
Part 5 - Structural Forces 

Table 5.1: Foundations 

Foundation Investigation: 
Section 1804 

Soil Classification: 	 Foundation Pressure: 
UBC Table 18-I-A 	 UBC Table 18-I-A 

Lateral Pressure: 	 Expansive Soils: 	CI Yes 	0 No 
UBC Table 18-I-A 	 Section 1803.2 UBC Tables 18-I-B and 18-I-C 

Retaining Wall Pressures: 	 Hydrostatic Uplift: 
Section 1611.6 	 Section 1611.8 

Liquefaction/Strength Loss Evaluation: 	 Frost Line Depth: 
Sections 1804.2 0 Required 	Cl Not Required 	Section 1806,1 
and 1804.5 

Foundation Type: 

Table 5.2: Floor Loads 
UBC Table 16-A 

Floor Area or Use 	 Uniform Load 	Concentrated Load 

Impact Loads: 	 Special Loads: 
UBC Table 16-3 

Partition Loads: 	 Live Load Reduction: 
Section 1606.2 	 Sections 1607.5 and 1607.6 

Table 5.3: Roof Loads 
UBC Table 16-C 

Minimum Roof Live Load: 	 Roof Snow Load: 
UBC Table 16-C 	 Per Building Official 

Live Load Reduction: 	 Snow Load Reduction: 
Section 1607.6 	 Section 1614 

Table 5.4: Wind Loads 

Wind Speed: 	 Exposure: 	 Equation: 	P=C.0O3 1.. 
UBC Figure 16-1 	 Section 1516 	 Section 1620 	P = Design Wind Pressure 

Combined Height, Exposure, 
and Gust Factor (CC): 	 Importance Factor (4,.): 
UBC Table 16-G 	 UBC Table 16-K 

Wind Stagnation Pressure (q,): 	 Pressure Coefficient (C51: 
UBC Table 16-F 	 UBC Table 16-H 

Computed Wind Loads: 

Wall Field: 	 Wall Areas of Discontinuity: 

Roof Field: 	 Roof Areas of Discontinuity: 

Roof Overhangs: 	 Other Elements: 	 , 

Table 5.5: Seismic Loads 

Seismic Zone: 	Zone Factor (Z): 	Soil Profile Type (S): 
U13C Figure 16-2 	UBC Table 16-1 	 UBC Table 16-J 

Occupancy Category: (I) 	(t,,) 	 Vertical Structural Irregularities: 
Table 16-K 	 UBC Table 16-L 

Structural System: (R) 	(On) 	 Height Limitations: 
UBC Table 16-N 	 UBC Table 16-N 

Horizontal Force Factor: (a,) 	(Re) 	Nonbuilding Structure Factor: (R)___ 	(00) ____ 
UBC Table 16-0 	 UBC Table 16-P 

Plan Structural Irregularities: 
UBC Table 16-M 

"IBC Compliance Manual 	 Code htformation Form 
:ode Documentation 	 1.01 - 39 
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Nomenclature 	 Symbols 

az, coefficient of compressibility ft 2 /1bf 0 	angle of internal friction degrees 

A area ft2  8 	angle of wall friction degrees 

B width or diameter ft a 	secondary compression index — 

c cohesion (undrained shear strength) lbf/ft2  p 	density lbm/ft3  

co  adhesion lbf/ft 2  p 	pore pressure lbf/ft2  

C multiplicative correction factor — c 	eccentricity ft 

Ce  compression index _ n 	efficiency 

C.„ coefficient of consolidation ft2  /sec 0 	cut angle degrees 

d depth factor — -y 	specific weight lbf/ft3  

D depth ft 
e void ratio — 

Subscripts 

fo skin friction coefficient a 	allowable 

F factor of safety — A 	active 

h depth ft b 	below mudline 

H soil layer thickness or depth ft c 	compressive 

k permeability coefficient, or a constant ft/sec,— f 	footing 

1(0  coefficient of earth pressure at rest — g 	gross 

L length ft h 	horizontal 

M moment ft-lbf i 	the ith component 

. 	N 

No  

capacity factor, or 
number of blows 

, stability number 

—, 
— 

n 	unconfined 
o 	at rest 
P 	passive 

p pressure lbf/ft2 q 	surcharge 

P load or force lbf s 	shear, or sliding 

q uniform surcharge lbf/ft, or 
lbf/ft2 

v 	vertical 
w 	water or water table 

r distance (moment arm) ft 7 	density (as a subscript) 

R force (resistance) lbf/ft of 
wall 

1 CONVERSIONS 

S strength or settlement lbf/ft2, 
or ft 

multiply 	 by to obtain 

kips 	 1000 pounds 

SG specific gravity — pounds 	 5 EE-4 tons 

t time various pounds 	 0.001 kips 

T, time factor — pounds/square foot 	5 EE-4 tons/ft 2  

Uz  percent of total consolidation — pounds/square inch 	0.072 tons/ft 2  

w water content tons 	 2000 pounds 

Iv/ liquid limit — tons/square foot 	2000 pounds/ft 2  

W weight (mass) lbm tons/square foot 	13.889 poimds/inch2  

z depth ft Newtons/square meter 	0.021 pounds/ft2 
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2 DEFINITIONS 

Abutment: A retaining wall which also supports a ver-
tical load. 

Active pressure: Pressure causing a wall to move away 
from the soil. 

Batter pile: A pile inclined from the vertical. 

Bell: An enlarged section at the base of a pile or pier 
used as an anchor. 

Berm: A shelf, ledge, or pile. 

Cased hole: An excavation whose sides are lined or 
sheeted. 

Dead load: An inert, inactive load, primarily due to the 
structure's own weight. 

Dredge level: See 'Mud line.' 

Freeze (of piles): A large increase in the ultimate ca-
pacity (and required driving energy) of a pile after it 
has been driven some distance. 

Grillage: A footing or part of a footing consisting of 
horizontally laid timbers or steel beams. 

Lagging: Heavy planking used to construct walls in ex-
cavations and braced cuts. 

Live load: The weight of all non-permanent objects in a 
structure, including people and furniture. Live load 
does not include seismic or wind loading. 

Mud line: The lower surface of an excavation or braced 
cut. 

Passive pressure: A pressure acting to counteract active 
pressure. 

Pier shaft: The part of a pier structure which is sup-
ported by the pier foundation. 

Ranger: See 'Wale.' 

Rip rap: Pieces of broken stone used to protect the sides 
of waterways from erosion. 

Sheeted pit: See 'Cased hole.' 

Slickenside: A surface (plane) in stiff clay which is a 
potential slip plane. 

Soldier pile: An upright pile used to hold lagging. 
Stringer: See 'Wale.' 

Surcharge: A surface loading in addition to the soil load 
behind a retaining wall. 

Wale: A horizontal brace used to hold timbers in place 
against the sides of an excavation, or to transmit the 
braced loads to the lagging. 

3 COMPARISON OF SAND AND CLAY AS 
FOUNDATION MATERIALS 

Ordinarily, sand makes a good foundation material. It 
doesn't settle after its initial loading. It drains quickly. 
However, it behaves poorly in excavations. When sand 
is fine and saturated, it can become quick, and a major 
loss in supporting strength occurs. 

Care must be taken when distinguishing between 
"moist" and "saturated" sands. Sand which has been 
allowed to drain may be "moist" in the normal sense 
of the word. However, if the water is not captive, pore 
pressure will not develop, and the sand can be consid-
ered dry. However, special considerations are required 
if the sand is below the water table. Such sand is satu-
rated, not moist. 

Clay, on the other hand, is good in excavations, but 
is poor for foundations. It continues to settle indefi-
nitely. It retains water for a long time, and large vol-
ume changes can result when large changes in moisture 
content occur. 

4 GENERAL CONSIDERATIONS FOR 
FOOTINGS 

A footing is an enlargement at the base of a load-
supporting column designed to transmit forces to the 
soil. The area of the footing will depend on the load and 
the soil characteristics. The following types of footings 
are used. 

• spread footing: A footing used to support a sin-
gle column. This is also known as an individual 
column footing and isolated footing. 

• continuous footing: A long footing supporting a 
continuous wall. Also known as wall footing. 

• combined footing: A footing carrying more than 
one column. 

• cantilever footing: A combined footing that sup- 
ports a column and an exterior wall or column. 

If possible, footings should be designed according to the 
following general considerations: 

• The footing should be located below the frost line 
and below the level which is affected by moisture 
content changes. 

• Footings need not be any lower than the highest-
adequate stratum. 

• The centroid of the footing should coincide with 
the centroid of the applied load. 

• Allowable soil pressures should not be exceeded.  

• Below-grade footings should be equipped with a 
drainage system. 

• Footings on fill over loose sand should be densified 
with piles. 

• If possible, footings should be placed in excava-
tions made in compacted fill. They should not be 
put in place prior to compaction. 

• Size footings to the nearest 3" above or equal to 
the theoretical size. 

5 ALLOWABLE SOIL PRESSURES 

When data from soil tests are unavailable, table 10.1 
can be used for preliminary calculations. 

Table 10.1 
Typical Allowable Soil Bearing Pressuies 1  

type of soil 
allowable 

'  pressure 

massive crystalline bedrock 4000 lbf/ft2  
sedimentary and foliated rock 
sandy gravel and/or gravel 

(GW and GP) 
sand, silty sand, clayey sand, 

silty gravel, and clayey gravel 
(SW, SP, SM, SC, GM, GC) 

clay, sandy clay, silty clay, 
and clayey silt 
(CL, ML, MH, and CH) 

2000 

2000 

1500 

1000 

6 GENERAL FOOTING DESIGN EQUATION 

The gross (or ultimate) bearing capacity or gross pres-
sure for a soil is given by equation 10.1, which is known 
as the Terzaghi-Meyerhoff equation. The equation is 
good for both sandy and clayey soils. It is specifically 
valid for continuous wall footings. (pq  is a surface sur-
charge.) 

1 
p

9 = y-yBN. ), eN, (p q  -yDf)N q 	10.1 

Various researchers have made improvements on this 
theory, leading to somewhat different terms and sophis-
tication in evaluating N..1 , N,, and Nq . 2  However, the 
general form remains valid for design, with corrections 
for various footing geometries. 

Figure 10.2 and table 10.3 can be used to evaluate the 
capacity factors N.7 , N,, and Nq  in equation 10.1. 

Table 10.2 
N, Bearing Capacity Factor Multipliers 

for Various Values of B/L 
(See figure 10.3) fp (0 -4# 

B/L 	multiplier 
1 (square) c1--- 
0.5 1.12 
0.2 1.05 
0.0 1.00 
1 (circular) 1.20 

1  As in the definition of pa , the term 'allowable' implies that a 
factor of safety has already been applied. 

Impact Loc 

Partition L 
Section 161 

BC Coll 
ole Docum 

2  Differences in reported values of N- , Nc , and hr, may also be 
Figure 10.1 Types of Footings 	 due to the different units used by researchers. • 
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Figure 10.2 Bearing Capacity Factors 

Table 10.3 
Terzaghi Bearing Capacity Factors 

for General Shear 3  

0 5.7 1.0 0.0 
5 7.3 1.6 0.5 

10 9.6 2.7 1.2 
15 12.9 4.4 2.5 
20 17.7 7.4 5.0 
25 25.1 12.7 9.7 
30 37.2 22.5 19.7 
34 52.6 36.5 35.0 
35 57.8 41.4 42.4 
40 95.7 81.3 100.4 
45 172.3 173.3 297.5 
48 258.3 287.9 780.1 
50 347.5 415.1 1153.2 

Table 10.4 
N. Multipliers for Various Values of B/L 

(See figure 10.3) 

B/L 	multiplier 

1.0 (square) 0.85 
1.0 (circular) 0.70 
0.5 0.90 
0.2 0.95 
0.0 1.0 

3 In general shear, the soil resists an increased load until failure is 
sudden. There is another case, that of local shear, which results 
with looser soil. However, it is unlikely that foundations would 
be designed for loose soil without compaction. With compaction, 
the general shear case holds. 

Once a gross pressure is determined, it is corrected by 
the overburden, giving the net soil pressure. 

	

Poet = Pg 	f 	 10.2 

The allowable soil pressure is determined by dividing 
the net pressure by a factor of safety. 4  A safety factor of 
3 (based on Net ) should be used for average conditions. 
Exceptional loadings and improbable combinations of 
snow, wind, and seismic forces may be allowed to reduce 
the safety factor to 2. 

4°0- ‘Cb4" 
it,$ )\ bu_vdo e 	pa  = 10.3 

.St)k 	r Ye 

7 FOOTINGS ON CLAY AND PLASTIC SILT 

Clay is normally soft, fairly impermeable, and highly 
preloaded. When loads are first applied to saturated 
clay, the pore pressure increases. For a short time, this 
pore pressure does not dissipate and the angle of inter-
nal friction should be taken as 0 = 0 0 . This is known 
as the 0  =  00 or undrained case.  The undrained clay 
shear strength is one-half of the unconfined compressive 
strength. 

1 
 nc = •
0 	

10.4 
2 

If = 00 , then N = 0 and Ng  = 1. If there is no 
surface surcharge, the gross bearing capacity is given 
by equation 10.5 

	

pg  = cN,+-yD f 	 10.5 

'1'01 

	Pnet = Pg - 	= cNc 	10.6 

- 

_ Pnet 	 10.7 

Figure 10.3 A Spread Footing 

Example 10.1 

An individual square column footing carries an 83,800 
pound dead load and a 75,400 pound live load. The 
unconfined compressive strength of the supporting clay 
is 0.84 "pns/ft 2  and its density is 115 lbm/ft 3 . The 

4  The ferm 'allowable' implies that the safety factor has been in-
cluded. This pressure is also known as "safe" and "net allowable" 
pressure. 1  \ 

1  

footing is covered by a 6" basement slab. The footing 
thickness is initially unknown. Neglect depth correction 
factors. Do not design the structural steel. Specify the 
footing  size and  thickness. 

Similarly, the footing itself has weight. The footing - 
tends 2 feet down. 

1 x 1 x 2 X 150 
= 	2000 	

- 0.15 tons/ft 2 <---- Pf  

Therefore, the total pressure under the looting is 

- 0.93 + 0.04 -I- 0.15 - 1 1.12 t'ons/ft 2  

Equation 10.2 gives the allowable r4essure in excess of 
the soil surcharge. The footing b 6oin is 2.5 feet below 
the original grade, so the soil s charge is 5  

(2.5)(115) 
 = 0 .4 tons/ft 

2000 	- 

The net actual pressure to )e coapared to the allowable 
pressure is 

p= 1. 2 - 0A4 = 0.98 

This is essentially the same as p a . 

1 
Pnet = Pg - 	f = 	+ •-yD f (N g  - 1) 	10.9 

If the  water table level is above the footing face  (sub-
merged condition),  Net  should be reduced by 50%. 

The allowable sand loading is based on a factor of safety, 
which is typically taken as 2 for sand. 

FOUNDATIONS AND RETAINING WALLS 
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' 	 (Initially 	2 ,  

The total load on the column is 	, 

8380O + 75,400 
1-L4k• 	(J    = 79.6 tons 

2000 ' 
! 

From tables 10.2 and 10.3, for square footings, 
e_ -  1 , 21; I-7-4 5/-°-("1.4  

10 	;
N, (1.25)(5.7),= 7.1 ) 

,37  

The cohesion is estimated from the unconfined compres-
sive strength and equation 10.z/k • 

cerivf.(4.443  

2 
' 

Using a factor of safety of 3, the allowable pressure is / 

Pa 
(0.42)(7.1)  

= 
,3 	

0.99 tons/fy 

The approximate area required is 

- 
A =

0.99 
- = 80.4 ft2  

s   
--- 1, v:9- - 

So, try a 9'3" square footing (area = 85.6 ft 2 ). (At this 
point, a footing thickness would be determined based 
on concrete design considerations.) Assume a  2.0 foot 
footing thicls.___ne.s„  

Poet 
Pa = - F The actual pressure under the footing due to applied 

load is ,--- 0  .1.-.c.t.-( 1 ook_a/ 
. .I 	 = -

B 

[-
1

-yN + -v(N
g 
 -1) D1 	10.10 

' 	B - 
p = = = 0.93 tons/ft 2 <----______ 

	

85.6) 	 Since sand is permeable and rapidly adjusts to changes 
-- -r\--1-e.-4N 	 in loading, design the footing based on the maximum in- 

This first iteration did not consider the concrete weight. 	stantaneous load. Determine the allowable soil pressure 
The concrete density is approximately 150 lbm/ft 3 . 	based on the footing with the maximum load, smallest 
Therefore, the pressure surcharge due to one square foot . 	N, deepest (highest) surface water, etc. Use this soil 
of concrete floor is 	i " r i4-6- 	„tc,....s, 1?)  pressure for all footings in the building foundation. 

, '- 	(Ife, rilfrc' 

- 	
12  

i 5  A depth of 2 feet could also be used if the basement slab was 1 x 1 x x 150 
= 0.04 tons/ft 2  e_.:,---- constructed on the original grade. This calculation assumes the 

Pg 	 2000 	 slab is poured 6" below the original grade. 
_ 

... 
60NACAdirl.' Y-... 

8 FOOTINGS ON SAND 

The  cohesion, c,  is  zero in  sand. The gross ultimate 
bearing capacity can be derived from equation 10.1 by 
setting c = 
0. t4 , 	■ 

1 
p

g 
= ByN 1  +(pg  +-yD f)Ng 	10.8  

5vWk C\  
The net ultimate bearing capacity  when  there is  no  sur-
face surcharge  (i.e.,  pq  = 0) is 
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Since the quantity in brackets in equation 10.10 is con-
stant for specific Df IB ratios, and since the bearing 
capacity factors depend on 0 (which can be correlated 
to N), equation 10.11 can be derived. 6  This equation 
assumes F = 2, -y = 100 lbf/ft3 , -  and Df < B. 

	

p, = (0.11)CN 	 10.11 

No correction is usually made if the density is different 
from 100 lbm/ft3 . However, the equation assumes that 
the overburden load (Dry) is approximately 1 ton/ft 2 . 

This means that the N values were derived from data 
corresponding to depths of 10 to 15 feet below the orig-
inal surface (not the basement surface). If the footing 
is to be installed close to the original surface, then a 
correction factor is required. 7  

Table 10.5 
Overburden Corrections 

overburden 	Cn, 

0 	tons/ft2  2 
0.25 1.45 
0.5 1.21 
1.0 1.00 
1.5 0.87 
2.0 0.77 
2.5 0.70 
3.0 0.63 
3.5 0.58 
4.0 0.54 
4.5 0.50 
5.0 0.46 

For a given sand settlement, the soil pressure will be 
greatest in intermediate width (B = 2 to 4 feet) foot-
ings. This is illustrated in figure 10.4. Equation 10.11 
should not be used for small-width footings, since bear-
ing pressure governs. For wide footings, (i.e., B > 2 to 
4 feet), settlement governs. 

actual 

actual 	/ 
soil 	

assumed 	

- 

p a  = 0.11 N pressure  

9 FOOTINGS ON ROCK 

If bedrock can be reached by excavation, the allowable 
pressure is likely to be determined by local codes. A 
safety factor of 5 based on the unconfined compressive 
strength is typical. For most rock beds, the design will 
be based on settlement characteristics, not strength. 

10 MOMENTS ON FOOTINGS 

If a footing carries a moment in addition to its vertical 
load, the footing bearing capacity should be analyzed 
assuming a smaller area. 8  Specifically, the size should 
be reduced by twice the eccentricity. 9  

MB 	ML 
EB P ; EL 	 10.12 

= L - 26L; B' = B - 2En 	10.13 

A' = 	 10./4 

This area reduction places the equivalent force at the 
centroid of the reduced area. The actual value of B 
should be used in calculating Df IB ratios used in find-
ing capacity and depth factors. However, 13' should 
be used in equation 10.1 and in other equations where 
B appears by itself. The footing bearing capacity is 
reduced in two ways. First, a smaller B in equation 
10.1 results in a smaller pg . Second, a smaller p g  results 
in a smaller allowable load (i.e., P = p„.13' L'). 

Figure 10.5 A Footing with an Overturning Moment 

Assuming My = 0, Eg = E, and disregarding the con-
crete and overburden weights, the actual soil pressure 
distribution is given by equation 10.15. B' and L' 
should not be used in equation 10.15 because these vari-
ables place the load at the centroid of the reduced area, 
producing a uniform pressure distribution. 

, 6€)
Pmax1Pmin = 	= 	10.15 

If the eccentricity, c, is sufficiently large, a negative soil 
pressure will result. Since soil cannot carry a tensile 
stress, such stresses are neglected. This results in a 
reduced area to carry the load. 

If the resultant force is within the middle third of the 
footing, all of the footing will contribute. That is, 
the maximum eccentricity without incurring a reduc-
tion footing area will be B/6. 

11 GENERAL CONSIDERATIONS 
FOR RAFTS 

A raft or mat is a combined footing-slab that covers the 
entire area beneath a building and supports all walls 
and columns. A raft foundation should be used (at least 
for economic reasons) any time the individual footings 
would constitute half or more of the area beneath a 
building. 

12 RAFTS ON CLAY 

The net ultimate bearing pressure for rafts on clay can 
be found in the same manner as for footings. Since the 
size of the raft is essentially fixed by the building size 
(plus or minus a few feet), the only method available to 
increase the loading is to lower the elevation (increase 
Df) of the raft. 

The factor of safety produced by a raft construction is 
given by equation 10.16, which can also be solved to 
give the required Df if the factor of safety is known. 
The factor of safety should be at least 3 for normal 
loadings, but may be reduced to 2 during temporary 
extreme loading. 

Example 10.2 

A raft foundation is to be designed for a 120' x 200' 
building with a total loading of 5.66 EE7 pounds. The 
clay density is 115 Ibm/ft 3 , and the clay has an aver-
age unconfined compressive strength of 0.3 tons/ft 2 . (a) 
What should be the raft depth, Df, for full compensa-
tion? (b) What should be the raft depth for a factor of 
safety of 3? Neglect depth correction factors. 

The loading pressure is 

5.66 EE7 
Pload = (120)(200) 

= 2.36 EE3 lbf/ft 2  

(a) For full compensation, pioad = -yDf. 

2.36  EE3  Df =  115  = 20.5 ft 

(b) From table 10.3, ./Vc  = 5.7. Since B/L  = 120/200 = 
0.6, use an Nc  multiplier from table 10.2 of 1.15. 

- 
(I) (0.3)(2000)(1.15)(5.7)  

3  
2.36 EE3 - (115)131 

Df = 14.8 ft 

13 RAFTS ON SAND 

Rafts on sand are always well protected against bear-
ing capacity failure. Therefore, settjement will govern 
the design. Since differential settlement will be much 
smaller for various locations on the raft (due to the 
raft's rigidity), the allowable soil pressure may be dou-
bled. 

Pa = 0.22CN (tons/ft 2 ) 	10.17 

N should always be at least 5 after correcting for over-
burden. Otherwise, the sand should be compacted or a 
pier/pile foundation used. 

The net soil pressure should be compared with the al-
lowable pressure. The net soil pressure is 

total load 
 	- Pnet = raft area 	

yD f 	10.18 
 

8 Usually, there will be no ML, moment. 

9 This discussion is for rectangular footings. It is much more 
difficult to construct an equivalent footing for circular shapes. 

I 

2-4 ft 
footing width 

Figure 10.4 Soil Pressure on Sand 
with Constant Settlement 

6  N is the number of blows per foot from a standard penetration 
test. 

7 The correction is actually a correction for N. If corrected N 
values are known, C„ may be neglected. 

Although the eccentricity is independent of the footing 
dimensions, a trial and error solution may be necessary 
when designing footings. Trial and error is not required 
when analyzing a footing of known dimensions. 

cN, 
F = 	10.16 total load  ,„ n 

raft area 

If the denominator in equation 10.16 is small, the factor 
of safety is very large. If the denominator is zero, the 
raft is said to be a fully compensated foundation. For 
Df less than the fully-compensated depth, the raft is 
said to be partially compensated. 

14 GENERAL CONSIDERATIONS 
FOR PIERS 

A pier is a large underground structure with a length 
(depth) greater than its width (diameter). It differs 
from a pile in its diameter, load carrying capacity, 
and installation method. A pier is usually constructed 
within an excavation. 
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15 PIERS IN CLAY 

If Df 	> 4, then Ne  is constant at approximately 
/NT, = 9.0. The design of a pier foundation is similar in 
other respects to a footing design. A factor of safety of 
3 is usually used. 

Pnet = Pg Nlaypf 'Yw h 	 10.19 

cN, 
Pa  = 	

10.20 

c is the undrained shear strength defined by equation 
10.4. 

Figure 10.6 A Pier in Saturated Clay 

Piers derive additional supporting strength from skin 
friction. Skin friction strength is 0.3 to 0.5 times the av-
erage undrained shear strength. 1° The additional load 
that the pier can support is the skin friction times the 
surface area of the pier shaft. If the pier is belled, only 
the straight part of the pier is used to calculate the skin 
friction capacity. 

If the skin friction is used to support any of the ap-
plied load, Nc  should be conservatively taken as ap-
proximately 6.2. 

16 PIERS IN SAND 

Piers in sand are designed similarly to footings, since 
skin friction is insignificant. A conservative estimate of 
bearing capacity can be found from equation 10.21. 

1 
Pnet = ByN

7 
+ •-rD f(Ng  - 1) 	10.21 

Pa = (0.11)Cw (CaN) 	 10.22 

Ca, is a correction for water table height, which is ne-
glected when D„,> Df + B. 

Cza  = 0.5 + 0.5 ( 
Df 

 Dw 	
B 	

10.23 
+  

" The skin friction strength should not be greater than 1 
ton/ft2 . If it is, use 1 ton/ft 2 . 

si p 

17 GENERAL CONSIDERATIONS 
FOR PILES 

Piles are small-area members that are usually ham-
mered or vibrated into place. They provide strength 
to soils that are too weak or compressible to otherwise 
support a foundation. Piles are often grouped together 
to provide the required strength to support a column 
or wall. 

Two major pile classifications exist: friction and point-
bearing piles. Friction piles derive their load-bearing 
ability from the friction between the soil and pile. 
Point-bearing piles derive their strength from the sup-
port of the soil near the point. 

Figure 10.8 Pressure Distribution 
on a Typical Pile 

A. CAPACITY OF INDIVIDUAL PILES 

In reality, friction bearing capacity and end bearing 
capacity are both present in friction piles and point-
bearing piles. However, one mode of bearing capacity 
may be predominant. The weight, W, which a pile can 
support is 

W = [end capacity] + [friction capacity] 

= [( 721-1-2 ) (7BN., /  + cNc  + ,-yz(N q  -1))] 

[7rBzf0] 	 10.24 
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Figure 10.7 A Pier in Partially Drained Sand 
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{ 
10B for relative density < 30% 	

10.27 Zcritical = 
20B for relative density > 70% 

The adhesion, ca , should be obtained from testing. In 
the absence of such tests, it can be approximated as a 
fraction of the cohesion. For rough concrete, rusty steel, 
and corrugated metal, e a  = c. For wood, 0.9c < ea  < C. 
For smooth concrete, 0.8c < e a  < c. For clean steel, 
0.5c < Ca  < 0.9c. 

For driven piles, the coefficient of lateral earth pres-
sure at failure, k, also depends on the relative density. 
For loose sands (relative density < 30%), 2 < k < 3. 
For driven piles in dense sand (relative density > 70%), 
3 < k < 4. For drilled piles, the coefficients of lateral 
earth pressure are approximately 50% of the values for 
driven piles. For jetted piles, the coefficients are ap-
proximately 25% of the driven values. 

Of course, the pore pressure will not develop in drained 
sandy soils. For sand below the water table, the pore 
pressure will be 

= 62.4 x depth of water 	10.28 

Table 10.6 
Friction Angles 

friction angle, interface materials* 
8,  degrees** 

concrete or masonry on the following foundation materials: 
clean, sound rock 35 
clean gravel, gravel-sand mixtures, and coarse sand 29-31 
clean fine to medium sand, silty medium to coarse sand, and silty or clayey gravel 
clean fine sand, and silty or clayey fine to medium sand 

24-29 	'; , 
19-24 

fine sandy silt, and non-plastic silt 17-19 
very stiff clay, and hard residual or preconsolidated clay 22-26 
medium stiff clay, stiff clay, and silty clay 17-19 

steel sheet piles against the following soils: - 
clean gravel, gravel-sand mixtures, and well-graded rock fill with spalls 22 
clean sand, silty sand-gravel mixtures, and single-size hard rock fill 17 
silty sand, gravel or sand mixed with silt or clay 14 
fine sandy silt, and non-plastic silt 11 

formed concrete or concrete sheet piling against tlis following soils: 
clean gravel, gravel-sand mixtures, and well-graded rock fill with spalls 22-26 
clean sand, silty sand-gravel mixtures, and single-size hard rock fill 17-22 
silty sand, and gravel or sand mixed with silt or clay 17 
fine sandy silt, and non-plastic silt 14 

miscellaneous combinations of structural materials: 
masonry on masonry, igneous and metamorphic rocks: 

dressed soft rock on dressed soft rock 35 
dressed hard rock on dressed soft rock 33 
dressed hard rock on dressed hard rock 29 

masonry on wood (cross grain) 26 
steel on steel at sheet-steel interlocks 17 

* Angles given are ultimate values. Sufficient movement is required before failure will occur. 

** For materials not listed, use 8 = 

• 	 ( - 
) 1 1 

If the pile diameter, B, is small, the 1.-yBNI, term can be 
omitted. There is also some evidence that the ryz(Ng-1) 
term does not increase without bound, but rather, has 
as upper limit of Ng  tan 0. 

The skin friction coefficient, f a , includes both cohesive 
and adhesive terms. In evaluating L and the bearing 
capacity factors, the friction angle 0 should be increased 
by 2° to 5° for piles driven into sand. For drilled or 
jetted piles, no increase is necessary. 

fo = smaller of { -4-  Ph  tan°  
Ca + ph tan8 	

10.25 

The friction angle, 5, is generally taken as -10, but se-
lected values can be obtained from table 10.6. (8 is 0° 
when 0 is 0°.) The lateral earth pressure depends on 
the depth, down to a critical depth, zcr iticab after which 
it is essentially constant. 11, 

Ph = keYz - 	 10.26 

11 Between relative densities of 30% and 70%, the critical depth 
can be interpolated between 10 and 20 diameters. 
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Example 10.8 

An 11", smooth concrete pile with a blunt end is driven 
60 feet into clay. The clay's cohesion and density are 
1400 psf and 120 lbm/ft 3  respectively. The water table 
extends to the ground surface. What is the ultimate 
bearing capacity of the  pile? 

step 1: The pile diameter and areas are:  

B= —
11 

= 
'

0.917ft 
12 

Aend = 71.7i (0.917) 2  = 0.66 ft 2  

Asurf ace= (0.917)  (60) = 472.9 ft2  

step 2: Assume 0 = 0° for saturated clay. From ta-
ble 10.3, Ng  = 1. From table 10.2 and table 
10.3, Arc  = (1.2)(5.7) = 6.8. (The contribu-
tion of N.7  is ignored since B is small.) 

step 3: The point bearing capacity is 

(0.66)(1400 x 6.8) = 6283 lbf  

from the general bearing capacity equation, equation 
10.1. The shearing-related capacity includes the effects 
of cohesion (or adhesion), but the increase in friction 
capacity due to lateral soil pressure is disregarded. 

pile 
spacing 	_ 	 -,) 

	

' 	 I 

	

1 -S1 	1 depth 	I 
length 

Figure 10.9 A Pile Group 

B. INFLUENCE CHART METHOD 	 coincides with the location under the footing where the 
pressure is wanted. 

If a footing or mat foundation is large compared to the 
depth where the pressure is wanted, the vertical pres- 	Count the number of squares seen under the footing 
sure can be found by use of an influence chart, similar to 	drawing. Count partial squares as fractions. Count the 
figure 10.11. This chart is used in the following manner. 	pie-shaped areas in the center circle as squares. 

Let the distance A–B on the chart correspond to the 
depth at which the pressure is wanted. Using this scale, 
draw a plan view of the footing on a piece of tracing 
paper. 

Place the tracing paper over the influence chart. Lo- 
cate the  footing tracing so that the center of the chart 

Calculate the pressure from equation 10.31 13  

p = (# squares)(0.005)(applied pressure) 	10.31 

13 Equation 10.31 assumes the influence chart's influence value 
is 0.005, as it is in figure 10.11. Other charts may have other 
influence values. 

	

mpact Lo, 	 step 4: The lateral earth pressure is disregarded 
in evaluating the friction capacity, since 

Partitiorl L: 	i 	 q5 = rand tan 00 = 0 in equation 10.25. Es- Section 16 

timate ca  =, 0.9c for smooth concrete. Then, 
the friction capacity is 

fix col 

	

ode Dociii 	 (1.9)(0-:9)-e1400) = 217,850 lbf 

step 5: The total capacity is 6283 + 217,850 = 
224,133 lbf. 

B. CAPACITY OF PILE GROUPS 

The capacity of a pile group will generally be more or 
less than the sum of the individual piles. 12  The pile 
group efficiency is the ratio of actual capacity to the 
sum of individual capacities. 

= 
group capacity 

n E individual capacities 	
10.29 

The group capacity of a large number of piles can be 
approximated by assuming that the piles form a large 
footing. This large footing extends from the surface 
to the depth of the pile points. The length and width 
of the large footing are the length and width of the 
pile group. The group bearing capacity is computed 

12 For sand, the efficiency is maximized (n = 200%) with pile 
spacings of approximately 2B center-to-center. For clay, the effi-
ciency is less than 100% up to a spacing of 2B, after which the 
efficiency of 100% is reached and maintained for all reasonable 
pile spacings above 2B. 

18 SOIL PRESSURES DUE TO APPLIED 
LOADS 

A. BOUSSINESQ'S EQUATION 

Figure 10.10 illustrates a load applied through a foot-
ing to a soil below. The increase in pressure, p„, due 
to the application of the building load can be found 
from Boussinesq's equation. This equation requires the 
footing width to be small compared to the depth, h, at 
which the increase in pressure is desired (i.e., h> 2B). 

3h3P 	3P  r 	1 	5/2 

Pv  27rz5  = 27r(h2 ) [1 + 	WV] 	
10.30 

Figure 10.10 Application of Boussinesq's Equation 

Mb/ "OA MEN1641,11:t 140W 
Vg14110111 II 

1"13-1 Aulli:t1411111.11"11  
411.1111:#7e ence vtalu 4:05 

441 I  II WA. 

B  

Figure 10.11 Influence Chart 
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C. STRESS CONTOUR CHARTS 

If a soil is assumed to be semi-infinite, elastic, isotropic, 
and homogeneous, stress contour charts based on the 
Boussinesq case can be used to obtain subsurface pres-
sures. 14  Such charts exist for a variety of surface load-
ings, including point loads, square or rectangular foot-
ings, circular footings, corners of mats, etc. Appendixes 
C and D are typical of such contour charts. 

19 PRIMARY SETTLEMENT IN CLAY 

The purpose of pre-construction settlement calculations 
is to determine the magnitude of expected settlement 
due to an increase in surface loading. However, these 
calculations can also be used to find the settlement due 
to change in any variable, such as a drop in the water 
table. 

step 1: Find the original effective pressure, Po, at the 
mid-height of the clay layer. The average 
effective pressure is the sum of the following 
items: 

o For layers aboye e.: 

( layer 	( layer 
- 	P 	 10.32 

thickness) density 

• For layers below  the  water–table: 

layer 	(saturated layer – 62.4) 
P o  (c  thickness ) 	density 

10.33 

step 2: Find the increase in pressure, p v , directly 
below the foundation and at the midpoint of 
the clay layer due to the building load. This 
can be done using Boussinesq's equation, in-
fluence charts, or stress contour charts. 

step 3: Estimate the unconsolidated voids ratio, e o . 

w(SG) 	10.34 

step 4: Estimate the compression index (coefficient 
of consolidation) of the soil. This is the log-
arithmic slope of the primary consolidation 
curve. 

e2 –  el  C, = 	 10.35 
P1 ) logio  (— 
P2 

14  The Boussinesq case is not the only case possible. The 
Westergaard case assumes layered or anisotropic foundation soil, 
consisting of alternating layers of soft and stiff materials. The ef-
fect of such layering is to reduce the stresses substantially below 
those obtained from the Boussinesq case. The Westergaaxd case 
is typically used in the analysis of wheel loads over multi-layered 
highway pavement sections. 

If necessary, the compression index can be 
estimated from other soil parameters. For 
inorganic soils with sensitivities less than 4, 
equation 10.36 applies. 

step 5: Calculate the settlement. For any clay (nor-
mally loaded or pre-loaded) for which the 
original void ratio and change in void ratio 
are known, equation 10.39 should be used. 
H is the thickness of the clay layer, regard-
less of any overlying layers or surcharges. 

S = .11 ( 6‘e  ) 

	

+e0) 	
10.39 

For normally loaded clays only, equation 
10.40 can be used. A, is the change in verti-
cal pressure due to applied loads. Therefore, 
Po  + pv  is the total pressure after load appli-
cation or removal. 15  

s  (  Cc   ) 
H log io  (P° 	P Y 	10.40 

	

1+ eo 	 Po 

Example 10.4 

A 40' x 60' raft is constructed as shown. The building 
rests on sand which has already settled. What long-
term settlement can be expected in the clay (a) at the 
center of the raft? (b) at a corner of the raft? 

step 1: 

silt layer: 	(5)(90) 	= 450 lbf/ft 2  
dry sand layer: (14)(120) 	= 1680 
wet sand layer: (22)(130 – 62.4) = 1490 
clay layer: 	1 (14)(110 – 62.4) = 330 

Po = 3950 lbf/ft 2  
-V° 

	

tPro 	 c101(t  
step 2: Use the influence chart (figure 10.41) to cal-

culate the pressure increase due to the build-
ing. The distance from the bottom of the 

15 po  in equation 10.40 is the effective pressure, excluding the pore 
pressure. Experience has indicated that effective stress alone can 
cause consolidation. 

,F7/9qcRov-e , e14/1 ,  15D IC6fp 

54+1-efir.24A- 
8 	107f  ( 17:21(s-;) 

-t- 

= 

f c9-1 	trifi  

Co  = 0.009(wi – 10) 	10.36 

For organic soils, such as peat, the compres-
sion index can be estimated from the natural 
moisture content. 

Co  = 0.0155w, 	10.37 

For clays, a general expression is 

C, = 1.15(e0  – 0.35) 	10.38 

o 

truttuu, 1?) 

/ 
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The mid-layer increase in pressure below the 
centroid of the raft is 

( °DS 	 tot p, = (1590)(86)(0.005) = 680 lbf/ft2  

Similarly, the mid-layer increase in pressure 
at the corner is 

7.149 ( )((OVS) 
(elitIA Pv = (1590)(39)(0.005) = 310 lbf/ft 2  

step 3: The original void content of the clay is found 	0  
from equation 10.34. 

(,) 
eo  = (0.44)(2.7) =1188 	 2 

 

step 4: The compression index is estimated from 
equation 10.36. 

C, = 0.009(54— 10) = 0.396 

Sc
(  0.396 	

(14) log (3"0 -F 3")  
orner = 

	

1.188 	 3950 

= 0.083 ft 

20 TIME RATE OF PRIMARY CONSOLIDA-
TION 

Settling in clay is a continuous process. The time to 
reach a specific settlement is given by equation 10.41. 
z is the layer's half-thickness if drainage is through 
the top and bottom surfaces (i.e., two-way drainage). 
If drainage is from one surface only (i.e., one-way 
drainage), z is the layer's full thickness. Units of t will 
depend on units of Cv. 

i, Tz2  

	

t =  	 10.41 

The coefficient of consolidation is assumed to remain 
constant over small variations in the void ratio, e. 

= 
k(1+ e)  
 10.42 

7.(a,,) 

The coefficient of compressibility, a„, can be found from 
the void ratio and effective stress for any two different 
loadings. 

er'T 

140 

qt. 

silt , 
90 lb/ft' 

saturated 
sand 3  

130 lb/ft 
	  w .44 
clay, 1 0 lb/ft% 	vv L  = ,54 
Sne  -=';1.2 ton/ft 	(SG) = 2.7 

sand , 
120 lb/ft' 

raft to the mid-point of the clay layer is 
36 — 3 + 7 = 40 feet. Using a scale of 1 inch 
= 40 feet, the raft is 1" x ki-uares 
are covered. 

The net pressure at the base of the raft is 
the applied pressure minus the overburden 
pressure due to the excavated sand and silt. 

Pnet = 24011— 5(90) — 3(120) =,1590413f/ft 2  

60 	 5cole 	LA  
r 

qt2  

40' X 60' raft 	 (ft 
total deAd'and live 

load is 2400 lb/ft` 	3, 	 5' 

(includes raft) 

14' 
water 
table 

22' 	 step 5: The settlements are 	f.c.F.  / o , 	pet 	/0 - 

14'  = 
( 0.396 

L188 
) (14) log .(39 	 

, 
Scenter +  3950 ,/ PA-4 H 

V 
= 0.175 ft 

el —  e2  = 	 10.43 
P2 — Pi 

4, 

I I 

„ne 

I 	1 	II I 
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T is a dimensionless number known as the time factor. 
T, depends on the degree of consolidation, U. U., is the 
percent of the total consolidation (settlement) expected. 
For (I, less than 0.60 (60%), T is given by equation 
10.44. 

Tv  = -1 7rU2 	 10.44 
4 

Table 10.7 should be used to find Ty for larger values of 
Uz . 

Table 10.7 
Approximate Time Factors 

U.t)U U.S 

0.70 0.40 
0.75 0.48 
0.80 0.55 
0.85 0.70 
0.90 0.85 
0.95 1.3 
1.0 oo 

Following the end of primary consolidation (approxi-
mately Ty  = 1 in equation 10.44), the rate of consolida-
tion will decrease considerably. The continued consoli-
dation is known as secondary consolidation. 

21 SECONDARY CONSOLIDATION 

Secondary consolidation is a gradual consolidation 
which continues long after the majority of the initial 
consolidation has occurred. Secondary consolidation 
may not occur at all, as in the case of granular soils. 
However, secondary consolidation may be a major fac-
tor for inorganic clays and silts, as well as for highly-
organic soils. 

void ratio, 

primary consolidation \ 
ef 	 ). 

secondary consolidation 	I 

ti 

time, log t 

Figure 10.12 Primary and Secondary Consolidation 

Secondary consolidation can be identified by a plot of 
void ratio (or settlement) versus time on a logarithmic 
scale. The region of secondary consolidation is charac-
terized by a slope reduction on the plot. The plot can 
be used to obtain important parameters necessary to 
calculate the magnitude and progression of secondary 
consolidation. 

The final void ratio, e1, at the end of the primary con-
solidation period is read from the intersection of the 
projections of the primary and secondary curves. The 
logarithmic slope of the secondary compression line is 
known as the secondary compression index, a.16 

a - 	t2 logio  t1)  10.45 
e2 - ei 

The coefficient of secondary compression, C c„ can be 
derived from this slope. The initial voids ratio, e„, can 
be estimated from equation 10.34. 

	

= 
1 + ea 	

10.46 

The secondary consolidation during any period t2 - ti 
is 

Ssecondary = Ca  H log 	 10.47  

22 SLOPE STABILITY 

A. HOMOGENEOUS, SOFT CLAY (0 = 0°) 

For homogeneous, soft clay, the Taylor chart can be 
used to determine the factor of safety against slope fail-
ure. 17  _Alternatively, if the factor of safety is known, 
the maximum depth of cut or the maximum cut angle 
can be determined. 

step 1: Calculate the depth factor, d, from the slope 
height and the depth from the slope toe to 
the lowest point on the slip circle. 

	

d = 	 10.48 
.ti 

The slope height, H, is essentially the depth 
of the cut. D is the vertical distance from 
the toe of the slope to the firm base below 
the clay. 

step 2: Based on the depth factor, d, and the angle 
of the slope, determine the stability number, 
N,. 

16 The secondary compression index generally ranges from 0 to 
0.03, and seldom exceeds 0.04. 

17 The circular arc method and method of slices can also be used to 
analyze a particular failure surface. However, if the failure surface 
is unknown, these methods may require trial and error solutions 
to locate the critical failure plane. 

step 3: Calculate the factor of safety in cohesion, F, 
from equation 10.49. For submerged clays, 
the buoyant force should be subtracted from 
the clay density. 

N
°  F = 

"reffia 
LT 	 10.49 

Nff = -Nat  - 62.4 (if submerged) 	10.50 

Minimum factors of safety are difficult to specify, but 
limited research seems to imply a range of 1.3 to 1.5 as 
minimum acceptable values. 
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Figure 10.13 The Taylor Chart for 
Slope Stability (0 = 0) 

Figure 10.13 shows that  toe  circle failures occur for all 
slopes steeper than 53°. For slopes less than 53°, slope 
circle failure, toe circle failure, or base circle failure may 
occur. These possibilities are illustrated in figure 10.14. 

// H 

slope circle 

D -1-1 0 	////........ ./ 11  

toe circle 

H / 

D 	  

base circle 
Figure 10.14 Failure Modes in Clay  

Example 10.5 

An underwater trench is excavated in soft bay mud. 
The walls of the trench are sloped at 4.5 vertical:3 hori-
zontal. The mud has a saturated density of 100 lbm/ft 3  
and a cohesion of 400 lbf/ft 2 . There is a layer of dense 
sand and gravel 59 feet below the surface of the mud. 
What is the depth of cut that can be used while main- 

, taining a 1.5 safety factor? 

The cut angle is 

4 5 
= arctan 	= 56° 

3 

Since # > 53°, the failure will be toe circle. From figure 
10.13, the stability number for # = 56° is approximately 
5.4. 

1V =  5 t  

Since the clay is submerged, the effective unit weight is 
(100 - 62.4) = 37.6. 

From equation 10.49, the maximum cut depth is 
(cplicrrv 

	

Noc 	(5.4)(400)  

	

H = - 	= 	= 38.3 ft 

	

Ty 	(1.5)(37.6) 

B. HOMOGENEOUS, COHESIVE SOIL (c > 0, 
> 0°) 

For cohesive, non-granular soils, failure will be through 
the slope toe for 0 > 5°. 
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C. COHESIONLESS SAND (c = 0) 	 The horizontal pressure depends on the coefficient of 
earth pressure at rest, ko , which varies from 0.4 to 0.5 The maximum slope angle for cohesionless sand is the for untamped sand. 18  angle of internal friction, 0. 

Phorizontal = ko''yH 	 10.58 
k0 R-,1- sin (,,b 	 10.59 
Ro  = lko H2  

23 EARTH PRESSURE THEORIES 

The general equation for horizontal active earth pressure 
is: 

Phorizontal = Pvertical tan2  (450  - 
2 

	

- 2c tan (45 0  - 	10.51 
2 

c in equation 10.51 is the soil's cohesion. 

Pvertical can be due to surcharge, externally applied 
loads, or the soil's own mass. 

If q = 00 , as in the limiting case for saturated clay, then 

	

Phorizontal = Pvertical - 2c 	10.52 

If c = 0, as in the limiting case for drained sand, 

Phorizontal = Pvertical [tan2  (450  - -19 	10.53 
2 

The quantity in brackets in equation 10.53 is known as 
the coefficient of active earth pressure. 

kA = tan2  (450 _ 	1 - sin 0 
2 	1 + sin 0 	

10.54 

The general equation for horizontal passive earth pres-
sure is: 

Phorizontal = Pvertical tan2  (450  + (P) 
2 

	

+ 2c tan (45 0  + ) 	10.55 
2 

The coefficient of passive earth pressure for sand is 

1 	 0 1 + sin 0 

	

kp = 1TA = tan2 (450 + -
2
) = 

1 - sin cb 	
10.56 

A. THE RANKINE THEORY 

If it is assumed that the backfill soil is dry, cohesionless 
sand, then the Rankine theory can be used. At any 
depth, H, the vertical pressure is 

Pvertical = 7.if 	 10.57  

Equations 10.57 and 10.58 apply only to a sand deposit 
of infinite depth and extent. For sand that is com-
pressed or tensioned (as in around a retaining wall) the 
reactions are given by equations 10.60 and 10.61. 

RA = (Phorizontal) ( -H ) = -1  koH 2 	10.60 
2 	2 

1 
Rp = -kp7H2 	10.61 2 

RA and Rp are horizontal if the soil above the heel and 
toe is horizontal. (See figure 10.19.) 

B. WEDGE THEORIES 

The Rankine theory is based on infinite, cohesionless 
soil. It also requires that the soil above the heel be 
level. Modifications can be made to lift these restric-
tions, as well as to allow a water table above the foun-
dation base. Several modifications are known as wedge 
theories. Coulomb's earth-pressure theory is one such 
wedge theory. 

The wedge methods are based on the observation that 
retaining walls fail when the active soil shears. Al-
though the shear plane is actually a slightly curved sur-
face, it is assumed to be linear (line *-* in figure 10.15). 
However, since the actual shear plane is not known in 
advance, several trial planes need to be taken. This is 
known as the trial wedge method. 

24 SLOPED AND BROKEN SLOPE 
BACKFILL 

It is possible to derive equations for the active force with 
a sloped backfill, as shown in figure 10.16. However, the 
complexity of these equations usually makes a graphical 
solution a better choice. 
With sloped or broken slope backfill, the active force is 
not horizontal. Appendix A and appendix B provide a 
method of evaluating the horizontal and vertical earth 
pressure. Notice that kh and kt, have units of lbf/ft 2  
per foot of wall. Soil density is not used. H is defined 
as shown in appendices A and B. 

1 
RA,h = -

2 

khH 2 	10.62 

1 
RA, v  = -2 

kJ/2 	10.63 

18 	i It s appropriate to use the at-rest soil case whenever the 
wall does not move. Bridge abutments and basement walls are 
examples where movement is essentially nonexistent. 

RA = 	.1=q, 	 10.64 

= arctan 	̀.1R 	 10.65 
Rh 

Figure 10.15 Failure Wedge 

Figure 10.16 Sloped Backfill 

25 SURCHARGE LOADING 

A. UNIFORM SURCHARGE 

If there is a uniform surcharge load of q lbf/ft 2  above 
the backfill, there will be an additional active force, Rq . 
Rq  acts at H/2 above the base. This force is in addition 
to the regular active force which acts at H/3. 

Rq = kAqH X wall width 	10.66 

B. POINT LOAD 

If a point load is applied a distance x back from the 
wall face, as in figure 10.18, the distribution of pres-
sure behind the wall can be found from equations 10.67 
through 10.70. 19  

19 
These equations are based on elastic theories with a Poisson's 

ratio of = 0.5. The coefficients have been adjusted to bring 
the theory into agreement with observed values. 

Figure 10.17 A Uniform Surcharge 

Figure 10.18 A Point Load Distribution 

x 
m= 

y 

1.77V 	rn 2 n2  
= Ph 	H2 	(m2 ± n2)3 

0.28V 	n2  
--- Ph 	H2 	(0.16 + n 2 ) 3  

C. LINE LOAD 

For a line load of q lbf/ft, the distribution of pressure 
behind the wall is given by equations 10.71 and 10.72. 
Figure 10.18 applies if V is replaced with q. 

Ph 

P 

(m >0.4) 

0.4) 

10.71 

10.72 .(27n°327nnn  1R- 	+2)2 
 

(m 
(0.16 ± 

•  '10.67 

10.68 

(m > 0.4) 	10.69 

(m <0.4) 	10.70 
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26 HORIZONTAL PRESSURES FROM 
SATURATED SAND 

Sand, being porous, allows trapped water to exert a hor-
izontal pressure against vertical retaining walls. There-
fore, the sand and water both exert a horizontal force. 
The hydrostatic pressure is 

	

Phydrostatic = (62.4)H 	10.73 

However, there is also a buoyant force, since each sand 
particle is submerged below the water table. The soil 
pressure depends on its saturated density and the buoy-
ant force. 

Psoil, vertical = Nat - 62.4)H 	10.74 

	

Peon, horizontal = kA(7sat - 62.4)H 	10.75 

The total horizontal pressure from saturated soil is the 
sum of equations 10.73 and 10.75. 

	

Pliorizontai = [62.4 + kA ( -Nat - 62.4)[H 	10.76 

The increase in the horizontal pressure over the dry 
condition is (1 - kA)(62.4). This product is known as 
the effective hydrostatic loading of the fluid. If it is con-
venient to do so, equation 10.76 can be interpreted as a 
pressure from a fluid with effective hydrostatic density 

	

'off = 62.4(1 - kA) 	 10.77 

Phorizontal 	 "yeff]H 	10.78 

The saturated soil density used in the above equations 
can be calculated if the dry soil density and either the 
porosity or void ratio is known. 

	

Nat = 'Ydry + 62.4n = l'ary  + 62.4 T.7-.e  e 	10.79 

27 RETAINING WALLS 

Retaining walls must be safe against settlement. In this 
regard, their design is similar to footings. They must 
have sufficient resistance against overturning and slid-
ing. Retaining walls must also possess adequate struc-
tural strength. The method of meeting these require-
ments is one of trial and error. 

The analysis of a retaining wall's stability requires 
knowledge of at least six different distributed force sys- 
20 45 lbm/ft 3  is typically taken as the effective hydrostatic den-
sity of the fluid behind a retaining wall. 

tems. These forces result from the distributions shown 
in figure 10.20. They are the forward (active or ten-
sioned) earth reaction, RA, the backward (passive or 
compressed) earth reaction, Rp, the soil force, ./4, the 
shear resistance, R,, the weights of the earth masses, 
RT and RH, and the weight of the wall itself. 

'a 

.!. 
o 

frost 	 • 
Penetration 	 • 

heel Nit 
:: B 2 

• 
- • 0 .. 	 jpd 

• 

toe 

optional key 

Figure 10.19 A Cantilever Retaining Wall 

PA 
_ 

	

A 	 ; PH 
PT . 

	

Pp  A 	•. 
al  Min 

pressure from 
structure weight 

Pv 

Figure 10.20 Pressure Distributions 
on a Retaining Wall 

The important factors to be considered when evaluating 
the design of a retaining wall are factor of safety against 
overturning, the maximum soil pressure under the base, 
and the factor of safety against sliding. 

The following procedure can be used to analyze a retain-
ing wall. (Sizing a retaining wall is covered in chapter 
14.) 

step 1: Determine the active reaction and its point 
of application. Include the reactions from all 
point, line, and distributed surcharges. 21  

Retaining walls should be analyzed and designed for a mini-
mum density of 30 lbm/ft3  of fill, regardless of the actual load. 

step 2: Determine the passive reaction and its point 
of application." 

step 3: Find the vertical forces against the base. 
These forces are the weights, W., , of the 
areas shown in figure 10.21. Find the cen-
troid of each area and the moment arm, r2 , 
from the centroid of the ith area to point 
G.23  Calculate the moments of each area 
about point G. 

heel) 

Figure 10.21 Elements Contributing 
to Vertical Force 

step .4: Find the moment about point G of all the 
vertical forces and the active pressure. 

MG = 	+ RA,hrA 	10.80 

step 5: Find the location and eccentricity of the ver-
tical force resultant. The eccentricity is the 
distance from the center of the base to the 
vertical force resultant. Eccentricity should 
be less than Egc  for the entire base to be in 
compression. 

MG  
rR 	+ RA,n 	

10.81 
 

1 
10.82 

2 

22 
The passive pressure is usually disregarded on the assumption 

that the backfill will be in place prior to the front fill, or that the 
front fill will be removed at some future date for repairs to the 
wall. 

23 Moments can also be taken about the toe. 

Pv , m `.3x  

pv , mm 

Figure 10.22 Resultant Forces on Base 

step 6: Check the factor of safety against overturn-
ing by summing moments about the toe. 
The moment arms x and y must be mea-
sured from the toe. 24  The factor of safety 
should generally exceed 1.5 for cohesionless 
soils, and 2.0 for cohesive soils. 

Ewixi +RA,„xA
'
„ 
 10.83 Foverturning 

RA,hY,4,h 

step 7: Find the maximum (at the toe) and mini-
mum (at the heel) foundation pressure on 
the base. 

	4:RA  Pvonax,Pnonin 	 ' v 	66  ±  B ) 
10.84 

The maximum pressure should not exceed 
the allowable soil pressure. 

step 8: Calculate the resistance against sliding. 
Disregarding the passive pressure, the active 
pressure must be resisted by the shearing 
strength of the soil or the friction between 
the base and the soil. Equation 10.85 is for 
use when the wall has a key, and then only 
for the soil to the left of the key. Equation 
10.86 is for use with the soil to the right of 
a key, and for flat-bottomed walls. 

R, =-- (EW, + RA, v ) tan 0 + c aB 10.85 

R8  = (EW RA,V) tan + caB 10.86 

24 Other interpretations may include RA, t, as a negative term in 
the denominator. 



Figure 10.23 Anchored Bulkheads 

Anchored bulkheads can fail in the following ways: 

• The base clay can fail due to inadequate bearing 
capacity. The clay will shear along a circular arc 
passing under the bulkhead. 

• The anchorage can fail. There are several ways 
for this to occur, including rod tension failure and 
deadman movement. 

• The toe embedment at the mud line can fail. 

• The sheeting can fail, although this is rare. 

The depth of embedment that is required is found by 
taking moments abOut the anchor attachment point on 
the bulkhead. This anchor pull is found by summation 
of all horizontal loads on the bulkhead. 

The maximum bending moment in the bulkhead itself 
should be found by taking moments about a point of 
counterflexure listed in table 10.9. 

Table 10.9 
Points of Counterflexure 

29 BRACED CUTS 

A. INTRODUCTION 

A braced cut is an excavation in which the load from 
one bulkhead is used to support the opposite bulkhead's 
load. Failure in dry soils above the water line gener-
ally occurs by wale crippling followed by strut buckling. 

Figure 10.24 A Braced Cut with Box Shoring 

Since the struts are installed as the excavation goes 
down, the upper part of the wall deflects very little due 
to the strut restraints. Therefore, the final pressure on 
the upper part of the wall will be considerably higher 
than would be normally predicted by the active pres-
sure equation. These larger than expected loads near 
the top have resulted in failure of the upper strut in 
braced cuts. 

embedment material point 

firm and dense 
loose and weak 

. 	 soft over hard layer 

mud line 
1 or 2 feet below mud line 
at hard layer depth 

Figure 10.25 A Braced Cut with Close Sheeting 

?rJ 
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' 

step 9: Calculate the factor of safety against slid-
ing. In cases where the passive pressure is 
disregarded, a factor of safety in excess of 
1.5 is desired. If passive pressure is included 
in the resistance against sliding, the factor 
of safety should exceed 2.0. (Neglecting the 
passive force will give a minimum factor of 
safety.) 

R, 
Feuding = 	 10.88 

11,A,h 

If the factor of safety is too low, increase the 
base length, B, or include a vertical key in 
the design. (See figure 10.19.) 

Example 10.6 

A retaining wall is being designed for a soil with 0 = 
30°, 8 = 17°, and a maximum allowable pressure of 3000 
psf. The backfill is coarse-grained sand with silt„-with 
a density of 125 lbm/ft 3 . Using an adhesion of 950 psf, 
check the tentative design for stability against sliding. 
Do not check for factor of safety against overturning. 

4:1 	 1.83' ■ - 	, )-- 

H = rt,)' 	15' 	18.33' 
7 

2, 0: 1 ' 

(IQ 3, l 	1.5, 	 , 
	  , 

10' 
-1)6 11 „..1 

 

a\v)AA  
‘, 

i r 
, 

step 1: The backfill is sloped. Assume a type-2 fill 	 28 FLEXIBLE ANCHORED BULKHEADS 	Planned excavations below the water line should be de- 
and use appendix A. , 	 watered prior to cutting. The analysis of braced cuts is 

#.0"....11 B ‘....z, 
0 = arctan (_

1.84) = 18.4° (3 : 1) 	 jug been sunk into the ground. They are anchored fur- 
Anchored bulkheads are supported at their bases by hay- 	approximate due to extensive bending of the sheeting. 

5 ,5 	 /5 ,6 	 ther up with rods projecting back into the soil. These 
rods can terminate at deadmen, piles, walls, or beams. 

deadman 	pile 	beam 
From appendbeK, Icy  ---..-110 and kh R-_1 40. 	 .......- 

L, 	2- 	1 	 . 	
.-- 

' il I 

bottom of the base. (See footnote 22.) 
=.-- 6.11 ft above the 

__r 
RA,h is located 18.33/3 	

sand Eff -------- 
mudline 	

-'4IIMMIMMIONSft.-:„._s„,,t  14111/1  

111°."-  ------ 
/ 

ir-V H 1, RA,v = (10)(18.33) 2  = 16801bf 	 _.......- 	 -1111111111ftimw,_ 
i• 	 ------i--- 	Mlir-- 

../... L 	RA,h = . -.1  (40)(18.33) 2  = 6720 lbf 	
i 

step 2: Assume R p 0. 

step-  3: (Disregard the sloped face of area 5.) 	• X II' 

	

, ■ 1 	.<. C'-: 	 Vji / 

i 	 area 	 "I 	W., (lbf) 	ri 	moment"  /. 

1 1(5.5)(1.83)=5.03 125 629 1.83 1151 
2 5.5(15)=82.5 125 10,313 2.75 28,361 
3 1(15)=15 150 2250 6.0 13,500 

4 1 (0.5)(15)=3.75 150 563 6.67 3755 
6 1.5(10)=15 150 2250 5.0 11,250 
5 2(3)=6 125 750 8.5 6375 

16,755 64,392 totals 
RA, v  1680 0 0 
R A , h 6720 6.11 41,060 

(Notice RA,v  goes through point G.) 

step 4 : MG = 64,392 + 41,060 = 105,450 ft-lbf 

step 5: 

4- g-Av  r 	 r 
- 16,755 + 1680 
_ 	105,450  = 5.72 ft 

c = 5.72 - -2-1  (10)= 7 t 
0.  --f--- 	54,  

Since 0.72 is less than 10/6, the base is in 
compression everywhere. 

VPirtf 
step 6: Skipped. 

step 7: The maximum pressure at the base is 

(16,755 + 1680'\  (1.  + 6(6.72)  ) 
Pmax = 10 	) 	10 ) - 

= 2640 lbf/ft 2  
0991, ‘ ,C) ;k' n,t0 

This is less than 3000 113f/ft 2 . 

step 8: The resisting force against sliding is 

= (16,755 -I- 1680) tani.7° + (40)(10) = 15, 136 iv 

In the absense of friction coefficient data, the 
resistance can be found from equation 10.87 
and table 10.8. 

R, = 	 RA,v) c aB 10.87 

Table 10.8 
Values of lc, 

coarse grained soil 
without silt 	0.55 

coarse grained soil 
with silt 	0.45 

silt 	 0.35 

_Z A ,0 step 9: From equation 10.88,  

15,136 
min 	136 = 2.25 (O.K.) \-... 

' (4311'741 	 = = 6720 	
/ 	- , / 

4- 

0 	J fik 
-1 

..------- 4........-- 
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Appendix A: Active Components for Retaining Walls 
with Straight Slope Backfill 

B. PRESSURE DISTRIBUTIONS IN BRACED CUTS 

The pressure distribution depends on the cut material. 
For dry or drained sand, the pressure distribution is 
similar to that in figure 10.26. 25  The maximum pres-
sure is given by equation 10.89. 

Pmax = (0.65)kA7H 	 10.89 

Figure 10.26 Cuts in Sand 

For undrained clay (typical of cuts made rapidly in 
comparison to drainage times) where 0 = 0 0 , the pres-
sure envelope depends on the average undrained shear 
strength of the clay in the cut zone. If -y.f 11c < 4, 
(e.g., stiff clay), the pressure envelope is shown by figure 
10.27. 

0.271/ < pmax  <0.4-yH 	10.90 

Use the lower values of pmax  when movement is minimal 
or when the construction period is short. 

strut —..- 	  
0.25 H 

strut 

Pmax 	0.5 H 
strut 

0.25 H 

Figure 10.27 Cuts in Stiff Clay 

If 7H/c > 6 (e.g., soft to medium clay), the pres-
sure distribution is as appears in figure 10.28. Except 
for cuts underlain by deep, soft, normally consolidated 
clays, equation 10.91 can be used. 26  

Pmax = -TH — 4c 	 10.91 

" This is not the only distribution that has been proposed for 
sand. The Tschebotarioff trapezoidal pressure distribution in-
creases (starting at the surface and working down) from 0 to 
0.8 kA^tH in the first 0.IH of depth. It remains constant for 0.7H, 
and decreases linearly to zero in the lower 0.2H. 

26 If the shearing strength of the clay below the cut, Sb, is known, 
the quantity 7HISb should be checked. If it is below 6, the bear-
ing capacity of the soil is sufficient to prevent shearing and up-
ward heave. Simple braced cuts should not be attempted if this 
quantity exceeds 8. 

1,........ 	 strut  
0.25 H 

strut 	-  
— 

strut --.- Pmax 	0.75 H 
< 	 
-( 	 

Figure 10.28 Cuts in Soft Clay 

If 4 < -yHIc < 6, use either the soft or stiff clay case, 
whichever results in the stronger design. 

C. DESIGN OF BRACED CUTS 

The first step in the design of braced cuts is to de-
termine the pressure distribution based on equations 
10.60 and 10.76. The passive pressure reduces the ac-
tive pressure below the mudline. The point at which 
the active pressure distribution is zero is taken as the 
hinge point. The passive pressure below the hinge point 
is disregarded. 27  

If there are no struts, the wall is designed as a cantilever 
beam. 

If there is one strut, moments are taken about the hinge 
point to determine the strut load. 

With multiple struts, the moment distribution method 
can be used to determine strut loads. An easier method 
is to assign portions of the active distribution to the 
struts based on areas between the mid-points of the 
strut separation distances. 28  

Once a tentative design has been reached, the design 
should be checked using the distributions presented in 
the previous section. Strut loads are computed by trib-
utary areas. Vertical members are designed as beams 
on unyielding supports. 

Al 
active - 
envelope 

mud line 

'..C1 active-passive -------''' 	assumed hinge point 
envelope 

Figure 10.29 Preliminary Design of Braced Cuts 

27 Passive pressures greater than the active pressure are dis-
regarded. 

28 That is, the sheeting is assumed to be hinged at the strut 
points. 
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2. Dirty sand and gravel of restricted permeability: GM, GM—GP, SM, SM—SP. 
3. Stiff residual silts and clays, silty fine sands, and clayey sands and gravels: 
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Appendix B: Active Components for Retaining Walls 
with Broken Slope Backfill 

soil type 1 	 soil type 2 	 soil type 3 
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Appendix C: Boussinesq Stress Contour Charts 
Infinitely Long and Square Footings 

p = uniform foundation pressure 

0 	0.2 	0.4 	0.6 	0.8 	1.0 	0 	0.2 	0.4 	0.6 	0.8 	1.0 	0 	0.2 	0.4 	0.6 	0.8 	1.0 



value of 4 

Appendix D: Boussinesq Stress Contour Chart 
Uniformly Loaded Circular Footings 

p = uniform foundation pressure 

az,vertical = P x chart influence value 
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Practice Problems: FOUNDATIONS AND 
RETAINING WALLS 

Untimed  

1.A large manufacturing plant with a floor load of 500 
psf is supported on a large mat foundation. A 38 foot 
thick layer of silty soil is underlain by sand and gravel. 
The plant was constructed on the silty soil 10 feet 
above the water table. After a number of years and 
after all settlement of the building had stopped, a se-
ries of wells were drilled which dropped the water ta-
ble from 10 feet below the surface to 18 feet below the 
surface. The unit weight of the soil above the water ta-
ble is 100 pcf. It is 120 pcf below the water table. The 
silt compression index is .02. The void ratio before the 
water table was lowered was 0.6. How much can the 
building be expected to settle? 

2. 360 kips are to be supported by a square footing. 
The footing is to rest directly on sand which has a 
density of 121 pcf and an angle of internal friction of 
38°. (a) Size the footing. (b) Size the footing if it is to 
be placed 4 feet below the surface. 

3. A reinforced concrete retaining wall is to be 14 feet 
high. The top surface is horizontal but supports a sur-
charge of 500 psf. The soil has the following 
characteristics: 	

/0E9 jA449 	itet  
density: 130 pcf (sandy soil) 	 g 
angle of internal friction: 35° 	‘-•`-` 
coefficient of friction with concrete: 
allowable soil pressure: 4500 pz,Vivavvi0 	) 
frost line: 4 feet below grade 

Use a factor of safety of 1.5 against sliding and over-
turning to design the dimensions of the retaining wall. 
Neglect structural details. 

4. A 26 foot high wall holds back sand with a 96 pcf 
dry density. The water table is permanently 10 feet 
below the top of the wall. The saturated density of the 
sand is 121 pcf. The angle of internal friction is esti-
mated to be 36°. (a) Disregarding capillary rise, cal-
culate the active earth resultant. (b) Where is the ac-
tive earth resultant located? (c) Assuming the water 
table level could be dropped 16 feet to the bottom of 
the wall, what would be the reduction in overturning 
moment? 

5. The compression index of a normally-loaded clay 
soil is 0.31. When the effective stress on the soil is 
2600 psf, the void ratio is 1.04 and the permeability is 
4 EE-7 mm/sec. The stress is increased gradually to 
3900 psf. (a) What is the change in the void ratio? (b) 
Compute the settlement of a 16-foot layer. (c) How 
much time is required for the settlement to be 75% 
complete assuming two-way drainage? 

6. A 30 foot deep excavation is being planned for 
sand (0= 40°, density of 121 pcf) with a drained water  

table during construction. The excavation will be 40 
feet square. The bracing is to consist of horizontal 
lagging supported by 8-inch H-beam soldier piles. 
(a) What is the pressure diagram? (b) If the soldier 
piles are 8 feet apart, what bending moment is placed 
on the lagging? 

7. A 2:1 (horizontal:vertical) slope is cut in homogene-
ous, saturated clay which has a density of 11,2 pcf and 
a shear strength of 1.1 EE3 psf. Trie cut is 43 feet 
deep, and the clay extends 15 feet below the cut bot-
tom to a rock layer. Compute the safety of this slope. 

8. What is the increase in stress at a depth of 10 feet 
and 8 feet from the center of a 10 foot square footing 
that exerts a pressure of 3000 psf on the soil? 

9. A concentrated vertical load of 6000 pounds is ap-
plied at the ground surface. What is the vertical pres-
sure caused by this load at a point 3.5 feet below the 
surface and 4 feet from the action line of the force? 

10. A 10.75" 0.D. steel pile is driven 65 feet into a stiff, 
insensitive clay with a shear strength of 1.3 EE3 psf. 
The pile has a flat-plate, closed end. The soil density 
is 115 pcf, and the water table is at the ground surface. 
What is the ultimate bearing capacity? 

Timed 

1. Use Terzaghi's equations to size the three founda-
tions illustrated below. The soil is sandy clay with the 
following characteristics: density - 108 Ibm/ft 3 ; angle 
of internal friction - 25°; cohesion - 400 Rsf. The wa-
ter table is 35 feet below the ground surface. Use a 
safety factor of 2.5. Neglect footing weight. 

6' 

WALL FOOTING 

215 kips 

2' 

SQUARE FOOTING 
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6. A small PVC pipe (2" diameter) is to be buried 
in a trench 18 inches wide and 3% feet deep. The 
angle of internal friction of the cohesive soil is 18 ° , 

4. A sheet pile is driven through 10 feet of clay to sup- 	cohesion is 200 psf. The moisture content is 20%, 
port a 25 foot vertical cut through sand. The total 	dry density is 115 pcf. (a) Will the soil stand or 	- 

4' 	
300 kips 

R=7 

ROUND FOOTING 

2. A construction firm wants to consolidate a clay lay-
er at a building site. The soil consists of 8 feet of soft 
clay on top of a rock layer. The clay is covered with 15 
feet of silty sand. The water table is 18 feet above the 
rock layer. It is proposed to consolidate the clay layer 
by surcharging the site with 10 more feet of sandy fill 
(density = 110 pcf) and by dewatering the sand 5 feet 
(i.e., lowering the water table 5 feet). What is the set-
tlement caused by the surcharging and dewatering? 

SITE AS FOUND 

5' 	
silty sand 

= 100 pcf 	 water table 

10' 	 silty sand 
= 105 pcf 

soft clay 	 7sat = 102 pcf 
8 	 Cc = 0 .38 	 e0  = 1.60 

3. A retaining wall is designed for free-draining granu-
lar backfill with adequate subdrains. After several 
years of operation, the subdrains become plugged 
and the water table rises to within 10 feet of the top of 
the wall. Find the resultant force and its location for 
both the drained and plugged conditions.  

height of the sheet pile is 35 feet, and bedrock is lo-
cated below that depth. No penetration of the bed-
rock is made. A tieback is located 8 feet below the 
surface, and it terminates at a deadman. There is no 
significant water table. What is the tensile force in the 
tie rod? 

I 	deadman 
(located behind the 

tie 	

, 
slip pla.f/ 

J'‘ 

-- 

25' 
silty sand 
0 = 32°  
-y = 110 pcf 
c = 0 

clay 
more clay 	 \ 1  0 = 0 

. 	10' 	1,  = 120 pcf ..N  
\ 	 c = 750 psf 

bedrock 

5. A test has shown that a typical pile in the group of 
36 piles shown has an uplift capacity of 150 tons and a 
compressive capacity of 500 tons. The pile grouping 
is capped by a thick concrete slab producing an axial 
load of 600 tons. (a) Find the maximum moment that 

slide during trenching if the spoils are placed di-
rectly alongside the trench sides? (b) How far away 
from the trench must the spoils be placed to satisfy 
OSHA? (c) When the spoils are kept at the distance 
given in (b), will the soil remain stable? (d) Recom-
mend initial bedding and backfill materials. (e) 
What additional precautions would you recom-
mend to protect the workers? 

7. A building weighing 20 tons is placed on a base-
ment slab as shown. The soil below the basement is 
dense sand of 100 feet thickness. Find the pressure 
produced by the building weight (a) at a depth 30 feet 
below point A, and (b) at a depth of 45 feet below 
point B. 

the pile group can take in the x- and y-directions. (b) 
If the concrete slab is separated along the y-axis into 
two separate pieces, and then reattached by a steel 
plate, what is the maximum moment that the pile 

	■ 	group can take about the y-axis? 

Iv 


