Sheet No.: 8 of 41
| "
Y Checked by:  Date:

CONSULTANTS

Aooursel?) = if(z < Zshelll’l’icourse(z)>

z:= 0-ft,0.2-ft.. Hy Set plotting interval for graphs

30 T T T

201 n

lcourse( Z)

write functions that return the shell plate thickness and class as a function of height above the base

ts(z) = tshelli class(z) = Classshelli

COUI‘SC( Z) COLII”SC( Z)
30 T T T 30 T T T
201 T 201 1
Z Z
101~ T 101~ 1
0 | | 0 | | |
0.1873 0.1874 0.1875 0.1876 0.1877 0 0.5 1 1.5 2
ts(z) class(z)
in
Shell thickness vs elevation Shell class vs elevation

Floor plate thickness tfloor = -25-1n

floor_flange := 1.5-in Bottom plate projection beyond shell plate Dfjoor = D + 2-floor_flange

Compute floor weight

2
Dﬂoor

W, = 13:ki
4 f P

Wi = Ysteel tloor ™

Compute the weight of the shell and establish its center of gravity from the base




Job No.:15-10420.00 LWWSD

™ ) ' ! SVWTP Reservoir
ﬁ Sheet No.: 9 of 41
- I J ‘; Calculated by: JJL Date: 2/4/2016

Checked by: Date:

S
W, = ’TT'D-J ’Ysteel'ts(z) dz W, = 24.053-kip
0-ft
H
J Vsteel ts(2):2 dz
0-ft
Xy = D X = 12.5ft

W

Compute the weight of the roof and establish its center of gravity from the base

The total roof mass is a combination of the part tributary to the
center column and the part tributary to the edge. The center
portion includes part of the roof, half the weight of the rafters, the
column cap, and half of the column. (The other half of the column
and its base plate are assigned to the floor mass). The edge
portion includes part of the roof, half the weight of the rafters, clips
and the flange of the top angle. The weight of top angle and clips
and top angle flange are ignored.

Based on record drawings, there are 20 each rafters C6X8.2 shapes, about 20 ft long. Column cap is 1" x
30 inch dia. Center pipe column is 6" diameter, Std (Sched 40), 25-6-1/2" long. Ignore weight of clips, bolts,
laps, and appurtenances..

Ibf _
Wiafters = 20-8.2-?-(20{0 = 3.28-kip

= (15”101 = 0.200-ki
WCOl—CaP = w(15in) - 1.0-in Y ggeep = 0.200-kip

Ibf .
W, = 25.54ft:19.6:— = 0.501-kip

ft

Weol_base = Vsteel -7 1n-42-in-42-in = 0.375-kip square base plate

W W

rafters ol . . .
Wroof_center = Wroof_plate_center * + Weol_cap + =, = 4501 kip Roof weight tributary to center
column
W

rafters . . .

Wroof_edge = Wroof_plate_edge + T = 8.87-kip Roof weight tributary to top of shell

A\
col . .
AW = Weol base + T = 0.625-kip Column and base plate tributary to floor




Calculated by: JUL Date: 2/4/2016

- ' Job No.:15-10420.00 LWWSD
| il ) ! SVWTP Reservoir
ﬁ Sheet No.: 10 of 41
| "
Y Checked by:  Date:

CONSULTANTS

Total roof structure mass for seismic calculation W= W

roof_center +W

roof_edge =13.371 k_lp

Check to see if roof snow load mass must be included per ASCE 7-10
Py = 26:psf from "Snow Load Analysis for Washington", 2nd ed, SEAW

I == 1.20 Snow load importance factor for risk category IV, ASCE 7-10

Cy:=12 ASCE 7-10, Table 7-2. Exposure Factor, Terrain B, Sheltered

Ci=12 ASCE 7-10, Table 7-3, Thermal Factor, Unheated

pg = 0.7-Co:Cylypg = 3145 psf Flat roof snow load, ASCE 7-10 Eq 7.3-1. Since flat roof snow load exceeds 30
psf, add 20% of the design snow load to the roof mass per ASCE 7-10, section
12.7.2.
4 6 8 12
The roof slope is  atan(roof_slope) = 3.576-deg 2R e
mi J
From ASCE 7-10 Fig 7-2c, the roof slope factor is R H— -
|15 \
Cy=10 08 \ \'n -
\
pg = Cgpg =31.45-pst I 3 \ All
06 ' \ “-\ S:Jr‘:::; ]
Snow weight to include with roof weight C T v X
* } Unnh.cln.ln.'gd A {'w‘ —
WsnOW = 20ps — 629pSf 04 Slippery Surfaces \,\ ."
L < 3 -
2 . 02 [~ \ .I'- 1
Wanow = Wsnow ™R~ = 7.904-kip I % |
Snow weight tributary to edge 4 fagal MlT‘, S R
L 30 60 90
Roof Slope
Aroof_plate_edge . 7-2¢: Cold roofs withC = 1.2 or larger
Wsnow_shell = Wonow' = 5.928 kip
Aroof_plate
Wsnow_shell Ibf . . L
P = — = 47174 — Snow load applied at top of shell concurrent with seismic
Snow D ft
Snow weight tributary to floor
Wsnow_ﬂoor = Wonow ~ Wsnow_shell = 1.976-kip
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The tank is used for chlorine contact and has some interior baffles to create plug flow. The baffles consist of
stiffened steel plate as hown in the attached figures, and contribute to the mass of the structure..

pite 349
1,z‘o}. _4spac Brolk- 32 ] i
B
| ] ‘ r::L\ LY
] 1 \\rz &k mca
g |
\ ‘ gs 14 (Ot 7oFicoR
B\ o ya N s e -l A
g P SECTION A
Item Thickness Length  Height Qty Weight
(in) (ft) (ft) (ea) (Ibs)
Steel plate 0.188 32.76 24 3 18107
Vertical stiffeners, C6X8.2 24 11 2165
Horiz stiffeners, top of baffle, C8X11.5 34.6 3 1194
Lateral top brace, L3X3X1/4 @ 4.9 20 2 3430
24896
Whaffles = 24.896-kip Assign entire mass to the floor. Vwater = 62.4-pef Xp = 126t

Wbafﬂes

Displacementy,ffjoq == = = 50.808~ft3

Vsteel

AW = Yyater Displacementy,, ¢ = 3.17-kip

All the lateral resistance for the roof is assumed to be by the shell, except for the lower half of the column.
The internal tank baffles provide very little stiffness against horizontal loads in the plane of the baffle and are
ignored for purposes of evaluating tank lateral resistance.

Compute the center of gravity of the roof and column mass for seismic calculation
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wroof_plate'&oof_plate

h
r
Wcol_cap + '75’Zapex’ 2 + Wrafters' (Hs + _j

Wy

+

Xpi= o

Zapex’

= =25.3731t

Compute the center of gravity of the roof snow load for seismic calculations

Snow density per ASCE 7-10 equation 7.7.1 is

. pg Wsnow
Ysnow = min| 30-pcf ,0.13-—= + 30-pcf | =30-pcf snow depth hj:= =0.21ft
ft PYSIIOW
hy .
Xenow = Xroof_plate + 7 =25.521ft centroid of snow mass
Compute total water weight for seismic calculations
Slwates = 02:4-pef
D’ AWrp
W=y ‘H-7-— =1725.11-kip —— =0.002 Ignore deduction for baffle displacement
water 4 WT

Calculate the impulsive and convective water weights and vertical centroids

b =1.818 Assumed ground motion parallel to baffles, no impact on sloshing behaviour
H

tanh(.866«2)
W= Wp———2 if D/H > 1.333

D
.866-—
H

| D D .
W= lf[ﬁ < 1.333,WT~(1.0 - 0.218~E),Wi} if D/H < 1.33

W.
W; = 1005.505-kip Impulsive water weight L 0.583

Wr

The effective center of gravity depends on whether just the moment at the base of the shell is being calculated or
the total moment on the foundation, shell plus floor.

X = H.if[(gj > 1.333,0.375,0.50 — 0_094.2} X, =8.25ft centroid for calculation of just the shell
H H moment
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D
0.866—
Xipf = 0.375{ 1.0 + 1.333-

[D D
Xisnb= 1f|:ﬁ < 1.333,(0.50 - 0.06-;)-H,Xim

tanh(0.866« 2)
H

—1||-H centroid for calculation of total bottom
moment if D/H > 1.33

centroid for calculation of total bottom
f moment if D/H < 1.33

Compute convective water weight and effective centroid above the base

'

D H
W, = wT-(.23o-—-tanh(3.67-—D W, = 696.39-kip —° 20404  Ref4, Eq13-26
H D w

cosh(3.67oﬂj -1
D
X.=H[1-

C
3.67- E -sinh 3.67E
D D

H
cosh(3.67'—) —1.937
D

X

emf = H| 1.0~

3.67'E«sinh 3.67«E
D D

T

X, =13.657ft centroid for calculation of just the shell moment

Xomf = 16421t centroid for calculation of total bottom moment
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Seismic Design Criteria

Importance Factor: Ig =150 Risk category IV

Ground Motion Parameters

Site Class D Default Site Class in absence of a geotechnical report

Sq = .939 Sy :=.366  Mapped earthquake short period and long period

spectral accelerations. For Site Class B, 5%
damping, expressed as fraction of g.

F, =112 F, = 1.66 Site coefficients from 2012 IBC Table 1613.3.3(2).

Seismic Design Category "D"

Adjusted maximum considered earthquake for site class

S =F_S
MS = "a®S g\ 1g=1.052

Design spectral response parameters

Compute points on the design response spectrum

Spi
TO = 0.2-sec-—— TO =0.116-sec
S
DS

Spi
TS = | —— |-sec TS =0.578-sec
S
DS

Ty = 6-sec Mapped value, ASCE 7-10, Figure 22-12

Tyi= jf(TL > 4-560!4-SCC!TL) =4-sec Maximum required for tank sloshing wave calculations, ASCE

7-10, Section 15.7.6.1.d

Sae(T) = if| T > Ty, ——————min
T

1.5-SD1-TL~seC (I.S-SD1~sec

Convective acceleration function
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SaelD = if(SaC(T) > 1.58pg;, l.SSDS,SaC(T)) Upper bound for S, for low values of T

Spp Ty sec Spi Impulsive acceleration function
Spi(T) = if| T> Ty, Jif S

D
T>TS,—'sec,SD
TZ T
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Calculate Free Surface Wave Height and Compare to Freeboard
Requirements

Compute the first mode sloshing period

o—— D p—
T, =27 T, =3.716s

H
3.68-g tanh(3.68~—)
D

From AWWA D100-11 Eq 13-53 through 13-56

K=15 damping scaling factor

SUG:=3 Seismic use group

Ap i= if| SUG =3,if| T Ty ,———— K:Sp;;

¢ T

C ¢ T

K- SDl -sec TL- sec )
Jif
c

K K
TC < 4sec,T—-SDl-IE-sec,4o—2-SDloIEoTL-sec]
Ap = 0.163

d:=0.5D-Ap = 3271t Sloshing wave height, Eq 13-52 - AWWA D100 basis for cylinder at least as high
asHs +d

For Occupancy Category IV and Spq > .50g, the required minimum freeboard is equal to the sloshing amplitude.

freeboard f:=H,-H=3ft

E =1.09 > 1.0, therefore freeboard is insufficient, but not by much
f
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Compute Base Shear and Overturning Moments As If Free Surface

Seiv=SpDs Rj=30 R,:=15 AW WA D100-11, Table 28 and section 13.2.9.2. Anchored tank

Syilp 0.36:SIg
Aj = max 14R; ’ R, Aj=025 Impulsive design acceleration
c L4AR, co Convective design acceleration

Calculate overturning moment at the base of the shell

2 2 .
Ms = \/[Ai'(ws’xs + Wr’Xr + Wsnow'Xsnow + Wbafﬂes'Xb + W1X1)] + (AC'WC'XC) Ms =2611-kip-ft

Calculate overturning moment at the top of foundation, including floor plate differential pressure effects

2 2 .
M= \/I:Ai’(ws'xs + WeXe+ Wonow Xsnow + WiXimf + Wbafﬂes’Xb)] + (Ac’wc'Xcmf) M, ¢ = 4545-kip-ft

Calculate base shear at top of foundation

2
B wcol 2 B .
Vei= [[ A W+ Wt Wpoo + | W + Weagties + Weol base + - + Wil + (AC-WC) Vg = 284.64-kip

The above base shears and moments are expressed in allowable stress design (ASD) basis.
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Adjust Effective Masses for Roof Contact

The methodology for roof contact effects is an approximate method published in Structural Engineering
International, March 2006. "Earthquake Induced Sloshing in Tanks with Insufficient Freeboard" by Dr. Praveen K.
Malhotra. This simplified method assumes a linear shape for the sloshing wave.

(a) (b)

|

|
Lafh

L k, — i id = 0 (flat roof)

Fig. 5: Liquid-filled rank translating with an acceleration SA(T_): (a) sufficient freeboard;

and (b) insufficient frecboard
8 | - \““_‘
~ | S .

Maormalzed Wensd Width, v R
£ L]
7T T
.-'/

— e \\
sl — -~
L NN
e e, .
O I T— T \..\::‘-H
[ - I 3 e e e
: — —_ —
———_ —— e,
L Sl ] [— —— "—-a..:_—::-_-_t%
I ! 1 1 1 1 L —
02 4 {16 &

ActualRequired Freebeard. 4/
Fig. 6 Cone roof lank. Normalized wetted width of tank roof
xR ax a function of actuabrequired freeboard dp'd and
normaiized roaf height b /d

Compute the angle 6

ft
- Wh
IE'Sac(TC)' > ere
sec ft
6 := atan| ———————— | = 0.437-deg Sac(Tc) = 0.163 Ig=15 g=32174~
& S
dg
dg = Hi—H=3ft d=327ft F =0.918 Compute input variables for graph above
hr
h,=125ft — =0.382
d
From graph figure 6
. Xf
xp = .05R =1ft horizontal extent of wetted dome surface from the shell — =0.05 << 1.0 OK
R
y
0= water _ o, 4.Jbm it mass of water
& >
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2 (d + hr) ; Ibf Maximum uplift on shell due to hydrodynamic pressure
TR max — 1 caused by sloshing. Impact effects are considered
minor and ignored

adjust mass for recalculation of seismic demand

( d +h 13 )
_ m, +m, k I - E— ford, +h /3<d W, = 1006 kip
Hl. = ]
* ¢ W = 1725-kip
m. for d .t h /3=2d
h h
73 73
T S LA Wi = Wik Wl 1 - ——— | =974.2:kip
h
Wl@ﬂl?‘_l. = if T < 1’Wbar I’Wl = 1006 klp
}ﬁc- — f'”; — 'Pﬁ.! W, = 696.4-kip Wbar_c = Wp— Wbar_i =719.6-kip
Wbar_i _q Wbar_c 1033 Factors by which mass must be multiplied due to the slosh
W; B W, T contact with the roof

Recaclulate convective period using adjusted mass. Maintain asssumption of T = 0 for impulsive mass

3 ~ T, =3.716s original convective period
T = 1!”—1
= ) Wbar_c dified i iod
T =T m Tc_bar =T, W =3.778s modified convective perio
l}l( c
SaC(TC) =0.163 A, =0.117  original convective seismic factor
Sac(Tc bar)

SaC(TC bar) =0.161 Ag bar = Ac = =0.115 revised convective
B - Sac(Tc) seismic factor

Recompute base shear and overturning moment

Change formula weights to adjusted values
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M, = 2611-kip-ft ~ original overturning moment

2 2
Ms_rev = \/ |:A1|:WsXs + Wr’Xr + Wsnow’Xsnow + (Wbar_i)'Xi:D + (Ac_bar’wbar_c'Xc)
M = 2551-kip-frevised moment

s_rev

Calculate overturning moment at the top of foundation, including floor plate differential pressure effects

M,,¢ = 4545-kip-ft original overturning moment

2
Mmf_rev = \/ [Ai'(ws’xs + Wr’Xr + Wsnow'Xsnow + Wbafﬂes'Xb + Wbar_i’Ximf ):I + (Ac_bar'Wbar_c’Xcmf )

M =4551-kip-ft revised moment

mf_rev

Calculate base shear at top of foundation

Vi = 284.64-kip original base shear

2
. Wcol 2
Vf_rev = A1 Ws + Wr + Wsnow + Wf + Wbafﬂes + Wcol_base + 2 + Wbar_i + (Ac_bar’wbar_c)

Vf_rev =285.02-kip revised base shear

The above base shears and moments are expressed in allowable stress design (ASD) basis.
The slight amount of wave-roof contact has a minimal effect on the seismic loads..
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Compute Shell Hoop Forces and Stresses

Impulsive and convective forces are distributed using Housner's distribution formulas for horizontal motion parallel t
the baffles.

Define the following variables:

z Height of a point above the tank floor

Y Depth of a point below the water surface

n, Distributed hoop force, klf, due to impulsive load N,

N Distributed hoop force, kif, due to convective load N

ny Distributed hoop force, klif, due to vertical seismic force N,,

Ng Distributed hoop force, klf, due to hydrostatic force at maximum normal operating level
NEol Distributed hoop force, klf, due to hydrostatic force at overflow operating level

Define elevation, distribution, and force component functions

Y(z):=H-z distance from MOL to z

Housner's distribution of impulsive load as a function of elevation above the base
and, in the case of impulsive loads, depends on the ratio of D/H

For the case of D/H < 1.33 and Y(z) < 0.75 D (z > .75D, upper section)
2
Y(z) 05, Y(z)
0.75-D 0.75-D

H
2 75-D
[ ( Y(z) j—o.s-( Y(z) j dz +J 0.5dz
] 075D 075D

0
.715-D

Distia(z) =

The above formula is the impulsive force per unit depth at elevation "z" expressed as a fraction of the total
impulsive force.

For the case of D/H < 1.33 at lower elevations, the factor is a constant equal to

0.5

[ v v 2 75-D
(&j _0.5.(ﬂj a2+ j 054z
J 0.75-D 0.75-D

0
.715-D

DiStib(Z) =

The above formula is the impulsive force per unit depth at elevation "z" expressed as a fraction of the total
impulsive force.

For the case of D/H > 1.33
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2
(Y(Z) _ 5 Y(Z)) .tanh(0.8662)
H H ) H

[ [ oo

0-ft

The above formula is the impulsive force per unit depth at elevation "z" expressed as a fraction of the total
impulsive force.

D .
Dist;(z) := if[(—j > 1.333,Distic(z),if(Y(z) < 0.75~D,Distia(z),Distib(z))} select appropriate formula based on
H depth and diameter ratio

Housner's distribution of convective load as a function of elevation above the base

cosh(3.68~

H
cosh| 3.68-—
D

H- Y(z)
D

H—Y(z))

Distc(z) =
‘ cosh(3.68~

H
J cosh(3.68-—)
D

0-ft

dz

The above formula is the convective force per unit depth at elevation "z" expressed as a fraction of the total
convective force.

V= Ay Wear i Vi =251.779-kip Total base shear component due to impulsive fluid load
Vi
N;(z) := | — |'Dist;(2) Shell hoop force due to impulsive fluid load
2
_ , Total base shear component due to convective fluid
V.= c_bar'wbar_c V. = 82.664-kip load
VC
N.(z) := — Dist(z) Shell hoop force due to convective fluid load
2
D . .
NL(2) = Vyater (zj-Y(z) Shell hoop force due to hydrostatic load with water at MOL

A= 0.14-Spg A =0.098 Vertical seismic factor




Job No.:15-10420.00 LWWSD
SVWTP Reservoir

Sheet No.

: 23 of 41

Calculated by: JUL Date: 2/4/2016

Checked by:

Date:

Ny (2)
Otatic(?) = ()
s

J Ni(z)z + Nc(z)2 + (Nh(z)-Av)2

t(z)

O'S(Z) =

Total(Z) = Ogtatic(2) + 05(2)

30 T T T 30 T T T
, 20 T , 201 —
ft "
— 10 . ft 10F _
] ] ]
0 ] !
_ 0
5 0 5 10 15 ] ) 3 4
static(?) o (2)
ksi ksi

Hydrostatic Stress Seismic Stress

Hoop stress due to static fluid pressure at MOL

Hoop stress due to hydrodynamic
pressure, Ref 4 Eq 13-42

Combined static and seismic hoop stress at MOL

30,

201

5 10 15 20
Gtotal( z)

ksi

Static + Seismic Stress

Note: the above plots are nominal based on treating each hoop course as acting independently. Actual stresses
each side of girth joints are the same since strains are identical if the courses are attached, so the real stress
near transition zones falls somewhere between the apparent discontinuous stress levels shown on the graphs.
The actual maximum stress levels tend to occur about a foot above the joint and are not as high as predicted by
the more simplified model. The simplified model is conservative and is the method reflected in the AWWA D-100

standard.

Check actual versus allowable stress based on the class of steel used.

Assumed joint efficiency Ejoint = 85% F(z) = Ejoim-IS-ksi
and allowable stress
St y @ Tstatic(?)
ress_ratio z) = ————m
static Ft(z)
30 T T
Maximum static stress ratio is Stress_ratio
201 T
VA
ft
— 10 T
0 | |
-0.5 0 0.5 1

Stress_ratio stati C( Z)

Chapter 14 of AWWA
D100-11 does not apply

static(0) =0.957 < 1.0 OK
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Ttotal(?)
Fi(z)

Stress_ratloseismic(z =

The worst case stress ratio is at
the bottom of the first shell course

Stress_ratlo_maxseismiC :

= Stress_ratio

1.5

< 1.33 OK
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Compute Shell Longitudinal Forces and Stresses

Define axial compressive force in the shell due to dead load for 0 < z < H, in kif.. Ground motion parallel to

baffles.

H
W

S
r
Pp(2) = E + 4[ Vsteel ts(2) dz
z

Define overturning moment functions at elevation z, in kip-ft

H
Moment associated with
Mi(2) = Ap| W (X = 2) + Wonow Xsnow + 7T’ﬁfsteel'D"[ ytg(y) dy roof, snow and shell mass
VA

H
M;(2) = Z«J (y —2)'Ny(y) dy Moment associated with impulsive fluid mass, z < H

VA

H
M (z) = 2-J (y = 2)-N(y) dy Moment associated with convective fluid mass, z < H

VA
Me(2) = M (z) + M;(z) + M_(2) Total moment at elevation z on the shell forz < H

Define functions for compressive stress under static or seismic load conditions

) Pp(2) + Pypow
ag 7)) =
Nvmﬂﬂ\g tS(Z)
4M(2)
1+04A,)(PH(z) +P -F +
( V)( p?) Snow) max 2 Includes deduction for roof uplift, F
D max.

Gcomp(z) =

t(z)

Check allowable stress for compression with local buckling and slenderness considered

Use AWWA Method 1. Method 2 may be applicable for Fy=36 ksi steel, and allows consideration of
water pressure in providing compression stability. Method 2 is more complicated than Method 1, which
is more conservative. If Method 1 works, there is no need to use Method 2.

Local buckling stress formulas for Class 1 Materials

5( (2 ty(2)
Fi 1,2 =|175-10" = 1 + 50000- o

t/Rc = .0031088, elastic buckling

) For Class 1 materials with 0 < t/R <
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. 5775081 4 738.10%-0si t(2) For Class 1 materials with t/Rc =

L1b(#) = ST75-psi+ 738-107-pst .0031088 < /R < 0.0125, inelastic
buckling

Fl 1o(2) = 15ksi For Class 1 materials with t/R >

0.0125, plastic buckling

Local buckling stress formulas for Class 2 Materials

For Class 2 materials with 0 < t/R <

2
, , 5[ %@ ts(2) . t/Rc = .0035372, elastic buckling
F| 5,(z) == min| 15-ksi, 17.5-10™- = 1 + 50000- -psi

. 6925 0si 4 886.10%-0si t(2) For Class 2 materials with t/Rc =

L2b(?) = 6925-psi + 886-10"-pst 10035372 < t/R < 0.0125, inelastic
buckling

Fl 5(2) = 18ksi For Class 1 materials with t/R >

0.0125, plastic buckling
Write equation selection functions for F| depending on t/R ratio and class

ratiol := .0031088 ratio2 := .0035372

ty(2) ts(2)
Fi1(2) = min| if R < ratiol,FLla(z),if R

< 0.0125,FL1b(z),FLIC(z)D : 15«ksij

t(2) t(2)
Fio(2) = min| if R < ratioZ,FLza(z),if R

<0.0125.Ff 51, (2). FLZC(z)D : 18.ksij

F| (2) = if(class(z) = l,FLl(Z),FLz(Z))

Slenderness reduction factor equations

ri= —= radius of gyration of tank shell
effective column length factor, pinned ends assumed

E:= 29 106-psi modulus of elasticity for steel

Slenderness ratio at which overall elastic column buckling can occur (not local buckling)
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C.(z):=|m =H
C( ) FL(Z) MV S
1 K-L 2
Ktpl(z) =1-— For 25<KL/r <C'c
r
C.(2)
L[S0 For KUr > C
K z)=—- or r > Cc
w22 2| KL
T
K¢3(Z) =1.0 For KLUr < 25

L
ratio := K-— ratio = 1.768
r

K(2) = if(ratio < 25,K@3(z),if(ratio > C'C(z),sz(z),le(z)))

Fal2) = FL(z)-K@(z) allowable compressive stress due to axial load

For shell longitudinal stress, treat all stress as axial

, % comp(?)
§tress o oie N-zgz) =
F,(2)
T T T T T
20 = 20 -
VA VA
ft jor - ft 10 -
0 ! ! 0 1 1 1 0 1 1 1 I
0 0.5 1 1.5 1.407 1.408 1.409 141 1411 0 02 04 06 08
crcomp(z) Fa(z) Stress_ratioseismic(z)
ksi ksi
Stress_ratiog ;i (0) = 0.965 < 1.00, OK for static plus seismic longitudinal compression

Check seismic longitudinal tensile stress for ground motion parallel to the baffles
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4M(2)

(1 - 40-A)Pp(2) + Fppay + ;
D Ttens(2)

= i L =
O'tens(z) tS(Z) §tress E15 OB, 212) Ft(z)

All stress ratios << 1.333 are OK for static plus seismic stress
in longitudinal tension

| Stress_ratioggiic(0) = 0.105

0
0 0.02 0.04 0.06 0.08 0.1 0.12

Stress_ratloseismic( z)
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CONSULTANTS

Horizontal Shear Transfer Capacity
The previously calculated base shearis Vv, = 285-kip

From AWWA D100-11 Eq 13-57, the allowable resistance attributable to friction is (for the full tank, seismic
condition)

VaLLOW = tan(30-deg): (W + Wy + Wep + Wp + Wy ge)-(1 = Ay) = 937-kip

V
f
>> V; OK. No shear connection between the superstructure and ringwall VALLOW =0.304
is required for shear. Shear resistance is provided by the bottom plate
acting as a diaphragm kept in place by bottom friction. Check shell to
bottom transfer capacity
Vi
The maximum shell to bottom plate shear load is  v:= 2.—— =4.53.kIf
D
There is no annular plate, just the .25" floor plate
tp = 25-in
And the maximum shear stress on the plate is Ti= = 2.ksi T 0126
te 12-ksi

AW WA D100 permits 12 ksi in shear, and this can be increased by 1.33 for seismic, so_floor plate should not
tear in shear parallel to the floor plate
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b The foundation detail at the left is from shop
ik drawings

— \
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Mo sownd DETAIL

3P, = Compute existing anchor load

Tens(0)t4(0) = 2.999-KIf

D
Manchors = 13 Tanchor =
Nanchors

kip 7-D

(o, 0)-t.(0 T =29.——
j( tens( ) s( )) anchor cach

= 9.666ft
Nanchors

. ™ 2 .2
dpolg = 1:25-in Aanchor = Z'dbolt = 1.227"in gross area. Use root area per AWWA D100
— eoni2 " oras2 — 36ksi ST s
Aanshon = -390-1n Abolt_tensile = .969-in Fy = 36-ksi  F, = 57ksi

Allowable stress = min(.SO-Fy,.SO-Fu) =285ksi  A36, per AWWA D100 3.3.3.2

1D 006(0)-£4(0) Tanchor

=29.921ksi =1.05 >> 1.33 No Good

anchors’ Abolt_tensile t

o =
anchor *
n
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Check anchor chair welds

From reference 9 guide to anchor chair design

E Anchar Boeli Hur
= A
S i ¢
L_F.J _: -
. e
a
|
Top
Plate _1_

a:= 6-in h:= 13.5-in P=T

anchor
&= 3-in (from record drawing)

P Ibf
= =879-—
V7 at2n in

P Ibf

Wy = ° =429-—

a-h + 0.667-h° n

’ 2 2 Ibf

F; = 28500 psi tweld = -25:in

= .7071-t

WV allowable_transverse *= wel

WV_allowable_longitudinal = 1071 tye g Fy-50 = 2519-—

w

WV_allowable_longitudinal

P--.I' N‘
l——

WH — 5
k -
e gt =

=0388 <1.330K

W= - W

e,
~,

= 28.993-kip Figure 7-6. Loads on Welds.

Farmulas may also be used for cones, although
this undarrates the vertical welds some

w, = F (7-5)
a + 2h
Wy = 7 - N— (T=0)
ah + 0.66TH
W= v+ W 77

predicted weld stress

Ibf

4 Fy 65 =3275—

m

Ibf

in

Plate dimensions meet Ref 9 minimums
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Check anchor using strength basis and ACI 318 Appendix D

Ny, = 14T =40.6-kip Express anchor tension ultimate basis fy = 36ksi f := 57-ksi A36

anchor

2 . : :
Age N= Abolt_tensile = 0-969in" f, = min(1.9-fy, 125-ksi, f) = 57 ksi

Nga = Age N'futa = 35-233-kip Eq D-2

70 D.4.3 or 4 for
earthquake

Consider anchors as Condition B (no supplementary reinforcement). Prension =

Nua

=1.05 > 1.0 NG
kPtension’Nsa

Check concrete breakout strength

Estimated embedment depth, from record drawing is h.¢ = 18in

The distance to the next anchor is S = ﬂ.w =9787ft < 10 ft max, OK
anchor
Manchors
The calculated edge distance is Cq = 6.0-in
Check using ACI 318 Appendix D 1.3hep = 27:in
Sanchor . . . .
=6.525 >3 so group action need not be considered for concrete breakout in tension, D.3.1.1
h
ef

Record drawings do not indicate compressive strength of the concrete. Given construction in the 1990's, use

fo=4000-psi k=24 A, = 1.0

1.5
, f
N, = Ibf kX —C(—j = 116-kip Basic concrete breakout strength, Eq D-6
psi
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H.f
CO SU LTANTS

2 2 2
ANe = (Ca1 + 15 hef) Sanchor = 3876:n°  Ango = 9hep” =2916in

stength modification factors

C
Veg Ni= 0.7+ 03 al =0.767 modification factor for edge effects. Eq D-10
- 1 5 ef
wec_N = 1.0 eccentric load modifier, Eq D-8
" = 1.0 cracked concrete assumed. D.5.2.6
C_N = 1.
Ybep N= 10 D.5.2.7

An P P . AP N
Nep = Ne Tec N Ped N Fe N Tep N b=118,1.kip breakout capacity in tension, D.5.2.1

ANco

Nua

=0.491 < 1.0 OK for concrete breakout

Ptension’ Ncb

Check pullout strength

Bearing area is Abrg = 36-in” — E-(1.375-in)2 =34515in°  Gross surface less bolt hole
4

Nua

Np = S'Abrg'fc = 1104.5-kip —  =0.053 <1.0 OK for pullout

Ptension’ Np

Check side-face blowout

f
C
N = 160-c, 1 [An.oN,- |[—psi = 356.7-ki .
sb Caly Pbrg Ma psi pst P Eq D-16 applies
h S
et s25 anchor . oo0s S 6
Cal Cal
Nua

=0.163 < 1.0 OK for side face
Ptension Nsb blowout
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Check Foundation For Uplift and Overturning

Yeone = 150-pef
bftg = 1.5-1t hftg = 3-ft footing width and depth
Rﬁg = R + 9-in = 20.75ft R, = thg - bftg footing outside and inside radii

2 2 2
Apg = w-(Rﬂg -Rj, ) = 188.496 ft

wftg total and unit
Witg = Veone Aftg g = 84-8-kip Wiy = = 0675 KIf footing weight
\W% =H R2 R ) 127.0-ki Wwater total and unit weight
water = " Vwater ™ ~Rjp ) = 1s/UKp Wyyater = = 1.01-KIf g

of water over footing

Yeoi] = 125-pef typical weight of compacted saoil

Agoil =0 area of soil over footing
(29-i )2 area of soil resisting uplift in friction at 1H:2V,
Awedge = = _ 146 ft2 backfill to within 7" of top of footing. Skin friction

assumed 0.4 between footing and soil

Wsoil = “fsoil'(Asoil + 0'4Awedge) Wsoil = 0-1-KIf unit soil resistance
WS .
W, = 24.053-kip Wehelle= —— = 0.191°kIf shell weight
T
W, = 8.87-kip Wroof edge .
roof_edge Wroof edge = ——©" —0.071-kIf roof edge weight

D

Compute overturning safety factor for pivoting about the toe of the shell

Mg ey = 2551 kip-fit
. R NG
SFoverturning = (1- AV)-(erOf_Cdge + Wy + Wi + wwater)-M— =173

s_rev

Required safety factor based on ASCE 7 load combos is .7E/.6D where .7E is the earthquake load in allowable
stress terms, an effective ratio of 1.67

Check ratio of resistance to uplift at the foundation
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Check ratio of resistance to uplift at the foundation

SE |:(1 - AV)’(Wroof_edge * Wshell + Wig + Wwater) T Weoil ~ Fmax]

< 1.0 so there will be

uplift = M =0.897 some foundation uplift
S_rev
4.
’TT~D2
Check bearing pressure =p-kif
The total load on the perimeter under static conditions is
_ B _ Wstatic
Wstatic = Witg T Wshell T Wroof_edge T Wwater = 1.947-kIf Apearing_static = by = 1.298 ksf
g
_ Ms_rev _
Wseismic = (1 + AV)’(Wftg * Wshell ¥ Wroof_edge * Wwater) + Frpax + 4 ) 4.176:-klf
D
Wseismic
Abearing_seismic = b = 2.784-ksf
ftg
. . qbearing_static
Aallow = 2-5-ksf Static allowable bearing pressure — &= " -0.519 OK

Yallow

qbearing_seismic

Qallow

=1.114 <1.330K
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Check As Self-Anchored Tank
Per AWWA D100 section 13.5.4.1

w = Pp(0) = 293.E Weight of shell and roof supported by shell
ft

th = oo = 0-25-in Al/:vw:: 27ksi  Gi= 1.0 A283 Grade B steel assumed

t. [F
wi = minl 128 0.2.6.7202 | X B Gl 2442t Eq13-37, normalized for units
L . : p
ft ft iny ksi ft ft

Overturning ratio

M (0)
= S =6.43 Value shown is for Ri=3.0. From side calculation at Ri=2.5, J=7.29

Dz-[wt-(l —04Ay) + w |

>> 1.54 therefore the tank is not stable without anchorage




Calculated by: JUL Date: 2/4/2016

- ' Job No.:15-10420.00 LWWSD
™ ) ! SVWTP Reservoir
ﬁ Sheet No.: 37 of 41
| gl .
Y Checked by:  Date:
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Accounting for Baffle Damping

Accounting for the effects of baffle damping is a complicated analysis problem generally requiring the use of
comptational fluid dynamics (CFD) methods that exceed the scope of this analysis. A gross estimate of the effect
can be calculated assuming the relative height to diameter ratio for the four compartments into which the baffles
divide the tank. Assume the baffles are rigid and ignore fluid exchange between compartments

First calculate the revised sloshing wave characteristics by substituting .25D where D was used in the previous
formulas

Compute the first mode sloshing period

25D
T =217 TC = 1.826s

VBN H
3.68-g-tanh| 3.68.——
25D

From AWWA D100-11 Eq 13-53 through 13-56
K=15 damping scaling factor
SUG=3 Seismic use group

K-Spy;-sec Ty -sec

AIMA:: if| SUG = 3,if TC < TL’T—’K’SDI' 5 ,if TC < 4360’T_'SDl'IE'SeC’4’_2'SD1’IE’TL'SCC

C TC C TC

Ap=0.333

4= 0.5-25D-Ap = 1.6641t Sloshing wave height, Eq 13-52 - AWWA D100 basis for cylinder at least as high
as Hs +d

For Occupancy Category IV and Spq > .50g, the required minimum freeboard is equal to the sloshing amplitude

freeboard f=H —-H=3ft
AW S

E =0.555 < 1.0, therefore freeboard is adequate for ground motion perpendicular to the baffles
f

Calculate the impulsive and convective water weights and vertical centroids
25D

= 0.455 Assumed ground motion parallel to baffles, no impact on sloshing behaviour

25D
tanh(.866~—)
H

Wi baffled = W' if .25D/H > 1.333

25D
.866-——
H
[ .25D 25D
Ninbaftlod ™ lf[ s 1'333’WT(1'0_0'218'?j’wi_bafﬂed} if D/H < 1.33
. : : Wi baffled Wi
W, = 1005.505-kip Impulsive water weight ——— =0.901 vs —— =0.583

W Wr
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The effective center of gravity depends on whether just the moment at the base of the shell is being calculated ¢
the total moment on the foundation, shell plus floor.

. . 25D 25D centroid for calculation
affled = H- it . ,0. ,0.50 — 0.094.—— \ baffled = 10-

of just the moment from
impulsive water mass

X baffled

X.
=0.457 L _-0375 center of gravity of impulsive mass moves up
H

25D H .
We_baffled = WT'(-BO'?'tanh(&“‘ED We_baffled = 180-35-kip Ref 4, Eq 13-26

W W
—cbaffled _ 105 vs —C — 0404
W Wr

Fraction of impulsive water weight goes up, convective weight goes down due to shorter period

cosh 3.67~i -1
_ 25D
X baffled = H| 1 = . - X pafied = 192771t
3.67:| —— |-sinh| 3.67 ——
25D .

centroid for calculation of just the moment due to
convective mass

X X
< 0621 Zc baffled _ ) o6 centroid of convective mass is higher for baffled direction
H H
A Sl A = 0.238
c_baffled ™ | 4 g c_baffled = ™ Convective design acceleration
: C

Compute the ratio of base shear due to water mass in the baffled and unbaffled directions

AVyater =

U (Ai'Wi_bafﬂed)2 + (Ac_bafﬂed'wc_bafﬂed)2 - \/ (Ai'Wi)2 + (Ac‘Wc)zJ

(AW + (W)’

=048

AM [\/ (Ai‘wi_bafﬂed‘xi_bafﬂed)2 + (Ac_bafﬂed'Wc_bafﬂed'Xc_bafﬂed)2 - \/ (Ai‘wi'Xi)2 + (Ac'Wc'Xc)ZJ

water

J(Ai-wi-xi)z + (AC-WC-XC)2




Job No.:15-10420.00 LWWSD

Checked by: Date:

™ ) ' ! SVWTP Reservoir
ﬁ Sheet No.: 39 of 41
- I J ‘; Calculated by: JJL Date: 2/4/2016

The conclusion from this exercise is that the sloshing wave would be reduced, but that the base shear and
oerturning moment would be increased considerably by rigid baffles if fluid motion between baffled
compartments is ignored. If the baffles were completely flexible, one would expect a much reduced effect.
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Units and Mathcad Notation

All calculations are shown in U.S. customary units. Calculations have been performed using MathSoft's Mathcad
Version 14.0 software, which automatically checks for unit consistency and applies any necessary unit
conversion factors internally to the program. Where computations are imported from Excel, SAP2000, or other
software, the source is identified. Input values are shaded. Others are computed.

Where equations are shown with a ":=" sign, the left hand side of the equation is being defined by the right hand
side. Where equations are shown with a "=" sign, the current value of the expression on the left hand side is
being displayed.

if(a,b,c)
(matrixi,j)

submatrix
(A,i1,i2,j1,j2)

RIGIN := 1
M<i>
sf .= ft2
A

®(x)

An ordinary "equals" sign indicates the value being shown is for the most current evaluation of
the variable on the left hand side of the equation

An "equals" sign with a colon indicates the value on the left hand side is being defined by the
expression on the right. Variables may be redefined, the last definition taking precedence

A bold "equals" sign indicates the symbol is being used in a logical expression

An "if" statement is evaluated as "b" if "a" is true, and as "c'is "a'is false. These expressions
may be nested

In matrix expressions, the first subscript is the row, and the second is the column. Numbering
starts with the value indicated as "ORIGIN" for the first row and column unless otherwise noted

Defines a vector or submatrix of matrix "A" from row i1 thru i2, and column j1 thru j2

An expression with a vector arrow over it indicates that the expression involves
subscripted variables, and that the expression is being evaluated for each subscript in the
range

A bold vertical line to the left of a series of expressions indicates that they are acting
as a programming loop in the calculations

Sets initial subscript value for subscripted variables

The vector in column "j" of matrix "M"

Step function. Returns -1 forx < 0, +1 forx >0and .5if x =0
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Seismic Evaluation
for

SVWTP Reservoir - Option A

for

Lake Whatcom Water & Sewer District
Bellingham, Washington

[These calculations are preliminary in nature for design approach analysis and are not to be used for constructior|

Incorporate calculations from existing tank analysis by reference.

me Reference:S:\Projects\Lake Whatcom W&S District\Reservoir Seismic VA 2015\Structural Calculations\SVWTP Reservoir\SVWTP Res

cy = yd3

Existing ringwall and tank dimensions

,.-ﬁ;‘-r-’?"" . - .
- : Existing footing
s LR . .- ﬁ‘u_; Potur 72!.3"-’#
vl _ . .
f::,d: * Rfig = 20.751t outside radius, ex. ftg.

. . '*—,r— b = 151t
g |

~ 1A erupy p hftg =31t
’ _| £] Rip = 19-251t footing inside radius
! T I pewns [ |7 = n«(R 7 R 2) footprint
R — = ;/ Afg ftg in
| e - \
' e e |
e b Additional exterior ring
< Froe
. LF .-? 1 _ —_— % _ )
e, b -" hring = 6-ft Ring depth
P T I SE——— .
ExisTil b Yooa b. = 15ft Ring width
ikl A r }%94——“—15 7‘ ring
“re 1 e ) _ B
e Rying = Rftg + bring = 2225t
2 2
Agross = T™Rping = 15551¢
2

Aring = Agross - “'thg
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Added ring dead load

m Rring hftg
Vring = | 2 J rdzdrdd | =22.515-cy Ring volume
0 JRgy 70
Wring = Vring’ﬁ{conc Wring =91-kip
Wring

Wring= 5 R T 726-pif Anchor ring weight per ft of shell

Check overturning stability safety factor

&EMWMMN@\:: (1 - AV)'(Wroof_edge + W+ Wftg + Water Wring)’ =2375 >1.67 0K
s_rev
My rev
Uplift .= 4.———— =2.03.kIf  Transfer force at face of shell
2
D

The resistance available along the perimeter is

Resistance := (1 - AV)‘(WTOOf_edge + Wshell + Wftg + Wwater + Wring) + WSOil - Fmax =2.476-klf

Check resistance/uplift safety factor with added block

Resist
Resistance_ratio = Jesistance 1.22 > 1.0 OK

Uplift
The required shear transfer force between the ring and foundation is equal to the rig weight

From Ref 3, Table 15.4-2, for tanks the overstrength factor Q, =20

Sanchor
S = = 4.894 ft n =4
dowels 2 dowels_per_row Sanchor = 9.787 ft
Wring Manchors = 13
Load_per_dowel := Sdowels’ = 888-1bf

Ndowels_per_row

Vu = QO- 1.4-Load_per_dowel = 2486 Ibf

Shear strength for a 1/2" dowel (from catalog) is 7320 Ibf.
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u
Oghear = 0 ~—————=0377 <1.00K

Gohear 7-32-kip

/\fm:z 4-ksi
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Quantities

T =103

Ndowelss = Ndowels_per_row’
Sdowels

2 2 2 2
Veone = “'(Rring - thg )’hftg + 7r’(thg -R )'(hring - hftg) =33y

Excavation quantity based on bottom of exc 2 ft beyond the new ring, sloping up to top of ringwall at 1:1

2 2 2
Apot = T (Rying + 2ft) — m Ry~ =495t
= 1 (Ryg g + 26t + o) — TR, = 980 ft R, . +2ft+hg, —Rg =65f
Atop‘_ “'( ring * e+ ftg) ~ T Retg =980 ft ring * At ftg — “Mrg T t
2
h
ftg 2 2
AIIlld = ’lT‘[RI.ing'i‘ 2-ft + Tj —’lT‘thg =730 ft
hftg

Vexe = T'(Abot + 4’Amid + Atop) =163-cy
Backfill quantity

2 2
Vbackfill = Vexc ~ “'(Rring ~ Rego )‘hftg = 140.324-cy
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