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List of Knowledge clusters with AM PM Test
percentage of questions Test
PM Test Option Number 1 2 3 4 5
TRANSPORTATION KNOWLEDGE 20% | 65% A 50,
Traffic Analysis] X X
Facility Design Criteria {poticies & guidelines) X X
Canstruction Techniques, Equipment, and Materiats] X X X X
Geomelric Design (Analytical Geometry) X X X
STRUCTURAL KNOWLEDGE 20% 65% 20%
Loadings{ X X X
Analysis] X X
Mechanics of Materials| X X
Materials| X X X
Member Design| X X X
Failure Apalysis| X X
Design Criteria; i.e. codes| X
WATER RESOURCES KNOWLEDGE 20% | 20% | 10% | 65% | 25%
Hydraulics; X X X X X
Hydrology; X X X X X
Meteorological and Climatological Data] X X X X
Analysis
Water Treatmentf X X X
ENVIRONMENTAL KNOWLEGDE 20% 25% | 65%
Biology (including micro- and aquatic)) X X X
Bacteriology] X X X
Solid/Hazardous Waste] X X
Ground Water and Well Fields] X X X X
GEOCTECHNICAL KNOWLEDGE 20% | 15% | 20% | 10% | 10% | 65%
Field Exploration and Laboratory Testing] X X X X X X
Soil Mechanics Analysis| X X X X X X
Foundation analysis| X X X X X X
Retaining Structures} X X X
Total Percentage 100% | 100% 100% [ 100% | 100% | 100%




The Proposed Breadth/Depth Exam

The Breadth/Depth examination format may be used as early as October 2000. At this writing the
final details of the exam have not been announced, but the topic content of these exams is shown
in the NCEES Appendix C table on the following page. The table shows the topic content of the
exam. The morning exam will be the breadth of the topics with each topic equally weighted. The
exam will be objectively scored by computer using A,B,C,D multiple choice answers. The test will
probably consist of 40-60 single weight questions. The afternoon examination booklet will contain
5 exams, the candidate will choose one of the five options. in each option, a major topic consists
of 65% of the option with the balance of the questions being of related topics. The afternoon exam
will also be objectively scored by computer using 40-60 questions with muitiple-choice answers.

Taking The Exam

Exam Dates

The National Council of Examiners for Engineering and Surveying (NCEES) prepares Civil
Engineering Professional Engineer exams for use on a Friday in April and October each year.
Some state boards administer the exam twice a year in their state, while others offer the exam
once a year. The scheduled exam dates are:

April  October

1999 23 29
2000 14 27
2001 20 26
2002 19 25

People seeking to take a particular exam must apply to their state board several months in
advance.
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FOOTING DESIGN

Isolated Column Spread Footing

An isolated column footing transfers the loads from a single column to the supporting soil.
The size of the footing is determined by the allowable soil bearing pressure. The footing is
designed for flexure, punching or two-way shear, and flexural or one-way shear. The depth of
the footing is generally governed by punching shear.

The ACI Code!, in Sections 15.4 and 11.12, specifies the critical sections in the footing
for flexure and shear. For a reinforced concrete column the reaction plane is defined in ACI
Section 15.4.2 as being focated at the face of the column. The location of the critical sections
for flexure and shear are specified with respect to this plane and are illustrated in Fig. 4-1 (a—
d). The length of the critical perimeter for punching shear is given by

b =2(c +c,)+4d

where ¢, = short side of column
= long side of column

d = effective depth of footing reinforcement.
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Fig, 4-1 {a-d). Critical sections: footing with reinforced concrete column
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The reaction plane for a footing supporting a column with a steel base plate is specified
as half-way between the face of the column and the edge of the base plate. The maximum
moment is computed at this plane, with the flexural shear at a distance d from this plane, and
the punching shear at a distance of d/2 from this plane, as shown in Fig. 4-2.

The reaction plane for a footing supporting 2 masonry column is specified as half way
between the center and the face of the column. The maximum moment is computed at this
plane, with the flexural shear at a distance d from this plane and the punching shear at a
distance of d/2 from this plane as shown in Fig. 4-3.
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Fig. 4-2, Critical sections: Fig.‘4-3. ‘ Critical sections:
footing with steel base plate footing with masonry column

Reinforcement is designed for the maximum moment at the reaction plane and is distrib-
uted uniformly across the base in the case of a square footing. For a rectangular footing,
reinforcement parallel to the shorter side should be concentrated in a central band width equal
to the length of the shorter side as illustrated in Fig. 4-4. The area of reinforcement required in
the central band is given by ACI Equation (15-1) as

A, =24 /(f3+ 1)
where, A= total required reinforcement arca

B =1/, = ratio of the long side to the short side of the footing
2

o
l

AB-1) 24, A (B-1)
2(f+1} (B+1 - 2(f+1)

Reinforcement area required

Fig. 4-4. Rectangular footing: reinforcement areas
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The capacity of a footing for flexural shear is given by ACI Equation (11-3) as:

¢V, =2¢bd \[f,
where, ¢ = strength reduction factor = 0.85 from ACI Section 9.3
b = width of footing
d = effective depth
f! = concrete strength

The capacity of a footing for punching shear is given by ACI Equation (11-35) as

OV = (2 +4IB )b dF
< 4gb d [f!
where f3_ = c,/c, = ratio of long side to short side of column
b, = length of critical perimeter for punching sheal; =2(c, +¢,) +4d.

Load transfer between a teinforced concrete column and the footing may be provided by
the bearing capacity of the column and the footing. The bearing capacity of the column con-
crete at the interface is given by ACI, Section 10.17.1 as:

¢P,=0.85¢f A,
where, ¢ = strength reduction factor = 0.7 from ACI Section 9.3
A, = area of column
f! = strength of column concrete.

The bearing capacity of the footing concrete at the interface is given by ACI Section
10.17.1 as

6P =0.85¢ fA A I A,
<0850 f/A, %2

where, f/ = strength of footing concrete

¢ = strength reduction factor = 0.7 from ACI Section 9.3

A, = area of the base of the pyramid, with side slopes of 1:2, formed within the footing by the
column base.

In accordance with ACI Section 15.8.1.2, when the bearing strength of the concrete is
exceeded, reinforcement must be provided at the interface to transfer the excess load. The
capacity of this reinforcement is:

oP, = A S,
where, ¢ = strength reduction factor = 0.7 from ACI Section 9.3
5= reinforcement yield strength

As = reinforcement area.

In addition, in accordance with ACI Section 15.8.2.1, a minimum area of reinforcement must
be provided across the interface given by

A iny = 0-0054,.
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Example 1

Fig. 4-5 indicates the loads acting on a steel column with a reinforced concrete footing. Check
the adequacy of the footing and determine the required base plate thickness and reinforce-
ment area, using grade 60 bars, for a concrete strength of 2000 pounds per square inch and a
base plate of grade A36 steel.

Cead load = 10 kips
fe—x, = 27‘5-»_%.; Live load = 80 kips

W8 x 31

Foundations and
X = 13.5"

Retaining Structures

14" fme—

d=

|-—18"—--
—
3
9
a
q
a
q
9
s
o
q
a

Solution

The base plate thickness may be computed by the design method presented in the AISC
Manual,? Section 3-106.
The bearing pressure on the base plate due to the applied service loads is:

J,=(Pp+PDIA,
= (10 + 80)/(14 x 14)
= 0.46 kips per square inch
The relevant design parameters are:
m={(B,—0.95d)/2
= (14 - 0.95 x 8)/2
=32
H= (BP - 0.80bf)l2
=(14-0.80 x 8)/2
=3.8 ... governs,

Hence, the required base plate thickness is given by

P=2nﬂ/fp/F).
=2x3.8x% +/0.46/36

= 0.86 inches
= 7/8 inch.
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The factored applied load is given by ACI Equation (9-1) as
P =14P,+1.7P,
=1.4x10+1.7x 80
= 150 kips
The area of the base of the pyramid, with side slopes of 1:2, formed within the footing by the
base plate areca is:

A, =(B,+ 4d)?
<?
where, d = effective depth = 18 - 3 — 1 = 14 inches,
[ = size of footing = 66 inches.
Then, A, = (14 + ddy?

= 4356 ... maximum, and

JA A, =4356/147

>2
Hence, the bearing capacity of the footing concrete is given by ACI Section 10.15.1 as
oP, = O.SSQ)fC’AP x2
=0.85 % 0.7 x 2000 x 196 x 2/1000
=466 kips
> P, ... satisfactory.
The net factored pressure acting on the underside of the footing is
q,=P,/A s
= 150/5.52
= 4,96 kips per square foot
The critical section for flexural shear is located a distance from the edge of the footing, which
is given by:
X, =12—(B +by/4- d
=55/2 - (14 + 8)/48 — 14/12
=1.125 feet
The factored applied shear at the critical section is:
V. =qlx,
=4.96x%5.5x1.125
= 30.69 kips.
The flexural shear capacity of the footing is given by Equation (11-3} as:
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oV =29ld \[f
=2x 0,85 % 5.5 x 12 x 14 x /2000 /1000
= 70.25 kips
>V, ... satisfactory.
The length of one side of the critical perimeter for punching shear is:
bfa=(B,+b)/2+d
= (14 + 8)/24 + 14/12
= 2.08 feet. Foundations and

Retaining Structures

The factored, applied shear at the critical perimeter is:
V. =P -q(b/4)?

=150 - 4.96 x 2.082

= 128.47 kips.

If the ratio of the base plate sides is:

B.=1
<2,

then, the punching shear capacity of the footing is given by ACI Equation (11-35) as
¢V =a¢bd [f!
=4 x 0.85 x 4 x 2,08 x 12 x 14 x /2000 /1000
=212.53 kips

>V, ... satisfactory.

The critical section for flexure is located a distance from the edge of the footing, which is
given by:

x,=12-(B,+ b4
=5.5/2 — (14 + 8)/48
=2.29 feet,
The factored, applied moment at this section is:
M, = qfx3l2
=4.96 X 5.5 x 2.29%2
= 71.53 kip feet.

The required flexurai reinforcement ratio may be obtained by calculator program® and is
given by:

p=0385f (1~ J1-2K/0.765f)/ f,
where, K = 12M /bd? = 0.0664
P = 0,126 percent..




Foundations and

Retaining Structures

4-8 M Foundations and Retaining Structures

The maximum reinforcement ratio is given by ACI Section 10.3 as
Prax = 0.75 X 0.85 x 87 B, FIU8T+f)
= 1.07 percent
> p ... satisfactory.

The minimum reinforcement ratio in a footing slab for grade 60 bars is given by ACI, Section
7.12 as

Pin = 0-18 percent of the gross area . . . governs
> p.

Hence, the required reinforcement area is:
A =lhp .

=66x 18 x0.0018

= 2.14 square inches.
Hence, provide eleven Number 4 bars to give an area of
A] = 2.20 square inches.
Allowing for an end cover of three inches, the available anchorage length for the bars is:
1, =%,—3

=(229x12)-3

= 24.5 inches.

For Number 4 bars in 2000 pound per square inch concrete, the development length of
ACI Equation (12-1) governs with:

2.5=(c+K,)/d,
1 =0 = ﬁ = l
y=0.8

The required development length is given by:

[,=322d,
=32.2x%0.5
= 16.1 inches.
<l,, ... satisfactory

The footing is adequate.

Combined Footing

The rectangular footing shown in Fig. 4-6 has one column adjacent to the property line of the
building, and this limits the allowable length of the footing. The centroid of the footing is
designed to coincide with the centroid of the service loads on the two columns thus providing
a uniform soil bearing pressure for service loads. The factored bearing pressure under fac-
tored loads will not, however, be uniform unless the ratio of the factored load to service load
for both columns is identical.
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l Py loads l Pa
\\*|
‘1’—, l 1 Service Loads
Property !
line _ I
T
g 174 o Liz -

t VP VY b b b 4 4.= unifermbearing

pressure under
service loads

factored loads

|
I l ' Faclored Loads
- q, = bearing pressure
under factored
loads

i Shear
\/ V
[ L
/;\
i, Moment

i P, Cenlroid of ip

Fig. 4-6. Combined footing

Example 2

Fig. 4-7 indicates the service loads supported by two 12 inch X 12 inch columns and their
location with respect to the property line. The depth of the footing is 24 inches and the con-
crete strength is 3000 pounds per square inch. Determine the dimensions of a combined foot-
ing which will provide an allowable soil bearing pressure of 2000 pounds per square foot. If
the ratio of factored Joad to service load for both columns is 1.5, determine if the grade 60
reinforcement indicated and the depth of the footing are adequate.

Solution

Allowing for the weight of the footing, the equivalent soil pressure produced by the colurn
service loads is
q=g¢q,— 150h

= 2000 - (150 x 2)
= 1700 pounds per square foot.

Foundations and

Retaining Structures
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Property r’ 1¢ = 40 Kips VLPR = 50 kips
line

Service Loads
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Refaining Structur 1 Shear
\/ 28.32 kips I/
41.61 kips

634 ———=}=-3.84—

T
i
t

|
' 6 No. 4

54.2 kip-feet

/\23.0 kip-leel /\
Moment

94.1 kip-feet
Fig. 4-7

The centroid of the service loads is located a distance from the property line given by:
x,=(25P +145P )P, +P,)

= 2.5 X 40 + 14.5 x 50)/(40 + 50)

=9.17 feet.
Then, to produce a uniform pressure under the footing, the length of the footing is:
L=2x,

=2x9.17

= 18.34 feet.

The required width of footing to produce an allowable soil pressure of 2000 pounds per
square foot is:

B=(P + P, )lqL
= (40,000 + 50,000)/(1700 x 18.34)
= 2.89 feet.

Since the ratio of factored load to service load for both columns is 1.5, the net factored
pressure acting on the underside of the footing for factored loads is: '

qu = (Plu + P2H)/L
=1.5(40 + 50)/18.34
= 7.36 kips per linear foot.
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The shear force and bending moment diagrams for the footing (for factored loading) are
shown in Fig. 4-7. Allowing for 3 inches of cover for the longitudinal reinforcement, the
effective depth is given by:

d=h-3- de2
=24 -3-0.5/2
= 20.75 inches.

The critical section for flexural shear is located a distance equal to the effective depth from
Column 2. The factored applied shear at this critical section is given by:

V=V —q,(d + c/2)/12 Foundations and
= 46.68 — 7.36(20.75 + 6)/12 Retaining Structures

= 30.27 kips.
The flexural shear capacity of the footing is given by Equation (11-3) as:

ovV_=2¢Bd \[f’
=2 x 0.85 x 2.89 x 12 x 20.75 /3000 /1000
= 66.31 kips

>V, ... satisfactory.

The length of the critical perimeter for punching shear is given by:

b,=4(c+d)

=4(12 + 20.75)

= 131 inches.
The column side ratio is
B.=1

<2,

Then the punching shear capacity of the footing is:

¢V, =dob d.[f’
=4 x 0.85 x 131 x 20.75 x /3000 /1000
= 506 kips
> P, ...satisfactory.

The minimum reinforcement ratio in a footing slab for grade 60 bars is given by ACI
Section 7.12 as:
Py = 0.18 percent of the gross area

The minimum area of reinforcement required is:
As(min) = pminhB
= (.18 x 24 x 2,89 x 12/100

= 1.5 square inches.
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The sum of the reinforcement areas in the top and bottom of the footing, which consists
of a total of twelve Number 4 bars, is
2A, = 2.4 square inches

> 1.5 ... satisfactory.
"The maximum reinforcement ratio is given by ACI Section 10.3 as
Pray = 075 X 0.85 x 878, f1f (87 +£)
= 1.6 percent
The reinforcement ratio provided in the top of the footing is
p=A/Bd
= 1.2 x 100/(2.89 x 12 x 20.75)
= (.17 percent
< Prax - - - Satisfactory.
Neglecting compression reinforcement, the design moment strength of the reinforce-
ment in the top of the footing is
oM, = 0.9Asj§,d(1 - ().59pfyl fHnz
= 109.8 kip feet
>94.1. .. satisfactory.
The reinforcement provided in the bottom of the footing is clearly adequate.

The critical section for flexure in the transverse direction is at the face of the columns
and the factored moment at this section is

M, =q,L(B—c)*/8
=7.36x 18.34 (2.89 — H¥/8
= 60.3 kip feet.
The required reinforcement ratio in the bottom of the footing is given by

p=085 f/(1 - [1-2K/0765£)1,
where K = 12M fbd®
p = 0.0142 percent.
Hence, the required reinforcement area is
A, = pbd

=0.0142 x 18.34 X 12 % 20.75/100

= 0.65 square inches.

The reinforcement area provided at the bottom of the footing in the transverse direction
exceeds this, and the combined reinforcement area at the top and bottom of the footing ex-
ceeds the requirement for minimum reinforcement of 0.18 percent of gross area, so the foot-

ing is satisfactory.
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Strap Footing

The strap footing shown in Fig. 4-8 consists of two columns on individual pad footings which
are connected by a strap beam. The soffit of the strap is not subject to soil pressure because it
is poured on a layer of styrofoam. It is assumed that the strap and footings act as a rigid body
with a uniform bearing pressure under the footings. The soil reactions, R, and R,, act at the
center of the footings, and the pressure under the footings is given by:

41 =49, ¢q
The base area of each footing is:
A =B\L,
Ay=BL,
The soil reactions are given by:
R, =qA,
Ry =44,
Property line 1
\1 b Le >
i € b —> G fe—
Strap b
P ﬂ rap eam\ m P coumn
fooling
" - M
a, {71 \ [Tt} o,
jr Styrofoam A
R, R,
[ Lg >
f*Bs‘;i"" LS ‘-JI‘ Sz_"l

[
§

Fig. 4-8. Strap footing

By locating the footing under Column 2 symmetrical with respect to the center of the
column, the lines of action of R, and P, coincide. Then, from the Figure, the distance between
R, and R, is:

Ly=Lp+c/2-B/2
The strap length is:
Le=Lg— (B, +B)2
Two equations of statics are available for solving the two unknowns, R, and R,. How-

ever, the values of R, and R, also influence the required dimensions for the members and an
iterative technique is required.

Foundations and

Retaining Structures
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Appropriate dimensions are initially selected for B, and B,, the depth of the footings and
strap, and the width of the strap. Hence, the weight of the strap, W, may be determined. An
initial estimate is made of the soil reaction R, and the corresponding values of A, and W, are
determined. An estimate is made of W,. Resolving vertically gives:

Ry=P +P,-R +W + W, + W

Hence, A, may be determined and the initial estimate of W, revised. Taking moments about
the center of Footing 2 gives

R =[P L+ WL+ Ws(Ls+B)2VL,

The initial estimate of R, may now be revised and the process repeated until convergence is
reached.

Example 3

Design the strap beam of the strap footing shown in Fig. 4-9. The allowable soil bearing
pressure is 3000 pounds per square foot, concrete strength is 3000 pounds per square inch and
all reinforcement is Grade 60.

Solution
As an initial estimate, assume that the value of the soil reaction under Column 1 is given by:
R, =142P, |

= 1.42(60 + 40)

= 142 kips.
The area of the footing required for Column 1 is:
A, =R/q |

= 142/3

= 47.33 square feet.
The weight of this footing is
W, =0.15A,h,
=0.15%x41.33%x3.5
= 24.81 kips.
The weight of the strap beam is
W= 0.15LBh,
=0.15x125%x2x3

= 11.25 kips.
As an initial estimate, assume that the weight of the footing required for Column 2 is
W, = 30.6 kips.

Then, resolving vertically, the value of the soil reaction under Column 2 is
R,=P +P,—R + W + W, + W
= 100 + 150 — 142 +24.81 + 30.6 + 11.25.
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P fi
roperty fine ! L L,=20 .'_%

| e e
@ DL =60 kips @ DL = 90 kips
P L Li = 40kips Strap 3' x 2 wide P, i LL =60 kips

{
:;,T;' W, W 3
l 1 - i
0.8

: EREEELE

Slyrofoam /

Rs Lo=18

faB, 25—t L = 125 ol B, = 6 —»]

P, = 152 kips Py, = 228 kips
* q,, = 1.26 kips/ft
' i"fffffl "1 Loading
q,, = 35.46 kips/t g, = 36.35 Kipsift
119
f— 4.3 —|
/11 8 /25 10
/ Shear
108
134
164
/4\ Moment
(Drawn on
8 compression side)
110
250 241
Fig. 4-9

The area of the footing required for Column 2 is:
A, =R,/q

=174.7/3

=58.23

Foundations and

Retaining Structures
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A revised estimate of the weight of this footing is:
W, =015 Ah,

=0.15x58.23x3.5

= 30.57 kips

=~ 30.6
Hence, the initial estimate of W, is sufficiently accurate.
Taking moments about the center of Footing 2 gives:
R =[P, Lp+W,Ly+ Wi(Ls+ B,) 2Ly

= (100 x 20 + 24.81 x 18 + 11.25 x 18.5/2)/2)/18

= 141.7 kips

= 142 |
Hence, the initial estimate of R, is sufficiently accurate.
The factored loading on Column | is given by ACI Equation (9-1) as
P, =14P,+1.7P,

=14x60+1.7x40

= 152 kips.
The ratio of factored load to service load for Column 1 is:
P /P, = 152/100

1

=1.52
The same ratio is applicable for Column 2, which has a factored load of:
P,, =228 kips.

So, neglecting the effect of the footings’ factored dead loads, a uniform factored pres-
sure acts on the underside of both footings under factored loading. The factored weights of
the footings are

W, = 14W,

= 34,73 kips
W, = 1.4W,

= 42.80 kips
W, = 1.4W,

= 15.75 kips.

The total factored load is:
P =P, +P, +W +W, +Wg
=473.28 kips.
The uniform factored soil pressure at both footings is:
g,=PJA +A)
= 473.28/(47.33 + 58.23)
= 4 .48 kips per square foot.
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The net factored pressures acting on the underside of both footings are:
N ™ (quAl - W[u)/Bl

= (4.48 x 47.33 - 34.73)/5

= 35.46 kips per linear foot
Qo = (quAZ - w2rl)/B2 _

= (4.48 x 58.23 - 42.80)/6

= 36.35 kips per linear foot.

The factored self weight of the strap beam is:

Foundations and

s, = We/Ls Retaining Structures
= 15.75/12.5

= 1.26 kips per linear foot.

The loading, shear and moment diagrams are shown in Fig. 4-9.

The maximum negative moment in the strap occurs at the interface with Footing 1 and
has the value;

M, =241 kip feet.

The required flexural reinforcement ratio is given by:

p=085£(1-1-2K/0.765£}/ f,

where, K = iZMlllbaQ ={.1066

d =33.625 inches . . . using Number 6 bars with 2 inches cover
p = 0.202 percent.

The minimum reinforcement ratio in the strap beam for Grade 60 bars is given by ACI Sec-
tions 16.5.1 and 10.5.3 as:

Pryin = 200/,
=1{.333 percent
<£1.333p
= (0.269 percent . . . governs,
The reinforcement area required in the top of the strap beam is given by:
A, =bdp,,
=24 x 33,625 x 0.00269
= 2.17 square inches
Providing five Number 6 bars gives a reinforcement area:
A] =2.20 square inches
>A_ ... satisfactory.
The maximum shear in the strap occurs at the interface with Footing | and has the value:
V, =25 Kkips
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The design shear strength of the concrete section is given by ACI Equation (1 1-3) as:

oV =20.[f bd
=2 % 0,85 x+/3000 x 24 x 33.625/1000
=75 kips
>2V,

So, in accordance with ACI Section 11.5.5 no shear reinforcement is required.

Eccentric Footing

An eccentric footing, as shown in Fig. 4-10, may be utilized when the wall of a building must
be located on the property line. It is assumed that the footing acts as a rigid body with a
uniform soil pressure under the base and that the lateral soil pressures on either side of the
footing are balanced. The total gravity load acting as the footing is

IW=W, + W+ W+ W+ W,y

The soil reaction under the hase is

R=XW

The required length of the base is '
.___,Boundary

L=Rlg i

where, g = allowable soil pressure.

The counterclockwise couple produced
by R and ZWis T,

M, = Re
where, e is the eccentricity between R and

zW.

The frictional force produced at the under-
side of the base is

F=uR

where, 1 is the coefficient of friction.

The frictional force is balanced by an

equal and opposite tensile force in the top A
slab and this produces the clockwise couple e —]
M, =FH. b L
[l il
Equating the two couples gives
MF - MR Fig. 4-10. Eccentric footing
FH = Re
H = Re/F = el

By assuming an initial value for H, W,, W and Wy, corresponding values of Land e
may be determined and a revised value of H computed. The process is repeated until conver-
gence is reached.
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Example 4

Design the eccentric footing shown in Fig. 4-11(a) to support a superimposed dead plus live
load of 6.2 kips per linear foot. The coefficient of friction is 0.3 and the unit soil weight is 120
pounds per cubic foot. The allowable soil bearing pressure is 2500 pounds per square foot,
Concrete strength is 3000 pounds per square inch and all reinforcement is Grade 60.

—~ o |

l W, = 6.2 kips per loot

77 Fo )
Ef_ y 7 . Foundations and
7

Retaining Structures

oy
ha

7
12— rA f
-+ L

Y

Fig. 4-11{a)}

Solution

As initial estimates, assume that:

H =275 feet |

W, =0.15 kips

W, =0.30 kips

W, =0.36 Kips.

Then,

W,=015x3x1
= 0.45 kips.

IW=R=W +W.+ W+ W+ W,
=62+0.15+030+036+045

= 7.46 kips.
The base length required is given by:
L =Riq
=7.46/2.5

= 2.984 feet.
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The eccentricity between the lines of action of R and W is:
e=L[1—(Wp+ Wy + W)/EZW)/2-0.5

=2.984(1 - 0.81/7.46)/2 - 0.5

=0.83.
The required value for A is given by:
H=elu

=0.83/0.3

=2.77 feet

=2.75
Hence, the initial estimate of H is sufficiently accurate.
Revised values for the footing and soil weights are:

W, =0.15x 1.984 x0.5 — & |

W, = 6.2 kips per foot
=0.149 l ' No. 4@ 18" oc
= (.150 T £
e R G §
W,=0.15x1.984x1.0 T
=0.298 . . No. 4 @ 18" 0.c.
= 0,300 ] No. 3 typical 4
WS=0.12>< 1.984 x 1.52 %0_4@ 18" 0.
=0.362 i
= 0360 1z \& (3 : :
W, =015x3.02x1 _L \\ 1
=0.453 12" —»] TR F 3* cover
= 0.450. - L ~

The net pressure acting on the base of the footing is: Fig. 4-11(b)

' q' :q-—(WF+ WS+ WB)/(L—' D

=2.5-0.408
= 2.09 kips per linear foot.
The bending moment at the face of the front wall is:
M= g'(L-1)2
=4.11 kip feet.
Minimum reinforcement is adequate and is given by ACI Section 7.12.2 as:
A_=0.0018bh
=0.0018x12x 12
= 0.26 square inches per foot

= Number 4 bars at |8 inch spacing, top and bottom.
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Using six Number 3 bars transversely provides a reinforcement ratio of:
£=0.66 x 100/(12 x 12)

=0.20 percent

>0.18 ... satisfactory.

Minimum reinforcement in the front wall is governed by ACI Section 14.3, Vertical
reinforcement consisting of Number 4 bars at 18 inch spacing front and back provides a
reinforcement ratio of:
£ =04 x100/(12 x 18)

=0.19 percent Foundations and

Retaining Siructures]

>0.12 ... satisfactory.

Horizontal reinforcement consisting of eight Number 3 bars provides a reinforcement
ratio of:

p=0.88x100/(12 x 36)
=(.204 percent
>0.20 ., . satisfactory.

In accordance with ACI Section A.3.2, the area of tensile reinforcement required in the floor
slab is given by:

A =Fif,

=0.3 x746/24

= (.093 square inches per foot.
Using Number 4 bars at 18 inch spacing provides an arca
A; = 0.13 square inches

>0.093 ... satisfactory.

The reinforcement layout is shown in Fig. 4-11(b).

Footing with Eccentric Load

—-—!e}<— —>|8E‘—

I V’ W
W '

Grax

Fig. 4-12.  Footing with eccentric load
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An applied load with an eccentricity less than L/6 produces the pressure distribution shown in
Fig. 4-12. The maximum and minimum bearing pressure under the footing is given by

g = PIA +Pe/S

= P(1 % 6e/L)/BL

where, e = eccentricity of the applied load P
B = width of footing
L = length of footing.

Foandations and

Retaining Structures An axial load plus bending moment applied o e=MP ——1
to a footing, as shown in Fig. 4-13, produces an /b y i lP
equivalent eccentricity of e = M/P. [ l _ ;
The bearing pressure under the footing is T I 7
similarly obtained as:
g = P(1 £ 6e/L)/BL foe—t— et
When the magnitude of the eccentricity, as
shown in Fig. 4-14, is given by:
e=LI6
the bearing pressure under the footing is: Fig. 4-13. Footing with applied moment
0 = 2P/BL
qmin =0
e=L1B ——a-—l e=Lig—»| |

L § |
! ! + i
AT, A
i
[ [ i }
FiA \’\u FPIA

Fig 4-14, Eccentricity = L/6

2PIA

When the eccentricity exceeds L/6, as shown in Fig. 4-15, no tension is possible be-
tween the soil and the footing and the bearing pressure under the footing is given by:

g, =2P3Be

where,e’ =L/12—¢
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— 3e'=3(L/2-¢6) |+

Fig. 4-15. Eccentricity > L/6

RETAINING WALL

Cantilever Retaining Wall

The forces acting on a reinforced concrete cantilever retaining wall are shown in Fig. 4-16.
The weight of the stem wall, base and shear key in pounds per foot length are:

L
W, = 1S0L,(H - h) et o™ ., |
WB = 150[1[;3 w W,

f Yy ¢y 1.
W, = ISOLW(H = A

The live load surcharge behind
the stem and the weight of the
fill supported by the heel are: |

WL = wLH
We= 1yl (H-h)

The active earth pressure behind T T
the wall, acting at a height of H/3 ~ j

above the base, is: Hy J_ f f //ﬂ///// //////////////////’:VPA/K pH

HI3

H, =p HY2

where, p, = K7, = lateral pres- -
sure equivalent to a fluid of den-

qlheell
sity p, pounds per cubic foot Fisce)

¥, = density of fiil = — . N
™ 8 1

K, = Rankine coefficient of active earth
pressure = (1 — sin ¢)/(1 + sin @) Fig. 4-16. Cantilever retaining wall

¢ = angle of internal friction
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Hence, the equivalent fluid pressure for a fill material with a density of 110 pounds per cubic
foot and an angle of internal friction of 35° is:
p, = 110 (1 —sin 35°)/(1 + sin 35°)

= 30 pounds per square foot per foot.
The live load surcharge of w pounds per square foot is equivalent to an additional height of fill
which is given by:

H = w/)fg

This produces a uniform pressure over the height of the fill of p; = Hp M
The total surcharge pressure, acting at a height of H/2 above the base, is:

H =pH

=wp HiY;

The frictional force produced at the underside of the base is:

F=purw
where, 1 = coefficient of friction.

When the frictional force is insufficient to provide an adequate factor of safety against

sliding, a shear key is provided to mobilize the passive pressure of the undisturbed soil in

front of the wall. The passive earth pressure in front of the wall, acting at a height of H,/3
above the bottom of the key, is:

Hp=ppHI2
where, p, = K7 , = lateral pressure equivalent to a fluid of density p,, pounds per cubic foot
K, = Rankine coefficient of passive earth pressure = (1 + sin ¢)/(1 — sin ¢).

So, the equivalent fluid pressure for a material with a density of 110 pounds per cubic foot
and an angle of internal friction of 35° is:
Pp =110 (1 + sin 35°)/(1 - sin 35°)
= 400 pounds per square foot per foot.

To provide an adequate factor of safety against sliding a depth of shear key must be provided
to ensure that
F+H,215H,+H)
Similarly, the required factor of safety against overturning about the toe is 1.5.

By determining the eccentricity of the resultant of all forces about the center of the base,
the bearing pressure under the base may be obtained.

To design the stem wall and the base, the required strength is determined from ACI
Equation (9-4) as: '

U=14D+17L+ 1.TH

where, D = dead load

L = live load
H = earth pressure.

The minimum reinforcement required in the stem wall is specified by ACI Section 14.3,
For bars larger than Number 5, the reinforcement ratios, based on the gross concrete area, for
vertical and horizontal reinforcement are given by:
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thickness, two layers of reinforcement
are required, as detailed in Fig. 4-17.

]

Foundations and

l
|

Pern = 0.15 percent — f—z2ems
C e ——
Pror = 0.25 percent sl ] % . aa
For bars not larger than Number 5, the :§7 A A (“::
. . . \ 5 s{ar) s{ea

corresponding ratios are: Agen |+ i §\
Pyen = 0.12 percent 2 A2 §
Pro. = 0.20 percent s2AR N Earth face

hor » o §

For walls exceeding ten inches ) ?\\r/

Retaining Structures

1.5 ..<No. 5 bars
2*...2No. 6bars

sH3 2
>
Fig. 4-17. Wall reinforcement

Example 5§

Determine the bearing pressure and factors of safety for overturning and sliding of the retain-
ing wall shown in Fig. 4-18(i). The wall’s backfill weighs 120 pounds per cubic foot, equiva-
lent fluid pressure in the backfill behind the wall is 30 pounds per square foot per foot, and the
coefficient of friction at the underside of the base is 0.40. The nominal eight inch solid grouted
concrete masonry stem wall, with a specified strength of 1500 pounds per square inch and
without special inspection provided during construction, is located in seismic zone Number 1.
The base concrete has a compressive strength of 3000 pounds per square inch. Using Grade
60 deformed bars, determine the reinforcement required in the stem and base.

lg— LB = B

o—— L ja- 8o 18"—|

VAL
1
8" CMU |
All cells grouted {
N l
W !
il I
1

e ]

il
|
HA I
l :

. A
& lwa
]

—{ h

846
&

(i} Service Loads and
Earih Pressure

Fig. 4-18()
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Solution
The service loads acting on the retaining wall are given by:
H, = lateral pressure from backfill J‘" 4@ 48" oc.
=p AH2/2 *
= 30 x 52/2 2" cover
=375 pounds.
W, = weight of stem wall
=80 (H~ k) No.3 @ 16" 0.c.
=80x4 S~ No.5@ 12" 0.
= 320 pounds. > cover
W, = weight of base | [ | No.a typlal
=150 AL, - ]
] L] 3.
= 150 x 1.0 X 2.67 b o
!
= 400 pounds. g 3 § A
W, = weight of backfill =l - -
= YSLH(H - (i Factored Earth Pressure
=120%1.5% 4 and Reinforcemant
= 720 pounds. Fig. 4-18(ii)

The restoring and overturning moments about the bottom comer of the toe are shown below:

Table 4-1
Part W X Wx H ¥ Hy
Backfill 720 1.92 1380 375 1.67 625
Wall 320 0.83 267
Base 400 1.33 533
Total 1440 2180 375 625

The factor of safety against overturning is given by
2Wx/ZHy = 2180/625 = 3.5.

The frictional force produced at the underside of the base is given by

F=usw
= 0.40 x 1440

= 576 pounds
The factor of safety against sliding is given by:
FIZH =576/375=1.5
The eccentricity of the applied loads about the toe is given by:
e’ = (EWx - ZHy)ZW
= (2180 - 625)/1440
= 1.08 feet.
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The eccentricity about the base centroid is:
e=Lgf2-¢
=2.67/2-1.08
= (.25 feet
< L /6, .. no tension under the base.
The pressure under the toe is:
Toe) = WL + 6e/L)/BL
= 1440 (1 + 6 x 0.25/2.67)/(1 x 2.67)
= 846 pounds per square foot. Retaining Structures
The pressure under the heel is
Giheey = ZW(L — 6e/L)/BL,

= 232 pounds per square foot.
The critical section for moment and shear in the stem is at the base of the stem and, due to
service loads, these values are:

V=p, (H-h)?¥2

=30(5 - 1)%2

= 240 pounds per foot
M=V(H-W3

=240(5 - 1)/3

= 320 pounds feet per foot.

Foundations and

The allowable stresses, without special inspection provided, in accordance with UBC Sec-
tions 2107.1 and 2107.2, are:

F, =0.5x0.33 f, =250 pounds per square inch

F =05 m = 19.36 pounds per square inch
F_= 24,000 pounds per square inch

E, =750f, = 1125 kips per square inch
E_=29,000 kips per square inch.

The relevant section properties of the stem are:
b =12 inches

d=7.63~-2.0-0.572 =538 inches.

Providing Number 4 bars at 48 inch spacing, the masonry stresses may be obtained from
UBC, Section 2107.2 with the aid of a calculator program,® and are:

n=E/E =258
p=A/bd=0.049/(12 x 5.38) = 0.076 percent
k=(n%p? + 2np)°3 —np = 0.179
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j=1-ki3=0940

[, = 24Mijkbd? = 131 pounds per square inch
<F, ... satisfactory.

f. = 12M/jdA = 15,492 pounds per square inch
<F.... satisfactory.

f, = Vibjd = 4 pounds per square inch
< F, ... satisfactory.

The reinforcement is indicated in Fig. 4-18(ii).

To determine the reinforcement in the base, factored loads must be used. In accordance
with ACT Section 9.2.4, the factored total vertical load, restoring moment and overturning
moment about the toe are:

Z(yW) = 1.4 x 1440 = 2016 pounds
Z(yWix = 1.4 x 2180 = 3052 pounds feet
Z(yH)y = 1.7 x 625 = 1063 pounds feet
The eccentricity of the factored loads about the toe is given by:
' = [Z(yW)x - Z(YHyVE(YW)
= (3052 - 1063)/2016
= (.99 feet.
The eccentricity about the base centroid is:
e=Lp2-¢
=2.67/2-0.99
= (.35 feet
< L, /6 ... no tension under the base.
The pressure under the toe is:
Toey = YW1 + 6e/Lp)BL,
=2016 (I + 6 x0.35/2.67)/(1 X 2.67)
= 1346 pounds per square foot
The pressure under the heel is:
Diheety = Z(yW)(I - 6elLp)/BLy
= 164 pounds per square foot.

The critical section for shear and moment in the heel is at the rear face of the wall and, '
due to factored loads, these values are:

V, = YW+ 18yW,/32 — 1.5 (829 + 164)/2
=1.4x 720 + 18 x 1.4 x 400/32 — 745
=578 pounds per foot

M,=0.75 (YW, + 18yW,/32) - 1.5% (829 + 2 x 164)/6
= 558 pounds feet per foot.
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The shear capacity of the heel is given by ACI Equation (11-3) as:

oV =20b d.[f’
=2x0.85 x 12X 9.5 x +/3000
= 10,615 pounds
> V“ ... satisfactory.

The required reinforcement ratio is derived from ACI Section 10.2, with the aid of a calcula-

tor program?, and is
= 08571~ JI-2K70.765/°)/ . Foundations and
p % ( Je ) 5 Relaining Structures
where K = 12M /bd? = 0.0062 kips per square inch
P = 0.012 percent

The minimum reinforcement ratio in a footing slab for Grade 60 bars is given by ACI Section
7.12 as:

Prin = 0.18 percent of the gross area
>p...governs.
Hence, the required reinforcement area is:
A =bhp_.
=12x12x0.18/100
= 0.26 square inches per foot
Provide Number 5 bars at twelve inch spacing to give A’ =0.31 square inches per foot.

The critical section for shear and moment in the toe is at the front face of the stem and,
due to factored loads, these values are:

V, = 0.5(1346 + 1124)/2 - 6yW /32
= 513 pounds per foot
< ¢V ... satisfactory.
M, = 0.5 (1124 + 2 X 1346)/6 - 0.25 x 6YW /32
= 133 pounds feet per foot.
The required reinforcement ratio is:
r=085 f/(1 - J1~2K/0765f)/f,
= 0.0034 percent.
Providing Number 3 bars at 16 inch spacing gives a reinforcement ratio of
p’=0.083/(12 x 8.75)
= (0.079 percent

>1.33p ... satisfactory.

The required reinforcement layout is shown in Fig. 4-18(ii).
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Gravity Retaining Wall

In a gravity retaining wall, as shown in Fig. 4-19, stability and acceptable carth pressure are
provided by the size and mass of the structure. The resultant of the self weight and applied
loads must be adjusted over the full height of the structure to ensure that the allowable tensile
stress of the material is not exceeded at any section. When specifications require zero tension
at any section, the locus of the resultant thrust must lie within the middle third at any section,
as shown in Fig, 4-19.

o3|
b
b/3 f—
:;;;/
w
Middle third 18
location
W H
| & T
&
A
—1 B/3 f—- i
8 |<—BIS—-+<—,;—+—X—->—
' l = -
Fig. 4-19. Gravily retaining wall Fig. 4-20

Example 6

The mass concrete gravity dam shown in Fig. 4-20 is 18 feet high. Determine the minimum
base width if no tensile stresses are allowed in the concrete and the water level is at the top of
the dam wall.

Solution
The total weight of the wall is
W=144x 18 3+ B)2
= 1296 (3 + B) pounds per foot.
The total water pressure acting on the wall at a height of 6 feet above the base is:
H=624x18%2
= 10,108 pounds per foot
The centroid of the wall mass is located a distance from the heel which is given by:
X =(9 438 + BY)3(3 + B) feet.

The line of action of the resultant thrust cuts the base at a distance from the centroid “;hich is
given by:

x=0HIW
=6 x 10,108/1296(3 + B)
=46.80/(3 + B)
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To ensure no tensile stress in the base:
x+ X <2B3
Hence, the minimum base width is given by:
46.80/3+B)+ (9 + 3B+ BH/3(3+B)-2B/3=0
B =10.81 feet.

The minimum required base width is 10,81 feet.

Cantilevered Sheetpile Wall

Foundations and

Retaining Struclures
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Fig. 4-21. Cantilevered sheetpile wall

The forces acting on a cantilevered sheetpile wall are shown in Fig. 4-21. An initial estimate’
is required of the penetration of the sheetpiling and of the location of the Point R about which
the sheetpiling rotates. Point O occurs where the passive pressure in front of the sheetpiling
equals the active pressure behind the sheetpiling. The forces acting on the wall are:

H, =p,H(H +y)2
Hpy = pp(Hy =y} = p(H | + Hy = y){(H, — y, —y;)/2
Hp, =[pp(H | + H)) - p HXH, — y)/2
where, y, = p, H /(p,—p,)
Yy = YlppHy + Hy) - p H/(pp—p)(H,| +2H,~y))
Resolving horizontally gives
H,—-H, +Hp=0
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Taking moments about the toe of the pile at T gives
H,L,—HpLp, + HpLpy, =0

Adjustments are made to the initial estimates until the above equations are satisfied. The
shear and bending moment in the sheetpiling may then be obtained.

Anchored Sheetpile Retaining Wall

[ & [0,
L, .
Hf
H'I
LA
LP

1

3 IS pH,
H, H, é

tepoe ]
PalH +HY  ppH, —p, (Hy + H))
Gross Pressure Net Pressure

Fig. 4-22. Anchored sheetpile wall

The forces acting on an anchored sheetpile wall are shown in Fig. 4-22. An initial estimate:6
is required of the penetration of the sheetpiling. The forces acting on the wall are given by:

H, = total active pressure behind wall
=p,(H, + H,)*2

H , = total passive pressure in front of wall
= ppH 312

H, = force in tie
=H,-H,

Taking moments of all forces about the tie point T gives
H\L —Hl,=0

Adjustments are made to the initial estimate of the penetration until the above equation is

satisfied.
The tie may be secured by means of a soil anchor, anchor piles or a dead-man. Anchor

piles are shown in Fig. 4-23 and the forces in the piles are given by:
F . = force in compression pile

= H,/(sin 6, + cos 6, tan &}
Fr, = force in tension pile

= H /(sin 6, + cos 6, tan 8}
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Fig. 4-23.  Anchor piles Fig. 4-24. Dead-man

A dead-man anchor is shown in Fig. 4-24 and may consist of a continuous beam or an
isolated anchorage. The resistance of a continuous beam consists of the passive pressure in
front of the beam less the active pressure behind the beam. The dead-man must be located a
sufficient distance from the wall so that the passive wedge in front of the dead-man does not
intersect the active wedge behind the wall. Resolving horizontally for a continuous anchor
with a tie force per unit length of H gives:

Ho-H,+ H.=0

DLpp—py) —Hp=0

Hence, the size of the anchor may be determined.

Example 7

Determine the required penetration of the sheetpile retaining wall shown in Fig. 4-25 if active
earth pressure may be assumed equivalent to a fluid pressure of 30 pounds per square foot per
foot, and passive pressure may be assumed equivalent to a fluid pressure of 400 pounds per
square foot per foot. Calculate the force in the tie and the location and magnitude of the
maximurn shear and the maximum moment in the sheetpiling.

Tie
. ™\ " 1383
] 7 T Ny
9.6
LA
14
Ly @
- 3
HA
r 2
[ = ;
H K3
_E__ H,— o | 31t
P \ A Y
Earth Pressure Shear Moment

Fig. 4-25
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Solution
The total active pressure on the back of the wall is:
H, =30(14 + H,)*2
= 2940 + 420H,, + 15H3
The total passive pressure on the front of the wall is:
H, = 400H3%/2
=200 HZ
The distance between the line of action of the active pressure and the tie is:
L,=2(14 + H,)/3
=933+ 0.67H,
The distance between the line of action of the passive pressure and the tie is:
Lp=14+0.67H,
Taking moments about the tie point T gives:
HL, -HL,=0
(2940 + 420H,, + 15H2)9.33 + 0.67H,) - 200H3 (14 + 0.67H,) =0
Solving for H, gives the required penetration as:
H, =475 feet.
The force in the tie is:
H.=H,-Hp
=4996 - 3613
= 1383 pounds per foot.
ppHl, = passive pressure at toe of wall:
=400 x4.25
= 1700 pounds per square foot.
p,(14 + H,) = active pressure at toe of wall:
=30(14 + 4.25)
= 548 pounds per square foot.
The shear force at a distance y from the toe is:
V = y(1700 — 200y) — y(548 — 15y)
= 1152y — 185y?
The maximum shear occurs when:
dVidy =0
= 1152 - 370y
Hence, y = 3.11 feet, and
V_ = 1793 pounds per foot.

max

The shear force at a distance x from the top of the wall is:
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V=H.-p,x*2
= 1383 — 1512
The maximum moment occurs when:
V=0
x = +/1383/15
=09.6 feet
The maximum moment is:
My = Hpx — P /6 Foundations and
= 1383 x 9.6 - 30 x 9.6%6 Retaining Structures

= 8853 pounds feet per foot

PILE FOUNDATIONS

Pile Group with Vertical Piles

- Group centroid

[-1—7—- +e !«——
w

o % |e cap
! Piles
nl

0

n, Number of piles each row

@ @ @ Row number
n2 nl
a

. 4 a, Distance from Row 1

4 n

+x +x  Distance from group centroid
Fig. 4-26. Pile group with vertical piles and ventical load
Using the notation in Fig. 4-26, which shows a group of vertical piles with a rigid pile cap
with an imposed vertical eccentric load, the location of the pile group centroid is
X = ZanfZn

The axial force on each pile in row i, neglecting the self weight of the pile and the pile cap, is
given by
P, = WiZn + Wex,/Znx®

For a symmetrical group, the location of the group centroid is

X=a/ll
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When the applied load coincides with the pile group centroid, the axial force on each pile is
given by

P=W/Zn
When the pile cap is subjected to a bending moment, M, the eccentricity is given by
e=MW

When each row in the group has an identical number of piles n, and the number of piles in
each line is n;, the load applicable to each line is:

Foundations and

Retaining Struclures W = Win,

The axial force on a pile in Row { is:

P=Win, + W’ ex/2x?

Fig. 4-27 illustrates a group of verti-
cal piles subjected to a horizontal load, as

in the case of a pier or wharf. The piles are L_/Gm”p centroid
considered fixed ended at the pile cap and e fenl ve e
at a depth of penetration, H, below the bot- w
tom of the rigid pile cap, with a point of +F— l Pile cap
contraflexure occurring at a depth of H/2. R L A
The total moment acting on the pile group -I' AR R I B2 ores
is
‘ Soil level
M,=We + FH H

1770 A 1, Y
The axial force on each pile in row i, ne- Point of fixity
glecting the self weight of the pile and the / v

pile cap, is given by

— Toe of piles

P,=W/tn +MT‘:[JZHX2 O @ ® () Row number
n

n, n n. Number of piles each row

SRR U R e S o

The shearing force on each pile is 1
0 a, a a, Distancefrom Row1
V= FlZn

'

-x, -x, +X, +x, Distance from group cenlroid

The maximum bending moment, at the point ) ) . i .
- . . G s Fig. 4-27. Vertical piles with verticat and
of fixity and at the pile cap, in each pile is horizontal loads

M, = VHI2

Example 8

Fig. 4-28 shows the loading acting on one line of piles supporting a dock. The vertical load

indicated includes the self weight of the rigid pile cap and the piles may be considered fixed

at a depth of 20 feet below the bottom of the cap. Determine the shear force and maximum
* bending moment in each pile and the maximum axial force produced in a pile.
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Fig. 4-28
Solution

The total moment acting on the pile group is
M.=M+ FH
=200+ 10x20
= 400 kip feet.
The pile group is symmetrical with an inertia of
Zx? =2(6% + 18%) =720
The maximum axial force occurs in Pile 4 and, neglecting the self weight, is given by
Py= Win, + M /2x*
= 100/4 + 400 x 18/720
= 35 kips.
The shear force in each pile is
V=F/Zn
= 10/4
= 2.5 kips.

The maximum bending moment in a pile is determined by assuming a point of
contraflexure at a depth of H/2, as shown in Fig. 4-28. The maximum moment is;

M. =VH2
=2.5x20/2
= 25 kip feet.
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Pile Group with Inclined Piles

The elastic center method”® may be used to determine the forces in inclined piles. All piles
are assumed to be hinged at each end and the rigid pile cap is assumed to rotate about the
elastic center thus producing forces in the piles which balance the moment of the external
load about the elastic center. For simple pile arrangements, the location of the elastic center
i may be determined by inspection, as shown in Fig. 4-29.

[

Elastic center Elastic center
.6
4
!

c
i
/ /

Foundations and

f
! |
. 1 [
Retaining Structures / ; l |
/] {
| |
| |
1
1

!
i J:"
77 B &

C
N«_Eias!ic center
/
\ Elastic center

\¢

Fig. 4-29. Location of elastic center

When the line of action of the external load passes through the elastic center, no rotation
of the pile cap occurs and the forces in the piles, due to the translation of the pile cap, may be
obtained by resolution.

Example 9

Determine the forces, due to the indicated loads, in the raked piles shown in Fig. 4-30. The
piles have a batter of 1:4 and the line of action of the external loads passes through the elastic
cenfer.

Solution
Resolving forces vertically, the vertical component of the axial force in pile 1 is given by:
V,=Wi2-FBI2

=100/2-10x 4/2

=30 kips

The axial force in pile 1 is:

P,=V,N1+B*/B
=304/17/4
= 30.92 kips
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Elastic center W = 100 kips

— F=10kips 1 C
I\

Il \ / i/ C 1 T,
\
iy I /1 s !

Foundations and
Retaining Structures

Fig. 4-30 Fig. 4-31. Pile cap rotation

The vertical component of the axial force in Pile 2 is:
V,= W2 + FB/2 = 70.00 kips.

The axial force in Pile 2 is:

P,=V,N1+B* /B =72.15 kips.

When the line of action of the external loads does not pass through the elastic center,
additional axial forces are produced in the piles. As shown in Fig. 4-31, the external load, R,
may be replaced by a force, R, through the elastic center plus a couple of magnitude

M =Ra

where a is the perpendicular distance from the line of action of R to the elastic center at C.
The force, R, through the elastic center produces a translation of the pile cap and the axial
forces in the piles are determined by resolution as previously described.

The couple, M, causes a rotation, 6, of the pile cap which produces an axial deformation
in each pile of magnitude:

d=r0
where r, is the distance from the elastic center perpendicular to each pile.

The axial force produced in each pile is:

P.=EAGIL = EAr /L

This axial force produces a moment about the elastic center of:

M, =Py =EAO/L
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For equilibrium, the sum of the moments of the pile forces about the elastic center must equal
the external couple about the elastic center:

M = GZEAPL
8= MIZEArL
P.= (MEAr,./L)/(ZEArZIL) = Mr,.fEr2 ... for identical piles.

Example 10

Determine the forces, due to the indicated loads, in the raked piles shown in Fig. 4-32. The
piles have a batter of 1:4 and have identical lengths and cross sectional areas.

/\ .
® ®

The axial forces due to the translation are obtained from Example 4-9 as:
P, =P,=30.9272
= 15.46 kips
P,=P,=72.152
= 36.08 kips
The couple about the elastic center due to the applied load is:
M=4F
=4x10
= 40 kip feet.

Solution
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The distance from the elastic center perpendicular to each pile is:
r =r,=r;=r,=2cos 14.04°
= 1.94 feet.
Zr = 4(1.94)
= 15.05
The axial forces in the piles due to rotation of the pile cap are:
P =P, =+ Mt
=40 x 1.94/15.05

=5.15 kips . . . compression. Foundations and

Retaining Struclures

P,=P,=5.15kips ... tension
The final pile forces are given by the sum of the forces due to translation and rotation and are:
P, =15.46+5.15 = 2061 kips
P,=1546-5.15=10.31 kips
P,=36.08 +5.15=41.23 Kips
P,=36.08 - 5.15 = 30.93 kips.

Pile Cap Design

To design the tension reinforcement in a pile cap, either a beam analogy method or a truss
analogy method may be employed®.

Critical section for flexural shear
. ( /Critical section for flexure

Pite

—
; : a2
B N '

! s
H—>l<—>| —»l di2 i<—
a2 ' a2 {
Critical perimeter for
punching shear
Flexure Column

Flexural shear

S =

L
o .l.
.'.-:‘...'__l _f": r

b — — — ]

Fig. 4-33. Pile cap beam analogy
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The pile cap depth is governed by shear requirements or by the necessity to provide
adequate anchorage length for the reinforcement projecting from the piles or for the column
starter bars,

The critical perimeter for punching shear is located a distance of df2 from the face of the
column or from the face of a pile. Punching shear at the column will generally not control
since some piles are normally within the critical perimeter. As shown in Fig. 4-33, punching
shear for a corner pile is most severe. The capacity of the pile cap for punching shear is the
minimum value given by ACI Equations (11-36), (11-37) and (11-38) as

oV =2+ 4B )Iobd f
oV, = 40b,d[f
¢V, = (adlb, +2) q)badﬁ

where, 3, = ratio of long side to short side of column
¢ = strength reduction factor = 0.85 from ACI Section 9.3
b, = length of critical perimeter for punching shear
o, =40 ... interior piles
=30 ... edge piles

=20 ... corner piles.

In accordance with ACI Section 11.8.1, the pile cap may be classified as a deep flexural
member when the ratio of the clear distance between piles to the effective depth is

[ fd <5

In this case, ACI, Section 11.8.5 specifies that the critical section for flexural shear is
located a distance from the face of a pile given by

x=af?
<d

where, a = shear span = distance from face of nearest pile to center of column.
The capacity of the pile cap for flexural shear, across the full width of the cap, is given by ACI
Equation (11-28) as

¢V =2¢db.[f!

Altemnatively, advantage may be taken of the enhancement in shear strength due to the short
shear span by utilizing ACI Equation (11-29) to give a capacity of

PV, = (3.5 - 2SMV,d)(1.9/f +2500pV dIM Ybd
<6¢db \[f’
where, p = reinforcement ratio
V= factored shear at critical section

M“ = factored moment at the same section.

The location of the critical section for flexure is, in accordance with ACI Section 15.4.2,
at the face of the column. The area of tension reinforcement required is obtained using the
principles of ACI Section 10.3,
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Four Pile Group Three Pile Group

Fig. 4-34, Pile cap truss analogy

Alternatively, when the piles are symmetrically arranged about the column and do not
exceed five in number, the truss analogy method may be used as shown in Fig, 4-34. The pile
cap is assumed to act as a three dimensional triangulated space truss. The upper node of the
truss is located at the center of the column with the lower nodes at the centers of the piles. The
column load is transmitted to the piles by direct thrust on inclined planes through the concrete
with the reinforcement between the piles forming horizontal ties. The reinforcement must be
placed within a band width'? not exceeding three times the width of the piles. Since the rein-
forcement is fully stressed at the center of the piles, a full anchorage length must be provided
beyond this point. By resolving forces at the lower nodes, the tensile force in the reinforce-
ment of a four pile group is given by:

T=Ws/8d.
In a three pile group the tensile force is
T = Ws/9d.
In a two pile group the tensile force is
T = Ws/4d.
In a five pile group the tensile force is
T = Ws/10d.
The area of reinforcement required is
A, =T[4,
where, ¢ = strength reduction factor = 0.90 from ACI Section 9.3,
T, = factored tie force,

f) , = reinforcement yield strength,
W = axial load in column, and

s = distance between pile centers.
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Example 11

Determine the Grade 60 reinforcement required in the pile cap shown in Fig. 4-35 and check
the shear capacity. The concrete strength is 3000 pounds per square inch.

] 12 e

lwu = 250 kips
l I

. ‘.‘ -l.,
-O |~'~ n. ".'
® ] IS
e L

Foundations and
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Solution
_ The force in each of the reinforcement ties is:
f T, =W,s/8d
i = 500 x 3/(8 X 2)
= 93.75 kips
The reinforcement area required for each tie is:
{ A, =TJ9f,
& =93,75/(0.9 x 60)

= 1.74 square inches.
Since there are two ties in each direction, the total reinforcement area in each direction is:

A =2x1.74

= 3.48 square inches.
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Providing eight Number 6 bars gives an
area of

Al=3.52 square inches

24"l

8 No. BEW.

> A, ... satisfactory.

fe-d

This gives a reinforcement ratio, based on
the gross cross sectional area of

p'= Allbh

= 3.52/(60 x 30}
=(.0020 __ik Critical seclion
o for flexural shear

The minimum reinforcement area in a pile
cap for Grade 60 bars, based on the gross
cross sectional area, is given by ACI Sec-
tion 7.12 as

Prin=0.0018
< 0.0020 . . . satisfactory.

The ratio of the clear distance between 250 kibs
piles to the effective depth is No
1 jd =212 ! Moment

=1

< 5.

Shear

b — — —{

250 kips

Fig. 4-35(a)

In accordance with ACI, Section 11.8.1 the pile cap may be classified as a deep flexural

member and the critical section for flexural shear is given by ACI Section 11.8.5, as a dis-
tance from the face of the pile:

x=al
=(15-05)2
= 0.5 feet.
The factored shear at this location is:
V,=W/2
= 500/2
= 250 kips.

The factored moment at the same section is:
M, =W (x+0.5)2
= 500 x 1.0/2
= 250 kip feet.
The reinforcement ratio provided is:
p= A/lbd
=3.52/(60 x 24)
= 0.0024.

T —
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Foundations and

Retaining Structures

4-46 WM Foundations and Retalining Structures

The flexural shear capacity is obtained from ACI Equation (11-29) as:
PV, = 3.5 - 2.5M JV d)(1.9 JT; +2500pV dIM )bd

= 0.85[3.5 — 2.5 X 250/(250 x 2)K1.9 3000 + 2500 x 0.0024 x 250 x 2/250)60 x 24
= (.85 x 2.25(104 + 12)1440
=0.85 x 261 x 1440
= 319,464 pounds
>V, ... satisfactory
< 6¢bd \ff:’ ... satisfactory.

The flexural shear capacity is adequate.

Punching shear for the column is not applicable since the piles are located within the critical
perimeter of the column. The length of the critical perimeter for a pile is:

b, =2(18 +d/2)
=2(18 + 24/2)
= 60 inches
The capacity of the pile cap for punching shear at a pile is given by ACI Equation (11-37) as:
¢V = 4gb df
=4 x 0.85 X 60 x 24~/3000
= 268,165 pounds
> W, /4 ... satisfactory.

The punching shear capacity of the pile cap is adequate.




Selected Symbols and Abbreviations
Selected Symbols and Abbreviations

Symbol or

Abbreviation Description

¢, short side of column

€y long side of column

d effective depth of footing

A, total required reinforcement area

B=1L1 ratio of long side to the short side of the footing
¢ strength reduction factor

b width of footing

fl concrete strength

B.=c,lc, ratio of the long side to the short side of the column
b, length of critical perimeter for punching shear
Iy reinforcement yield strength

A miny minimum area of reinforcement

f'rJ bearing pressure

f base plate thickness

P, factored applied load

u coefficient of friction

B width of footing

L length of footing

W weight

K Rankine coefficient

H carth pressure

H, total active pressure behind wall

H, total passive pressure in front of wall

v factored shear at critical section

=

factored moment at critical section

X

B 447
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Problems and Solutions

4-1. The stub column shown in Fig. 4-1 supports a steel column and base plate with the
indicated loads. The stub column is 18 inches square and is reinforced with Grade 60 de-
formed bars. Concrete compressive strength is 2000 pounds per square inch. The stub column
is subjected to axial load only and is effectively braced against sidesway by the floor slab.

Dead load = 10 kips
l Live load = 80 kips

[

A7 /:/;////7-///
18x18

4 No.7

Fig. d-1
a) What is the effective length factor of the stub column?

(a} 0.65
(b) 0.80
(c) 1.00
(dy 1.20
(&) 2.10
b) The slenderness ratio is most nearly
(a) 6
(b) 7
(c) §
(d) 9
{e) 10

¢) Do slenderness effects have to be considered?
{a) Yes
(b) No

Foundations and

Retaining Structures
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d) The design axial load strength of the stub column is given most nearly by
(a) 330 kips
(b) 350 kips
(¢) 370 kips
(d) 390 kips
; (e) 410 kips

e) The allowable reduced effective area of the section is given most nearly by

Foundations and

Retaining Structures (a) 160 square inches
(b) 170 square inches

(c) 180 square inches
(d) 190 square inches
(e} 200 square inches

f) The minimum allowable reinforcement area in the stub column is most nearly
(a) 1.6 square inches '
(b) 1.7 square inches
(c) 1.8 square inches
(d) 1.9 square inches

(e} 2.0 square inches

g) The minimum allowable size of lateral ties is
(a) Number 3
{b) Number 4
(¢) Number 5
(d) Number 6
{e) Number 7

h) The maximum allowable tie spacing is most nearly
{a) 10 inches
(b) 12 inches
(¢} 14 inches
(d)} 16 inches
(e) 18 inches
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Solution

a) From ACI Section 10.12.1, the effective length factor for a column braced against side
sway is

k=10

The answer is {c).

b) The radius of gyration, in accordance with ACI Section 10.11.2 is

r=03¢
=03x%x18 Foundations and
. Retaining Structures
= 5.4 inches.

The slenderness ratio, in accordance with ACI Section 10.11.4 is
ki fr=1.0%30/5.4
=50

The answer is {a).

¢) From ACI Section 10.12.2, slenderness effects may be neglected when:
ki Jr<34 —12M /M, where M| /M, >-0.5 and 5.6 <40.

The answer is (b).

d) For a column with lateral ties, the design axial load strength is given by Eq. (10-2} as:
gP = 0.80p{0.85(1(A ¢ A )+ fyAxr]

=0.8 x0.7{0.85 x 2 (324 - 2.4) + 60 x 2.4]

= 387 kips.

The answer is (d).

e) The ratio of design load strength to applied ultimate load is:
gP /P, =387/(1.4x 10+ 1.7%80)
=2.6
>2.
From ACI Section 10.8.4 the reduced effective area of the section is:
A; =A[2
=324/2
= 162 square inches

The answer is (a).
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f) The minimum allowable reinforcement area, in accordance with ACI Section, 10.9.1 is:
Poin = 0.0IA;

=0.01 x 162

= 1.62 square inches

The answer is (a).

g) The minimum aliowable size of lateral ties for enclosing bars smaller than Number 10 is
given by ACI Section, 7.10.5.1 as Number 3.

The answer is (a}.

h) The ACI, Section 7.10.5.2, specifies a tie spacing not greater than:
16d, = 16 x 7/8 = 14 inches

48d, = 48 x 3/8 = 18 inches

¢ = 18 inches

The answer is (c).

4-2. The fill behind the retaining wall in Fig. 4-2 has a unit weight of 1 10 pounds per cubic
foot with an equivalent fluid pressure of 30 pounds per square foot per foot. Passive earth
pressure may be assumed equivalent to a fluid pressure of 300 pounds per square foot per foot
and the coefficient of friction at the underside of the base is 0.4. All concrete has a compres-
sive strength of 3000 pounds per square inch and reinforcement consists of Grade 60 de-
formed bars. For Questions a to i, neglect the effects of the shear key.

a) The value of the overturning moment about the toe is most nearly
(a) 52,000 pounds feet
(b) 54,000 pounds feet
(c) 56,000 pounds feet
{d) 58,000 pounds feet
(e) 60,000 pounds feet

b) The distance of the resultant vertical load from the toe is most nearly
(a) 5.5 feet
(b) 6.0 feet
(c) 6.5 feet
(d) 7.0 feet
(e) 7.5 feet
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c) The factor of safety against overturning is most nearly

(a) 2.3
(b) 2.5
{c) 2.7
(d) 2.9
(e} 3.1
Y - —
I 2 live foad Reinforcement Details
~ Y1¥yyv¢ § surcharge Foundations and
- " or "
B LTS 777777777 Retaining Structures
2* cover 2* cover ‘
No. 3 No. 7
0 4 |
18,5 o

2" cover \ No. 8
W ‘Lll

3" cover /‘ \No. 5

Fig. 4-2

d) The earth pressure at the toe is most nearly
(a) 3170 pounds per square foot
(b) 3220 pounds per square foot
(c) 3270 pounds per square foot
(d) 3320 pounds per square foot
{e) 3370 pounds per square foot

¢) The earth pressure at the heel is most nearly
{a) O pounds per square foot
(b) 250 pounds per square foot
(c) 350 pounds per square foot
(d) 450 pounds per square foot
(e) 550 pounds per square foot
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f) The maximum spacing of Number 8 bars in the heel is most nearly
(a) 11 inches N
(b) 12 inches
{¢) 13 inches
(d) 14 inches
(e) 15 inches

g) The maximum spacing of Number 5 bars in the toe is most nearly

Foundations and

Retaining Structures (a) 11 inches
(b) 12 inches

{c) 13 inches
(d} 14 inches
(e) 15 inches

h) The maximum spacing of Number 7 bars in the stem is most nearly
(a) 5.5 inches
(b) 6.0 inches
(c) 6.5 inches
(d) 7.0 inches
(e) 7.5 inches

i) The maximum spacing of Number 3 bars in the front face of the stem is most nearly
{a) 14 inches
(b) 13 inches
(¢} 12 inches
(dy 11 inches
{e) 10 inches

j) Combining the effects of friction and passive pressure, the minimum depth of the shear key
to provide a factor of safety of 1.5 against sliding is most nearly:

(a)y 2.5 feet
(by 2.8 feet
(c) 3.1 feet
(dy 3.4 feet
(e) 3.7 feet
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Solution
31 5]+ —]
2' five load Reinforcement Details
. ARAAAALALA. surcharge .
Y S IS, Ay P
{ ‘ 2" cover 2° cover
‘ No.3@ 10 o.c No.7 @ 6% o.c.
v |
18.8' - B
: ;': 2" cover / No.8 @ 13 o.c.
oh 3" cover \No. 5@ 11" o.c.
Earth : © , —
Pressure 2 3 : Y Factored
for Service & o e Earth
Loads 8 Pressure
fe——10.11'——f
Fig. 4-2(a)

a) The horizontal service loads acting on the wall are given by:
H , = lateral pressure from backfill
=30 x 20%/2
= 6000 pounds.
H, = lateral pressure from surcharge
=2x30x20
= 1200 pounds.
Overturning moment about the toe is:
M,=H XH3+H, x H2
= 6000 x 20/3 + 1200 x 20/2
= 52,000 pounds feet,

The answer is (a).

Foundations and

Retaining Structureg
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b) The vertical service loads acting on the wall are given by:

W,, = weight of stem wall
=150%x1.5x18.5
= 4163 pounds.
W, = weight of base
=150 x 1.5 x 10.5
= 2363 pounds.
W, = weight of backfill
=110 x6 % 18.5
= 12,210 pounds.
W, = weight of surcharge
=110x6x2
= 320 pounds.
The total vertical load is:
>W=20,056
The distance of the resultant vertical load from the toe is:
¥ = (4163 x3.75 +2363 x5.25 + 12,210X 7.5 + 1320 x 7.5)/20,056
= 6.5 feet.

The answer is (c).

¢) The factor of safety against overturning is:
X ZWIM = 6.5 X 20,056/52,000
=25

The answer is (b).

d) The eccentricity of the applied loads about the toe is given by:
e =(IZW-M)EW
= (6.5 x 20,056 — 52,000)/20,056

= 3.91 feet.
The eccentricity about the base centroid is:
e=10.5/2-3.91

=1.34 feet

< L6 ... no tension under the base.
The pressure under the toe is:
Tioe) = 2W(1 + 6e/Lg)/BLy
=20,056 (1 + 6 x 1,34/10.5)/(1 x 10.5)
= 3373 pounds per square foot.

The answer is (e).
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e) The pressure under the heel is:
Tiheet) = 2W (1 - 6elLy)/BL,
= 448 pounds per square foot.

The answer is (d).

f) The factored total overturning moment about the toe is:
M, = 1.7 % 52,000
= 88,400 pounds feet.
The factored total vertical [oad is:
ZYW=14W, + W+ W + L7TW,
= 5828 + 3308 + 17,094 + 2244
= 28,474 pounds.
The factored restoring moment is:
YMp = 5828 X 3.75 + 3308 x 5.25 + 17,094 X 7.5 + 2244 X 7.5
= 184,257 pounds feet.
The eccentricity of the factored loads about the toe is given by:
€ =(yM,— YM)ZyW
= 3.37 feet
< Lg/3 ... outside middle third.
The pressure under the toe is given by:
Qoey = 22 Y WI3e'
=2x28,474/(3 x 3.37) '
= 5639 pounds per square foot.

Foundations and

Retaining Structures

The pressure distribution under the base is shown in Figure 4-2(a).
The maximum factored bending moment in the heel is:

M =3(yW,+ YW, +6yW/10.5) - 3129 x 5.61%6
=3(17,094 + 2244 + 1890) — 16,413
=47,271 pounds feef.

The required reinforcement ratio is derived from ACI, Section 10.2, with the aid of a calcula-
tor program,” and is:

p=085f(1 —\J1-2K/0.765f))!f,
=0.38 percent.

The maximum reinforcement ratio is given by ACI, Section 10.3 as:
Prnax = 0.75 X 0.85 x 87, £ (87 + )
= 1.60 percent

> p satisfactory.
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The minimum reinforcement ratio is given by ACI, Section 7.12 as:
Prin = 018 percent of the gross area
< p .. satisfactory.
Thus, the required reinforcement area is:
A =pbd
= 0.0038 x 12X 15.5
= (.71 square inches per foot.

Shear is not critical and Number 8 bars at a spacing of 13 inches provides a reinforcement
area of:

A’ =0.72 square inches per foot
>A,. .. satisfactory.

The answer is (c).

g) The maximum factored bending moment in the toe is:
M =3%3965 + 2 x 5639)/6 — 1.5 X 3yW,/10.5
= 22,865 - 1418
= 21,447 pounds feet.
The required reinforcement ratio is:
p=0.188 percent . . . satisfactory.
The required reinforcement area is:
A, =0.00188 x 12 x 14.69
= 0.33 square inches per foot.

Shear is not critical and Number 5 bars at a spacing of 11 inches provides a reinforcement
areaof:

A’ =0.34 square inches per foot
>A,. .. satisfactory.

The answer is (a).

h) The maximum factored bending moment in the stem is:
M, =17(30% 18.5%)/6 + 60 x 18.5%2)
= 71,274 pounds feet.
The required reinforcement ratio is
p = 0.58 percent . . . satisfactory.
The required reinforcement area is:
A_=0.0058 x 12 x 15.5

= 1.08 square inches per foot.
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Shear is not critical and Number 7 bars at a spacing of 6.5 inches provides a reinforcement
area of

A’ = 1.12 square inches per foot
> A, ... satisfactory.

The answer is (¢).

i) Based on the gross concrete area, the reinforcement ratio required for the vertical reinforce-
ment in the outer face of the wall is given by ACI, Section 14.3 as

p = 0.0012/2 for bars not larger than Number 5.
The requifed vertical reinforcement area is
A, =0.0012x 12 x 18/2
= (.13 square inches per foot.
Providing Number 3 bars at a spacing of 10 inches gives
A’ =0.13 square inches per foot
=A " satisfactory.

The answer is (e).

§) The applied horizontal force on the retaining wall is:

H=H,+H,
= 6000 + 1200
= 7200 pounds.
The frictional resistance available is:
F=uzw
= 0.4 x 20,056
= 8022 pounds.
To provide a factor of safety of 1.5 against sliding requires a passive resistance of:
H,=15H-F
= 1.5 x 7200 - 8022
= 2777 pounds.

To provide this passive force, the total required depth of the shear key plus footing is:

Hy=2Hp !/ pp
=42x2777/300

=43 feet.
The depth of the shear key is:
D=H,-15
= 2.8 feet.

The answer is (b).

Foundations and

Retaining Structures
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4-3. The ties for the anchored bulkhead shown in Fig. 4-3 are located four feet from the top
of the sheetpiling and are spaced at fifteen foot centers. The end of the tie is secured to two
anchor piles raked as indicated. The active earth pressure may be assumed equivalent to a
fluid pressure of 30 pounds per square foot per foot and passive pressure may be assumed
equivalent to a fluid pressure of 400 pounds per square foot per foot.

4 T T

Foundations and

Retaining Structures

/
P

— H2

Earth Pressure

Fig. 4-3

a) The vatue of the total active pressure on the back of the wall is most nearly
(a) 1800 pounds per foot '
(b) 2400 pounds per foot
(¢) 3000 pounds per foot
(d) 3900 pounds per foot
(e) 4800 pounds per foot

b) The value of the total passive pressure on the front of the wall is most nearly
(2) 1800 pounds per foot
(b) 2400 pounds per foot
(c) 3000 pounds per foot
(d) 3900 pounds per foot
(e) 4800 pounds per foot
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¢) The moment of all forces about the tie point is most nearly

(a) O pounds feet per foot

(b) 200 pounds feet per foot
(¢) 400 pounds feet per foot
(d) 600 pounds feet per foot
(e) 800 pounds feet per foot

d) The force in the tie is most nearly

(a) 1800 pounds per foot
(b) 24060 pounds per foot
(c) 3000 pounds per foot
(d) 3900 pounds per foot
(e) 4800 pounds per foot

Foundations and

Retaining Structures

e) The distance from the top of the wall to the position of maximum shear is most nearly

(a) O feet
(b) 4 feet
{c) 9 feet
(d) 11 feet
(e) 13 feet

f) The maximum shear in the wall is most neady

(a) 1240 pounds
(b) 1340 pounds
(c) 1440 pounds
(d) 1540 pounds
(e) 1640 pounds

g) The distance from the top of the wall to the position of maximum moment is most nearly

(a) O feet
(b} 4 feet
{c) 9 feet
(d) i1 feet
(3) 13 feet




4-62 WM Civil Engineering License Problems and Solutions

h) The maximum moment in the wall is most nearly
(a) 5600 pounds feet per foot
{b) 5700 pounds feet per foot
(c) 5800 pounds feet per foot
(d) 5900 pounds feet per foot
(e) 6000 pounds feet per foot

i) The force in the compression anchor pile is most nearly

Foundations and

Retaining Structures (a) 60.5 Kips
(b) 61.1 kips
{c) 61.7 kips
(d) 62.4 kips
(e) 63.1 kips

i) The force in the tension anchor pile is most nearly
{a) 60.5 kips
{(b) 61.1 kips
(c¢) 61.7 kips
(d) 62.4 kips
(e) 63.1 kips

1 1 ? T
| L
(=]
<
] 3
e o
-«
o
HI
10'
&
(=]
(=)
[+3)
1]
o
[e}]
g o
o H, Z T
c'\" - { 275
L -~ ] _L
} T Earth Pressure Shear Moment
! Fig. 4-3(a)
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Solution _
a) The total active pressure on the back of the wall is:
H,=p,(H +H)42

=30 (14 + 3.885)%2

= 4798 pounds per foot,

The answer is (e).

b) The total passive pressure on the front of the wall is:
Hp=pHi(2 Foundations and
2

Retaining Structures

= 400 x 3.885%/2
= 3018 pounds per foot.

The answer is (¢).

¢) The bending moment at the tie point is:

Mp=H,2(H + H)3 - L] - Hy(H, - L.+2H,/3)
=4798 (2 x 17.885)/3 —~4) — 3018(10 + 2 x 3.885/3)
=7 pounds feet per foot.

The answer is {a).

d) The force in the tie is:
H.=H,-H,

= 4798 - 3018

= 1780 pounds.

The answer is (a).

) The maximum shear occurs at the tie point which is four feet from the top of the sheetpiling.

The answer is (b).

f) The maximum shear is given by:
Vmax =Hdr— pAL%JZ

= 1780 - 240

= {540 pounds per foot,

The answer is (d).

g) The shear force at a distance x from the top of the sheetpiling, when x exceeds L., is:
V=H,-px2
= 1780 — 15x2
The maximum moment occurs when:
V=0
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Hence, x =+/1780/15

= 10.89 feet.

The answer is (d).

h) The maximum moment is:
M =H(x-Lp) —p X6

i
= 1780 (10.89 — 4) — 30 x 10.89%6
= 5800 pounds feet per foot.

Foundations and The answer is (c).
Retaining Struclures

i} The force in the compression pile is:

Fo= 15H {(sin 8, + cos g, tan 6,)
= 15 % 1'780/(sin 14°+ cos 14° tan 11.3%)
=15 x 1780/(0.243 + 0.970 x 0.200)
= 61,094 pounds.

The answer is (b).

j) The force in the tension pile is:

Fp= 15H,/(sin 6, + cos 6, tan 6,) ' D Iy —
=15 % 1780/(sin 11.3° + cos 11.3° tan 14°) :{2' live load
= 15 x 1780/(0.196 + 0.981 X 0.250) R 3 surcharge
= 60,524 pounds. a

The answer is (a).

4-4, The fill behind the retaining wall in
Fig. 4-4 has a unit weight of 110 pounds
per cubic foot with an equivalent fluid pres-
sure of 30 pounds per square foot per foot.
The live load surcharge behind the wall is X
equivalent to an additional two feet of fill.
The 12-inch square piles are spaced at 5
feet on center longitudinally.

17.5'

—] 2.5 |

a) The valtue of the total factored vertical

load is most nearly
(a) 138 kips 3 3
(b) 148 kips ® L/® ®
(c) 158 kips — i e gt ]t
(d)y 168 kips Fig. 44

{e) 178 kips




Foundations and Retaining Structures W 4-65

b) The value of the total factored horizontal load
is most nearly

(a) 51 kips
(b) 61 kips
(c) 71 kips
(d) 81 kips
(e) 91 kips

¢) The height of the elastic center above the base is most nearly
(a) 12 feet
(b) 15 feet
(c) 1B feet
(d) 21 feet
(e} 24 feet ‘
d) The horizontal distance of the elastic center from the toe is most nearly
(a) 5feet
(b) 6 feet
(c) 7 feet
{d) 8 feet
(e} 9 feet

¢) The moment of the factored loads about the elastic center is most nearly
(a) 202 kip feet
(b) 222 kip feet
(c) 242 kip feet
(d) 262 kip feet
(e) 282 kip feet

f) The force in Pile 1, due to translation of the pile cap, is most nearly
(a) 45 kips
{b) 69 kips
(c) 96 kips
(d) 135 kips
(e) 165 kips

Foundations and

Retaining Structureg
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g) The force in Pile [, due to rotation of the pile'cap, is most nearly
(a) 45 kips
(b) 69 kips
(c) 96 kips
(d) 135kips
(e) 165 kips

h) The total force in Pile 2 is most nearly
(a) 45 kips
(b) 69 kips
(c) 96 kips
(d) 135 kips
(e) 165 kips

i) The total force in Pile 3 is most nearly
(a) 45 kips
(b) 69 kips
{c) 96 kips
(d) 135 kips
(e) 165 kips

§) The maximum shear in the base is most nearly
(a) 45 kips
(b) 69 kips
(c) 96 kips
(d) 135 kips
(e) 165 kips

Solution
a) The factored vertical loads for a 5 foot length of wall are given by:
W,, = factored weight of stem wall
=5x 1.4 x 150 x1.5 % 17.5/1000
= 27.56 Kips.
W, = factored weight of base
=5 x 1.4 %150 % 2.5 x 10/1000
= 26.25 kips.




Foundations and Retaining Structures W 4-67

W, = factored weight of backfill
=3x1.4x110x5.5x17.5/1000
=74.11 kips.

W, = factored weight of surcharge
=5x1.7x 110 x 5.5 x 2/1000

= 10,29 kips.
W = the total factored vertical load
=27.56 +26.25 + 74.11 + 10.29 Foundations and
= 138.21 kips. Retaining Structures

The answer is (a).

b) The factored horizontal loads for a 5 foot length of wall are given by:
H, = factored lateral pressure from backfill

=5 x 1.7 x 30 x 2042000
= 51.00 kips.

H, = factored lateral pressure from backfill
=5% 1.7 %2 x30x20/1000
= 10.20 kips.

F = the total factored horizontal load

=51.00 + 10.20
. =61.20 Kips.

The answer is (b).

c) The height of the elastic center above the base is:
L,=3x6
= 18 feet.

The answer is (c).

d) The horizontal distance of the elastic center from the toe is:
L =9 feet.

The answer is {(e).

e) The clockwise moment of the factored loads about the elastic center is:
M =1133H, + 8H, ~ 5.25W,, - AW, - L.7T5(W; + W)

=578.0+ 81.6 - 1447 - 105.0 - 1477

= 262.2 kip feet.

The answer is (d).
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f) Resolving forces, the axial force in Pile 1 due to translation of the pile cap is given by:
B, =FJ1+3%/2
=61.2410/2

=96.77 kips . . . compression;
The answer is (c}.

g) The distance from the elastic center perpendicular to each pile is:
ry=r,=2cos 18.43°

Foundations and = 1.90 feet.
Retaining Structures

r,=0
2 = 2(1.90)2
—72 —»| 288" |
o T
The axial force in Pile | due to rotation of the pile cap is: - |’//
8 ¢
Py, =Mr/Zr Force = /)
= 262.2 x 1.90/7.2 Diagram fll , g2 /|
. £ "
=69.20 kips . . . tension. P, ‘7) = // } N
The answer is (b). //// / : 2
P //’ ARTW / {
h) The axial force in Pile 2 due to transia- " / ;

: e / P S—
ton, 1s: Z /' TF=61.20kips
P, = 96.77 kips . . . compression F fo
The axial force in Pile 2 due to rotation is: ' / E

. . s / i
P, =69.20 kips . . . compression / i
Fi !
The total axial force in Pile 2 is: / g
/ ® o
Py=Pp+ Ppy A e
Q
= 96,77 + 69.20 /e
= 165.97 kips . . . compression. bt 3ot B ] 1" f—
The answer is {e). 21 ki
17.98 kit
i) The axial force in Pile 3, due to transla- 2.63 ki
ti . Loads 1123311 4 a )

ion, is: \ i

P, =W-3F 2646 [ 157486 ¢ 45.39

=138.21 -3x61.20

=-45.39 kips . . . tension. 135.29

Shear

The axial force in Pile 3 due to rotation is: 6047
Py = Mr fZr 2353

=0

2217

The total axial force in Pile 3 is: Pig, 4-4(2)
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Py=Ppn+Pp,
=-45.39 kips . . . tension.

The answer is (a).

J) The loading diagram and corresponding shear force diagram are shown in Figure 4-4(a).
The maximum shear force occurs at Pile 2 and has a value of 135.29 kips.
The answer is (d).

4-5. The tilt-up concrete watl panel shown in Fig. 4-5 is located six inches from the property
line and supports an axial load of five kips per linear foot. The wall panel is supported on the Foundations and

eccentric footing indicated and the ground floor slab is tied to the wall panel with Grade 60 Relaining Structures
reinforcement to limit the soil bearing pressure to 3000 pounds per square foot.

fo 9l 67267 e fa—
44—

v

th =5kips 1“’1

H

1

6 _P

j;. 15"
[ " ] - l
| 27 | .

@y = 3000 psi
Fig. 4-5

a) Determine the required depth, H, of the footing below the level of the ground floor slab to
produce a maximum soil bearing pressure of 3000 pounds per square foot,

b) Determine the area of the reinforcement required to tie the wall panel to the ground floor
slab.
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Solution

a) The forces acting on the footing are shown in Fig. 4-5 and assume a uniform distribution of
pressure under the wall and between the side of the wall and the footing. The axial load in the
wall panel is:

W, = 5 kips per foot.
The weight of the base is:
W,=0.15225x 1 +0.5x0.5)
= 0.375 kips per foot.
The total vertical load is:
R=W, +W,
= 5.375 kips per foot,

The eccentricity between the axial load in the wall panel and the center of pressure under the
wall is:

e=15/2-6/2

=4.5 inches. )
The clockwise couple produced by the axial load in the wall is
M, =eW, |
This is balanced by the counterclockwise couple
Mp=yF
Equating the two couples gives:
F=eW/ly

=4.5x5ly

= 22.5/y kips.
The maximum pressure under the base is given by:
=R/IA + FalS
= 5.375/2.25 + 22.5 x 1.25/0.844y
= 3,0 kips per square foot.

qmax

y = 54.5 inches. _
The required depth of the footing betow the level of the ground floor slab is:
H=y+15+4/2

= 71.5 inches.

b) In accordance with ACI, Section A.3.2, the area of tensile reinforcement required in the
floor slab is:

AS = F‘{f\‘ .
=22.5/(54.5 x 24)

= 0.017 square inches per foot.
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4-6. An 18-inch-square column carrying a
factored axial load of 900 kips is supported,
as shown in Fig. 4-6, on a pile cap and a
group of six 12-inch-square piles. The con-
crete strength is 3000 pounds per square inch
and reinforcement consists of Grade 60 bars.

a) Determine the minimum allowable effec-
tive depth of the pile cap.

b) Determine the required number of Num-
ber 7 reinforcing bars required in the longi-
tudinal direction.

Solution

a) Assuming that the pile cap may be classi-
fied as a deep flexural member, as specified
in ACI Section 11.8.1, the critical section
for flexural shear is given by ACI, Section
11.8.5 as adistance from the face of the outer
piles of

x=all
=(36-6)/2
= 15 inches,
The factored shear at this location is:
V,=W/3
= 900/3
= 300 kips.

The factored moment at the same location is:

M =W (x+6)3
=900(15 + 6)/3
= 6300 kip inches,

Critical section for flexurat shear

_L / {, Crilical section for flexure
L
. L 12 Pile
fi
di2

Crilical perimeter for
punching shear

Flexure Column
Flexural shear\ Punching shear
f R et e
~ Pile
: cap

Flexure Column
Flexural shear\ Punching shear
T [ Fie
cap

—»{ 12

—] 12" |«—3p5" 36" "f—
300 kips : Shear
300 kips
6300 kip-in. ?100 kip-in.
T Moment
Fig. 4-6(a)
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The reinforcement ratio may be assumed to be:
p=Agbd
= 0.0020
The flexural shear capacity of the section is obtained from ACI Equation (1 1-29) as:
gV =p(3.5-2.5M V. d)(1 '9\/.?,:' +2500pV diM )bd
= 0.85(3.5 — 2.5 x 6300/300d) (1.94/3000 + 2500 x 0.002 x 3004/6300)60d
=51d(3.5 - 52.5/d)(104.06 + 0.238d)
=Y,
= 300,000 pounds,
Solving for the effective depth gives:
d = 30 inches,

And V, < 6¢db[f] . .. satisfactory.

Punching shear for the column is not applicable since the central piles are located within the
critical perimeter of the column. The critical perimeter for a corner pile is:

b, =2(18 +di2)
=2(18 + 30/2)
= 66 inches.
The capacity of the pile cap for punching shear at a pile is given by ACI Equation (11-37) as:
oV, = Agb,df;
=4 x0.85 % 66 % 30~/3000
‘= 368,730 pounds
> W /6 ... satisfactory.
The ratio of the clear distance between piles to the effective depth is:
[ Id =24130
=0.8
<5

In accordance with ACI Section 11.8.1 the pile cap may be classified as a deep flexural mem-
ber, and the minimum effective depth of 30 inches is satisfactory.

b) The critical section for flexure is located at the face of the column and the factored moment
at this section is:

M, =W (36 -9)/(3 % 12)
=675 kip feet.

The required reinforcement ratio is derived from ACI, Section 10.3, with the aid of a calcula-
tor program,” and is:

p=085f(1-y1-2K/0.765f)/f;

= 0.0029
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This is greater than the initial assumed value which is, therefore, satisfactory.
The maximum reinforcement ratio is given by ACI Section 10.3 as:
P =075%x0.85x 87ﬂ,fc'/fy(87 +£)
= 0.0160
> p . . .satisfactory,
The minimum reinforcement ratio is given by ACI Section 7.12 as:
P = 0-18 percent of the gross area
< p...satisfactory
Thus, the required reinforcement area is:
A =pbd
=0.0029 x 60 x 30
= 5.22 square inches.
Provide nine Number 7 bars to give an area of
A!=5.40 square inches

>A_ ... satisfactory.
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