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Foundation Anal ysis and
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Performance Requirements for Foundations




Definition of Failure

“...an unacceptable difference between expected
and observed performance.” (G.A. Leonards)

Foundations are not typically perfectly rigid ore
unyleldlng

shear failure) or by excessive settlement
(consolidation, differential settlement, etc.)

Failure is also dependent on other factors no
directly related to the foundation and soll
Interaction (type of structure, etc.)




Requirements for Foundation
Design

e Strength Requirements
- e Serviceability Requirements

~ e Constructibility Requirements

. A

e Economic Requirements




Types of Desi gn Loads

e Normal Loads (P)

|
|
@T e Normal loads can be
upward or downward =
@P e Shear Loads (V)
g“‘ e Moment Loads (M) £
T e Torsion Loads (T)
N

e Usually not significantfe=
In foundation design




Sources of Loadin ¢

e Dead loads (D) e Self-straining loads
e Live Loads (L) (S)
Snow (S) and Rain ~ ® Impact Loads (I)

(R) Loads e Stream Flow (SF) anwf?::

Farth Pressure Loads '€ (ICE) Loads

(H) e Vehicle Motion:
- Centrifugal (CF) and ===
Fluid Loads (F) Braking (BF) Loads £ =

Earthquake Loads (E)
Wind Loads (W)




Types of Foundations to Carr y
the Loads
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Method of Expression of Desl gn
Load

e Allowable Stress Design (ASD)

e Design load is the most critical combination of the
various load sources, as defined by the applicable cod

e Most common in foundation design

e Applies load factors (usually greater than unity) to &
nominal load to obtain a factored load

e Factored load is then compared to a resistance fagigte
by Its own resistance factor

e Becoming more important in foundation design



Allowable Stress Desi gn

e ANSI/ASCE Minimum Design Loads for
Buildings and Other Structur)esriteria for most
critical combination of the various load sources:
greatest of the following: —

D
D+L+F+H+T+(L,VSVR)

D+L+(L, VSVR)+(WVE)
D+(WVE)




Allowable Stress Desi gn

e Alternative Method of Evaluation Wind and
Seismic Loads (IBC, UBC, BOCA)

- 0.79D+L+(L,VSVR)+(WVE)

T
s

- ey
BWEE £
==

ast two equations in previous slide

= | e Enables foundation to be sized only once ratHer
than for wind and seismic loads separately &=




Example of ASD Desi gn

e Glven

e Column carries following vertical compressive loads:
e P_(D)=2100 kN Downward (Dead Load) '

e P (L)=1400 kN Downward (Live Load) ;
e P, (W)=600kN Upward (Wind Load) |
" e Find

e Compute normal design load for use in
design using ASD load combinations




Example of ASD Desi gn

e Governing Equations

D
D+L+F+H+T+(L VSVR)

O.75L D+L+(L VSVR)+(WVE) ;_
0.75D+(W VE)]
e D=2100 kN
e L =1400 kN
= = ¢ W =-600kN (note sign convention)




Example of ASD Desi gn

e Substituting Variables

2100kN
- 2100+1400+0+0+0+0=3500kN

2100+ 1400+ 0—600]= 2175k«

3

4
= e 3500 kN is the governing load

= 3
[2100-600]=1125kN




Factors of Safet y

{:a_?ctfur‘ of ﬁnfe{r% -

= Lorces orevent t'nf," f-a.—,.!’rwe
£ T hrces it :‘L'mf:'njr failure

S Moments ,ﬂf‘EVEﬂf;'ng' fa.:'n‘.'r:.-r,r'f_
F i -3 -""‘;ame:-n.‘,s Irih{é:.i::f.t'-"?ﬁ 'l""t-.lT.h'll':-r..{.i't

Type =
Dams, Ll s /2 le
Pelaoiring walls /5 2.0
Sheet .s'z.ﬂ oalls

and = dorns /2-16
Braced ercavalions l2-/5
ool ings 2-3
Mats -'"‘ﬁ;:",ﬂ f.‘r—.?.j-
fg:f:#, heave /5- 25

;Fi'ﬂq 3___5




Example of Application of
Factors of Safet y

e Gilven
e Previous problem, 3500 kN design load

= Primarily applicable to the resisting capacity c
the soll rather than the material capacity of thg==
foundation material




Example Applied to Material
Sizing
e Gilven

e Foundation with design load of 3500 kN
e T0 be supported by four (4) H-piles, made of A 36&

—

steel =

e Yield Strength = 36 ksi S

e Allowable Strength = 10 ksi = 69 MPa = 69,000 kPa

e Eccentricity and bending not taken into consideration;
e purely axial load ke
| @ Find

e Required cross-sectional area of steel




H-Piles

e Similar to I-beams
except that cross-

e b

width and distance
from flange faceto &
flange face is nearly & =
the same —




Splicin g and
Weldin g of H-
Beam Pliles

aPL 1 CER

H—P I LE
"

a. H-PILE SPLICE

I HNNER

L~ SLEEVE OUTER
# J‘// SLEEVE

q__‘
WELDS

b.

PIFE PILE BUIT AND FILLET WELDS




Eccentricit y of Load

X
A

D0 0.0

e, = B.DF?‘F@)(: 0.8"
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Computation of Cross-Sectional
Area

e Load Divided among the four H-beams
e P/pile = 3500 kN/4 = 875 kN

- e Computation of cross-sectional area per pile -
- based on allowable stresses

e A = Load/Allowable Stress = 875 kN/69,000 kPa :
0.01268 M= 12,681 mrA= 19.66 iri

e Select H-Beam Size Based on H-Beam =




H-Beam Tables
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a. English Unitcs
Flange Hel Section Properties
ATen Fepth Width Thickmness Thickness Mwim  H=x Axis Y=5%
Designation A, im.? d, in. By, 4m. £y, 1. L., im. I, in.* 5, im.* E, in. I, ia.® B, in .t =, in.
HFl4 x 117 o L 14 21 14, BES 0.805 0.805 1224 172.0 5.896 463 ,0 39.5 3,59
x 1062 ag.o 14 .01 14,785 0.703 Q.y05 1050 1530.0 =. 82 JB0.0 51.4& 3.56
x &g ZE.1 13.83 l&_ 585 0.615 0.615 a4 13l.0 5.88 326.0 dady 3 3. 55
— 73 21 .4 13_ 61 la_ 585 0. 405 0. 50% T2 107 .0 5. B4 ZE1,0 AS.8 A&
HF13 = 100 ZH.% 13.15 15205 O.F6S 0. 765 BAE 135.0 5.49 294 ,0 iy, 5 3,16
x 87 Z25_5 12_85 13_105 0_BES 0_885 Fis 117 .0 5.45 2%0.0 a|.,1 3,13
—) = 73 21.6 12,75 13, 005 0,455 0, 4865 B30 g8, 8 4,40 Z07.0 31.9 3.1
= &b 17. 5% 12, 34 LE . @00 0. 460 0. 460D %03 BO.3 .46 165.0 25.5 3.07
HPF12 B4 L 05 iz, 28 12,295 0, B85 O, GAES G50 1064 5.1 213.0 34, B Z.94
—l T4 215 12.13 12.215 0.610 0. 610 565 Q3.8 5.11 186 . 0 304 2. 92
x O 1H. 4 11.49% 1zx.125 0,515 0.515 L72 7o.1 5_06 153,40 25,3 )
®x 53 15.5 11.78 12 . 04845 [ 0, L% a93 &6 . A 2.02 127 .0 21 .1 Z_806
HF1D = 57 16. 8 9.88 1. 225 . 365 0. S5 FA L] 8.8 5, 18 101.0 18.7 2_45
x  h2 12,4 a8.70 1o, 075 . 620 0. &2 210 3.4 .13 71.7 14 .2 Z2. .41
HFE x 36 106 B .02 &, 155 . a5 0. La% 118 29 8 A.36 &0 3 H. 856 1.85



Deasignation
BP3gO x 174
x 152

x 132
—) x 108
HF330 x 1419
x 1289

x &g

HE310 = 125
xr B3

x 78

HP250 = A5
= B2

HF200 = 53

H-Beam Tables

Area = 12,681 mAr 19.66 It

b.
Flange

Area Depth Hidth Thickness
A, m d, mm b,, mm t,, mm
22200 36l 378 20.4
19400 A58 376 17.8
16500 251 ara 15.6
13800 46 370 12 .8
18000 33s A35 19. 4
16400 328 333 16.9
133900 324 A0 146 . &
11300 19 aze 11.7
159040 412 312 17 .4
14100 A0E 310 15.5
119040 032 208 13.1
10000 259 306 11.0
108040 254 260 14 &
79740 246 256 10.7
BB2C 20 207 11.3

Metriec Units

Weab Section Properties

Thickness Axis X-X Axis ¥-¥

t., mm T 10%" S.10%w r, omm I 0% 5. 10%m* r.mm
20.4 504 2810 151 184 ar4 81.0
17.8 439 2470 150 159 B4E ap.5
15.6 75 2140 149 135 TZ4 9.4
12.8 303 1750 148 108 5B 88.5
19.4 J68 2200 1ag 122 728 H20.1
16.9 315 1910 139 104 625 79.6
16._4 263 1620 138 B6.3 523 78.8
11.7 211 1324 137 GO.& w20 78,1
17 .4 270 1730 130 88.2 363 T4.5
15.4 237 1540 130 7.1 Lg7 73.9
131 139k 12490 128 3.9 615 73.3
11.0 163 1080 128 22.6 344 F2.5
1.4 123 a6% 107 L2 3 325 62.6
10.5 BY.S 111 105 30.40 234 6l.4
11.3 49.8 483 B5.3 16.7 161 6%, 5



Load and Resistance Factor
Design (LRFD)

freguency | s e Based on probabilities
1 of failure occurrence
Load)S | Strength ¥ with varying load and
strength combinations

e Load and resistance &

5 I factors chosento & =
(mean)  (mean avoid failure overlap &
T T

Standard dewiation
‘E‘ Coeflicient of variation

L = Mean value



LRFD Governin g Equation

(]5 Pﬂ}z yum
=1

¢ = resistance factor

P = nominal normal load capacity
y.. = load factor for load “type” m
P_=load for load “type” m

m = load “type”: dead (D), live (L), etc.




Load Factors

Dead [loads
Live loads
Wend loads

Earth ?uaée loads

LOC?d f&céa.r‘:s




Implementations of LRFD

e Load Factor Implementations

e American Concrete Institute (ACI) Code
e ANSI/ASCE and AISC Codes

e PDCA Proposal (Driven Piles)

e AASHTO Resistance Factors

e FHWA (for drilled shafts)

e Electric Power Research Institute (EPRI)




ACI| Code — Factored Load
U=1.4D+1.7L

U=0.75(1.4D+1.4T+1.7L)
U=0.9D+1.4F
U=1.4D+1.7L+1.4F

U=1.4D+1.7L

1./7H

U=0.9D+1.3W
U=0.9D+1.43E
U=0.751.4D+1.7L+1.7W)
U=0.751.4D+1.7L+1.87E)
U=0.9D+1.7H
U=1.4D+T)




ANSI/ASCE Codes — Factored
Load

U=1.4D
U=1.2(D+F+T)+1.6(L+H)
+0.5(L, VSV R)

| U=1.2D+16(L,VSVR)+(0.5Lv0.8W)
~ U=1.2D+1.3W+0.5L+0.5(L, VSVR)

U=1.2D+E+0.5L+0.25
U=0.9D+(1.3WV1.0E)




Example of LRFD Desi gn

e Given
e Column carries following vertical compressive loads:
e P_(D)=2100 kN Downward (Dead Load)
e P (L)=1400 kN Downward (Live Load)
e P, (W)=600kN Upward (Wind Load)

" e Find

design using ANSI/ASCE load factors and PDCA =
structural resistance factors

e Compute Cross-Sectional Area for A-36 H-piles




Computation of Factored Load

U =(1.4)(2100=2940kN

U =1.2(2100+1.6(1400 = 4760kN}:
U =1.2(2100)

+(0.5(1400 Vv 0.8(—600)) = 2380kN
U =1.2(2100)

+1.3(—600)+0.5(1400 = 2440kN

U =1.2(2100+0.5(1400 = 2380kN
U =0.9(2100)

+(1.3(—600)\V1.0(0))=1890kN




Factored Load and Resistance
Per Pile

e Factored Load Per Pile = 4760 kN/4 = 1190 kN

¢ P,>1190kN
p _ 1190kN
¢

& e Need to determine using PDCA
recommendations




PDCA Structural Resistance

Factors
Using ACI  Using ANSI
Pile Material Load FactorsLoad Factors
Timber 0.6 0.55
Steel 0.95 0.85
Prestressed Concrete with
Spiral Reinforcement that 0.75 0.7

Satisfies the ACI code

Prestressed Concrete with

other types of transverse 0.7 0.65
reinforcement




Solution for Normal Load and
Cross-Sectional Area
e Normal Load

é P _>1190kN

= 1190kN

. p-= —1400kN
| """ g5 4

** e Area = (1400 kN)/(248,000 kPa) = 0.00564nf
=~ 5,645 mm(note use of full yield strength of &=
material)

= Solution with ASD method = 12,681 mim




Selection of H-Beam

Any H-beam meet the criteria. Red arrows: ASD suitable H-beams

b. Metric Units

Flange Wab Eection Properties
Area Depth Hidth Thickness Thickness Axis X=X Axis ¥-¥

Designation A, mn' d, mm b,, mm t, mm _t, . mm T1,10%m" S, 10%m* r, mm T 10%m' 5 10%wm* r mm
BEP3G0 x 174 22200 361 78 20.4 20 .4 504 2810 151 la4 a74 81.0
x 152 19400 356 376 17.8 17.9 439 2670 150 159 B4E an.s

x 132 16500 251 373 15.6 15.6 A7S5 2149 149 135 TZ4 9.4
—) oy 108 13800 1 370 12.8 12.8 303 1750 148 108 S84 88.3
HF33OD =x 149 18000 334 A35 19. 4 194 J68 Z200 139 124 728 B0.1
x 129 16400 329 33 16.9 16.9 315 1910 13g 104 625 79,6
— x 108 13900 aze 3ap ) 16 .4 263 1620 138 BG.3 523 78.8
x B39 11300 a19 38 11.7 11.7 211 13240 117 68,5 &20 78.1

HF31lD0 = 125 15900 a1z 312 17 .4 17.4 270 1730 130 BE.2 JB3 T&.5
—) x 110 1sl00 A0H 3140 15.5 15.4 237 1544 130 7.1 o7 73.9
x B3 119400 Ap3 308 13.1 13.1 196 1240 128 63.49 15 Ta.3

x 74 10000 284 306 11.0 11.0 163 10490 1Z8 = Jdq T2.5

HF250 = A5 10a0da 254 260 Tk b 14 & 123 GBS 147 a2 3 ars BZ2.6
x G2 7970 246 256 10.7 10.5 BT .3 111 105 30,40 234 al.4

BF200 x 53 BB2C 20¢ 207 11.3 11.3 40,8 488 B5.5 16.7 161 65,5



Stren gth Requirements

e Geotechnical Strength Requirements

e Design to prevent failure by solil shear failure

- e Geotechnical strength for shear failure Is referred t0 as
the bearlng capacityof the soil =

e Structural Strength Requirements

e Design to avoid structural failure of foundation
components

e Similar to other structural analyses




Bearin g Capacity Failure




Serviceabllit y Considerations
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Settlement of Structures

a) Uniform Settlement
5/ (Total Settlement)

b) Tilting with no
distortion (Differential

Settlement)
7 ¢) Tilting with distortion® =

aj

g (Differential

m Settlement)
I o
/ |\

()

St




Total Settlement

Change in Foundation elevation from the original unloaded
position to the final loaded position

P

'

Before Loading :‘:'-#

After Loading




Factors to Determine
Acceptable Settlement

e Connections with existing structures
e Ultility Lines

e Total settlement of permanent facilities can harm or sever
connections to outside utilities such as water, natural gas, ani

=

sewer lines. Water and sewer Ilnes may leak contrlbutm ;:s 0

settlement can lead to explosions.
— e Surface Drainage

B o Access

..:__:; = o Aesthetics




Typical Values of Acceptable
Settlement

Maximum Allowable Average Settlement of Some Structures ® TOtaI Settlement
EE— should not exceed 2"
Type of Structure Settlement, inches fOr mOSt faCIIItIeS

Lad

e bk wlle e Typical specification =
Length/Beight < 1.5 of limit of total

settlement for =

Reinforced brick walls and brick walls 6 CommerCIaI bu”dlng

with reinforced concrete
- )]
1S 1

1=

[1=9

Framed structure

Solid reinforced concrete foundaticns 12
supporting smokestacks, silos, towers, etc




Typical Loads to Avoid
Excessive Settlement

Scme Tvpilcal Leoads on Building Foundaticons

Structure Line Load, tons/ft Column Load, tons
Apartments 0.5 to 1 20
Indiwvidual 0.5 to 1 = 5
housing
Warshouses 1 to 2 50
Retail Spaces 1 to 2 40
Two-story 1l to 2 40
buildings
Multistory 2 to 5 100
buildings
Schools 1 to 3 50
Administraticn 1 to 2 50
buildings
Industrial 50

facilities




Differential Settlement

e Differential settlement, which causes distortion
and damages in structures, Is a function of the:
e uniformity of the soll
e stiffness of the structure
e stiffness of the soll
| e distribution of loads within the structure.
e Limitations to differential settlement depend o &
= the application. Differential settlements shoulgs=
not usually exceed 1/2 inch in buildings, —

otherwise cracking and structural damage ma¥s
occur. -




Distortion of Foundations

— P> L =

— Angular Distortion

a. COMBINATION Lgy; AND Lgog

——

L.
L - —fi
%Deﬂection Ratio

L.,

¢. IBRREGULAR SETTLEMENT




Allowable Deflection Ratio

Some Limiting Deflecticon Ratios
After Items 17, 53, &5

Deflection Ratio, AJL

Sand and Plastic

Structure Hard Clay Clay
Buildings with plain brick walls

Lengttheight = 3 1/2323 1/2500

Lengttheight > 5 1/2000 1/1500

One story mills; between columns 1/1000 1/1000

for brick clad column frames

Steel and concrete frame 1/500 1/500




owable An gular Distortion

Limiting Angular Distortions to Avoid
Potential Damages (Data from Ttems 53, &5, TM 5-818-1)

Length Bllowable Rngular

Situation Height  Distorticn, [ = &/1
Hogging of unreinforced load-bearing walls 1/2000
Load bearing brick, tile, or concrete = 5 1/1250
block walls < 3 1/2500
Sagging of unreinforced lead-bearing walls 1/1000
Machinery sensitive to settlement 1/750
Frames with diagonals 1/600
No cracking in buildings; tilt of bridge 1/500
abutments; tall slender structures
such as stacks, silos, and water
tanks on a rigid mat
Steel or reinforced concrete frame with
brick, block, plaster or stucco = 1/500
finish < 3 1/1000
Circular steel tanks on flexible base 1/300 - 1/500
with floating top; steel or
reinforced concrete frames with
insensitive finish such as dry wall,
glass, panels
Cracking in panel walls; problems with 1/300
overhead cranes
Tilting of high rigid buildings 1/250
Structural damage in buildings; flexible 1/150
brick walls with length/height ratioc = 4
Circular steel tanks on flexible base with 1/128

fixed top; steel framing with flexible
siding




Example of Settlement
Calculations

e Gilven
e Steel framed office building, 20' column spacing

e Supported on spread footings founded on clayey soil

=
Eﬁ—"..l
o
7

lowable total settlement
lowable differential settlement

ution

e Typical total settlement specification = 1”
e Used =1/500;6,, = (1/500)(20°) = 0.04' = 0.5"



Interaction of Nel ghbourin g

Structures
NEMFJFP
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Changes in Excavation
Conditions

Erxca mzfr_l::rr?




Deterioration of Structures

e Environmental attack is an important
consideration in design of foundations

e Corrosion

e Sulphate attack on concrete

e Marine borers on timber structures
e Fire on timber structures
= o Although environmental attack is more comm@h:
& with marine structures, but is also present on BEE
marine structures as well




Environments for Foundation
Deterioration

Marine Environments

[4a)

N I I
N I I O
I I I I

Land Environments

(b




Solutions for Metal Corrosion

e Different construction

material (concrete,
B fibreglass, etc.)
o N\ﬁ e Increase section

{Cjig;ggﬂé?;:lt;;lfﬁﬂm t h i C k n e S S

Instead of at the Pile)

e Protective coatings

i e Cathodic protection &=
system =




Constructibilit y Requirements

e NoO matter how sound
|t the design, if it is
unbuildable, it I1s

useless
I . e Example: seismic £
-~ or Seismic retrofit shown canno

be done because
are too long to get int@=
basement and drive F==




Economic Requirements

e Foundation design tends to be more conservative
than structural design because the unknowns are

not as well quantified

are much greater, as the entire structure
the foundation =

foundation design, depending upon the
circumstance




Questions?




