CHAPTER 6
STRUCTURAL DESIGN OF FOOTINGS

Prepared by: Dr. Farouk Majeed Muhauwiss
Civil Engineering Department — College of Engineering
Tikrit University

6.1 TYPES OF FOOTINGS

Footings are foundation components that transmit the load from the superstructure to soil or
rock. Their shapes usually vary with specific requirements and design needs. For spread footings,
square shapes are common and usually most economical, but rectangular shapes are used if space is
limited in one direction, or when loads are eccentric in one direction. The typically desired case is
to select the footing shape that makes the soil pressure as uniform as possible. Furthermore,
footings may be of uniform thickness or may be sloped or stepped. Fig.(6.1) shows typical
configurations of various types of footings.
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Fig.(6.1): Typical configurations of various footings types.
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6.2 ASSUMPTIONS

1. The footing is assumed to be rigid (the thickness is sufficient enough) for easy calculation.

2. Actually, the soil pressure distribution under a footing is not uniform and depends upon
footing rigidity, shape, and depth. However for simplicity, the distribution of the soil
reactions is considered uniform as shown in Fig.(6.2).
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Fig.(6.2): Soil pressure distribution under rigid footings.

6.3 LOAD COMBINATIONS

The ACI 318—14 code for reinforced concrete foundation requirements specifies that the
service loads should be converted to ultimate through several load combinations as:

Pult': 1.4 DL TN

Py.= 12DL+1.6LL

Py = 1.2 DL+ 1.6 WL+ L.OLL S (ACI 318—14 Section 9.2)
Py. = 0.9DL+1.6 WL

Py.= 1.2DL+1.0EL +1.0LL

P.= 0.9DL+ 1.0 EL _

where, DL, LL, WL and EL are service dead, live, wind, and earthquake loads, respectively.

From the above various combinations of the load cases, the load case control is considered as
a design load. Note that in general as a rule, actual applied load (3; P) and actual net soil pressure
(9451 net) are used to find the area of footing (A). Whereas, factored loads and soil pressure are

used to determine the steel area (Ay) and footing thickness (7).
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6.4 CRITICAL SECTIONS FOR FOOTINGS

The ACI 318—14 code designates the critical locations for shear and moments depending on
type of column or wall (e.g., concrete, steel, or masonry) as shown in Fig.(6.3). Notice that
circular columns are treated as square columns with an equivalent width for location of critical
sections for shear and moment.
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6.5 ACI 318—14 CODE REQUIREMENTS

A summary of strength design principles that apply to foundation design are presented in
Table (6.1). The table is divided into two parts: (1) general design principles that apply for strength
design and (2) principles that are specifically applicable to foundation design.

Table (6.1): Summary of ACI 318 —14 code requirements.

Principle Design item Code requirement Coc_je
section
General | Load Combinations P,i-= 1.4 DL 9.2
Pyi-= 1.2DL+ 1.6 LL
Py.= 1.2DL+ 1.6 WL+ 1.0OLL
Pyi-= 0.9DL+ 1.6 WL
Py. = 1.2DL+1.0EL +1.0LL
P,i-= 0.9DL + 1.0 EL
where,
DL = dead load, LL= live load, WL= wind
load, and EL = earthquake load.
Load factor, @ Flexure: 0.9 93
Shear and torsion: 0.75
Flexure in plain concrete: 0.65
ini 0.25 1.4
M.lmmum flexure A = fer bd> 1 pd 10.3
reinforcement fy fy
Temperature and As min. = 0.0020 b t ——————— fOI‘ fy < 420 MPa 7,12
shrinkage reinforcement
=0.0018 bt --------- for f, =420 MPa
= 0'0013—"420 bt---for f, >420 MPa
y
Shear reinforcement and V.= (0.16 [0) \/E + 17 p,, ‘;I;—d) b, d 11.5
minimum required steel < 0290 JF b, d
- by S by S
Ay min= 0.062 \/f, == > 035 = 11.13
’ fre fre
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Development length, [; ,
for deformed bars and
deformed wires:
(a) Tension:
Either 12.1 or 1222 |; - _Jyr = F1 ¥ ¥s 121
. . . d cp + Ker b .
equations is applicable 112 \/;C (d—)
provided that I, > 300 b
fm. in which the confinement term:
+ K 40 A
b = T <25, and K, = A
dp sn
where, n 1is the number of bars or wires
being spliced or developed along the plane of
splitting. However, it shall be permitted to
use K; =0 as a design simplification even if
transverse reinforcement is present.
Spacing and cover No. 19 and No. 22 and
P 9 smaller bars larger bars
Clear spacing of bars or
wir'es being developed or L, = fy W1 Ye 4, | la= fy W1 Ye dy | 1222
spliced not less than dj, 211 \/; 172 \/;C
clear cover not less than d, ' ¢
and  stirrups or  ties
throughout [; not less than
the Code minimum.
or
Cl.ear spgcing of bars or L = ¥ Ye a, |la= ¥ Pe dy | 1222
wires being developed or 142 |f 111 \/;C
spliced not less than 2d, ' ¢
and clear cover not less
than dp.
where,

¥, = bar location factor; ¥, = 1.3 for top reinforcement, ¥, = 1.0 for other
reinforcement.

Y, = coating factor; Y. = 1.5 for epoxy—coated bars or wires with cover
less than 3d, or clear spacing less than 6d,; Y. = 1.2 for other
epoxy—coated bars or wires; ¥, = 1.0 for uncoated reinforcement;
provided that ¥, ¥, <1.7.

Ys = bar size factor, ¥s = 0.8 for @ 19 mm and smaller bars and deformed
wires; and Ws = 1.0 for @ 22 mm and larger bars.
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cp = spacing or cover dimension: Use the smaller of either the distance
from the center of the bar to the nearest concrete surface or one—half
the center—to—center spacing of the bars being developed.

K:, = transverse reinforcement index, which is equal to (1.6 A;./sn),
where A;, = total cross—sectional area of all transverse reinforcement
within /; that crosses the potential plane of splitting adjacent to the
reinforcement being developed, s is the maximum spacing of
transverse reinforcement within /; , center—to—center (mm); and 7 is
the number of bars or wires being developed along the plane of

splitting.

lightweight—aggregate concrete factor, A = 1.0 for normal weight

concrete. A = 0.75 for lightweight aggregate concrete; however, when
fet 1s specified, use A = \/E /1.8 f.; (in SI—units).

(b) Compression:

The ACI code 318—14 permits a
reduction multiplier of [;. given by:
Ls = excess reinforcement factor; if
the longitudinal flexural reinforcement
is in excess of that required by
analysis except where anchorage or
development for fy is specifically
required or the reinforcement is
designed for seismic effects. The
reduction multiplier is: As = (4s
required)/(4s provided), or Ay = 0.75
for spirally enclosed reinforcement not
less than 6 mm diameter and not more
than 100 mm pitch or within No.13
ties and spaced at not more than 100
mm on center, and Ay = fy/415 for
cases where fy > 415 MPa.

0.24 fy

lac = ’
N

But not less than 200 mm.

d, = (0.043 ;) d,,

12.3.2

Reinforcement spacing

Clear distance not less than
diameter of bar or 1.0 inch (25
mm).

Walls and slabs: not to be spaced
father apart than 3 times the wall
or slab thickness or 18 in. (450
mm).

7.6.1

7.6.5
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Minimum reinforcement cover 3.0 inch (75 mm) for cast—in 7.7.1
place concrete and permanently
exposed to earth.

Modulus of elasticity of concrete, E,. E.=w}!% 0.043./f. (MPa) 8.5.1
for normal weight concrete.
E, (MPa) = 4700,/f"_(MPa)

Footings | General considerations See ACI code 15

Round columns Use equivalent square of same 15.3
arca for location of critical
sections for moment, shear, and
development of reinforcement in

footings.
Maximum moment See ACI code 15.4
Minimum footing depth (a) Not less than 6 in. (152 mm) 15.7

above  the  bottom  of
reinforcement for footing on
soil.

(b)Not less than 12 in. (305 mm)
for footing on piles.

Shear:

One-way action (Wide—beam shear): | Vcau. = 0.17¢ \/Z 11.3
Two-way action (Punching shear): Ve qll. = 0.17(1 + %) [0} \/]75 ——————— (a)| 11.31

Take smaller value from a, b and c.

Veall = 0.083(“5? +2)¢ \/7 )| 11.32

Veau, =0.33¢ [f', —--mmmmmmeeee- (c)| 11.33

The units of both shear are in (MPa).

length of column
b = 075, p=-ngthof
width of column
ag = 50 cm for corner columns,
=75 cm for edge columns,

= 100 cm for interior columns.
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Bearing strength (column on footing): | f, =085 ¢ f'c JA,/A; - (@ | 10.15
Take the smaller value from (a) or (b). ,
fca”_ =0.85 d) f c T/ (b)
where,
d =0.65 and \/A,/A; < 2.0
A, = area of contact (or column),
A, = projection area.
Minimum steel reinforcement Agmin= 0.005 A, 15.8.2.1
for bearing strength (dowels). where, A= area of column.
Walls General considerations See ACI code 14
Reinforcement Vertical: Ag = 0.0012 Ag of wall | 14.3.2
Horizontal:Ag = 0.002 A, of wall 14.3.3
where,
A = area of reinforcement, and
Ag = gross area of the wall.
Maximum thickness Not less than 1/25 the supported | 14.5.3.1
height or length, whichever is
shorter; not less than 4 in. (102
mm).
Exterior basement walls and | 14.5.3.2
foundation walls not less than 7.5
in. (191 mm).
Grade beams See ACI code 14.7
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6.6 SOIL PRESSURE DISTRIBUTIONS UNDER FOOTINGS

As shown in Fig.(6.4a), if the moments about both x and y axes are zero, then, the soil
pressure distribution under the footing is simply equal to the total vertical load divided by the
footing's area. While in case of moment or (moments), the contact pressure below the footing is
non-uniform (see Fig.6.4b).

YP=DL+LL >P=DL+LL >P=DL+LL
center Iinef
center line
e
‘:‘_
— L — «—— L —» Or «— L—>

ZP A A y A A A
dJact. = T TT T TT 9 min. 9 min.

<4— center line
1

; qmax.

qmax.

(a) Concentric load (b) Eccentric load
Fig.(6.4): Contact pressure distribution under footings.

In general, when the load is concentric according to footing center, the contact soil pressure is
uniform. But when the load is eccentric (i.e., there is a moment), the contact pressure below the
footing is non-uniform as shown under the following three cases:

Case (1): When ey < L/6, the resultant of load passes within the middle third of the footing.

Here, there is compression under the footing with maximum pressure on one side and
minimum pressure on the other side.
>P=D.L+L.L.
e Momentin (L—direction only) and ex <L/6 |

M L BI3 T
CXZGCCGHtI‘ICItyzﬁ; c=—; [=——;

2 12 L/3 |L/6iLI6l L/3
Mc 6M 3P | ahEihiidh ‘
—£="0 M= XPe dact. = PP T T+ ¥1
B.L f L N
qm‘ax' =Z_P_ 62P.ex M.C E
mm-BL gp2 I |
; M.c
max. XP 6.ex 5 T 42
or q V' =—"—|1—" i I
min. = B, L !
dmin’
dmax.
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e Moments in (both directions) and ex <L/6 ; ey <B/6

M

__y. My . My
ey =—=; ey =—2> i
*yp’ Y xp /-\‘

e
or qMmax. _ 2P 63 Pey +6ZP'GY T ;‘_"fe
min. BL B.L2 - B2.L B x-4:-==-=:- - Yoo, S~
L

max. _ ZP{IjL 6.ex 6'63’}

or L = + +
Imin. B.L L B I: =I
y
Case (2): When ey =L/6, the resultant of load passes on edge of the middle third of the
footing. SP=D.L+LL.
e Momentin (L—direction only) andey =L/6 o
;<_X
. Pl L]_2xP i
Qmax.=zp[l+6ex}:z {1+—}:L .
B.L L B.L L| BL L/3 |L/6: L6 L3
<
> P 6.ex |_ 2P L|_ |
in. = 1- = 1-—1=0 dmin.=0
Amin. B.L[ L } BL| L o
dmax.

Case (3): When ey > L/6, the resultant of load is outside the middle third of the footing. Here,
there is a tension under the footing.

: : : P =
e Momentin (L—direction only) and ex >L/6 . >
| e
“
>P= EqmaXLlB .............................. (a) i
Ly L i
ex +?1 T —- (b) e
From Eq.(a): ..oovvii (c) —
L V.
From Eq.(b): L] = 3{—— ex} .................... (d) W'
2 X ey
Substituting Eq.(d) into Eq.(c) gives: dmin.=0 T
q _ 2P T dmax.
max. L
3Bl ——¢ L
[2 X} : |
XP=

10
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Prepared by: Dr. Farouk Majeed Muhauwiss
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6.1 DESIGN OF CONCENTRIC SPREAD FOOTINGS
6.1.1 Design Steps of Square Spread Footings

1)

)

Find the area of footing:
Assume footing thickness (1).
Calculate qqy (nery of soil from allowable bearing capacities due to DL, (DL+ LL), (DL +

LL+ WL) as follows:

DL
Qail (net) pL = Gau (L) ~ U Yeone. =Py =t Vg »  Ar = PR
Qait (net) pL+LL = Gau (DL+LL) — Y Yeone. = D, =t Vo »  Ar = S
' fo 7 ol 4 dall (net) DL+LL
dail (net) DL+LL+WL = Gau (DL+LL+WL) — b Yeone. — D, —t) Vs  Af = pLell+ Wi
' fo 7 st T Qati (net) L+LL+WL

Then, for square footing B = \[A¢ contron)

Convert the loads into ultimate and according to control ultimate loads

calculate the ultimate soil pressure:

P.= 14DL —
Py.= 12DL+1.6LL
Pyy.= 12DL+1.6 WL+ LOLL oo (ACI318—14 Section 9.2)

P, = 0.9 DL+ 1.6 WL
P = 1.2DL+1.0EL +1.0LL
Py = 0.9 DL+ L.OEL _

_ Pult.(control)
Quit. = A
f
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®3)
4)

Check: (a) bearing capacity [S.F. > 3.0]; (b) settlement [S <.S,j1owablel-

Determine the thickness of footing:

(i) Check two—way action or punching shear at (d/2) from column face:

Vean = 017(1+ %) OST v, (ACI 318-14 section 11.31) ........... (a)

Vean, = 0.083(%2 4 2) ¢ /T, oo (ACI 318-14 section 11.32)............ (b)

Vear, = 0330 . oo, (ACI 318-14 section 11.33)........... (©)
Take the smaller value from (a), (b) and (c). 2P

where,

__lengthof column _ by by

p= =—or —,

width of column b2 bl

b = 0.75

as = 50 cm for corner columns,
=75 cm for edge columns,
= 100 cm for interior columns.

Punching area = Af — (b+ d)2 ;
Punching force = qy. [Af — (b + d)?]

Punching face= b, d; and b,=4(Mb+d)............... for square column

Quit. [Af—(b+d)?]
V¢ actual = Y d N Put V¢ actual = Veau- and solve for (d).
o

(ii) Check one-way or wide-beam shear at distance (d) from face of column:

, | SP
Vean = 0170 /f" oo (ACI 318-14 section 11.3) L, d
o =075 #+
Ip\
B_
L= Tb—d; Punching area= L; B ! \\
A
quit.
Punching force = Ly B
g Quit. L1 |<_ B _.I
v _ quit. L1 B _ Quit. L1 '
cactual B.d d T

\db
B —F ]

T
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Put v actuat = Ve au- @nd solve for (d); then take the larger

value of (d) obtained from (i) or (ii).

(5) Determine the required steel (Calculate moment at face of column): —
Quit. 13 B-b M —— M
My = quit-mp where, Ly=—— u > b
2 2 b
Mu A
S zm 5 ASmin. = Pminb-d Quiel
. —— B —
where, Py, is the larger of:  1.4/f, or 0.25/f' /f, I
|
Ag min.(Temp. & shrinkage) — 0.0020b t ------------ for fy < 420 MPa | I
=0.0018 bt ----mm-mmn for f, = 420 MPa b
= 0.001§—><420 bt for f, > 420 MPa B
y |
Compare Ag with As,,;, and take the larger value for design. !
< LQ—P:
(6) Spacing and steel distribution: 7 Sem
A >
Number of bars: N = ——£ofal__
Area of bar ; 7.5cm
Spacing (c/c) = B — 15 cm (concrete cover)
N-1 T
imi
(7) Check the bond:
a) Steel in tension: g
@ ¥
la(avaitaviey = Lz — 7.5 (concrete cover) Mg

7.5cm
la(requireq) €ither ACI 318—14 code (12.1 or 12.2.2) Eq. is used provided that I3 = 300 mm

Y, W, ¥
Ty L ¥e S) Qoo (ACI 318—14 section 12.1)

ld(required) = cp + Ker

111 [fs ( a,
where,
fy = yield strength of steel reinforcement,

Y, = bar location factor, ¥,= coating factor, ¥s= bar size factor, .
. . Compression
A = lightweight—aggregate concrete factor, L Steel
f. = compressive strength of concrete, p 2 ' o
cp = Spacing or cover dimension, ’
K;, = transverse reinforcement index, and d,, = bar diameter.
t < Lq
l}_: Q 0 0O Q
¢ 7

- | | Tensile Steel

3 7.5 cm
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(b) Steel in compression:

ld(available) = (d) of footing
0.24 f

ldc(required) = '
N
provided that l; = 200 mm.

dy = (0.043f,) dpy woveeeerenener (ACI 318—14 section 12.3.2)

(8) Check contact pressure between the column and footing:

_ Puie.
fc (actual) — Ay

fc (allowable) = 0.850 f,c \/Az/A1 <0850 f,C
where, @ = 0.65 and \|A, /A, < 2.0

Pultl Pult 1

—» b je— —» b f—
A1 ‘Al
o7 & N\
12 A jl JA2 /AL ~1.0
—  p+ad e

For this case: f¢(a11) =0.85.¢.fC

A= area of contact (or column) ; A, = projection area = (b + 4d)2

o7

Note: If f; (actuar)™ fe (attowaie): (1) Increase the section of column, or (2) Design dowel.
for excess load.
[fc (actual) — fc (allowable)] Ay
0.9 fy

A; of dowels =

(9) Design the dowels:

Minimum number of dowels = 4 for square or rectangular columns.
Minimum number of dowels = 6 for circular columns.

Minimum A; of dowels =0.005 Ay ..o ACI 318-14 sec.(15.8.2.1)

where, A= area of column.

(10) Draw sketches (plan and cross sections) showing all details required for
construction.
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6.1.2 Design Steps of Rectangular Spread Footings

(1) Find the area of footing:
Assume footing thickness (t).
Calculate qqy (nety of soil from allowable bearing capacities due to DL, (DL+ LL), (DL +

LL+ WL) as follows:

DL

qali (net) oL = Yall (DL) — tf Ycone. — (Df —t) Vi - 4y = dall (net) DL
DL+ LL
qali (net) DL+LL = Yall (DL+LL) — tf Yecone. — (Df —t) Ve 5 Af =
dall (net) DL+LL
DL+ LL+ WL
Qait (net) pL+LL+WL = Gait (DL+LL+WL) ~ b Yeone. = (Dp =) Vs A =
Qall (net) DL+LL+WL

For rectangular footing B X L = A¢ contror)- Then, choose B and L such that (L/B < 2.0).

For example if the required area = 6 m’, then:

B L Area L/B

1.0 6 6 6.00 > 2.0

1.5 4 6 2.67>2.0

2.0 3 6 1.50<2.0 .. TakeL=3.0 andB=2.0
2.5 2.4 6 0.96<2.0

(2) Convert the loads into ultimate and according to control ultimate loads

calculate the ultimate soil pressure:

Pult- = 1.4 DL BN
P.= 1.2DL+16LL
Py = 12DLALOWLHLOLLA - ... (ACI318-14 Section9.2)
P = 0.9DL+ 1.6 WL
Py.= 12DL+1.0EL +1.0LL
Py.= 09DL+10EL
— Pult.(control)
Quit. Af

(3) Check: (a)bearing capacity [S.F. > 3.0]; (b) settlement [S <.S,jowablel-

(4) Determine the thickness of footing:
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(i) Check wide—beam shear at (d) from column face:

Vean = 0170/ oo (ACI 318-14 section 11.3)
where, ¢ = 0.7 P
In long-direction: |
Quit. L1 L_bl
Ve actual = T where, Ll =T—d v -
/ \

Vi
In short-direction: TTTT11t f T T aue

v = Que Lz where, Ly = —b) —d
c actual bd > L2 2 |4_ L 44
I—ZA :
Put V. gctual = Vequ @nd solvefor(d). ~  [===—=- ---——
dv d! |_1

(ii) Check two—way action or punching shear at (d/2) from column face:

Vean =0.17(1+ )¢ N A (ACI 318-14 section 11.31) ........... ()
Ve = 0.083(%242) ¢ /T, oo (ACI 318-14 section 11.32)............ (b)
Vean = 0330 /f", i (ACI 318-14 section 11.33)........... (c)
Take the smaller value from (a), (b) and (c).
where, j— L —]
__lengthof column _ by by b = 075 —>| by +d |<_ T
p= width of column by ot by ’ ' 2
by +d bzm :
as = 50 cm for corner columns, R 2N
= 75 cm for edge columns, i
= 100 cm for interior columns.

’ _ Quie. [(L)(B) — (by + d)(b; + d)]
cactual = 12(p, + d) + 2(b, + d)] d

Put v, getuar = Ve qu. @nd solve for (d), then take the larger (d) obtained from (i) or (ii).
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(5) Determine the required steel for each direction:
Calculate moments at column faces in both directions. Puit

(a) Steel in Long-Direction:

M, X My2-2
o awx iy Mgk JE] Mo
u(d=1) == where, A= '\
My (1— y \
As(l_l) = & Qult. T T T T T T T
0.9.y.0.9d

ASpmin. = Pminb-d where, pmip, is the larger of:  1.4/f, or 0.25,/f' /f;

ASmin.(Temp. & shrinkage) =0.0020bt -----mmmmmmm- for fy < 420 MPa
=0.0018 bt --mmmmmmmmm for fy =420 MPa
=w bt----- for f, >420 MPa

y

Compare AS(l—l) with As,i, and take the larger value for design.

Agtotal (Jong dir.) = As(1-1)-B

(b) Steel in Short-Direction: t
5 — X —P X,
X _ v
Mu(2—2) _ dult-75 where, X7 = B-b) 2 P 2
2 2 b
1
A = —Mu(z_z) i
5(2-2) ~ 0.9.fy.0.9d 1

Compare AS(2_2) with ASmin‘and take the larger value for design.

Agtotal (short.dir.) = As(2-2)-L

(6) Spacing and steel distribution:

(a) Steel in long — direction:

Steel in long direction (measured as that for square footing). So it shall be distributed
uniformly across entire width of footing.

stotal (long dir) | Spaci _ B-15cm (concrete cover)
5 Spacing (c/c) = N_1

A
Number of bars: N =

Area of bar
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(b) Steel in short — direction:

In short direction a portion of total steel (more steel) must be distributed uniformly under the

column (centered on centerline of column or pedestal) within a distance (B) at S %:

2
S% = m ..... (% of steel located within B distance) and the remainder of steel is
distributed uniformly between (%) each direction.
Example:
Assume total number of bars required (in short direction) = 25 bars with L =3m and B =2m
2

% of steel located within (B) = S% = 0.8%

G/2)+1
Number of steel bars within (B) = 0.8 (25 bars) = 20 bars.
L-B-15cm, 300-200-15

25 — 20 = 5 bars; use 6 bars divided between ( 5 ) =42.5cm each
direction. —>| 3bars f&——— 20bars —>»] 3bars |<—
2 " 2
< > < : 7.5¢cm
Column 2.0m
E "
3 3 v
[
P 3.0m 7’5C;|m
« g

(7) Check the bond:

(a) Steel in tension:

ld(available) long direction — Xl - 75 (concrete Cover)

ld(available) short direction — XZ - 75 (Concrete cover)

larequirea) €ither ACI Code 318—14 (12.1 or 12.2.2) Eq. is used provided that 1§ = 300 mm.
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lagrequireay = —2= 70RO TS e (ACI 318—14 section 12.1)
il [Brr)

where, Compression

fy = yield strength of steel reinforcement, L X1 Steel

Y, = bar location factor, ¥, = coating factor, Ws= bar size factor, 1

A = lightweight—aggregate concrete factor, Lq

f. = compressive strength of concrete, g 0 00

cp = spacing or cover dimension, N i /ﬂ

K;, = transverse reinforcement index, and d,, = bar diameter. 7HL Tensile Stool

7.5 cm

|N0i If ld(available) < ld(available) short direction 'S unsafe ; use Hooks. |

(b) Steel in compression:

ld(available) = (d) of footing
0.24 f,

ldc(required) = T 1
NP
provided that l; = 200 mm.

dy = (0.043F) dp coveereneeanenn. (ACI 318—14 section 12.3.2)

(8) Check contact pressure between the column and footing:

_ Pyt
fc (actual) — Ay

fC (allowable) = 085 ®f,C \/AZ/Al S 085 ®f,C N Where, Q) = 065 and \/AZ/Al < 20

—» by |e— —» by |e—
¢ A1 Ay
A 2, 2 A 2 2
d / \ d / \&
N (R R
— byrad 1 prad
Long direction Short direction

A, = area of contact (or column)= by X b,. A, = projection area = (by + 4d)(b, + 4d)

Note: If fc (actuat) ™ fe (attowabie): (1) Increase the section of column, or (2) Design dowels
for excess load.
[fc (actual) — fec (allowable)] A
0.9 fy

A; of dowels =
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(9) Design the dowels:

Minimum number of dowels = 4 for square or rectangular columns.

Minimum number of dowels = 6 for circular columns.

..................................... ACI 318-14 sec.(15.8.2.1)

Minimum A, of dowels = 0.005 A,

where, Aj= area of column.

(10) Draw sketches (plan and cross sections) showing all details required for

construction.

6.1.3 Design Steps of Wall Spread Footings

(1) Width of footing:

Y Pgactual/ meter length

B
9ail (net)

Total load
Per meter length

b

™~

LTTTTITTT T~

f—— B

.................. (ACI 318—14 Section 9.2)

Quit. *
(2) Convert the loads into ultimate per meter length:

P,.= 1.4DL
P,.= 12DL+1.6LL
Py.= 12DL+1.6 WL+ 1.0LL
P,.= 0.9DL+1.6 WL
Py.= 1.2DL+1.0EL +1.0LL
P,i.= 0.9DL+ 1.0 EL

_ Pult./m(control)
qult./m - B

10
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(3) Check: (a)bearing capacity [S.F. > 3.0]; (b) settlement [S <.S,jjowablel-

(4) Determine the thickness of footing: Py /m
Check wide—beam shear at (d) from face of wall: | l d
v =017¢0./f" .ceco........(ACI 318—14 section 11.3 .
call. d) f c ( ) /// \\
where, ¢=0.75 e TT
Quit. L B-b fe— B —»
Vcactual = % where, Lj :T_d % T
|
|
Put v, gerual = Ve au. @nd solve for (d). _d L
C_U 7i4
Minimum (d) for reinforced concrete wall = 15 cm. L = :
(5) Determine the required steel for each direction: Pytf, /m :
(a) Steel in short— direction (Main steel): il :
2
X
Mu :qult#l Mu kL» Mu
- = '\
where, X;=—— .......... for concrete wall. | —|
2 I
B-b b I
or Xy = 5 +Z ...... for masonry wall. Main steel
f—— B ——
Ag My (per meter length) @
0.9.fy.0.9d
Ag min. = Pminb-d (per meter length)
where, .o 1s the larger of: 1.4/f, or 0.25,/f'./f
Pmin. g y c'ly — X, —» .
AS min.(Temp.& shrinkage) — 0.0020bt -------- for fy <420 MPa
=0.0018bt ------ for f, =420 MPa
= 22052 bt~ for f, > 420 MPa
y
@

d
where, t=d + 717 + concrete cover
Compare Ag with Ag,,in. and take the larger value for design.

Ag total = As (per meter) X L

11
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(6)

(1)

(b) Steel in long— direction:

Use Agin. = Pmin.-b-d (Per meter length)

As total — As min.(per meter) X B

Spacing and steel distribution:

(a) Steel in short — direction:

As total L -15cm (concrete cover)

Number of bars: N = W ; Spacing (c/c) = N1

(b) Steelin long — direction:

B - 15 cm (concrete cover)
N-1

As total
Area of bar

Number of bars: N = ;  Spacing (c/c) =

Check the bond:

(a) Steel in tension:

ld(available) short direction = X1 — 7.5 (concrete cover)
la(requirea) €ither ACI 318—14 code (12.1 or 12.2.2) Eq. is used provided that I3 = 300 mm
fy ¥ Ve ¥s

= 7o, * Kir Apeoeiiiiii i,
114 |fe (T)

ld(required) = (ACI 318—14 section 12.1)

where,
fy = yield strength of steel reinforcement, Compression
Y, = bar location factor, ¥, = coating factor, Ws= bar size factor, X Steel
A = lightweight—aggregate concrete factor, /Ilf ! 4
f. = compressive strength of concrete,
cp = Spacing or cover dimension, Lq
K., = transverse reinforcement index, and d,, = bar diameter. 5 0 0 B—n—0

| - o =
(b) Steel in compression: 7HA Tensile Steel
ld(available) = (d) of jooting 7.5 cm

0.24 fy

lacrequiresy = — = dp = (0.043 ) dpy woovvvviiiiiinnn, (ACI 318—14 section 12.3.2)
NP
provided that l; = 200 mm.

(8) Draw sketches (plan and cross sections).

12
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6.2 DESIGN STEPS OF ECCENTRIC SPREAD FOOTINGS

(1)

)

Find the area of footing:

Assume footing width (B) and footing thickness (t).

Calculate qqy (net) DL+LL+WL = Gau (DL+LL+WwL) — tf Yeonc. — (Df - tf) Yeoil
Find e=——; where, M = Overturning moment measured at base of footing,

> P =D.L.+ L.L.+ any other vertical loads.

L ) > P 6e
Assume e<g and obtain Qg = 51 [1 + -

Set Qmax = qaii (net) and solve for L or B by trial and error. For square footing; L=B,
for rectangular footing; choose B and L such that (L/B < 2.0), and for wall footing;

area = B X [.0m.

Calculate qpir =§—IZ[1 i%] and check that Qmax < Qaumery and qmin = 0.

Determine the factored loads and stresses:

Pult-: 1.4 DL BN

P.= 12DL+1.6LL

Py = 12 DL LOWLHLOLL A .. (ACI318-14 Section 9.2)
P, = 0.9DL+ 1.6 WL

P~ 12DL+1.0EL +1.0LL

P, = 0.9DL+ 1.0 EL _

Pult.(control) Pult.(control))

Quit.(max) = Y0y ( TP ) 5 Quit.(min) = ( Y P

(3) Check: Bearing capacity [S.F. > 3.0] and Settlement [S <.S,jjowablel-

13
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(4) Determine the thickness of footing:

(i) Check one-way or wide-beam shear at distance (d) from face of column:

Veaun = 0170 /f" i (ACI 318-14 section 11.3)
>P
A%
where, & = 0.75; V¢ qctuar = d
M
From right side: V = qgy. Ly | d d .
L—
where, Qg = @ and Lj= b1 _g
A
From left side: V =q,, L, Quit(max.)
where, quy. = w and L, =
.4 X ' ' '
Here; =min. T (qmax. - qmin.)_ 1 1
92 L 1 |
L2 1 d d Ll
f—e—>{b> pre B
Set V. gctual = Veau- @nd solve for (d). I |
| |
I by I l
1 1

(ii) Check two—way action or punching shear at (d/2) from column face:

Vean, = 017(1+ §)¢ Ny ACI 318-14 section 11.31...... (a)

> P
Ve an. = 0.083(%2 + 2) ¢ /F7, ...ACI 318-14 section 11.32...... (b)
© M
Veau. = 0330 /f". i ACI 318-14 section 11.33...... (©)
d/2 d/2
Take the smaller value from (a), (b) and (c).
where, Quit(min.) q
av qult(max.)
__lengthof column _ by bo _ L I
b= width of column by ot by » $ =075 | |
as = 50 cm for corner columns, _T_ ........... ' T
by+ ibo : B
R LTI
14 je by+d >
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(5)

=75 cm for edge columns,
= 100 cm for interior columns.

dav. [Af - (b+d)2]
4b+d)d

Qav. [Af — (b1 +d) (by+d)]
[2(by+d)+2(by, +d)] d

da [ — m (29)’]

n(b+d) d

o for square column: Ve actual =

e for rectangular column: V. gctuar =

e for circular column: Ve actual =

q + Qi
where, qgy, = M

Put v.gctuat = Veau- and solve for (d), then take the larger value of (d) obtained

from (i) or (ii).

Determine the required steel for each direction:

e Steelin long — direction:

Calculate moments at column faces from right and left sides. Then take the maximum

moment for design.

(a) Moment from right side:

>P
My(1-1R =M1 +M2
M
where, M (1-1y My2-2)
) Xy X
— ql'Xl ) _ (9max.— 91) 2 (’ "\
Ml_T’ M, = 5 X13%1
A
L-b
and Xl = ) ! Qult(max.)

(b) Moment from left side:

My@-1)L =M3+My
where,
2 X2 1p
dmin.-X - . X | I ___r°1 ] T
M, = Jmint _ (92— Amin.) X, 22 @ 2
2 2 3 b, B
@ X 1 7'y Zl
1
R X
@® @

15
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Max.of (Mu(l—l)R or Mu(l—l)L)

A =
(1-1)
s 09 f, 09 d
Agmin. = Pmin. b A where,  ppp is the larger of:  1.4/f,, or 0.25,/f' /f,
A min.(Temp. & shrinkage) — 0.0020b ¢t --------- Jor f, <420 MPa
=0.0018bt - for f, =420 MPa

_0.0018 x 420

7 bt-for f, >420 MPa
y

dp
where, t=d + - + concrete cover
Compare Ag(1_q) With Ag ., and take the larger value for design.

As total (Long direction) = (As (1-1) OT As min.) X B

e Steelin short — direction:

2
Qav. X _ Amax. T Amin. X2 _ B- b2

2.
M ) Where’ an. - 2 ) 2

u(2-2) ~

A _ Mue-s
SG=2 709 £, 09 d

Compare Ag ;-2 With Ag i, and take the larger value for design.

As total (Short direction) — (As (2-2) OT As min.) X L

(6) Spacing and steel distribution:

e Steelinlong — direction:

For square or rectangular footings, steel reinforcement in long direction is measured as:

As total (Long direction)

Number of bars: N =

Area of bar

B — 15 cm (concrete cover)
N-1

Spacing (c/c) =

e Steelin short — direction:

For square footing: Use same steel as that for long direction (same steel in both directions).

16
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(7)

(8)

For rectangular footing: % of Ag totai (Short direction) Must be located within B distance at

S% = 2 and the remainder of steel is distributed uniformly between (M)
(L/B)+1 2
each direction.
Check the bond:
(a) Steel in tension:
la(available) Long direction = X1 — 7.5 (concrete cover)
la(avaitabie) short direction = X2 — 7.5 (concrete cover)
R L N (ACI 318—14 section 12.1)

ld(required) = - cp + Kir b
1.1/1\/;5 ( dp, )

provided that l; = 300 mm.
where,

Compression
fy = yield strength of steel reinforcement, L, X1 | Steel
Y, = bar location factor, ¥,= coating factor, ¥s= bar size factor, 1
A = lightweight—aggregate concrete factor, 3
fo = compressive strength of concrete, g 0 o= dO
cp = spacing or cover dimension, : ¢ |
K, = transverse reinforcement index, and d, = bar diameter. |4|4 /

Tensile Steel
(b) Steel in compression: 7.5 cm
ld(available) = (d) of jooting
0.24 fy )
dy = (0043 f,) dpy oo, (ACI 318—14 section 12.3.2)

ldc(required) = T
N

provided that l; = 200 mm.

Check contact pressure between the column and footing:

Puit.

fe (actual) = A,

17
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fe (attowabtey = 0.85 @ f'c \JAy /Ay <0850 f'c; where, ® = 0.65 and \|Ay/A; < 2.0

p ult.l p ult.l

—» D1 fe— —>» Dy fe—
A A1
al H b &7 ¥
! 1@.1 1@.1
—  p,+4d —  pad
Long direction Short direction

A= area of contact (or column) = by X b,. A, = projection area = (b; + 4d)(b, + 4d)

Note: If f; (actuar)™ fe (attowabie): (1) Increase the section of column, or (2) Design dowel.
for excess load.

o7

[fc (actual) — fec (allowable)] Aq
0.9 fy

A of dowels =

(9) Design the dowels:
Minimum number of dowels = 4 for square or rectangular columns.
Minimum number of dowels = 6 for circular columns.
Minimum Ag of dowels =0.005 Ay ..oovvinniiiiiieeeee ACI 318-14 sec.(15.8.2.1)

where, A;= area of column.

(10) Draw sketches (plan and cross sections) showing all details required for
construction.

18



CHAPTER 6
STRUCTURAL DESIGN OF FOOTINGS

Prepared by: Dr. Farouk Majeed Muhauwiss
Civil Engineering Department — College of Engineering
Tikrit University

6.11 DESIGN OF COMBINED FOOTINGS

Combined footings are of three types: (a) Rectangular combined footings, (b) Trapezoidal
combined footings, and (c¢) Strap combined footings.

6.11.1 Design of Rectangular Combined Footings

This type of footings is used when it is possible to make the resultant of loads passes through
the centroid of the footing (i.e., the foundation can be extended beyond the property line such that
two or more columns can be supported on a single rectangular footing).

Steps of Design: Pu P2 Pu3
ELD‘ S1 4 | s
(1) Convert the loads into ultimate: 2 >e
Allowable load: P =P, +P, +P,; 2 n m
ultimate load: > P, =P, +P,, +P;; - LL—/Z:
2 Pu. ' Resultant = Y. P,

ultimateratio.(r, ) = ———
2P

Ultimate applied pressure (q,) Of qau (factorea): du =da-(ty)

(2) Areaand soil pressure distribution per linear meter of the footing:

The (L) dimension is calculated so that the soil pressure is uniform. Therefore, the resultant
is at L/2 as shown below:
Take moment at column (1):
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> M col.(1) = 0 Pui Pu2 Pus

Py2.s1 +Py3.(sp +s2) = Z Pyt --(X)
Solve for X =7

Length of footing: L = 2(D + X)

q, /meter length

) - 1

Z Pyt

Ultimate soil pressure per meter (q,,) = L

quL

Width of footing: B =
4 all. (factored)

Note: If any column is subjected to bending moment, the effect of moment should be taken

into account as shown below. Then, try to make the centroid of footing coincide with the line of

action of the resultant (i.e., choose (L) such that e = 0).

o Py,.e0 +Py3.e3 +M—Py e ! Dl:jl:l Puw Pus
a ! e e
ZPUlt. GE) :4 ! 2 > \M

; | T \ 4 \ 4

and £ K S
3 I
a <

L=2(D+ey—e) : |r Centerline
) 1 2Py of footing

However, if the resultant of loads does not pass through the centroid of footing; the soil

pressure will be non-uniform and determined from:

max. 2P 6. L

==l — . e<l—

qmln. B.L[ L fOl" 6

or qmax. ZQE—P ................... fOl" c>—
3 —e) 6

(3) Check: (a) Bearing capacity [S.F. > 3.0] and (b) Settlement [S <.S,jjowablel-
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(4) Draw shear and moment diagrams in L—direction:

V = area of load = [ q.dx P Py Pus

| Y vy v

q, /meteriengh £ ++ ¥ ¥4+ ¥ 33F¥3 %% % %
= ]
”

X
M = area of shear = IV.dX
0

Shear

o A
g / I/ I/

Moment /\ /\ P
Diagram \/ N—>"

e For negative moment use steel on top.

e  For positive moment use steel on bottom.

Then proceeds with other design steps as before:

(5) Determine the thickness of footing.

(6) Determine steel reinforcement in each direction.

(7) Check the bond in short direction.

(8) Check the bearing pressure between the columns and footing.
(9) Design the dowels.

(10) Sketch the footing showing all details required for construction.
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6.11.2 Design of Trapezoidal Combined Footings

This type of footing is used in two cases.-

A
2

(1) If the column which has too limited space !
carries the maximum load. In this case, the Pu,
resultant of the column loads (including ___ b e, P,
moments) will be closer to the larger column
load; and doubling the centroid distance as : ~——a
done for the rectangular footing will not cg i 1
provide sufficient length to reach the interior b A a
column as shown in the figure beside. by - /./bz v
L Lo v
(2) If —<x'<—; this limitation is derived from [ R o
3 2 o ! X! 2(X + 7) <S
the property of a trapezoid as follows: = :‘—’ Rectangular footing is
g 1 too short to reach col.(2)
a+b s | !
Area= A =( > ).L 5‘0_ 1 Resultant [
| I
| I
L
Centroid = x' :£(2a+b) Le pl
3 a+b I I

It is seen that the solution for (a = 0) is a triangle and for (a = b) is a rectangle, therefore, a

. : : L , L
trapezoid solution exists only for Y <x'< 5

In most cases, trapezoidal footing is used with only two columns, however, it can be used for
more than two columns. But, due to variable reinforcing steel required for variable footing width
and variable soil pressure, the strap footing is preferred in comparison with trapezoidal one.

Steps of Design:

(1) Convert the loads into ultimate:
Allowable loads: Y P = (DL +LL).col.; + (DL +LL).col.»
Py =1.2.DL+1.6.LL
Py, =12DL+1.6LL

Ultimate loads: > P, =P, +P,

> Pyt

Ultimateratio.(ry ) = =——

>P
Ultimate applied pressurc (qult.) or qau (factored)* qQu an..(l‘u)
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(2) Areaand dimensions of the footing:

®3)
(4)

e | ocate the center of footing:

Taking moment about column (1); gives X = ?:

P,S=(P,, .+P,,)X; x=?

Equating (i) and (ii) gives:
b, L 2a+b

X+—=—(
2 3 a+b

e Determine the area of footing:

2Py a+b . Note: If large end dimension = a
A=—1— (T)L .............................. (IV) and small end = b; then
Qo , L 2b+a
X =Z(0)
3 a+b

By solving Egs. (iii) and (iv), determine a and b.

Check: (a) Bearing capacity [S.F. > 3.0] and (b) Settlement [S <.S,jjowablel-

Draw shear and moment diagrams and determine soil pressure at sectional

points below the footing: Pu,
r— PUZ
Soil pressure at bigend = q, (b) .....(kN/m) \I_
Soil pressure at small end = q (a) .....(kN/m) b [ v Ia

Shear: V =areaofload = [q.dx
0

SOll pressure A A A Soﬂ pressure
X at big end 4 | atsmallend
Moment: M = area of shear = IV.dX (kN/m) T | (kN/m)
0
Shear diagram
for +ve. moment put steel on bottom. V (kN)
for -ve. moment put steel on top. L/

Moment diagram AN
M (kN-m)

[\
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(5) Determine the thickness of footing.
Pu,

(a) Check wide—beam shear at (d) from columns faces: PU,
Vean = 0.17¢/f. where, $=0.75 } n
d| § 2 |d[W
14 i b o E a
_ (variable) 2 £
Uc act. — . m o |
B (variable) d »
AN T P

¢ Wide—beam shear from small end:

-

A
\ 4

V = Vi(small end); the shear value at (d) from column (2).

B = Bsmall end); the width at (d) from column (2).

d (vig end)

(kN/m)

q (small end)
(kN/m)

e Wide—beam shear from big end:

V = Vivig end); the shear value at (d) from column (1).

Shear diagram
V (kN)

B = Bpig end); the width at (d) from column (1). E
2 >
: >
(b) Check punching shear at (d/2) from columns faces:
Pu;
- P col.
Veau = 0.33¢/fc where, $=0.75 ; v¢ger. = b cod % Pu,
o
| i i
e Punching shear—col.(1): V¢ qct. cor(1) = TN ! di2 &
ocot® T p /2 azef ¥V | a
P 1
e Punching shear—col.(2): V¢ ger. cor(z) = ———— |y di2} d2y_|y
b, col.(2) d
v
(6) Determine steel reinforcement in each direction:
- b,+0.75d
X Muy(1-1) 1%S 1%S min. B < > b,+0.75d
L - Direction T —— |<—>|
variabl i B :
e bl : : b2
or : :
B - Direction take | b : : a
Bavg. : | i 2
rusg Ag(mifin.): -
1 | — :
Then proceeds with other design steps as before: ]I'Bavg =(a+b)/ D

(7) Check bond in short direction.

(8) Check bearing pressure between the columns and footing.
(9) Design the dowels.

(10) Sketch the footing showing all details required for construction.
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6.11.3 DESIGN OF STRAP COMBINED FOOTINGS

(@)

(b)

(€)

This type of combined footings is used in the following cases:

To transmit the moment caused from eccentricity of eccentric loaded column footing to the
interior column footing so that a uniform soil pressure will be obtained beneath both footings,

If the distance between the columns is large so that the case of rectangular combined footing
becomes very narrow with high bending moment, and

If the location of the resultant of loads X < %

Strap footing is found to be more economic than other types of combined footings, however,

first try to use rectangular footing, but if not satisfied try to use the trapezoidal one and again if this
also not satisfied use strap footing.

6.11.3.1 Limitations of Strap Combined Footings

ok 0bhPE

q, =9, » B, ® B, inorder to prevent or reduce the differential settlement,

Soil pressure below the strap is zero; (i.e., strap footing should not be in contact with soil),
(Lstrap / Ltooting ) = 2 - This rigidity is necessary to prevent the rotation of the exterior footing,

It is common to neglect strap weight in the design, and
Check clear span between footing edges to depth ratio; to see whether it is a deep beam or
not (for deep beams, clear span depth ratio < 4) see ACI Code 318—14 (Art. 10.7).

Pul PuZ
/% S I
(a) without strap footi = i
a) without strap footin s =
PIOOTNS g e EEXMEX
E min. q,
qmax.
Pu1 Pu2
i S i
2| J’ ]
(b) with strap footing > K dstrap :
g)_ | 2 T 2+ dfooting
PRI )
ol q; q:
s S -
b, A -
2 Ri R,

Fig.(6.6): Layout of strap footing.
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6.11.3.2 Design Steps of Strap Combined Footings

(1)

()

®3)

(4)

Convert the loads into ultimate:

Allowable loads: Y P = (DL +LL)col.; + (DL + LL)col.,

Ultimate loads: Py, =1.2DL +1.6LL ; P, =12DL +1.6LL
2Py =Py +Py,

Z PultA

Ultimateratio.(r, ) =
2P

Ultimate applied pressure (q,,) O Qi (factored)© Quit. = da (1)

Find footings dimensions:
Referring to Fig.(6.6), assume (e) by trial and error, then find footings reactions as follows.:

Take > Mabout R,=0 gives R, =7: P,S=R,S;; R, =?

b R A
Footing dimensions for column (1): L, =2(e+—); A, =—-; B, =—1t
2 qult. Ll
R
Footing dimensions for column (2); use square footing: A, = —2 B, =A,
qulL
. : R, R,
Check soil pressure below footings: q, = Sques 9, = < Qe
B,.L, ' B,.L, '

Check: Bearing capacity [S.F. > 3.0] and Settlement [S <.S,jjowablel]-

Draw shear and moment diagrams:

Soil pressure below column footing (1) = q; X (By).....(kN/m)

Soil pressure below column footing (2) = q, X (By).....(kN/m)

Shear:  V=areaofload = fox q.dx

Moment: M = area of shear = fox V.dx

For +ve. moment put steel on bottom; for —ve. moment put steel on top.
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(5) Determine the thickness of footings.

(a) Check wide—beam shear at (d) from faces of columns:

Veau =0.17¢ /f". where, O =075 (ACI 318-14 section 11.3)
V (from shear diagram)
Veact. = b d

(b) Check punching shear at (d/2) from faces of columns:

Veau = 0.33¢/f', where, O =075 i, (ACI 318-14 section 11.33)

_ Pcol.

v =
cact. bo d

(6) Determine the thickness of strap:

%4 h di
(a) Check wide-beam shear:  v.qy =0.17¢0,/f", |  Veaer. = (from shear diagram)

b strap d

(b) Check bending moment: Muzbstrap.dzkm; or d= |[———

(c) Check rigidity ratio: (Tstrap / Tsooting ) = 2

(7) Determine steel reinforcement in footings and strap in each direction:

(a) Steel reinforcement for footing No.(1):

Footing No. (1): By x L;

e Steel at top in long — direction: @ . Wp =qu L,
< 1 | ut
A = Mu ((from M—diagram)
s =
0.9 fy 09d b,
e Steel at bottom in long — direction: b, B,
) y @ HD
M _ WXy, A = u(l-1) «— Xl%
DT T 09.4y.0.9d Y
e Steel at bottom in short — direction: @
L wexd | Muay (0 0 O B O P P

“e-) T T T 98,0.9d
ASmin. = Pminb-d; where, ppi, is the largerof: 1.4/f;, or 0.25/f';/f,

ASmin.(Temp. & shrinkage) — 0.0020b t

Compare A with Ag ;. and take the larger value for design.
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e Spacing and steel distribution:

A
Number of bars: N = ——=2tal__
Area of bar

B — 15 cm (concrete cover)

Spacing (c/c) = N_1
(a) Steel reinforcement for footing No.(2): Footing No. (2)
Square footing: B, =L,
e Steel at top in long — direction: @ Wao =W
< Lo —» B L
A = Mu ((from M—-diagram)
¢ =
09f,09d b,
e Steel at bottom in long — direction: b, B,
) M @ —H®
M — WL'Xl . A — U(l—l) 4—X—> X2
B A ©0.9£y.0.9d ' i
e Steel at bottom in short — direction: @
M _ WB'Xg ) B M, Wi =qyuBs
u@2-2) ~ 5 S T hoe Nod
2 0.9.1y.0.9d

Compare Ag with A i, and take the larger value for design.

Or due to footing No.(2) is square , use the same steel at bottom in long — direction.

e Spacing and steel distribution:

A
Number of bars: N = ——>total
Area of bar

B — 15 cm (concrete cover)

. o) =
Spacing (c/c) N1
(c) Steel reinforcement in strap:
: : . M —di
e Steel at top in long —direction: Ag = u ((rom M-diagram)
0.9 f,09d
e Steel at bottom in short —direction: Use Ag min.
e Spacing and steel distribution:
A ) B — 15 cm (concrete cover
Number of bars: N = ——2£2__ a¢ Spacing (c/c) = ( )

Area of bar N-1

10
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(9) Check bond in short direction for each column footing

9)

(a) Column footing No.(1):

e Steel in tension:

la(availabley = X1 — 7.5 (concrete cover)

_ fy llul ll’e llus
ld(required) - - (cp + Kir dp
114 \/;c ( dp, )

provided that l; = 300 mm.

where, all notation above are as defined previously.

e Steel in compression:

ld(available) = (d) of footing

0.24

Jy d, = (0.043f,) d,,
A fe
provided that l; = 200 mm.

ldc(required) =

(b) Column footing No.(2):

e Steelin tension:

lacavaitabiey = X1 — 7.5 (concrete cover)

fy ¥ Ve ¥s

; cp + Kgr b
112 |f; dp,

ld(required) =

provided that l; = 300 mm.

e Steel in compression:

7.5 cm

ld(available) = (d) of footing
0.24 fy

ldc(required) = '
N
provided that l; = 200 mm.

d, = (0.043 f,) d,,

Compression
L X )
“
S L
O Q. 0o 0 Q
g .
™~
7|6|4 Tensile Steel
7.5 cm
Compression
L X2 e
71
Lg
Q Q Q) Q
2 ¥
7'6'4 Tensile Steel
7.5 cm

Check bearing pressure between the columns and footing:

(@ Column (1):  fe (actuaty = Pur/As

(b) Column (2): fc (actual) = Pyz /A,

fC (allowable) = 085 @flc W/AZ/AI < 085 @flc Where, Q) = 065 and \/Az/Al < 20

11
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(10) Design the dowels:

Minimum number of dowels = 4 for square or rectangular columns.
Minimum number of dowels = 6 for circular columns.
Minimum A; of dowels =0.005 Aj ..coooviiiiiiiiiiiieieeeae ACI 318-14 sec.(15.8.2.1)

where, A;= area of column.

(1) Draw sketches showing all details required for construction.

12



6.12 MAT FOUNDATIONS

These types of footings consist of large concrete slabs of (0.75m to 2m) thick and
continuous two—way reinforcing at top and bottom that support several lines of columns or walls.
Mat foundation may be supported by piles in situations such as high groundwater table to control
buoyancy or where the base soil is susceptible to large settlements. In general, the critical point to
design a mat foundation is the total settlement but not the bearing capacity failure. Hence, as a rule
for rafts, the maximum permissible total settlement is about (2.0 inches) and the maximum

permissible differential settlement is about (1.5 inches).

6.12.1 USES OF MAT FOUNDATIONS

(a) When the base soil has a low bearing capacity,

(b) The column loads are so large such that the use of conventional spread footings covers more
than 50% of the total area,

(c) When the soil strata are erratic or there is a soft layers of soil within the subsoil profile,

(d) When there is a large differential settlements expected to occur, and

(e) If there is a basement and groundwater table problems and there is a need to eliminate

water infiltration into basement-type installations.

6.12.2 TYPES OF MAT FOUNDATIONS

(1) Flat—plate: this type is most common, less labor effort, easy to construct, more economical,
and has a constant thickness for all the raft; see Fig.(6.7a).

(2) Plate thickened under the columns: this is to increase the punching shear capacity,
without increasing the thickness for the entire mat; see Fig.(6.7b).

(3) Waffle—plate: this type is designed as a grid of beams and slabs in one or two directions to
provide rigidity with a minimum concrete thickness; see Fig.(6.7c).

(4) Wall—plate: this type consists of slab-wall interaction resulting in a stiffer mat foundation;
in this case, check wide-beam shear of walls in each direction; see Fig.(6.7d).

(5) Plate with pedestals: this type consists of pedestals as part of mat; to connect steel
columns with the mat slab; see Fig.(6.7e).

(6) Basement walls as part of mat; see Fig.(6.7f).
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—_ N, |

> O

Fig.(6.7): Common types of mat foundations.

Note: Depending on local costs, and noting that a mat

foundation requires both positive and negative

reinforcing steel, it may be more economical to

use spread footings even if the entire area is

covered. This avoids the use of negative

reinforcing steel and can be accomplished as

shown

in the Fig.(6.8) beside by pouring

alternate footings, to avoid formwork, then using

fiber spacer boards to separate the footings

poured later.

Possible fiber spacer boards
between spread footings

54/\+:
S i
=i%im
0 [l
- oS, |
Wz;té;;top

A-A B-B
= o o o o NN o o, o _o o
A A B, oo L . GlB o] otrotroir i
* O O O O O * * [I::l_l [I::l_l [I::l_l [I::lzu [:D_l * * Dr__!EIr__!I:Ir__!Dr__:I:l
O O O O O o OO E meme"O
O O o @ o = O (= T (= = o-‘@i-‘et-ioi-Yo
(a) Flat-plate (b) Plate thickened under columns (c) Waffle-plate
e s s
D-D E-E FF
ol B B B B = -
D D E Folo a4 1
2 » 4@ B B B\ By |
Bl B O [© [§ o
o] [@ @ [@ [O SR PO S B
(d) wall plate (e) Plate with pedestals (f) Basement walls as part of mat

Fig.(6.8): Mat foundations consisting of

a series of spread footings.
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6.13 DESIGN OF MAT FOUNDATIONS

6.13.1 The Conventional Rigid Method

This method is used for one of the following cases:
1. If the mat is very thick,
2. The variation in column loads and spacing is < 20%,

3. If the column spacing < 1.75/ L, where A = 4’4k|SE.B| ; kg = modulus of subgrade reaction,
. S .

3
E. = modulus of elasticity of soil, | =%, and d = effective depth from punching shear.

In this method, the mat is designed as continuous beams or combined footings with multiple
column loads. This is done by dividing the mat into strips in each direction loaded by a line of
columns and resisted by a uniform or linearly varied soil pressure with the assumption that the mat
is rigid.

6.13.2 The Approximate Flexible Method

It is preferred when spacing between columns > 20%, however, it can be used whatever the
spacing between columns. In this method, the mat is designed as flat slab or slabs and beams.

6.13.3 Discrete Methods

In these methods, the mat is divided into elements by gridding such as:
1. Finite Difference Method (FDM).
2. Finite Element Method (FEM).
3. Finite Grid Method (FGM).

6.14 DESIGN STEPS OF MAT FOUNDATIONS
BY CONVENTIONAL RIGID METHOD

(1) Calculate the total column loads:

> P=(DL+LL)col, +(DL+LL)col., +(DL+LL)col.;+ ....uvnnenn

Z PuIt.

(r,)or(LF)= S
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Fig.(6.9): Conventional rigid mat foundation design.

(2) Determine the load eccentricities, e, and e, in the x and y directions using

(x',y") coordinates (see Fig.(6.9)):

y

!

_ (P, +P5 +Pg).X] + (P, +Pg +Pyg) X5 +(Pg +P; + Py ) X5+,

> P
, B
e, =X —E
’:(P1+P2+P3+P4),y'1+(P5+P6+P7+P8).y’2+(P9+P10+P11+P12).yg+ ..................
> P
e —y’—L
Y 2

Foundation Engineering
Design of Mat Foundations
4 Dr. Farouk Majeed Muhauwiss
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(3) Determine the soil reactions (q) below the mat at several points such as A, B, C,
D, ...using:

q =ziTPiM;;xiM;xy
where,
A=BL
I, = BL3/12 = moment of inertia about the x—axis,

I, = LB3/12 = moment of inertia about the y—axis,

M, =2 P.e, = moment of the column loads about the x—axis,

M, =% P.e, = moment of the column loads about the y—axis,

X,..and..y = coordinates of the selected points with respect to x and y axis.

(4) Compare the values of the soil pressures determined in step (3) with the
allowable net soil pressure to determine whether g < e -

(5) Determine the depth (d) of the mat by checking the punching shear failure at
(d/2) from faces of various columns:

Veau = 0.33¢/f". where, O =075 i, (ACI 318—14 section 11.33)
_ Pcor (LF)
vC act. — bo d

The term b, depends on the location of the column with respect to the plan of mat and can
be obtained as shown in the Fig.(6.10) below.

Edge of mat

Edge of mat
Edge of mat

Internal column:
bo =2(L'+L")

External column: Corner column:
by =2L"+L" bo=L"+L"

Fig.(6.10): punching area for mat foundation design.
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(6) Divide the mat into several strips in x and y directions.

For example, referring to Fig.(6.9) mentioned previously, take 4 strips in y—direction with

B1, By, By, and B; widths, respectively, and 3 strips in x—direction with B3, B4, and Bgs
widths, respectively.

(7) Draw shear, V, and moment, M, diagrams for each individual strip using the
modified loading (in the x and y directions).

For example, the average soil pressure of the bottom (strip JKQR) in the x direction is:

4; +dk +dqQ +Ur
Qavg. = 4

where, qj, g, qq, and qg are soil pressures at points J, K, Q, and R as determined from
step 3.

Total soil reaction = (4yq (A€ra) = qayg. (B3.B).
But, the sum of the column loads on the strip ¥ Pgyip # Uayg.B3.B, because the shear
between the adjacent strips has not been taken into account. Therefore, the soil reaction and
the column loads need to be modified as follows:
Javg.B3-B+2 Pstrip

Average.load = 5

Load modification factor: (F) = Avg.load
|:)s'[rip
q q Avg..load
.(modified) = P —
avg.(modified) avg (Qavg.-B3-B)

So the modified column loads are: F.P;,..F.P,,..F.P3,and F.P,. This modified loading on the
strip under consideration is shown in the Fig.(6.11) below.

F.P, F.P, F.Py F.P,

Q 0 M K

B3.0avg.(modified)
B ;} unit.length

i

Fig.(6.11): Modified loading for strip JKQR.

NOTE: After adjustment, check if the resultant load coincides with the centroid of mat or not.

Then after, the shear and moment diagrams for the strip can be drawn. This procedure is

repeated for all strips in the x and y directions.
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(8) From the moment diagrams of all strips in one direction (x or y), obtain the
maximum positive and negative moments per unit width (i.e., M=M/B3).

(9) Determine the areas of steel per unit width for positive and negative
reinforcement in x and y directions.

A My _My(LF)
> 0.9fy.09d 0.9.fy.0.9d

ASmin, = Pminb-d
where, pp,. isthe larger of:  1.4/f, or O.25,/f’C/ Y

Ag min.(Temp. & shrinkage) — 0.0020 bt ------------ for fy < 420 MPa
= 0.0018bt ---------- for f, = 420 MPa
0.0018 x 420

== bt——for f, > 420 MPa
y

Compare Ag with As,,;, and take the larger value for design.

(10) Spacing and steel distribution:

As total

Number of bars: N = —————
Area of bar

B — 15 cm (concrete cover)

Spacing (c/c) = N1




