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Section 1- Buoyancy Guide 1 
 2 
1.1 Intro 3 
 4 
Buoyancy is defined as the tendency of a fluid to exert a supporting upward force on a body 5 
placed in a fluid (i.e., a liquid or a gas). The fluid can be a liquid, as in the case of a boat floating 6 
on a lake, or the fluid can be a gas, as in a helium-filled balloon floating in the atmosphere. An 7 
elementary application of buoyancy can be seen when trying to push an empty water bottle 8 
downward in a sink full of water. When applying a downward force to the water bottle from 9 
your hand, the water bottle will stay suspended in place. But, as soon as you remove your hand 10 
from the water bottle, the water bottle will float to the surface. The buoyant force on the 11 
object plays a factor whether a given object will sink or float in a fluid. 12 
 13 
People have been aware of objects floating or sinking in a fluid since the beginning of time. It 14 
wasn’t officially documented and conceptually grasped until Archimedes (287-212 B.C.), 15 
established the theory of flotation, and defined the buoyancy principle. Apparently (while in his 16 
bath) Archimedes realized that submerged objects always displace fluid upward (water in the 17 
bath rose while he was submerged). Then with that observation, he concluded that this force 18 
(buoyant) must be equal to the weight of the displaced fluid. Archimedes then went on to state 19 
that a solid object would float if the density of the solid object was less than the density of the 20 
fluid and vice versa.   21 
 22 

 23 
 24 
So, why is buoyancy an important factor in the design of an underground concrete structure?  25 
The simple answer is that the buoyant force created by water needs to be resisted to prevent a 26 
structure from floating or shifting upward. Essentially a concrete structure will not float if the 27 
sum of the vertical downward forces (gravitational, W) is greater than the vertical upward force 28 
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(buoyant, FB). When applying this principle to a structure below grade, it can be said that if the 29 
buoyant force (FB) is greater than the mass of the structure and the combined mass of soil 30 
surcharges and objects contained within the structure, the structure will float. This guide will 31 
help direct the user how to apply basic buoyancy principles through a series of standard 32 
calculations and procedures. The result will determine if their underground concrete structure 33 
will resist buoyant forces.  34 

 35 

Section 2- Determining Water Table Levels  36 
 37 
2.1 Review Plans, Specifications, Soils Reports and Boring Logs  38 
 39 
When designing an underground precast concrete structure, it is necessary to know what 40 
structure to make as well as what its intended use is. Typically, a contractor who is in need of a 41 
precast structure will come to precasters with details on what they need and give design 42 
requirements and information on the underground conditions. But not always do they inform 43 
precasters about every detail, especially job site conditions and problems in the construction 44 
area. Job site conditions and underground conditions are vital pieces of information needed for 45 
the design calculations to optimize the performance of the structure in the installed condition 46 
and to prevent floatation. So, how does the design engineer determine when there could be a 47 
potential problem with the jobsite conditions and with floatation? 48 
 49 
First off, the design engineer should do his/her the research to review and investigate the 50 
plans, specifications and soils reports to gain more insight about the project and the 51 
underground conditions. After obtaining the design requirements and specifications for the 52 
structural design the design engineer should obtain extensive information on the soils and 53 
underground conditions. One of the first factors that must be determined when analyzing an 54 
area, in which the concrete structure will be placed below grade, is the water 55 
table,(i.e.”groundwater level”) (WL). Obtaining this information will help the designers identify 56 
areas where flotation could potentially be a problem and areas where flotation will most likely 57 
not be a factor in the design. So, how can one determine the water table level in the project 58 
area?  59 
 60 
The design engineer should check the soils report to obtain more information on the area. The 61 
soils report is most likely the most reliable source of information since it’s based on a study of 62 
the jobsites’ conditions. If there isn’t a soils report, core drilling may be necessary. By core 63 
drilling in the vicinity of the project, the depth of the water level from grade can be determined. 64 
It should be noted that groundwater levels identified on boring reports are only a snapshot and 65 
may not account for seasonal variations. Another possible source of information would be from 66 
local well drillers. They should maintain records of water table levels in areas which they drill. If 67 
there isn’t any of the above information available, you may want to ask your local excavation 68 
contractors, since they have firsthand experience with groundwater in the area. If you’re out of 69 
options and you can’t find out any of the above information, consider a design for water levels 70 
at grade, even if flooding in that area is not common. This is considered a conservative 71 
approach by many design engineers. A conservative design approach may offset unnecessary 72 
and unforeseen cost when sufficient information about the soil/site conditions is unavailable. 73 
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 74 
 75 
After the water table/level has been determined and it is known that there will most likely not 76 
be a problem with buoyancy or flotation issues, the designer can focus in on maximizing the 77 
structure without buoyant forces being exerted on the structure. In most cases flotation will 78 
not be a problem in areas of the country without groundwater (parts of Texas, Arizona, Nevada, 79 
etc.), and where the groundwater is below the anticipated depth of the structure. The fact that 80 
the buoyancy force (FB) exists presupposes that the water table at the site is believed to be 81 
some distance above the lowest point of the installed structure. But, if your structure is to be 82 
placed above the groundwater level (according to the sites’ water table), less concern is 83 
needed. On the other hand, areas where flotation causes potential problems are regions where 84 
the water level is at grade (valleys, ocean shores), and areas where groundwater is present 85 
below grade, at time of installation (before soil has had a chance to become a solid mass).  86 
 87 
2.2 Be Aware of Seasonal and Regional Variations  88 
The water table is the upper level of an underground surface in which the soil is saturated with 89 
water. The water table fluctuates both with the seasons and from year to year because it is 90 
affected by climatic variations and by the amount of precipitation used by vegetation. It also is 91 
affected by withdrawing excessive amounts of water from wells or by recharging them 92 
artificially (5). The design engineer should make certain to factor the water table level seasonal 93 
and regional fluctuations into the design of an underground precast concrete structure. This will 94 
ensure that the underground structure will not float or shift upward from a water table level 95 
miscalculation.  96 
 97 

2.3 Err on the Conservative Side  98 
If there are no soils reports or previous information available on the water table levels and 99 
fluctuations (seasonal and regional), most design engineers will design the structure on the 100 
conservative side. This will ensure that the structure will be able to withstand seasonal and 101 
regional fluctuations.  102 
 103 
Designing on the conservative side refers to designing a structure with the water level at grade, 104 
even if flooding in that area is not common. A conservative design approach may contribute to 105 
offsetting unnecessary and unforeseen cost when sufficient information about the soil/site 106 
conditions is unavailable. Therefore, overdesigning a structure should be kept to a minimum 107 
since this would add substantial costs to production. 108 
 109 

Section 3- Computing Downward (Gravity) Forces  110 
 111 

After the water table level has been determined, the design engineer needs to look at 112 
computing all the downward forces that will be acting on the structure. All vertical downward 113 
forces are caused by gravitational effects, which need to be calculated in the design of an 114 
underground structure in order to determine if the total downward forces (gravitational, WT) 115 
are greater than the upward force (buoyant FB). The total downward force (WT) is calculated by 116 
the summation of all downward vertical forces (W).  117 
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 118 
WT = W1 + W2+ W3+ W4… 119 

Depending on the design of the underground structure, the total vertical downward forces (WT) 120 
may or may not be the same for all applications. In a conservative approach, the design of 121 
underground structures assumes that the water table, at the specific site, is at grade. With this 122 
being the case, it is essential that all vertical downward forces (WT) be accounted for, to ensure 123 
that the structure will not float (WT > FB). For an underground structure, designed for a worst-124 
case scenario, the following vertical downward forces (W) need to be accounted for:  125 
 126 

- Weight of all walls and slabs  127 
- Weight of soil on slabs  128 
- Weight of soil on shelf (or shelves)  129 
- Weight of equipment inside structure (permanent)  130 
- Weight of inverts inside structure  131 
- Friction of soil to soil  132 
- Additional concrete added inside structure  133 
- Weight of reinforcing steel  134 
 135 

As noted earlier, not all underground structures are the same, and therefore some of the listed 136 
vertical downward forces (W) above may not be included in the summation of total vertical 137 
downward force (WT). 138 
 139 
3.1 Specific Gravity and Density  140 
The density of an object is calculated as it’s weight divided by the volume.  In the imperial 141 
system, the density of an object is expressed as lbs/ft3.  The density unit for the metric system is 142 
usually expressed as kg/m3. Specific Gravity (SG) is the ratio of an object’s density to the density 143 
of water.  SG values have no units – regardless if the calculations are metric or imperial.    144 
For example: 145 
Concrete with a density (“unit weight”) of 150 lbs/ft3.  Water has a density of 62.4 lbs/ft3. 146 
The SG of that concrete is 150 lbs/ft3 / 62.4 lbs/ft3 = 2.4. 147 
 148 
3.1 Weight of Concrete  149 
 150 
 The total weight of the concrete that makes up the structure can account for a large portion of 151 
the downward gravitational force. In the design of an underground precast concrete structure a 152 
certain thickness of the walls and slabs must be implemented, whereas other products, such as 153 
HDPE have thinner wall sections and tend to float up out of the ground when they are placed (if 154 
not properly anchored). With a specific gravity of 2.40, precast concrete products resist the 155 
buoyant forces associated with underground construction. In comparison, fiberglass has a 156 
specific gravity of 1.86 and high-density polyethylene (HDPE) has a specific gravity of 0.97. 157 
 158 
The weight of the walls and slabs can be determined by calculating the volume (V), in ft3 (m3), 159 
of the underground structure and multiplying the volume by the density (ρ), in lbs/ ft3 (kg/ m3), 160 
of the concrete. The calculation for determining the weight of walls and slabs for a rectangular 161 
or round structure are listed below: 162 
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 163 
 164 
RECTANGULAR         ROUND 165 
 166 
WWALL= l x w x t x ρ   (3.1.1)                  WBARREL= 0.25π x (OD2 – ID2) x d x ρ (3.1.2)  167 
 168 
WWALL = weight of the wall segment (lbs.)        WBARREL = weight of manhole barrel section (lbs.) 169 
 170 
l = length of the wall segment (ft.)            OD = outside diameter of barrel (ft.) 171 
 172 
w = width of the wall segment (ft.)             ID = inside diameter of barrel (ft) 173 
 174 
t = thickness of wall segment (ft.)           h = inside height of section (ft) 175 
 176 
 ρ= density of concrete (lbs./ft3)           ρ= density of concrete (lbs./ft3)  177 
   178 
 179 
WSLAB = l x h x t x ρ  (3.1.3)        WSLAB = 0.25π d2 x t x ρ    (3.1.4) 180 
 181 
WSLAB = weight of slab (lbs)        WSLAB = weight of round slab (lbs) 182 
 183 
l = length of slab segment (ft)        d = diameter of round slab (ft) 184 
 185 
w = width of slab segment (ft)         t = thickness of slab segment (ft) 186 
 187 
t = thickness of slab segment (ft)          ρ = density of concrete (lbs/ft3) 188 
 189 
ρ = density of concrete (lbs/ft3) 190 
 191 
 192 
As a general guideline, the range of values for heavy, normal, and lightweight concrete 193 
densities are as follows: 194 
 195 
Heavy-weight: 165-330 (lbs/ft3) 196 
Normal-weight: 140-150 (lbs/ft3) 197 
Lightweight: 90-115 (lbs/ft3) 198 
 199 
If the structure has an extended base, the additional concrete weight must be calculated and 200 
included to determine the entire weight of the structure. The calculations for determining the 201 
weight of concrete for rectangular and round structures with an extended base are as follows: 202 
 203 
RECTANGULAR          ROUND 204 
 205 
WSHELF = 2( l + 2s + w) x BS x ρ x s     (3.1.5)            WSHELF= 0.25π x (ODSHELF2 – OD2) x BS x ρ (3.1.6)  206 
 207 
WSHELF = weight of concrete shelf               WSHELF= weight of concrete shelf 208 
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   extension (lbs)            extension (lbs) 209 
 210 
l = length of rectangular structure (ft.)       ODSHELF = outside diameter of shelf (ft.) 211 
 212 
s = width of shelf (ft.)                OD = outside diameter of barrel (ft) 213 
 214 
w = width of rectangular structure (ft.)                 BS = thickness of base slab (ft) 215 
 216 
BS = thickness of base slab (ft)                                 ρ= density of concrete (lbs./ft3)  217 
 218 
 ρ= density of concrete (lbs./ft3)           219 
 220 
 221 
 3.2 Subtract for Openings  222 
When calculating the weight of an underground precast concrete structure, openings must be 223 
accounted for and subtracted from the walls and slabs of the structure. The following equations 224 
are used to determine the approximate weight of the concrete removed due to the openings. 225 
 226 
 227 
Weight of a Subtracted Cylinder Opening  Weight of a Subtracted Rectangular Opening 228 
 229 
WCYLINDER = 0.25π x OD2 x t x ρ       (3.2.1)  WREC = l x w x t x ρ                              (3.2.2) 230 
 231 
WCYLINDER = weight of circular cut out (lbs.)    WREC = weight of rectangular opening (lbs.) 232 
 233 
OD = outside diameter of cut out (ft.)  l = length of rectangular opening (ft.) 234 
 235 
t = wall thickness (ft.)     w = width of rectangular opening (ft.) 236 
 237 
ρ = density of concrete (lbs./ft3)   t = wall thickness (ft.) 238 
 239 

ρ = density of concrete (lbs./ft3) 240 
 241 
 242 
3.3 Weight of Earth Fill 243 
 244 
The weight of the soil acting vertically on the slab top is determined by multiplying the surface 245 
area of the structure by the depth of the fill and the density of the soil. The density of the soil is 246 
dependent on conditions such as geology, compaction, and moisture content. Soil above the 247 
water table has moisture contents that can range from 0% to 100% of the absorption values; 248 
soils below the water table are usually 100% saturated. The dry soil density can be determined 249 
by the soils report or engineering knowledge and judgement by the designer. To determine the 250 
submerged soil density is more complicated and will require the designer to also have 251 
knowledge for the soil specific gravity, Gs, of the soils under consideration. That with the 252 
additional assumption that the submerged soils have a saturation of 100% will provide the 253 
submerged soil density relationship, as shown in Equation 3.3.1. 254 
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 255 
 256 
ρs = [1- (1/Gs)] x ρd         (3.3.1) 257 
 258 
Where: 259 
 260 
ρs = submerged soil density (lbs./ft3) 261 
 262 
GS = soil specific gravity 263 
 264 
ρd = dry soil density (lbs./ft3) 265 
 266 
If all the required soil parameters are not readily known to accurately calculate ρs, a quick and 267 
conservative approach to develop a simplified submerged soil density, ρss, is to subtract the 268 
water density, ρw, from the dry soil density, ρd, as shown in Equation 3.3.2. 269 

 270 
ρss = ρd - ρw          (3.3.2) 271 
 272 
This simplified method will provide a submerged soil density values slightly less in density than 273 
the more rigorous calculation of ρs, and consequently provide a more conservative analysis. 274 
This method is utilized within the sample problems below. Should the designer have available 275 
all the geotechnical soil parameters to confidently calculate the actual submerged soil density, 276 
that value can be utilized within the methodology shown within equation 3.3.1 above. 277 
 278 
 279 
 280 
 281 
 282 
 283 
 284 
 285 
 286 
 287 
 288 
 289 
 290 
 291 
 292 
 293 
 294 
 295 
 296 
 297 
 298 
 299 
 300 
 301 
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 302 
The calculation for determining the weight of the soil on top of a rectangular and round 303 
structure is listed below: 304 
 305 
RECTANGULAR          ROUND 306 
 307 
If soil is dry: 308 
WSOIL= l x w x d x ρd   (3.3.3)             WSOIL= 0.25π x OD2 x d x ρd  (3.3.4) 309 
 310 
If soil is submerged: 311 
WSOIL = l x w x d x ρss    (3.3.5)             WSOIL = 0.25π x OD2 x d x ρss   (3.3.6) 312 
 313 
WSOIL = weight of earth fill (lbs.)          WSOIL = weight of earth fill (lbs.) 314 
 315 
l = length of the rectangular structure (ft.)      OD = outside diameter of the structure (ft.) 316 
 317 
w = width of the rectangular structure (ft.)       d = depth of the structure from surface (ft.) 318 
 319 
d = depth of the rectangular structure from       ρd= dry density of soil (lbs./ft3) 320 
surface (ft.)  321 
 322 
 ρd= dry density of soil (lbs./ft3)      ρss = simplified submerged density of soil 323 
                   (lbs./ft3)  324 
 ρss = simplified submerged density of soil  325 
         (lbs./ft3)     326 
 327 
3.4 Weight of Overburden Soil on Extended Base 328 
 329 
Extending the bottom slab to create a shelf outside the walls of the underground structure adds 330 
resistance to the buoyant for FB. Additional weight is obtained from the supplementary soil 331 
above the shelf. 332 
 333 
Determining the weight of the soils on a shelf (extended base) is the same as calculating weight 334 
of the soils on the slab. The weight of the soils on the shelf is determined by multiplying the 335 
surface area of the shelf by the depth of the shelf and the density of the submerged soil. The 336 
calculation for determining the weight of the soil on rectangular and round structures are listed 337 
below: 338 
 339 
RECTANGULAR     ROUND  340 
     341 
WSOSHELF = 2(l + 2s + w) x s x d x ρss      (3.4.1)  WSOSHELF = 0.25π (OD2 – ID2) x d x ρss  (3.4.2) 342 
 343 
where: 344 
 345 
WSOSHELF = weight of the concrete shelf   WSOSHELF = weight of the concrete shelf  346 
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extension (lbs.)      extension (lbs.) 347 
 348 
l = length of the rectangular structure (ft.)   OD = outside diameter of shelf (ft.) 349 
 350 
s = width of shelf (ft.)      ID = outside diameter of structure (ft.) 351 
 352 
w = width of the rectangular structure (ft.)   d = depth of shelf from surface (ft.)  353 
 354 
d = depth of shelf from surface (ft.) ρss = simplified submerged density of soil   355 

(lbs./ft3) 356 
 357 
ρss = simplified submerged      358 
density of soil   (lbs./ft3) 359 
 360 
 361 
 362 
 363 
3.5 Frictional Resistance (Extended Bases) 364 
 365 
Adding a shelf (extended base) to the bottom of an underground structure not only adds 366 
additional vertical downward force to the structure, it may also add some frictional resistance 367 
from surrounding soil.  This calculation can be obtained by adding the buoyant weight of the 368 
soil wedge created by the base extension (see figure 2). However, many engineering 369 
judgements need to be considered to determine if the frictional resistance can be obtained 370 
within the saturated conditions assumed. It is recommended for saturated soil flotation 371 
calculations the assumed soil friction angle be from 0 to 10 degrees. 372 
 373 

 374 
 375 
                                          Figure 2: Frictional Resistance 376 
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 377 
 378 
3.6 Bench Walls, Inverts, Etc.  379 
 380 
If there happens to be a need for benches, inverts, etc. inside the structure, this adds weight 381 
(WINVERT) to the structure, increasing its total vertical downward force (TDF). The weight of the 382 
bench, invert, etc. should be calculated and factored into the total downward vertical forces 383 
acting on the structure. 384 
 385 
3.7 Equipment Weights (Permanent)  386 
 387 
If there is equipment that is known to be a permanent fixture inside the structure, this adds 388 
weight (WEQUIPMENT) to the structure, increasing its total vertical downward force (TDF). The 389 
weight of the equipment may be obtained by the equipment manufacturer and factored into 390 
the total downward vertical forces acting on the structure. 391 
 392 
 393 

Section 4 – Computing Upward Buoyant Force  394 
 395 
4.1 Buoyant Force (FB)  396 
As stated in Archimedes’ principle, an object is buoyed up by a force equal to the weight of the 397 
fluid displaced. Mathematically the principle is defined by the equation:  398 
 399 
FB = SGw * Vd          (4.1.1)  400 
 401 
Where:  402 
FB = buoyant force (lbs.)       403 
 404 
SGw = specific weight of water (62.4 lbs./ft3)  405 
 406 
Vd = total displaced volume of the fluid (ft3)  407 
 408 

Note: Volume of structure plus the volume of any base extension applied.  409 

 410 
When analyzing buoyancy related to precast concrete structures and applications, the 411 
application is typically below grade and stationary. Assuming the application is stationary in a 412 
fluid, analysis requires an application of the static equilibrium equation in the vertical direction, 413 
Σ Fy = 0 (the summation of forces in the vertical direction equal to zero).  414 
 415 
Analyzing buoyancy related to underground structures requires an application of the same 416 
static equilibrium equation, assuming the structure to be stationary and either submerged or 417 
partially submerged in a fluid (in this case the surrounding soil/fill materials and any associated 418 
groundwater).  419 
 420 
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 421 

Section 5 – Factor of Safety  422 
The factor of safety (FS) considers the relationship between a resisting force and a distributed 423 
force. In this case, it is the relationship between the weight of the structure, and the force of 424 
uplift caused by buoyancy. Failure occurs when that factor of safety is less than 1.0.  425 
 426 
5.2 Guide for selecting an appropriate Factor of Safety  427 
It is recommended that the designer choose an appropriate factor of safety (FS) after reviewing 428 
information about the jobsite. The factor of safety against flotation is usually computed as the 429 
total dead weight of the structure divided by the total buoyancy uplift force.  430 
 431 
In situations of flooding to the top of the structure and using dead weight resistance only, a FS 432 
of 1.10 is commonly used. In flood zone areas, or where high groundwater conditions exist, a FS 433 
of 1.25 should be considered. Where maximum groundwater or flood levels are not well 434 
defined, or where soil friction is included in the flotation resistance, higher FS values should be 435 
considered. 436 
 437 
5.1 Computing the Factor of Safety (FS) 438 
 439 
A factor of safety can be established from the following calculation: 440 
 441 
 442 

FS = Total Downward Forces (TDF) 443 
                  Buoyant Force (Fb) 444 

 445 
 446 
TDF > FB   Structure will remain stationary 447 
TDF < FB  Structure will float or shift upward 448 
 449 
When FS is less than 1, the buoyant force will be greater than the downward forces, which 450 
means that the structure will float. When FS is greater than 1, the buoyant force will be less 451 
than the downward forces, which means that the structure will remain stationary. 452 
 453 

Section 6 – Buoyancy Countermeasures  454 
There are several methods that can be used in the industry to overcome a buoyancy problem. If 455 
the design of the underground structure does not meet the required factor of safety, there are 456 
ways to fix the problem. Here are a few of the different methods used to overcome a buoyancy 457 
problem, both before and after shifting or flotation. 458 
 459 
6.1 Base Extension (Cast-in-Place or Precast)  460 
 461 
Using the additional weight of soil by adding a shelf is a common practice used to counteract a 462 
buoyancy problem. By extending the bottom slab of the structure horizontally, this creates a 463 
shelf outside the walls of the structure and adds additional resistance to the buoyant force. The 464 
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additional vertical downward force comes from the additional weight of the soil acting on the 465 
shelf (WSHELF) and the weight of the additional concrete in the shelf. The size of the shelf can be 466 
designed however large and wide is needed to resist the buoyant force.  467 
 468 
However, limits of shipping width must be considered. In many cases, this is the most cost-469 
effective method to counteract the buoyant force (FB). When pouring the shelf in place (cast-in-470 
place, CIP), mechanical connections must be designed to resist the vertical shear forces. It is 471 
best to have the shelf monolithically poured with the structure if possible.  472 
 473 
Figure 3 below illustrates the additional force that is added when a shelf is included in the 474 
design. 475 
 476 

 477 
 478 
                                                        Figure 3: Base Extension 479 
 480 
 481 
 482 
 483 
 484 
 485 
 486 
 487 
 488 
 489 
 490 
 491 
 492 
 493 
 494 
 495 
 496 
 497 
 498 
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 499 
6.2 Anti-Flotation Slab  500 
Another method used to counteract a buoyancy problem is anchoring the structure to a large concrete 501 
mass poured at the jobsite or using precast concrete transported to the site. This method can cause 502 
problems if both, are not aligned properly, then point loads may result in cracking. CIP concrete can be 503 
expensive and cause delays due to waiting for the required strength to be reached. Precast concrete 504 
alleviates such delays, but the sub-base must be sufficiently level and aligned for the two slabs to sit 505 
flush. One method of ensuring a flush fit is to use a mortar bed between the two surfaces which is 506 
recommended. (See Figure 4 below). 507 
 508 

 509 
                                                             510 
                                                          Figure 4: Anti-Flotation Slab 511 
To design the mechanical connection between the anti-flotation slab and the structure, the net 512 
upward force must be calculated. This can be achieved by multiplying the buoyant force by the 513 
factor of safety and subtracting the total downward force.  514 
 515 
Connection force (lbs.) = FB x FS – TDF  516 
 517 
6.3 Increase Concrete Thickness  518 
Another method that is used to overcome buoyancy is to increase the weight of the concrete 519 
structure. This can be accomplished by increasing concrete thickness (i.e. walls and slabs). 520 
Increasing the thickness of the walls and slabs can add significantly to the total downward force 521 
but this may not always be the most economical solution. This can be a costly alternative due to 522 
the increasing material and production costs. 523 
 524 
6.4 Install Structure Deeper and Fill Base with Additional Concrete 525 
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An additional method used to overcome buoyancy is to install the precast structure deeper 526 
than required for its functional purposes and fill the added depth with additional concrete. This 527 
will add additional soil weight on top of the structure to oppose buoyant forces. Also, with the 528 
structure being deeper in the soil, some contractors opt to pour additional concrete into the 529 
base of the installed precast structure. This will again add more weight to the structure, which 530 
helps overcome buoyance (TDF > FB).  531 
6.5 Anchor the Structure  532 
Another method used to overcome buoyancy is to provide anchors to help tie down the 533 
structure. These anchors are typically independent of the structure as illustrated in the figure 534 
below. The designer must analyze the stresses and strains in the proposed hold down strapping 535 
materials are appropriate and that the corrosion resistance of the material will meet or exceed 536 
the design life for the buried structure itself. 537 
 538 
 539 

 540 
 541 
 542 
 543 

Section 7 – Recap  544 
To review all the other sections above and determine a plan of action, these are the essential 545 
considerations that must be made when writing specifications about buoyant forces.  546 

 547 
1. Use data obtained from either a soils report or other means described in the first part of 548 

Section II. Then from the information obtained, determine an accurate water level in the 549 
ground (WL) and a reasonable factor of safety (FS), which are suitable for the given 550 
jobsite conditions. Try to produce an optimally designed structure, since designing an 551 
underground structure with a higher than needed WL and FS will result in higher 552 
production cost as well as other underlying costs.  553 

 554 
2. Selection of appropriate backfill material. This is needed when backfilling over and 555 

around the structure as well as the shelf as noted in section 3.5. 556 
 557 
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3. When the possibility for flotation exists, the precast concrete designer must develop a 558 
method to resist buoyancy and back the method with calculations. In those calculations, 559 
the designer must show how the structure will resist the buoyant force and determine a 560 
FS. Developing a plan such as this will help the precaster provide the most cost-effective 561 
product. 562 

 563 
4. Submit calculations to the appropriate owner or authority of the precast product for 564 

approval. These calculations need to include the depth of the groundwater level below 565 
grade and state the FS and supply data and information to why the FS is such. Factors 566 
such as the weight of the structure, the weight of the soil over the structure and 567 
shelves, to name a few, should be included.  568 

 569 
It is essential when designing an underground precast structure that the contractor and the 570 
precast manufacturer work together. The precast manufacturer needs vital information which 571 
the contractor usually has access to, and this information will help the precast manufacturer 572 
design the most cost-effective structure which prevents floatation or shifting. The most cost-573 
effective method is determined after considering the site conditions, manufacturing methods, 574 
and the contractor handling and installation issues. 575 
 576 
 577 
 578 
 579 
 580 
 581 

Section 8 – Examples  582 
 583 
8.1 Four examples illustrating how the various countermeasures can be applied are as 584 
follows:  585 
 586 
Problem: A structure is to be installed underground in a location where the water table is at 587 
grade. Verify that the following structure will resist buoyancy using a factor of safety of 1.1. 588 
(See Figure 6 below). 589 
 590 
Inside Length (lL) = 10 ft.     Top Slab Thickness (TS) = 8 in. (0.67 ft.)      Outside Length (OL) = 11.33 ft.  591 
 592 
Inside Width (IW)= 8 ft.       Wall Thickness (WT) = 8 in. (0.67 ft.)            Outside Width (OW) = 9.33 ft. 593 
 594 
Inside Height (lH) = 12 ft.     Bottom Slab Thickness (BS) =8 in.(0.67 ft.)  Outside Height (OH)= 13.33 ft 595 
 596 
Depth of Earth Fill (f) = 1 ft.   Water Table Depth (d) = 0 ft. at grade 597 
 598 
Density (Unit Weight) Concrete (ρC) = 150 lbs./ft3    Top Slab Opening (OTS) = 24 in. diameter (2 ft.)   599 
 600 
Density (Unit Weight) Soil (ρS) = 120 lbs./ft3              Wall Openings (WO) = 36 in. diameter (3 ft.) 601 
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 602 
Density (Unit Weight) Water (ρW) = 62.4 lbs./ft3        Safety Factor Required (FS) = 1.1  603 
 604 
Simplified density of submerged soil (ρSS) = 57.6 lbs/ft3 605 
 606 
 607 

 608 
Step 1: Calculate all downward forces  609 
 610 
Concrete Weight: (WCON) = (OLx OW x OH – IL x IW x IH) x ρC     (8.1.1) 611 
 612 
             WCON = (11.33 ft x 9.33 ft. x 13.33 ft. - 10 ft x 8 ft x 12 ft.) x 150 lbs./ft3 613 
 614 

WCON = 67,364.95 lbs. 615 
 616 
 617 
Weight of Earth Fill: (WFILL) = OL x OW x f x ρSS     (8.1.2) 618 
 619 

WFILL = 11.33 ft x 9.33 ft x 1 ft x 57.6 lbs/ft3 620 

 621 
WFILL = 6,088.83 lbs. 622 

 623 
Top Slab Opening and Soil Weight over Opening (subtracted quantity): 624 
 625 

(TSOSW) = (π x (OTS /2)2 x TS) x ρC + (π x (OTS/2)2 x f) x ρSS      (8.1.3) 626 
 627 

TSOSW = (π x (2 ft./2)2 x 0.67 ft.) x 150 lbs./ft.3 + (π x (2 ft./2)2 x 1.0 ft.) x 57.6 lbs./ft3 628 



 
17 

 629 
TSOSW = 496.69 lbs 630 

 631 
Wall Openings (subtracted quantity): 632 
 633 
(WO) = [(π x (WO/2)2 x WT)  x ρC] x 2 (# of openings)     (8.1.4) 634 
 635 
WO = [(π x (3 ft./2)2 x 0.67 ft.) x 150 lbs./ft.3] x 2 636 
 637 
WO = 1420.79 lbs 638 
 639 
Total Downward Force: 640 
 641 
(TDF) = WCON + WFILL – TSOSW - WO       (8.1.5) 642 
 643 
TDF = 67,364.95 lbs. + 6,088.83 lbs. – 496.69 lbs. – 1420.79 lbs.  644 
 645 
TDF = 71,536.30 lbs 646 
 647 
Step 2: Calculate upward buoyant force 648 
 649 

(FB) = ρw  x Vd         (8.1.6)  650 
 651 

where:  652 
ρw = 62.4 lbs./ft3, and  653 
Vd = OL x OW x OH       (8.1.7)  654 

 655 
FB = 62.4 lbs./ft3 x [11.33 ft. x 9.33 ft. x 13.33 ft] 656 

 657 
FB = 87,927.82 lbs 658 

 659 
Step 3: Calculate the difference between total downward force and upward buoyant force  660 
 661 

Δ = TDF – FB        (8.1.8) 662 
 663 

Δ = 71,536.30 lbs. – 87,927.82 lbs. 664 
 665 

Δ = - 16,391.52 lbs. (upward) 666 
 667 
Step 4: Calculate the safety factor  668 
 669 

(FS) = TDF / FB        (8.1.9) 670 
 671 

FS = 71,536.30 lbs. / 87,927.82 lbs.  672 
 673 
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FS = 0.81 674 
 675 
Since 0.81 < 1.10 the structure will not resist buoyancy forces with the desired FS of 1.1 676 
 677 
 678 
 679 
Following are six optional solutions for consideration: 680 
 681 

1. Make the inside of the structure deeper and add excess concrete fill to the inside of the 682 
structure. 683 

2. Add weight by increasing the wall and slab concrete thicknesses. 684 
3. A. Add an extension to the outside of the base to engage the soil above the extension, 685 

or 686 
B. Increase the shelf extension from 6 inches to 8 inches. 687 

4. Obtain additional soil data to determine actual submerged soil density (ρs) and 688 
recalculate buoyancy factors. 689 

5. If an extension to the outside of the base slab is chosen you could also assume a soil 690 
wedge will develop adding to the downward force to resist flotation. 691 

6. Add a separate anti-flotation slab below the base slab.   692 
 693 
 694 
 695 

OPTION #1: Make the structure deeper and add concrete fill to the 696 

inside.  697 
 698 
Step 1: Calculate the required additional concrete weight  699 
 700 
 701 

(WADD) = (Fb x FS) – TDF        (8.1.10)  702 
 703 

WADD = (87,927.82 lbs. x 1.1) – 71,536.30 lbs.  704 
 705 

WADD = 25,184.30 lbs.   706 
 707 
Step 2: Calculate the additional structure depth required  708 
 709 

(DADD) = VADD / AOUTSIDE        (8.1.11)  710 
 711 

where:  712 
 713 

VADD = WADD / (ρc - ρw), and        (8.1.12)  714 
 715 

AOUTSIDE = (OL x OW)          (8.1.13) 716 
 717 

AOUTSIDE = (Ol x OW)         (8.1.13) 718 



 
19 

 719 
WADD                                25,184.30 lbs.  720 

                     (ρC – ρW)                              150 lbs./ft.3 – 62.4 lbs./ ft.3 721 
DADD  =                                              =                                                                     (8.1.14) 722 

              (Ol x OW)                                  (11.33 ft. x 9.33 ft.) 723 
 724 

DADD = 287.49 ft. / 105.71 ft.  725 
 726 
DADD = 2.72 ft. (round up to 3.0 ft.) 727 
 728 
Step 3: Revise given information inside and outside height (see given below and Figure 7) 729 
 730 
Inside Length (lL) = 10 ft.  Top Slab Thickness (TS) = 8 in. (0.67 ft.)   Outside Length (OL) = 11.33 ft.  731 
 732 
Inside Width (Iw)= 8 ft.       Wall Thickness (WT) = 8 in. (0.67 ft.)       Outside Width (OW) = 9.33 ft. 733 
 734 
Inside Height (lH) = 15 ft. Bottom Slab Thickness (BS) =8 in.(0.67 ft.) Outside Height (OH)= 16.33 ft 735 
 736 
Depth of Earth Fill (f) = 1 ft.   Water Table Depth (d) = 0 ft. at grade 737 
 738 
Density (Unit Weight) Concrete (ρC) = 150 lbs./ft3    Top Slab Opening (OTS) = 24 in. diameter (2 ft.)   739 
 740 
Density (Unit Weight) Soil (ρS) = 120 lbs./ft3              Wall Openings (WO) = 36 in. diameter (3 ft.) 2 each 741 
 742 
Density (Unit Weight) Water (ρW) = 62.4 lbs./ft3        Safety Factor Required (FS) = 1.1  743 
 744 
Simplified density of submerged soil (ρSS) = 57.6 lbs/ft3 745 
 746 
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 747 
 748 
Step 4: Recalculate all of the downward forces 749 
 750 
Concrete Weight: (WCON) = (OL x OW x OH – IL x IW x IH) x ρC     (8.1.1) 751 
 752 

WCON = (11.33 ft. x 9.33 ft. x 16.33 ft. – 10 ft. x 8 ft. x 15 ft.) x 150 lbs./ft3  753 

 754 
WCON = 78,933.95 lbs. 755 

 756 
 757 
Weight of Earth Fill: (WFILL) = OL x OW x f x ρSS     (8.1.2) 758 
 759 

WFILL = 11.33 ft x 9.33 ft x 1 ft x 57.6 lbs/ft3 760 

 761 
WFILL = 6,088.83 lbs. 762 

 763 
Weight of Infill: (WINFILL) = IL x IW x DADD x ρC      (8.1.15) 764 
 765 

WINFILL = 10 ft x 8 ft x 3 ft x 150 lbs/ft3 766 
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 767 
WINFILL = 36,000 lbs 768 

 769 
Top Slab Opening and Soil Weight over Opening (subtracted quantity): 770 
 771 

(TSOSW) = (π x (OTS /2)2 x TS) x ρC + (π x (OTS/2)2 x f) x ρSS     (8.1.3) 772 
 773 

TSOSW = (π x (2 ft./2)2 x 0.67 ft.) x 150 lbs./ft.3 + (π x (2 ft./2)2 x 1.0 ft.) x 57.6 lbs./ft3 774 
 775 

TSOSW = 496.69 lbs. 776 
 777 
Wall Openings (subtracted quantity): 778 
 779 

(WO) = [(π x (WO/2)2 x WT)  x ρC] x 2       (8.1.4) 780 
 781 

WO = [(π x (3 ft./2)2 x 0.67 ft.) x 150 lbs./ft.3] x 2 782 
 783 

WO = 1420.79 lbs 784 
 785 
 786 
 787 
 788 
 789 
 790 
Total Downward Force: 791 
 792 

(TDF) = WCON + WFILL + WINFILL – TSOSW - WO     (8.1.5) 793 
 794 

TDF = 78,933.95 lbs. + 6,088.83 lbs. + 36,000 lbs. – 496.69 lbs. – 1420.79 lbs.  795 
 796 
TDF = 119,105.30 lbs. 797 

 798 
Step 5: Calculate upward buoyant force 799 
 800 

(FB) = ρw x Vd          (8.1.6)  801 
 802 
where:  803 

ρw = 62.4 lbs./ft3, and  804 
Vd = OL x OW x (OH)        (8.1.7)  805 

 806 
FB = 62.4 lbs./ft3 x [11.33 ft. x 9.33 ft. x 16.33 ft] 807 

 808 
FB = 107,716.52 lbs 809 

 810 
Step 6: Calculate the difference between total downward force and upward buoyant force 811 
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 812 
Δ = TDF – FB          (8.1.8) 813 

 814 
Δ = 119,105.30 lbs. – 107,716.52 lbs. 815 

 816 
Δ = 11,388.78 lbs. (downward) 817 

 818 
Step 7: Calculate Safety Factor  819 
 820 

(FS) = TDF / FB         (8.1.9) 821 
 822 

FS = 119,105.30 lbs. / 107,716.52 lbs. 823 
 824 

FS = 1.11 825 
 826 
The structure will resist buoyancy forces with the desired FS of 1.1. 827 
 828 

 829 

 830 

 831 

 832 

 833 

 834 

OPTION #2: Increase concrete wall, and slab thickness.  835 
 836 
Using the same interior length, width, and height, let’s assume a 12” (1 ft.) top slab, 14” (1.08 837 
ft.) walls, and 12” (1 ft.) bottom slab (see given below and Figure 8). 838 
 839 
Inside Length (lL) = 10 ft.     Top Slab Thickness (TS) = 12 in. (1.0 ft.)      Outside Length (OL) = 12.17 ft.  840 
 841 
Inside Width (IW)= 8 ft.       Wall Thickness (WT) = 13 in. (1.08 ft.)         Outside Width (OW) = 10.17 ft. 842 
 843 
Inside Height (lH) = 15 ft.     Bottom Slab Thickness (BS) =12 in.(1 ft.)      Outside Height (OH)= 14.0 ft 844 
 845 
Depth of Earth Fill (f) = 1 ft.   Water Table Depth (d) = 0 ft. at grade 846 
 847 
Density (Unit Weight) Concrete (ρC) = 150 lbs./ft3    Top Slab Opening (OTS) = 24 in. diameter (2 ft.)   848 
 849 
Density (Unit Weight) Soil (ρS) = 120 lbs./ft3              Wall Openings (WO) = 36 in. diameter (3 ft.) 2 each 850 
 851 
Density (Unit Weight) Water (ρW) = 62.4 lbs./ft3        Safety Factor Required (FS) = 1.1  852 
 853 
Simplified density of submerged soil (ρSS) = 57.6 lbs/ft3 854 
 855 
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 856 

 857 
Figure 8 858 

 859 
Step 1: Calculate all of the downward forces 860 
 861 
Concrete Weight: (WCON) = (OL x OW x OH – IL x IW x IH) x ρC     (8.1.1) 862 
 863 

WCON = (12.33 ft. x 10.17 ft. x 14 ft. – 10 ft. x 8 ft. x 12 ft.) x 150 lbs./ft3  864 

 865 
WCON = 119,331.75 lbs. 866 

 867 
Weight of Earth Fill: (WFILL) = OL x OW x f x ρSS     (8.1.2) 868 
 869 

WFILL = 12.17 ft x 10.33 ft x 1 ft x 57.6 lbs/ft3 870 

 871 
WFILL = 7,421.23 lbs. 872 

 873 
Top Slab Opening and Soil Weight over Opening (subtracted quantity): 874 
 875 

(TSOSW) = (π x (OTS /2)2 x TS) x ρC + (π x (OTS/2)2 x f) x ρSS      (8.1.3) 876 
 877 

TSOSW = (π x (2 ft./2)2 x 1 ft.) x 150 lbs./ft.3 + (π x (2 ft./2)2 x 1.0 ft.) x 57.6 lbs./ft3 878 
 879 

TSOSW = 652.19 lbs 880 
 881 
Wall Openings (subtracted quantity): 882 
 883 

(WO Weight) = [(π x (WO/2)2 x WT)  x ρC] x 2 openings     (8.1.4) 884 
 885 

WO Weight = [(π x (3 ft./2)2 x 1.08 ft.) x 150 lbs./ft.3] x 2 886 
 887 
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WO WEIGHT = 2,290.22 lbs. 888 
 889 
Total Downward Force: 890 
 891 

(TDF) = WCON + WFILL– TSOSW - WO WEIGHT      (8.1.5) 892 
 893 

TDF = 119,331.75 lbs. + 7,421.23 lbs. – 652.19 lbs. – 2290.22 lbs.  894 
 895 

TDF = 123,810.57lbs. 896 
 897 
 898 
Step 2: Calculate upward buoyant force 899 
 900 

(FB) = ρw x Vd          (8.1.6)  901 
 902 
where:  903 

ρw = 62.4 lbs./ft3, and  904 
Vd = OL x OW x OH        (8.1.7)  905 

 906 
FB = 62.4 lbs./ft3 x [12.17 ft. x 10.33 ft. x 14 ft] 907 
 908 
FB = 109,825.59 lbs. 909 

 910 
 911 
Step 3: Calculate the difference between total downward force and upward buoyant force 912 
 913 

Δ = TDF – FB          (8.1.8) 914 
 915 

Δ = 123,810.57 lbs. – 109,825.59 lbs. 916 
 917 

Δ = 13.984.98 lbs. (downward) 918 
 919 
Step 4: Calculate Safety Factor  920 
 921 

(FS) = TDF / FB         (8.1.9) 922 
 923 

FS = 123,810.57lbs. / 109825.59 lbs. 924 
 925 

FS = 1.13 926 
 927 
The structure will resist buoyancy forces with the desired FS greater than 1.1 928 
 929 
 930 
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OPTION #3a: Add an extension to the outside of the base slab to 931 

engage the soil outside the structure. 932 
 933 
The base extension is the same thickness as the bottom slab of the structure and extends 6 in. 934 
(0.5 ft.) from the existing side walls on all sides. 935 
 936 
Inside Length (lL) = 10 ft.     Top Slab Thickness (TS) = 8 in. (0.67 ft.)          Outside Length (OL) = 11.33 ft.  937 
 938 
Inside Width (IW)= 8 ft.       Wall Thickness (WT) = 8 in. (0.67 ft.)               Outside Width (OW) = 9.33 ft. 939 
 940 
Inside Height (lH) = 12 ft.    Bottom Slab Thickness (BS) =8 in.(0.67 ft.)      Outside Height (OH)= 13.33 ft 941 
 942 
Depth of Earth Fill (f) = 1 ft.   Water Table Depth (d) = 0 ft. at grade        Base Extension (s) = 6 in. (0.5 ft.) 943 
 944 
Density (Unit Weight) Concrete (ρC) = 150 lbs./ft3    Top Slab Opening (OTS) = 24 in. diameter (2 ft.)   945 
 946 
Density (Unit Weight) Soil (ρS) = 120 lbs./ft3              Wall Openings (WO) = 36 in. diameter (3 ft.) 947 
 948 
Density (Unit Weight) Water (ρW) = 62.4 lbs./ft3        Safety Factor Required (FS) = 1.1  949 
 950 
Simplified density of submerged soil (ρSS) = 57.6 lbs/ft3 951 
 952 

 953 
 954 
Step 1: Calculate all downward forces 955 
 956 
Concrete Weight: (WCON) = (OL x OW x OH – IL x IW x IH) x ρC    (8.1.1) 957 
 958 

WCON = (11.33 ft. x 9.33 ft. x 13.33 ft. – 10 ft. x 8 ft. x 12 ft.) x 150 lbs./ft3  959 
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 960 
WCON = 67,364.95 lbs. 961 

 962 
Concrete Weight of Shelf Extension:  963 
 964 

(WSHELF) = 2 x (Ol + 2s + OW) x Bs x ρC x s     (3.1.5)  965 
 966 

WSHELF = 2 x [11.33 ft. + (2 x 0.5 ft.) + 9.33 ft] x 0.67 ft. x 150 lbs./ft3 x 0.5 ft.  967 
 968 

WSHELF = 2,176.83 lbs. 969 
 970 
Weight of Earth Fill: (WFILL) = OL x OW x f x ρSS    (8.1.2) 971 
 972 

WFILL = 11.33 ft x 9.33 ft x 1 ft x 57.6 lbs/ft3 973 

 974 
WFILL = 6,088.83 lbs. 975 

 976 
 977 
 978 
 979 
 980 
Buoyant Weight of Soil Engaged by Shelf Extension:  981 
 982 

(BWSE) = [(Perimeter of structure x s) x soil height x ρSS 983 
 984 
where: BWSE = [2 x (OL + s) + 2 x (OW + s)] x s * (IH + TS + f) * ρSS   (8.1.16)  985 
 986 

BWSE = [2 x (11.33 ft. + 0.5 ft) + 2 x (9.33 ft. + 0.5 ft.)] x 0.5 ft. x (12 ft. + 0.67 ft. + 1 ft.) x 987 
(57.6 lbs./ft3)  988 

 989 
BWSE = 17,054.91 lbs. 990 

 991 
Top Slab Opening and Soil Weight over Opening (subtracted quantity): 992 
 993 

(TSOSW) = (π x (OTS /2)2 x TS) x ρC + (π x (OTS/2)2 x f) x ρSS       (8.1.3) 994 
 995 

TSOSW = (π x (2 ft./2)2 x 0.67 ft.) x 150 lbs./ft.3 + (π x (2 ft./2)2 x 1.0 ft.) x 57.6 lbs./ft3 996 
 997 

TSOSW = 496.69 lbs. 998 
 999 
 1000 
Wall Openings (subtracted quantity): 1001 
 1002 
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(WO WEIGHT) = [(π x (WO/2)2 x WT)  x ρC] x 2 openings     1003 
 (8.1.4) 1004 
 1005 

WO WEIGHT = [(π x (3 ft./2)2 x 0.67 ft.) x 150 lbs./ft.3] x 2 1006 
 1007 

WO WEIGHT = 1420.79 lbs 1008 
 1009 
Total Downward Force with Shelf 1010 
 1011 

(TDF) = WCON + WSHELF + WFILL + BWSE– TSOSW - WO     1012 
 (8.1.5) 1013 
 1014 

TDF = 67,364.95 lbs. + 2,176.83 lbs. + 17,054.91 lbs. + 6,088.83 lbs. – 496.69 lbs. – 1015 
1,420.79 lbs.  1016 
 1017 
TDF = 107,822.95 lbs 1018 

 1019 
 1020 
 1021 
 1022 
 1023 
 1024 
 1025 
Step 2: Calculate upward buoyant force 1026 
 1027 

(FB) = ρw x Vd          (8.1.6)  1028 
 1029 

where:  1030 
ρw = 62.4 lbs./ft3, and  1031 
Vd = [OL x OW x OH] + [2 x (OL + 2s + OW) x TS x s    (8.1.18)  1032 

 1033 
FB = 62.4 lbs./ft3 x [11.33 ft. x 9.33 ft. x 13.33 ft] + [2 x (11.33 ft. + 1 ft. + 9.33 ft.) x 0.67 1034 
ft. x 0.5 ft.] 1035 
 1036 
FB = 88,833.38 lbs 1037 

 1038 
Step 3: Calculate the difference between total downward force and upward buoyant force. 1039 
 1040 
Δ = TDF – FB           (8.1.8) 1041 
 1042 
Δ = 107,822.95 lbs. – 88,833.83 lbs. 1043 
 1044 
Δ = 18,989.12 lbs. (downward) 1045 
 1046 
Step 4: Calculate Safety Factor 1047 
 1048 
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(FS) = TDF / Fb           (8.1.9) 1049 
 1050 
FS = 107,822.95 lbs. / 88,833.38 lbs. 1051 
 1052 
FS = 1.21 1053 
 1054 
The required FS is 1.1, the resulting FS of 1.21 is adequate.   1055 
 1056 
 1057 
 1058 
 1059 
 1060 
 1061 
 1062 
 1063 
 1064 
 1065 
 1066 
 1067 
 1068 
 1069 
 1070 

OPTION #4: Obtain additional backfill soil geotechnical data and use 1071 

actual submerged soil density 1072 
 1073 
Obtain additional backfill soil geotechnical data that provides specific gravity and dry soil 1074 
density information to calculate the actual submerged soil density, ρs, described in Section 3.3. 1075 
 1076 
Recalculate the downward force replacing ρss with this ρs value. With a soil specific gravity 1077 
provided of 2.68 and dry density of 118 lbs./ft3 the submerged soil density is: 1078 
 1079 

ρs = [1- (1/Gs)] x ρd      (3.3.1) 1080 
ρs = [1- (1/2.68)] x 118 lbs./ft3 1081 
ρs = 73.97 lbs./ft3 1082 

 1083 
By using this soil density and performing the same calculations we did under option 3, we get:   1084 
 1085 
WCON = 67,364.95 lbs. 1086 
 1087 
WSHELF = 2,176.83 lbs. 1088 
 1089 
WFILL = 7,819.29 lbs. 1090 
 1091 
BWSE = 21,901.94 lbs. 1092 
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 1093 
TSOSW = -548.11 lbs. 1094 
 1095 
WO WEIGHT = - 1420.79 lbs 1096 
 1097 
TDF = 97,294.11 lbs 1098 
 1099 
FB = 88,833.38 lbs 1100 
 1101 
Δ = 8,460.73 lbs.  1102 
 1103 
FS = 1.1 1104 
 1105 
The required FS is 1.1, so using actual soil density works with a 6” base extension. 1106 
 1107 
 1108 
 1109 
 1110 
 1111 
 1112 
 1113 

 1114 

OPTION #5: Calculate additional downward force due to soil wedge  1115 
 1116 
Since the factor of safety without considering a soil wedge is slightly greater than 1.0, compute the 1117 
weight of soil within the soil wedge. Assume a fiction angle of α = 10o (conservative) 1118 
 1119 

 1120 
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 1121 
 1122 
Through basic trigonometry, we need the top measurement x of the wedge.   (Figure 11) 1123 

 1124 
 1125 

The height of the wedge goes from the top of the shelf to the top of the soil 1126 
 1127 
= IL + TS + f = 12 ft. + 0.67 ft. + 1 ft. = 13.67 ft.  1128 
 1129 
We know through trigonometric equations with right angle triangles that TAN 10o = x / 13.67 ft.  1130 
 1131 
So x = TAN 10o x 13.67 ft. = 2.41 ft.   1132 
 1133 
 1134 
 1135 
 1136 
 1137 
 1138 
 1139 
 1140 
 1141 
 1142 
 1143 
 1144 
 1145 
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 1146 
 1147 
 1148 
 1149 
 1150 
 1151 
 1152 
 1153 
 1154 
 1155 
 1156 
 1157 
 1158 
 1159 

FIGURE 11 1160 
 1161 

Knowing this dimension now 1162 enables us to calculate the 
weight of the soil wedge.  We are calculating only the wedge portion around the outer 1163 
perimeter of the extended base  1164 
(Figure 12) 1165 
 1166 
 1167 

 1168 
 1169 

FIGURE 12 1170 
 1171 
 1172 
Volume of a hollow obelisk such as this is (Figure 13) 1173 
 1174 
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 1175 
Figure 13 1176 

 1177 
In our case 1178 
 1179 
a = 12.33 ft. 1180 
b = 10.33 ft. 1181 
A = 12.33 + 2.41 + 2.41 = 17.15 ft. 1182 
B = 10.33 + 2.41 + 2.41 = 15.15 ft. 1183 
H = 13.67 ft. 1184 
 1185 
Volume soil wedge = [ 13.67/6 x ((15.15x10.33) + (12.33 x 17.15)   1186 

+ 2x((10.33 x 12.33) + (17.15 x 15.15)) – (10.33 x 12.33 x 13.67)] 1187 
 1188 
Volume soil wedge = 852.39 ft3 1189 
    1190 
Weight of the soil wedge = Volume of soil wedge x (density submerged soil ρSS ) 1191 
         =  852.39 ft3 x (57.6 lbs/ft3) 1192 
         = 49,097.66 lbs 1193 
 1194 
 1195 
Calculate new TDF = 90,768.04 lbs. + 49,097.66 lbs. = 139, 865.70 lbs 1196 
 1197 
Calculate new FS  1198 

(FS) = TDF / Fb        (8.1.9)  1199 
FS = 139,865.7 lbs. / 88,833.83 lbs.  1200 
FS = 1.57 1201 
 1202 
The resulting FS of 1.57 satisfies the requirements. 1203 
 1204 
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OPTION #6: Add a separate anti-flotation slab below the base slab of 1205 

the original structure. 1206 
 1207 
Using the original structure geometry from option 3 without the soil wedge with a FS = 1.02, 1208 
add a separate anti-flotation slab below the existing base slab of the structure. Assume the 1209 
separate anti-flotation slab to have a thickness of 1 ft. and the same outside dimensions as the 1210 
base slab and extension from the structure in option 3. 1211 
 1212 
Inside Length (lL) = 10 ft.     Top Slab Thickness (TS) = 8 in. (0.67 ft.)      Outside Length (OL) = 11.33 ft.  1213 
 1214 
Inside Width (Iw)= 8 ft.       Wall Thickness (WT) = 8 in. (0.67 ft.)            Outside Width (OW) = 9.33 ft. 1215 
 1216 
Inside Height (lH) = 12 ft.     Bottom Slab Thickness (BS) =8 in.(0.67 ft.)  Outside Height (OH)= 13.33 ft 1217 
 1218 
Depth of Earth Fill (f) = 1 ft.   Water Table Depth (d) = 0 ft. at grade    Base Extension (s) = 6 in (0.5 ft.) 1219 
 1220 
Anti-Flotation Slab Thickness (AFT) = 1ft              Anti-Flotation Slab Protrusion all sides (AFP) = 6” (0.5 ft.) 1221 
 1222 
Density (Unit Weight) Concrete (ρC) = 150 lbs./ft3    Top Slab Opening (OTS) = 24 in. diameter (2 ft.)   1223 
 1224 
Density (Unit Weight) Soil (ρS) = 120 lbs./ft3              Wall Openings (WO) = 36 in. diameter (3 ft.) 2 each 1225 
 1226 
Density (Unit Weight) Water (ρW) = 62.4 lbs./ft3        Safety Factor Required (FS) = 1.1  1227 
 1228 
Simplified density of submerged soil (ρSS) = 57.6 lbs/ft3 1229 
 1230 
 1231 
 1232 
Step 1: Calculate all downward forces 1233 
 1234 
Concrete Weight: (WCON) = (Ol x OW x OH – Il x IW x IH) x ρC                     (8.1.1) 1235 
 1236 
WCON = (11.33 ft. x 9.33 ft. x 13.33 ft. – 10 ft. x 8 ft. x 12 ft.) x 150 lbs./ft3 1237 
 1238 
WCON = 67,364.95 lbs. 1239 
 1240 
Concrete Weight of Shelf Extension: 1241 
 1242 
(WSHELF) = 2 x (Ol + 2s + OW) * BS x ρC x s                    (3.1.5) 1243 
 1244 
WSHELF = 2 * [11.33 ft. + (2 * 0.5 ft.) + 9.33 ft] * 0.67 ft. * 150 lbs./ft3 * 0.5 ft. 1245 
 1246 
WSHELF = 2,176.83 lbs. 1247 
 1248 
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Weight of Earth Fill: 1249 
 1250 
 (WFILL) = Ol x OW x f x ρSS        (8.1.2) 1251 
 1252 
WFILL= 11.33 ft. x 9.33 ft. x 1 ft. x 57.6 lbs./ft3 1253 
 1254 
WFILL = 6,088.83 lbs 1255 
 1256 
Buoyant Weight of Soil Engaged by Shelf Extension: 1257 
 1258 
(BWSE) = [(Perimeter of structure x s) x soil height x ρSS               (8.1.16) 1259 
 1260 
where:  1261 
Perimeter of structure = 2 x (Ol + s) + 2 x (OW + s) = 2 x (11.33 ft. + 0.5 ft) + 2 x  (9.33 ft. + 0.5 ft) 1262 
 1263 
Perimeter of structure = 43.32 ft.  1264 
 1265 
Soil height = IH + TS + f = 12 ft. + 0.67 ft. + 1 ft. = 13.67 ft. 1266 
 1267 
BWSE = 43.32 ft. x 0.5 ft. x 13.67 ft. x 57.6 lbs/ft3 1268 
 1269 
BWSE = 17,054.91 lbs. 1270 
 1271 
Top Slab Opening and Soil Weight over Opening (subtracted quantity): 1272 
 1273 
(TSOSW) = (π x (OTS/2)2 x TS) * ρc + (π * (OTS/2)2 * f) * ρss    (8.1.3) 1274 
 1275 
TSOSW = (π x (2 ft./2)2 x 0.67 ft.) x 150 lbs./ft3 + (π x (2 ft./2)2 x 1.0 ft.) x 57.6 lbs./ft3 1276 
 1277 
TSOSW = 496.69 lbs 1278 
 1279 
 1280 
Wall Openings (subtracted quantity): 1281 
 1282 
(WO Weight) = [(π x (OW/2)2 x WT)  x ρc] x 2       (8.1.4) 1283 
 1284 
WO Weight = [(π x (3 ft./2)2 * 0.67 ft.) x 150 lbs./ft3] * 2 1285 
 1286 
Wo WEIGHT = 1420.79 lbs. 1287 
 1288 
 1289 
 1290 
 1291 
 1292 
 1293 
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Total Downward Force with Shelf: 1294 
 1295 
(TDF) = WCON + BWSE + WFILL – TSOSW - WO       (8.1.5) 1296 
 1297 
TDF = 67,364.95 lbs. + 17,054.91 lbs + 6,088.83 lbs. – 496.69 lbs. – 1420.79 lbs. 1298 
 1299 
TDF = 90,768.04 lbs 1300 
 1301 
Step 2: Calculate upward buoyant force 1302 
 1303 
(FB) = ρW * VD          (8.1.6) 1304 
 1305 
where: ρW = 62.4 lbs/ft3 and 1306 
 1307 
VD = (Ol x OW x (OH + f )) + [2 x (Ol + 2s + OW ) x TS x s ]   (8.1.7) 1308 
 1309 
FB = 62.4 lbs./ft3 x (11.33 ft. x 9.33 ft. x 13.33 ft.) + [2 x (11.33 ft. + 1 ft. + 9.33 ft.) x  1310 
 1311 
0.67 ft. x 0.5 ft.] 1312 
 1313 
FB = 88,833.83 lbs. 1314 
 1315 
Step 3: Calculate the difference between total downward force and upward buoyant force 1316 
 1317 
Δ = TDF - FB          (8.1.8) 1318 
 1319 
Δ = 90,768.04 lbs. – 88,833.83 lbs. 1320 
 1321 
Δ = 1,934.21 lbs (downward) 1322 
 1323 
Step 4: Calculate Safety Factor 1324 
 1325 
(FS) = TDF / FB          (8.1.9) 1326 
 1327 
FS = 90,768.04 lbs. / 88,833.83 lbs. 1328 
 1329 
FS = 1.02 1330 
 1331 
The required FS is 1.1, the resulting FS = 1.02 does not work. 1332 
 1333 
 1334 
 1335 
 1336 
 1337 
 1338 
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Step 5: Calculate the additional downward force created by the slab 1339 
 1340 
Slab volume: 12.33 ft. x 10.33 ft. x 1 ft. = 127.37 ft3 1341 
 1342 
Slab weight: 127.37 ft3 x (150 lbs./ft3)= 19, 105.34 lbs 1343 
 1344 
Add slab weight to total downward force from above: 1345 
 1346 
TDF = 90,768.04 lbs. + 19,105.34 lbs. 1347 
 1348 
TDF = 109,873.38 lbs 1349 
 1350 
Step 6: Calculate new buoyant force 1351 
 1352 
(FBslab) = ρW * Slab volume = 62.4 lbs/ft3 x 127.37 ft3 = 7,947.89 ft3 1353 
 1354 
FB = 88,833.83 lbs. + 7,947.89 lbs. = 96,781.72 lbs 1355 
 1356 
Step 7 : Calculate new FS 1357 
 1358 
FS = 109,873.38 lbs / 96,781.72 lbs 1359 
 1360 
FS = 1.14 > 1.1 OK 1361 
 1362 
 1363 
 1364 
 1365 
Could we potentially reduce the anti-flotation slab thickness to 10 in.? 1366 
 1367 
Slab volume: 12.33 ft. x 10.33 ft. x 0.83 ft. = 105.72 ft3 1368 
 1369 
Slab weight: 105.72 ft3 x 150 lbs./ft3= 15,857.43 lbs 1370 
 1371 
Add slab weight to total downward force from above: 1372 
 1373 
TDF = 90,768.04 lbs. + 15,857.43 lbs. 1374 
 1375 
TDF = 106,625.47 lbs 1376 
 1377 
Step 6: Calculate new buoyant force 1378 
 1379 
(FBslab) = ρW * Slab volume = 62.4 lbs/ft3 x 105.72 ft3 = 6,596.93 ft3 1380 
 1381 
FB = 88,833.83 lbs. + 6,596.93 lbs. = 95,430.76 lbs 1382 
 1383 
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Step 7 : Calculate new FS 1384 
 1385 
FS = 106,625.47 lbs / 95,430.76 lbs 1386 
 1387 
FS = 1.12 > 1.1 OK 1388 
 1389 
Yes, we could make the slab 10 in. instead of 1 ft.   1390 


